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Pharmaceutical biotechnology has been emerging as a defined, increasingly 

important area of science dedicated to the discovery and delivery of drugs and therapies 

for the treatment of various human diseases. In contrast to the advancement in 

pharmaceutical biotechnology, current drug discovery efforts are facing unprecedented 

challenges. Difficulties in identifying novel drug targets and developing effective and 

safe drugs are closely related to the complexity of the network of interacting human 

proteins. Protein-protein interactions mediate virtually all cellular processes. Therefore 

both identification and understanding of protein-protein interactions are essential to the 

process of deciphering disease mechanisms and developing treatments. Unfortunately, 

our current knowledge and understanding of the human interactome is largely 

incomplete. Most of the unknown protein-protein interactions are expected to be weak 

and/or transient, hence are not easily identified. These unknown or uncharacterized 

interactions could affect the efficacy and toxicity of drug candidates, contributing to the 

high rate of failure. In an attempt to facilitate the ongoing efforts in drug discovery, we 
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describe herein a series of novel methods and their applications addressing the broad 

topic of protein-protein interactions. We have developed a highly efficient site-specific 

protein cross-linking technology mediated by the genetically incorporated non-canonical 

amino acid L-DOPA to facilitate the identification and characterization of weak protein-

protein interactions. We also established a protocol to incorporate L-DOPA into proteins 

in mammalian cells to enable in vivo site-specific protein cross-kinking. We then applied 

the DOPA-mediated cross-linking methodology to design a protein probe which can 

potentially serve as a diagnostic tool or a modulator of protein-protein interactions in 

vivo. To deliver such engineered proteins or other bioanalytical reagents into single live 

cells, we established a laser-assisted cellular nano-surgery protocol which would enable 

detailed observations of cell-to-cell variability and communication. Finally we 

investigated a possible experimental scheme to genetically evolve a fluorescent peptide, 

which has tremendous potential as a tool in cellular imaging and dynamic observation of 

protein-protein interactions in vivo. We aim to contribute to the discovery and 

development of new drugs and eventually to the overall health of our society by adding 

the technology above to the array of currently available bioanalytical tools. 
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Chapter 1  Protein-Protein Interactions and Pharmaceutical 
Biotechnology 

The ultimate goal of biotechnology is to improve overall well-being of our 

society. Either directly or indirectly, biotechnology may provide the means to fight 

diseases, feed the increasing population, protect and improve the environment, establish 

alternate ―clean‖ sources of energy, and/or better understand the mechanism of life. 

While today’s biotechnology is rapidly expanding and diversifying, pharmaceutical 

biotechnology is emerging as a distinct, increasingly important field of science dedicated 

to the discovery, development, and delivery of new drugs, therapies, prevention tactics, 

and diagnostic agents to combat human diseases (1). As a part of ongoing global efforts 

in pharmaceutical biotechnology, the main purpose of the work presented herein is to 

develop novel research tools to address the challenges in current drug discovery projects. 

In particular, we will propose solutions for the problems pertinent to protein-protein 

interaction studies and discuss possible applications of the new methodologies developed 

in designing new drugs and diagnostic tools. 

     

PROTEIN-PROTEIN INTERACTIONS AND CHALLENGES IN DRUG DISCOVERY TODAY  

It is commonly said that it takes roughly $ 1 billion and 10 years to bring a drug, 

selected from 10,000 lead compounds found in laboratories, to the patients’ medicine 

cabinets. The path of drug discovery has become even steeper in recent years with fewer 

and fewer drugs garnering approval by the United States Food and Drug Administration 
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(FDA) each year (2) despite the enormous resources pumped into the field and 

continuous improvements in pharmaceutical biotechnology. A majority of the 10,000 

lead compounds never even reach pre-clinical stages. Of those very few that make it to 

clinical trials; most fail due to lack of efficacy and/or toxic side effects. The classical 

approach to drug discovery has been to identify a small molecule targeting a single 

protein underlying the pathophysiological process of interest (3). However, we have 

come to realize that in reality it is extremely rare that proteins function alone. Therefore, 

finding a compound that selectively and effectively acts on the therapeutic target without 

unexpected side effects to the whole cell or organism is a cumbersome task (4, 5). The 

extremely low success rate of drug discovery is therefore partly, but closely related to the 

intricate network of protein-protein interactions (PPIs) in living cells. 

Virtually all cellular processes are made possible by the highly complex and 

precisely orchestrated web of interacting proteins. Discussions in any major area of 

biological research—for instance,  DNA replication, gene expression, cell cycle control, 

signal transduction, and metabolism to name just a few—cannot be made without 

mentioning the numerous interactions of proteins involved in each process (6). The 

complete network of all human protein interactions or ―interactome‖ is estimated to 

contain as many as 154,000-369,000 interactions (7). Some of these interactions are 

stable, easily isolated by simple co-purification, and have been recognized for many 

years, as in the cases of hemoglobin, RNA polymerase, tryptophan synthetase, and 

glycyl-tRNA synthetase, for example (6). Others are unstable and yet to be identified 

since weak interactions are much more challenging to isolate (7, 8). Deregulated or 

disrupted PPIs in this vast network are often linked to human pathology. When it comes 

to infections diseases, PPIs from and within the interactome of bacterial or viral 

pathogens are added to the human interactome, further increasing its complexity. The 
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complete map of the interactome with all proteins from human and related pathogens 

would be a true map for the treasure hunting endeavor of drug discovery. Full 

understanding of all PPIs in cells of healthy and disease states would guide us to the right 

spot to dig in, by revealing specific proteins or PPIs at the core of pathogenesis as the 

most effective drug target. 

The current journey of drug discovery is much like a scavenger hunt with an 

incomplete map, since our present knowledge of the human interactome is far from 

comprehensive. A close examination of the list of all drugs approved by the FDA has 

revealed that most of the newer drugs target the proteins that have previously been 

targeted (9). This is partly due to the fact that PPIs of potentially druggable targets are 

simply not known yet because of the difficulties and time it takes to identify novel PPIs 

in both healthy cells and in disease states. Underrepresented PPIs thus hinder the better 

understanding of disease mechanisms and slow down the process of treatment 

development. A large majority of unknown PPIs in the human interactome and elsewhere 

in nature are expected to be weak and/or transient (8). This is because there are tight 

spatial, temporal and functional regulations acting upon these interactions to achieve 

precisely controlled responses to various biological signals. These weak and/or transient 

interactions are often not studied due to technical limitations in current research tools (8) 

and/or because the precise cellular context to trigger these interactions are either 

unknown or not reproducible in vitro (6). Therefore, new improved tools for the detection 

of weak and/or transient PPIs in biologically relevant contexts are immediate necessities 

to the current biomedical research fields. In Chapter 2 and Chapter 3, we will describe an 

efficient chemical cross-linking methodology which effectively captures weak PPIs in 

situ and potentially in vivo. 
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An incomplete map of the human and related interactomes can get us lost even 

along the way to identified goals. Unknown interactions of known drug target proteins 

are often the reason for toxicity or unexpectedly low efficacy of the drug candidates. One 

such example of difficult drug targets is the virulence factor of Staphylococcus aureus, 

Sortase A (10). Sortase A mediates cell-surface display of bacterial proteins required for 

the invasion of host cells (11). Dysfunctional mutations in Sortase A significantly reduce 

the infectious ability of S. aureus (12-14). Identifying an inhibitor of Sortase A would be 

a straight-forward approach against this so-called ―super bug‖ (15-17); however, none of 

the inhibitors previously recognized as effective in vitro have proven clinically useful as 

an anti-infectious agent (10). Since all of these inhibitors are capable of intervening in the 

catalysis by Sortase A in vitro, the possibilities of unknown regulatory mechanism(s) in 

vivo, through non-catalytic actions such as interactions with other proteins or by itself, 

are implied. We will discuss Sortase A and our recent finding regarding its dimerization 

in more detail in Chapter 2. 

Deregulated PPIs are also direct causes of many diseases. Hence, significant 

efforts have been directed toward development of PPI modulators as therapeutic agents. 

Disruption of disease-causing PPIs by small molecules or peptides has been the interest 

of many scientists and the healthcare industry (18-24). The first challenge here is 

identifying a druggable surface on the target protein complex (18, 19, 21, 24). The initial 

task of such an investigation is to determine the interacting domains of proteins involved 

in the target complex. Structural analyses are however usually slow and low throughput 

processes. The site-specific protein cross-linking methodology that we will describe in 

Chapter 2 would be an ideal solution to this problem, allowing rapid recognition of 

interacting domains and amino acid residues of target proteins. The second challenge is to 

obtain the small molecule or peptides that are in fact capable of disrupting target PPIs 
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(18, 19, 23, 24). Peptides are advantageous in this regard because of their relatively larger 

size compared to small molecules, structural and sequence diversity and the established 

methods for syntheses (23). Peptides that bind to certain proteins are now more and more 

routinely isolated in laboratories with various in vitro methods such as phage-display (25) 

or one-bead-one-compound (OBOC) combinatorial libraries (26). However, in many 

cases the affinities of these artificial peptides against their target proteins are too low, 

rendering them practically useless in modulating PPIs. In Chapter 4, we will investigate a 

versatile molecular design by applying the site-specific protein-cross-linking technique to 

convert such low-affinity peptides into effective protein probes which may be used to 

modulate PPIs. 

 

BIOLOGICAL, BIOCHEMICAL AND PHYSICAL BASIS OF PPIS 

The intricate networks of PPIs in nature have evolved because of a number of 

advantages of multisubunit proteins over larger proteins of single polypeptide chains (6, 

27). First, it is economically favored to synthesize small proteins as building blocks of 

large complexes. For instance, it is more efficient to assemble a homooligomeric complex 

from simple subunits encoded by one small gene than to encode the entire complex with 

repeated sequences in one large gene. Second, translations of larger proteins are 

significantly more prone to errors which are economically disadvantageous. If an error 

occurs in a large protein rendering the protein dysfunctional, then the whole protein has 

to be eliminated instead of removing just the one flawed subunit and retaining the other 

functional subunits. Third, multisubunit proteins allow more flexibility in spatiotemporal 

controls for the assembly of functional complexes than translating each large protein at a 

time. Fourth, multisubunit proteins allow different combinations of subunits to control 

the type and extent of the reaction triggered. As a result it enables fine control of the 
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signals and responses in economical way. Finally, multisubunit complexes tend to be 

evolutionally preferred, especially for homooligomers. For instance, if a homdimeric 

protein confers a beneficial mutation that also increases the affinity of the subunits, the 

mutation can affect two sites instead of one thus easily selected.    

Two or more proteins can bind to each other by either a ―lock-and-key‖ or an 

―induced fit‖ mechanism (28). In the ―lock-and-key‖ model, the interacting proteins have 

preformed binding domains in complementary shapes (Figure 1.1A). Under the ―induced 

fit‖ model, the interacting proteins do not have preformed complementary binding 

surface, but rather form the complementary interaction through conformational changes 

induced by binding (Figure 1.1B). Interacting proteins are held together in aqueous 

solutions by matching attractive forces on the interacting surface, namely Van der Waals 

interactions, hydrogen bonds, electrostatic interactions, and/or disulfide bonds in some 

cases, to establish the quaternary structures (Figure 1.1C) (28, 29). General outcomes of 

protein-protein interactions have been classified by Phizicky and Fields as follows (6) 

(Figure 1.1D): (1) altered kinetic properties in terms of catalysis, substrate binding and 

allosteric effects; (2) metabolic channeling of substrates; (3) formation of new binding 

sites for substrates or ligands; (4) inactivation of proteins; and (5) altered specificity for 

substrates. 
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Figure 1.1:  Overview of PPIs. (A) ―Lock-and-key‖ model. (B) ―Induced fit‖ model. (C) 
Examples of attractive forces. (D) Outcome of PPIs. 1) Altered kinetic 
properties. 2) Substrate channeling. 3) Formation of new ligand binding 
sites. 4) Inactivation. 5) Altered substrate specificity. 
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The relative magnitude of the effects induced by any given PPI is largely 

dependent on the strength and lifetime of the interaction in addition to the identity and 

stoichiometric composition of the protein complex (30-32). A majority of PPIs in nature 

are non-covalent without disulfide bonds or other isopeptide linkages (31). For these non-

covalent interactions, relative binding affinities can be determined by measuring 

dissociation constants, Kd  (28). In a binary complex consisting of protein A and B that 

form a heterodimer AB, the Kd of the given interactions can be expressed as follows: 

 

A + B
kon

koff

A B

 

 

on

off

d
k

k

AB

BA
K 

][

]][[
 

 

where [A], [B] and [AB] are the molar concentration of each species at equilibrium, and 

kon and koff are the rate constants for association and dissociation, respectively. The above 

equation indicates that in general, about 38% of the population is engaged in the 

interaction when the total concentration of A and the total concentration of B, including 

the free and bound forms, are both equal to the value of Kd (6). For the binding of a 

homodimer, 50% of the population is in the dimeric form when the total protein 

concentration is equal to Kd. The lowest possible concentration of any protein in living 

cells is one molecule per cell. This concentration translates to approximately 0.1 nM in 

yeast and 0.3 pM in mammalian cells (6). Therefore, PPIs with Kd values in nanomolar to 

picomolar range or lower are considered to be strong and these proteins are expected to 

exist in bound forms for significant fractions of time in vivo. These PPIs with high 

affinities are stable and can be readily isolated or reconstituted in vitro, allowing various 
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biochemical assays or structural analyses (6, 32). On the other hand, the highest possible 

concentration of a protein in yeast has been reported to be approximately 1 mM (6), 

which represents the upper limit of biologically relevant values of Kd. Weak interactions 

such as those with a micromolar range of Kd, exist in more dynamic equilibrium and are 

much more difficult to isolate (8, 30). 

The lifetime of a PPI in a cell is determined by various biological functions as 

well as the affinity of the complex (6, 30). The timing and rates of gene expression and 

secretion, subcellular localization, and degradation are the factors that determine local 

concentrations of proteins and hence the lifetimes of PPIs. Effects of cofactors and post-

translational modifications such as phosphorylation and glycosylation often alter the 

affinity (Kd) of a protein for its ligand. Existence of competing proteins also alters the 

lifetime of a protein complex. Finally, changes in the local solution conditions such as 

temperature, ion concentrations and pH can all affect the values of Kd in vivo. Permanent 

interactions are generally stable with high affinities, whereas transient interactions can be 

strong or weak in the cellular context, since the duration that any interaction can exist is 

highly dependent on these cellular functions. Detection of PPIs in vivo is especially 

important when studying transient interactions since the exact physiological conditions 

required for the given PPIs to occur may not be easily reproduced in vitro.  

 

CURRENT METHODS TO DETECT PPIS 

An array of established methods is available to detect and analyze PPIs, each with 

advantages and limitations. Detection of PPIs can be direct or indirect. Physical contacts 

of one protein to another can be directly identified by such methods as isolation of the 

protein complex (e.g. affinity chromatography, affinity blotting), chemical cross-linking, 

phage display and Förster resonance energy transfer (FRET) based on fluorescence or 
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bioluminescence (6, 33). On the other hand, indirect methods include mostly whole-cell 

based methods such as two-hybrid systems and other genetic methods where interactions 

between particular proteins are detected by resulting changes in the phenotype of host 

cells (6, 34). The following is a brief survey of currently used methods which are related 

to our work. 

 

Direct Detection of PPIs 

Physical Isolation 

Stable and permanent PPIs can be isolated fairly easily by the following well-

established physical methods (6). One of the most basic methods of this class is affinity 

chromatography. The target protein is first immobilized on a matrix such as sepharose 

beads and then incubated with another purified protein or crude cell extract. The resin is 

washed to remove unbound proteins and the specific ligand to the target protein can be 

detected by standard biochemical analyses such as gel electrophoresis and/or Western 

blot and/or mass spectrometry. Immunoprecipitation also allows isolation of multiprotein 

complexes from cell extracts by precipitating the entire complex via an antibody raised 

against one target protein within the complex. A similar principle is applied to affinity 

blotting where the cell extract is resolved by gel electrophoresis, transferred to a 

membrane, and probed with the target protein labeled for detection. The protein probe 

interacts with its ligand on the membrane allowing the visualization of the PPI of interest 

through the labeling agent (e.g. fluorescence, radioactivity, etc.) or antibodies (i.e. Far-

Western blot). 

All of these methods rely on high levels of target protein expressions and stable 

interactions of target proteins with their ligands maintained in situ or in vitro. It is 
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therefore difficult to detect weak and/or transient PPIs because the cell specimen of 

certain physiological conditions at the time of extraction may or may not contain high 

enough concentrations of the target complex to be well above the value of Kd. Weak 

interactions may not withstand the washing step or may not be able to re-assemble 

outside of live cells. Chemical cross-linking of the target protein complex to stabilize 

weak and/or transient interactions greatly improve the detection limit of these methods of 

physical isolation (see below). We will describe a design of an effective protein probe 

utilizing chemical cross-linking for use in affinity blotting and possibly 

immunoprecipitation in Chapter 4.    

  

Chemical Cross-Linking 

Chemical cross-linking is another commonly used method to study PPIs (6, 35). 

The experimental protocols are generally simple and inexpensive, aided by a variety of 

commercially available reagents (Table 1.1). This technique is particularly useful when 

the protein complex under study is held by a weak interactions or dependent on certain 

physiological conditions since the unstable, non-covalent interactions can be captured 

into covalent complexes which facilitate the isolation and subsequent analyses. Although 

less established, chemical cross-linking can also be performed in vivo using membrane-

permeable cross-linking agents or reactive amino acid residues (6, 36). Coupled with the 

advancement in protein mass spectrometry, chemical cross-linking has become an 

increasingly powerful tool which provides some structural information regarding the 

interaction domains of protein subunits under investigation. 

Generally, a chemical cross-linking agent consists of two reactive moieties 

connected by a tethering arm of various lengths (Table 1.1). Some examples of common 

reactive moieties are thiol-reactive maleimide (1), amine-reactive succinimide (2) and 
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sulfosuccinimide (4), amine/carboxyl activator (3), and photoreactive benzophenone or 

aryl azide (4, 5). Various combinations of these reactive ends are available as both 

homobifunctional (1, 2) and heterobifunctional (4, 5) cross-linking agents. The length of 

the tethering arm can be varied to assess the distance between cross-linked residues. 

Disulfide linkages included in the arm region of some chemical cross-linking agents (2, 

4) allow cleavage after the cross-linked protein complex has been isolated. Transferrable 

labels such as radioisotopes and affinity handles such as biotin moiety (5) can also be 

attached to tethering arms to facilitate detection and isolation. 

The limitations associated with most of the chemical cross-linking agents are that 

researchers are often forced to sacrifice either efficiency or selectivity for the sake of the 

other. Cross-linking agents with specific chemistry such as maleimide and succinimide 

are selective but limited at the same time in terms of amino acid residues that can be 

captured. Relatively selective reagents are also often not reactive enough to capture weak 

or transient interactions. On the other hand, very reactive moieties such as benzophenone, 

especially when combined with a relatively long tethering arm, are highly prone to false 

positives. The overly reactive end of the cross-linking agent captures any protein that 

―happened to be‖ in close vicinity and not necessarily interacting with the target protein. 

In addition, cross-linking reactions in physiological mixtures such as cell extracts or 

cytoplasms of live cells by necessity result in a large number of heterogeneous cross-

links formed between many proteins. Such complex mixtures require significant efforts in 

separation and analyses. As one solution to these problems, we will describe a highly 

efficient and selective protein cross-linking methodology using the genetically 

incorporated reactive amino acid 3,4-dihydroxy-L-phenylalanine in Chapter 2. 
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Table 1.1:  Examples of common protein cross-linking agents. (1) Bis-
maleimidohexane. (2) Dithiobis-(succinimidyl propionate). (3) 1-Ethyl-3-(3-
dimethyl-aminopropyl)-carbodiimide HCl. (4) Sulfosuccinimidyl-(4'-
azidophenyl)1,3'-dithioproprionate. (5) 2-[N2-(4-Azido-2,3,5,6-
tetrafluorobenzoyl)–N6-(6-biotin-amidocaproyl)-L-lysinyl]-ethylmethane-
thio-sulfonate. 
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Phage Display 

The combination of the principle of affinity chromatography with protein/peptide 

libraries displayed on the surface of bacteriophage or other microorganisms has enabled 

an efficient, high-throughput screening of PPIs (25, 41-43). In general, a library of 

peptides or proteins is expressed on the outer surface of a filamentous bacteriophage such 

as M13 as fusion proteins with the viral capsid protein. The resulting pool of phage 

harboring the library is incubated with the target protein immobilized on a matrix. The 

phage particles retained on the matrix through the interactions with the target protein are 

enriched by infecting Escherichia coli or other bacteria. This selection process is repeated 

for several cycles until a high enrichment of the specific phage against the target protein 

is achieved. Since the protein or peptide library is encoded in the viral genome, identities 

of interacting proteins or peptides to the immobilized target are easily retrieved by DNA 

sequencing for further cloning and manipulations. 

Phage display has been widely used to isolate peptide and protein ligands of 

natural and artificial origin to various target proteins. However, since the isolation of 

target PPIs is performed in vitro, most limitations of affinity chromatography also apply 

to phage display screening. In addition when studying mammalian PPIs, there is a risk 

associated with the expression of mammalian protein on a phage, since mammalian 

proteins may not fold properly and/or lack posttranslational modifications or other 

physiological conditions that are essential for the target PPI to occur. Similar drawbacks 

regarding the biological relevance apply to many other methods for detecting PPIs in 

vitro. Therefore, we will be discussing the potential applications of our technology to 

detect PPIs in vivo throughout this work. 
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Förster Resonance Energy Transfer (FRET) 

Förster resonance energy transfer or FRET is a relatively new yet powerful 

technique to directly detect PPIs. This method takes advantage of nonradiative (dipole-

dipole) transfer of energy between two chromophores that are placed in close proximity 

(44). When the chromophore with the lower excitation wavelength (donor chromophore) 

is excited and efficient FRET takes place, the emitted energy of the donor chromophore 

is used to excite the other chromophore (acceptor chromophore), resulting in an overall 

decrease in the donor emission and detectable increase in the acceptor emission (45). The 

efficiency of the energy transfer (EFRET) is inversely proportional to the sixth power of the 

distance between the two chromophores (R) according to the following equation: 

 

6

0

6 /1

1

RR
EFRET


  

 

where R0 is the distance between two chromophores that result in 50% of energy transfer 

(45). A typical value of R0 for common FRET pair chromophores is about 50 Å and the 

effective range of R is approximately 30-70 Å, which is within the range of dimensions 

occupied by multiprotein complexes (33, 46). Therefore, interactions of two or more 

proteins, each labeled with an individual chromophore can be detected by measuring 

EFRET as an indicator of the proximity of the subunits (Figure 1.2). 

The most significant advantage of this method is that PPIs can be directly 

detected and visualized in live cells whereas many other biochemical methods require 

capturing and isolation of target protein complexes. Typically, target proteins are 

expressed as fusion proteins with fluorescent proteins such as cyan fluorescent protein 

(CFP) and yellow fluorescent protein (YFP) (Figure 1.2A). By recording the FRET 

between CFP and YFP, the real-time spatiotemporal dynamics of the target protein 
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complex can be observed. Such observations are highly biologically relevant and 

especially useful when the protein complex under study is transient and formed only in 

certain physiological conditions or in response to intra- or extracellular signals. 

On the other hand, a disadvantage of this fluorescence-based method is the false 

positive signals caused by random collisions of the chromophores (47). This is 

particularly true when fluorescent fusion proteins are expressed at high levels and are 

―crowded‖ in the host cell. Moreover, the relatively large size of fluorescent proteins 

fused to the target proteins can cause aggregation, resulting in not only false positives but 

also cellular toxicities (47-50). In Chapter 6, we will investigate a possible solution to this 

problem and many others associated with the size of fluorescent fusion proteins by 

attempting to create a small, genetically encoded fluorescent peptide tag. 

Other common limitations in FRET experiments using CFP/YFP pair are 

crosstalk, bleedthrough, and photobleaching (51). Crosstalk is the direct excitation of the 

acceptor chromophore by the light used to excite the donor chromophore. Bleedthrough 

is a partial overlap of the emission spectra of donor and acceptor chromophores. These 

limitations can be alleviated by time-resolved FRET (TR-FRET) using antibodies labeled 

with europium (Eu
3+

) cryptate as a donor and Alexa Fluor 647 or allophycocyanin (APC) 

as an acceptor (Figure 1.2B). TR-FRET takes advantage of the long-lived emission of 

Eu
3+

 which continuously excites the acceptor after the external excitation of the donor is 

halted (52, 53). Also, the emission by Eu
3+

 at the emission wavelengths of the acceptors 

is very low, keeping bleedthrough to a minimum (53). However, the use of TR-FRET is 

limited to in vitro and proteins on the extracellular cellular surface because of the use of 

antibodies labeled with chromophores that cannot be expressed in vivo (Figure 1.2B) 

(33). Microinjection of the labeled antibodies would enable the use of TR-FRET in vivo. 
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We will describe a laser-assisted introduction of extrinsic molecules into live mammalian 

cells which may be useful to achieve in vivo TR-FRET in Chapter 5. 

 

 

 

 

Figure 1.2:  Schematic representation of the principle of FRET. (A) FRET using 
fluorescent fusion proteins. (B) TR-FRET using antibodies labeled with 
Eu

3+
 cryptate (K) and APC. 

 



 18 

Indirect Detection of PPIs 

Two-Hybrid Systems 

The two-hybrid system was first introduced by Fields and Song (54) using 

Saccharomyces cerevisiae and has been widely used to study PPIs with variations in 

bacterial and mammalian systems (6, 34). This method takes advantage of the modular 

nature of several transcription activator proteins consisting of a DNA binding domain 

(DBD) and an activation domain (AD). The DBD and AD of an appropriate transcription 

activator, such as yeast Gal4, are split into two fragments that are each fused to proteins 

of interest as a bait and a prey. Interaction of the bait and the prey reconstitutes the 

functional transcription activator in vivo resulting in the positive expression of a reporter 

gene, such as green fluorescent protein (GFP) or E. coli lacZ (Figure 1.3). The most 

significant strength of this method is that it allows rapid, high throughput screening of 

PPIs in vivo from peptide and protein libraries of both natural and artificial origins. As 

with a phage display library, the identity of isolated ligands for the target protein can be 

easily sequenced. These advantages are making this method very popular for initial 

identification of unknown PPIs. The disadvantage is that the experiments often produce 

false positives. Therefore further validations of isolated PPIs by other methods are 

usually necessary.  
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Figure 1.3:  General scheme for two-hybrid systems. 
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SINGLE INTERACTION IN MANY CELLS VS ENTIRE NETWORK IN A SINGLE CELL 

Precise understanding of biological events and disease mechanisms is essential for 

the development of effective and safe drugs. Despite the limitations and disadvantages, 

all of the methods described above and many others have been successfully used to draw 

the current version of the map of the human interactome. New technologies and research 

tools including the ones described in this work will continue to assist in the recording of 

unknown paths and trails in the map by facilitating the discovery and characterization of 

otherwise challenging, weak and/or transient interactions. Although significant work is 

still needed to complete the map of human interactome, such a goal will definitely be 

reached soon, leading to the identifications of new drug targets.  

While more and more novel PPIs are being identified, tremendous effort has also 

been expended to compile the existing knowledge of PPI networks into a dynamic map 

that depicts various biological events as a continuous entity rather than mapping a 

collection of static interactions (9, 55-58). Such an approach of ―systems biology‖ has 

been increasingly important in drug discovery since comprehensive understanding of the 

intricate biological network would allow us to identify the reason for a drug to fail due to 

toxicity or lack of efficacy. New pharmaceutical biotechnologies, including those 

presented in this work for the identification of weak and transient PPIs combined with an 

integrative database of the human interactome and other biological events would be the 

key to overcoming many of the current challenges in drug discovery. 

On the other hand, more and more attention has recently been given to the 

analysis of biological events in single cells (59-61). Traditional biochemical assays 

normally detect PPIs isolated from populations of cells. These ensemble methods produce 

data that are averaged across the entire population. However, it is now well known that 

there is cell-to-cell variability in many biological functions, depending on the stages of 
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cell cycle, development, extracellular microenvironment and stimuli, and disease states 

(60, 61). For a simplistic example, two proteins need to be present at the same time and 

location within the cell to interact with each other. Co-precipitation of the two proteins 

from a population of cells only suggest that these proteins could interact with each other 

in the given experimental condition, but may not necessarily indicate that these proteins 

are interacting with each other in the live cell, since each individual components could 

originate from different subpopulations of cells or different cellular compartments. A 

more medically relevant example is the case of a heterogeneous mixture of cells collected 

from a human tumor. Single-cell analyses have revealed that most of the samples from 

human tumor biopsy contain a large number of normal cells mixed with a small 

population of cancerous cells, and there are also heterogeneities among the abnormal 

cells found in the biopsy of same origin (62, 63). Ensemble analyses of such samples may 

produce misleading data by ignoring the rich and more precise molecular information 

from each specific cell type. 

Most of the physical methods to detect PPIs rely on ensemble methods partly 

because the amount of any given biomolecule in a single cell is usually below the limit of 

detection. In vivo visualization methods such as FRET and two-hybrid systems allow 

some microscopic or flow cytometry-based analyses of single cells; however, these 

processes can be as inefficient as one-by-one visual analyses of each cells and/or limited 

by the readout of the analytical system used. In addition, cells are usually treated with 

analytical reagents (e.g. DNAs, dyes) as a population before single cell analyses. 

Therefore it is generally difficult to determine the behavior of a single treated cell in 

relation to the local environment, including the communication with adjacent non-treated 

cells. To address these difficulties in single-cell analyses, we will describe a selective and 

versatile delivery method of extrinsic analytical reagents into single cells mediated by 
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laser-assisted cellular nano-surgery in Chapter 5. With the current advances in 

microfluidic and lab-on-a-chip (LOC) devices (60, 61), such a single-cell manipulation 

technique would be a powerful tool to study PPIs and many other biological events. 

    

CONCLUSION   

Proteins are the effectors of life, enabling most of the biological functions. The 

activity and function of each protein are tightly regulated by the intricate network of 

interactions with each other and other biological molecules. Biologically important PPIs 

are often weak and/or transient, enabling the fine control of signals and responses exerted 

in the cell. However, the unstable nature of such protein complexes can pose significant 

challenges to scientists who aim to identify and study these PPIs. A more complete and 

dynamic map of the human interactome is essential to develop effective and safe drugs. 

New pharmaceutical biotechnologies which assist in identification and artificial 

modulation of PPIs, as well as direct applications of these technologies in therapeutic and 

diagnostic purposes, would significantly impact the health of our society. 
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Chapter 2  Site-Specific Protein Cross-Linking via Genetically Encoded 
3,4-Dihydroxy-L-Phenylalanine 

 

INTRODUCTION 

A variety of well-established chemical cross-linking agents are available for 

analyses of protein-protein interactions. These small molecule-based cross-linkers usually 

work well when the target protein complex is held by a tight interaction, and each 

component of the complex is individually purified and reconstituted in vitro. However, 

most biological research projects demand much more than merely an in vitro re-assembly 

of known protein interactions. Protein cross-linking in situ or in vivo is often desirable for 

the identification of new interactions or the characterization of protein complexes in 

certain physiological conditions. Protein cross-linking in vivo can be challenging because 

of the limited number of membrane-permeable cross-linking agents and complexity of 

the reaction condition inside live cells. Even in cell lysates, simple addition of small 

molecule-based cross-linking agents to a complex mixture of biological compounds 

results in the formation of numerous protein conjugates, not just limited to those directly 

involved in the target protein-protein interaction. Large protein complexes with multiple 

cross-inks could pose a significant challenge in the analyses steps after isolation. A 

common approach to this problem is to use heterobifunctional cross-linking agents that 

harbor a thermoreactive moiety such as maleimide and succinimide at one end and a 

photoreactive moiety such as aryl azide and benzophenone on the other end (35, 64-76). 
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A single target protein is first purified and labeled with the cross-linking agent through 

spontaneous reaction with the thermoreactive end typically through cysteine or lysine 

residues. Then the labeled ―bait‖ protein is incubated in the sample mixture and the 

photoreactive end of the cross-linking agent is activated by ultra violet (UV) irradiation. 

Despite the sophisticated molecular design, this approach is still limited in that the sites 

of the bait protein to be labeled are difficult to control, as there may be multiple lysine 

and cysteine residues on the surface of the target protein. Moreover, most of the currently 

available cross-linking agents suffer from low efficiency and/or poor selectivity 

especially when the target protein complex is held by weak or transient interactions. 

To this end, site-specific protein cross-linking using genetically encoded chemical 

coupling agents is a very attractive idea. Site-specific cross-linking would allow a single 

target interaction to be isolated from a large multi-protein complex. Limiting the site of 

cross-linking to a single amino acid residue on the bait protein would greatly simplify the 

subsequent analyses. Interacting domain(s) of a target protein to each of the ligands could 

be mapped by performing a series of cross-linking experiments on different sites. 

Furthermore, genetic incorporation of the cross-linking agent into the primary sequence 

of the target protein may provide a tool for much desired in vivo protein cross-linking. 

Only a few tools are currently available as genetically encoded site-specific 

protein cross-linking agents. A well-known example is the use of disulfide conjugation 

achieved by cysteine point mutations (77). This method can be useful when one has a 

good idea of the interacting residues or domains from both sides of the interaction. 

Endogenous cysteine residues on the surface of the target protein other than the residue of 

interest may have to be mutated to avoid interference. Similarly, in situ or in vivo 

disulfide cross-linking may be problematic due to the presence of thiol groups in the 

mixture of biological compounds. Furthermore, the cost for the convenience of reversible 
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cross-linking is that disulfide bonds are oxidatively unstable compared to C-C covalent 

bonds.  

Some site-specific protein-cross-linking has been demonstrated in vitro and in 

vivo using a genetically incorporated benzophenone unnatural amino acid, p-benzoyl-L-

phenylalanine (pBpa) (78, 79). Benzophenone is a photoreactive cross-linking agent that 

forms a reactive free radical intermediate upon irradiation by UV light (76, 80). Although 

this experimental scheme using pBpa seemed to be an efficient and easily controllable 

site-specific protein cross-linking method, the number of successful cases of its 

applications (81-85) has been limited ever since its first introduction by Chin et al in 

2002 (79). The difficulties are probably attributed to the poor selectivity of pBpa resultant 

from the extremely reactive benzophenone free radical. Mapp et al (86) used this method 

to map the interacting domain of a known protein-peptide complex comprised of yeast 

Gal80 transcription repressor protein and Gal4 transcription activation domain (TAD) 

peptide (87). Serial in vivo cross-linking experiments at several sites in Gal4 TAD 

yielded positive cross-linking results even at the sites outside of the Gal4-Gal80 binding 

surface previously reported from conventional mutagenesis and structural studies (88-90). 

The same experiments also produced multiple unknown cross-linked products in addition 

to the expected Gal4-Gal80 complex. Authors concluded that the actual Gal4-Gal80 

interaction surface is larger than previously expected, and that the multiple cross-linked 

species formed are ―consistent with the multipartner binding model‖ proposed for the 

function of Gal4 (91-95). However, no further experimental results were given to support 

these claims.  

An ideal protein cross-linking agent that alleviates the problems associated with 

current technologies would 1) be genetically and site-specifically incorporated into the 

target protein, 2) be highly efficient to recognize even the weak interactions, 3) be highly 
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selective for the interaction, and 4) result in a stable covalent cross-bridge. Such a cross-

linking agent can be very useful in initial identification of interactions as well as 

characterization of interacting domains and residues of known protein complexes when 

coupled with the post-reaction analyses such as mass spectrometry. Herein we present a 

novel, site-specific protein cross-linking assay utilizing genetically encoded 3,4-

dihydroxy-L-phenylalanine (L-DOPA), which fulfills the requirements listed above. 

 

L-DOPA as a Chemical Cross-Linker 

The chemical properties of L-DOPA can provide a solution to the problems 

associated with existing protein cross-linking agents. L-DOPA is a naturally occurring 

derivative of tyrosine formed by 3-hydroxylation of the phenolic side chain by tyrosinase 

or peroxidase (96) (Figure 2.1). In mammals, L-DOPA serves as a synthetic precursor for 

catecholamine neurotransmitters such as dopamine, epinephrine and norepinephrine (97) 

as well as melanin pigment (98, 99). L-DOPA is also found in protein-bound forms 

forming insoluble extraorganismic structural materials in several invertebrate phyla, the 

most extensively characterized of which is the blue mussels Mytilus edulis foot protein 

(mefp-1) and related species (100-102). Other examples of such rigid structures 

containing DOPA-proteins include ascidian tunic (103), annelid cement (104) and 

helminth egg shell (105). In these cases, L-DOPA is not encoded by the 64 codons of 

messenger RNAs (mRNAs), but rather post- or cotranslationally incorporated into the 

primary sequence of proteins through enzymatic modification of tyrosine (106, 107). In 

humans, DOPA-containing proteins can also occur as a result of tyrosine oxidation by 

hydroxyl radicals, and are found in higher levels in pathological tissues where the levels 

of reactive oxygen species (ROS) are elevated (108-110). 
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Reactivity of L-DOPA as a Chemical Cross-Linker 

In mefp-1, L-DOPA residues form various inter- and intramolecular cross-links 

between themselves and with other amino acids to form a rigid surface adhesive structure 

(byssus) which allows the mussels to withstand the fast water currents in their marine 

habitats (111). This cross-linking reaction is initiated by enzymatic oxidation of the 

diphenolic side chain of L-DOPA by catechol oxidase coupled with reduction of O2 to 

form the reactive o-quinone intermediate (dopaquinone) (101). L-DOPA can be 

selectively oxidized in vitro using periodates at pH 7-8 (112, 113) (Figure 2.1). 

 

 

 

 

Figure 2.1:  Proposed mechanism of L-DOPA oxidation by periodates to form 
dopaquinone.  

 

 

 

Two major outcomes of L-DOPA oxidation have been demonstrated. The first is 

the nucleophilic alkylation of the o-quinone moiety by either Michael addition or Schiff 

base substitution. The dopaquinone reacts with a nucleophile in its close proximity, 

thereby forming stable adducts (Figure 2.2A). These mechanisms were initially proposed 

in small molecules in the reactions of o-quinone with aniline (114) and later in the 
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condensation of dopaquinone to form melanin and dopachrome (98). In proteins, the 

reactive nucleophiles include the -amino group at the N-terminus of polypeptide chains 

(113), the -amino group of lysine (113, 115), the imidazole side chain of histidine (113, 

116) and the thiol group of cysteine (113). The second reaction pathway is the aryl-aryl 

(DOPA-DOPA) coupling of semiquinone free radicals formed by the reverse dismutation 

of dopaquinone (111, 117) (Figure 2.2B). These di-DOPA cross-links have been reported 

in DOPA-containing mussel adhesive proteins (118). Although DOPA-DOPA cross-

linking has been suggested as a major fate of the semiquinone free radicals, one can also 

expect that the high reactivity of free radicals may yield other cross-linked adducts. 
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Figure 2.2:  Proposed fate of dopaquinone. (A) Nucleophilic alkylation. (B) 
Semiquinone radical coupling. 
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Kodadek et al (119) successfully applied the DOPA-based cross-linking in a 

protein-peptide complex. In this work, L-DOPA was synthetically incorporated into a 20-

residue peptide that was isolated from a phage display library as a ligand to the yeast 

Gal80 transcription repressor. The binding affinity of this peptide-protein complex was 

moderately high with the dissociation constant (Kd) of 300 nM. Upon treatment with 

sodium periodate (NaIO4), the peptide was readily cross-linked to the target protein 

within one minute at room temperature. No covalent linkage was formed in the absence 

of L-DOPA, suggesting the critical role of L-DOPA in the coupling reaction.   

 

Specificity of DOPA-Mediated Cross-Linking 

In the work by Kodadek et al (119), the DOPA-containing peptide ligand was 

cross-linked with Gal80 protein both in a pure protein solution and in a mixture with ten 

other non-cognate proteins in excess amounts. Despite the high concentration of these 

extra proteins in the reaction mixture, the DOPA-containing peptide selectively cross-

linked to the cognate Gal80 protein. This result demonstrates the superb specificity of the 

DOPA-mediated cross-linking due to the spatial requirement that the o–quinone moiety 

has to be placed in close proximity to the reactive nucleophile. It may be partly due to the 

quenching of dopaquinone to catechol by water in the absence of the reactive 

nucleophiles. 

The selective oxidation of L-DOPA by periodates supplements the convenience of 

L-DOPA as a protein cross-inking agent. Periodates selectively react with cis-1,2-diols, 

-diketones, -ketols, -amino alcohols and -diamines (120). The absence of such 

periodate-labile moieties in the 20 canonical amino acids makes most proteins inert to 

periodate treatments. However, periodate-mediated oxidation is not preferred when the 
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target interaction involves glycoproteins, due to oxidative cleavage of 1,2-diols on the 

attached carbohydrates moieties (Figure 2.3). Enzymatic oxidation of L-DOPA by 

catechol oxidase or tyrosinase may be used when working with glycoproteins if the 

integrity of the attached carbohydrates needs to be retained. Nonetheless, the presence of 

excess carbohydrates in the reaction mixture does not seem to interfere with the oxidation 

of L-DOPA by periodate and subsequent cross-linking for non-glycosylated proteins 

(113). 
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Figure 2.3:  Oxidative cleavage of 1,2-diols into aldehydes by periodates. 

 

 

 

Site-Specific Incorporation of L-DOPA into Recombinant Proteins in Bacteria 

During translation, the genetic information in mRNA is decoded by ribosomes 

and converted into amino acid sequences. Each canonical amino acid is coded by one or 

more three-letter codons in mRNA. Each transfer RNA (tRNA) carries the three-letter 

anticodon sequence which is complementary to the corresponding codon sequence. 

Aminoacyl-tRNA synthetases (aaRSs) recognize anticodon sequences and charge tRNAs 

with the specific amino acids. For each of the 20 canonical amino acids, a unique pair of 

tRNA and aaRS exists to recognize 61 different codons. Three codons UAG (Amber), 
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UAA (Ochre) and UGA (Opal) are used as stop codons and do not encode any amino 

acid in most cells. Ribosomes ―read‖ the sequence of mRNA to synthesize the 

polypeptide chain by facilitating the binding of the anticodon of charged tRNA to the 

complementary codon of the mRNA and catalyzing the formation of peptide bonds 

between each amino acid residue.  

Schultz and colleagues have established the general methodology to 

cotranslationally incorporate various non-canonical amino acids into proteins in vivo 

(121). This technique is based on hijacking the translational machinery to suppress an 

amber stop codon, which is the least abundant of the three stop codons in most biological 

systems. Various pairs of orthogonal tRNA and aaRS have been engineered to 

incorporate nearly 50 non-canonical amino acids into recombinant proteins in bacteria. 

The term ―orthogonal‖ in this case is defined as that there is no cross-reaction between 

the host translational components and the engineered tRNA/aaRS pair. The orthogonal 

tRNA is foreign to the cell so that it is not recognized by any endogenous aaRS, and the 

orthogonal aaRS only charges the cognate tRNA, but not any endogenous tRNA. The 

anticodon of the tRNA is mutated to CUA which allows the complementary binding to 

the amber codon UAG on the mRNA. The cognate aaRS is also mutated such that it 

specifically charges the tRNACUA with the target non-canonical amino acid. Finally, the 

gene of interest is mutated such that the codon for the residue of choice is replaced with 

TAG. With these components in place, non-canonical amino acids with a variety of 

tailored physiochemical properties have been site-specifically incorporated into 

recombinant proteins. 

L-DOPA has been incorporated into a recombinant protein in Escherichia coli 

using the pair of an orthogonal tRNA
Tyr

 and tyrosyl-tRNA synthetase (TyrRS) from an 

archaebacteria Methanococcus jannaschii (122). The anticodon of M. jannaschii tRNA
Tyr
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was first mutated to CUA (MjtRNA
Tyr

CUA). Then two genetic libraries were constructed 

in which the active site of M. jannaschii TyrRS (MjTyrRS) was randomized (123-125). 

The first library mutated the residues Y32, E107, D158, I159 and L162, which are 

expected to be in contact with the para position of the aryl ring of tyrosine. The second 

library randomized the residues Y32, A67, H70, Q155, D158 and A167, which are 

expected to be in contact with the meta position of the tyrosine aryl ring. Mutant 

MjTyrRS candidates that recognize L-DOPA as a substrate but no other natural amino 

acid were evolved by three rounds of positive and negative selections. The isolated final 

hit mutant revealed the following mutations: Y32L, A67S, H70N and A167Q. L-DOPA 

was incorporated into whale sperm myoglobin in E. coli by co-expressing the 

MjtRNA
Tyr

CUA and the mutant MjTyrRS with the myoglobin gene in which the codon for 

the fourth residue was replaced with TAG. 

 

Detection of L-DOPA in Proteins 

For successful DOPA-mediated protein cross-linking, the fidelity of incorporation 

needs to be determined for each target protein before proceeding to cross-linking 

experiments. Mass spectrometry (MS) is by far the most sensitive and specific method to 

detect L-DOPA that is incorporated in proteins at specific sites. However, although it is 

doable, there are some difficulties associated with mass spectrometric analyses of DOPA-

containing proteins. First, the L-DOPA moiety is oxidatively unstable before cross-

linking, resulting in chemical modification during the course of sample preparation as 

whole protein or peptide digests, as well as in the process of ionization. Second, most 

software that is currently available for mass spectrometric data analysis may not support 

an automated search for non-canonical amino acids. Hence it may require manual 
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analyses of dozens of MS and MS/MS data files. There are some biochemical methods 

such as colorimetric, fluorometric, radiochemical and electrochemical techniques for 

detection of L-DOPA. However, most of these methods require hydrolysis of the DOPA-

containing proteins (126). 

Below is a brief summary of two biochemical techniques that we utilize routinely 

to detect L-DOPA incorporated into proteins. Although the sensitivity is not the best, the 

whole protein can be analyzed without hydrolysis or digestion with these techniques. 

Furthermore, these methods are highly reproducible and only require simple laboratory 

equipment and a fraction of the time compared to manual analyses of MS data. 

 

Redox-Cycling Reaction (NBT staining) 

The redox-cycling reaction is a sensitive, semi-quantitative method to detect 

quinoproteins. At a basic pH, L-DOPA is deprotonated and oxidized to dopaquinone 

forming superoxides (O2
-
). The resulting quinone group is reduced by free glycine. The 

superoxide accumulated by this cyclic reaction in turn reduces nitroblue tetrazolium 

(NBT) to form a blue/purple formazan (Figure 2.4A) (127-129).  

Typically, samples containing DOPA-proteins are first resolved by denaturing 

polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane. 

Then the membrane can be stained with a staining solution containing NBT and glycinate 

at pH 10. Distinct purple color develops within one to three hours (129, 130). The 

formazan is insoluble in aqueous solutions and results in local staining of the membrane 

where DOPA-containing proteins are present. Picomole amounts of L-DOPA can be 

detected when stained on nitrocellulose membranes. DOPA-containing proteins can also 
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be stained directly in the polyacrylamide gel, although the sensitivity is somewhat 

compromised. 

Redox-cycling staining detects incorporated L-DOPA in both diphenolic and 

dopaquinone forms. We routinely use this method to detect L-DOPA in proteins because 

of its high sensitivity. Unlike other naturally occurring DOPA-bearing proteins in which 

multiple L-DOPA residues are present in each protein molecule (3-40 mol% L-DOPA) 

(100, 102-105), DOPA-containing recombinant proteins prepared by the methods 

described in this study presumably contain only one L-DOPA residue per polypeptide 

chain (typically <1 mol% L-DOPA). Moreover, since the subsequent cross-linking 

reaction is based on the dopaquinone, indifferential detection of diphenolic L-DOPA and 

dopaquinone should not pose a significant problem for the purpose of this study. 

 

DOPA Nitration (Arnow Assay) 

Nitration of the L-DOPA moiety is less sensitive compared to redox-cycling 

staining, but allows more specific and quantitative detection of L-DOPA in proteins. 

Mono- or unsubstituted o-diphenols form a yellow chromophore (abs = 390-415 nm) 

when treated with nitrous acids. The dinitro derivative can be converted to a more stable 

red chromophore (abs = 495-510 nm) by oxidizing the o-diphenol into o-quinone using a 

strong base (Figure 2.4B). For monosubstituted o-diphenols, the substitution must be 

located para or meta to the first hydroxyl group (126, 131). L-DOPA is an o-diphenol 

which fulfills these requirements. Arnow used this technique to selectively quantitate L-

DOPA in a mixture with tyrosine (132). L-DOPA that is incorporated in proteins can be 

stained in a polyacrylamide gel by acidifying and washing the gel with a nitration reagent 

containing sodium nitrite and sodium molybdate, followed by alkalization with sodium 
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hydroxide. L-DOPA in proteins can also be quantitatively detected in solution by using a 

colorimeter (126). The nitration reaction is specific to the diphenolic L-DOPA and does 

not detect dopaquinone. It does not detect di- or polysubstituted o-diphenols either (131). 

Therefore this method is ideal when the detection of intact diphenolic L-DOPA is desired 

without oxidation or cross-linking. The limit of detection is about 0.5 µg of L-DOPA per 

milliliter (126). It requires a fairly large amount of protein in order to detect L-DOPA 

which is incorporated into proteins at the frequency of one residue per polypeptide chain. 

For this reason, we did not use this assay for the study described in this chapter (See 

Chapter 4 for the application and results). 
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Figure 2.4:  Detection of L-DOPA in proteins. (A) Redox-cycling reaction. (B) Arnow 
assay. 
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Sortase A 

To demonstrate the site-specific protein cross-linking methodology using 

genetically incorporated L-DOPA, we chose Sortase A from Staphylococcus aureus as a 

model target. S. aureus is a causative agent of many life-threatening human diseases such 

as pneumonia, bacterial endocarditis, osteomyelitis, meningitis, bacteremia and toxic 

shock syndrome (TSS) (15). Since the introduction of penicillin-type antibiotics in the 

1940’s, S. aureus has been continuously evolving to confer resistance to various 

antibiotics. S. aureus strains that are resistant to all -lactam antibiotics are termed 

methicillin-resistant S. aureus (MRSA), which is a particularly serious problem today as 

a cause of many epidemic incidents of nosocomial (in-hospital) infections (16). The 

Centers for Disease Control and Prevention (CDC) reported that in 2005, there were 

18,650 deaths related to hospital-acquired MRSA, exceeding the number of reported 

deaths by acquired immunodeficiency syndrome (AIDS) (17). Vancomycin has been the 

last resort to treat MRSA infections, but the recent emergence of vancomycin-resistant 

MRSA strain (16) has raised an urgent need for the development of more effective 

treatments. 

Sortase A (SrtA) is one of the virulence factors of many gram-positive bacteria 

including S. aureus, and thus considered to be a good drug target (10). SrtA in S. aureus 

is a 206-amino acid membrane-bound cysteine transpeptidase with an extracellular 

catalytic domain. SrtA mediates cell-wall anchoring of surface proteins, such as 

fibronectin-binding proteins, fibronectin-binding clumping factor, and staphylococcal 

protein A (Spa), that are required for the infection of host cells by gram-positive bacteria 

(11). Defective mutations in SrtA have been reported to significantly reduce the virulence 

of S. aureus and other gram-positive bacteria (12-14). Despite extensive efforts to 

develop an inhibitor of SrtA as an anti-infectious agent, none of the candidate compounds 
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have proven clinically effective (10). This result indicates that there may be a hidden 

regulatory mechanism(s) which controls the activity of SrtA in vivo. 

Our group has recently discovered that full length SrtA and SrtAN59 (an N-

terminal-truncated SrtA which lacks the intermembrane domain) exist in dimeric forms in 

vitro, with a moderately weak binding affinity of Kd = 56 µM (133). This finding has led 

us to hypothesize that the dimerization of SrtA may be a part of the regulatory 

mechanism(s) controlling the activity of this enzyme in vivo. Precise knowledge about 

the interacting domain of SrtA would be essential to understanding the role of SrtA 

dimerization in relation to catalysis. Since the crystal structure of the dimeric SrtA is not 

yet available, a site-specific protein cross-linking agent that is efficient enough to capture 

the weak dimer of SrtA would be an ideal tool to determine the dimerization domain of 

SrtA. The information obtained from such an experiment may give us insights into the 

design of more efficient, therapeutically effective inhibitors of SrtA.  

 

Overall Experimental Design 

In this chapter, the use of DOPA-mediated site-specific protein cross-linking is 

described as a method to map the dimerization domain of SrtA (Figure 2.5). L-DOPA 

was incorporated into recombinant SrtAN59 in E. coli, at residues inside and outside of 

the putative dimerizaion domain. Upon oxidation by NaIO4, the weak dimer of SrtAN59 

was efficiently and selectively cross-linked in crude cell extracts. The method established 

herein would be useful to study many other weak and/or transient protein-protein 

interactions. 
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Figure 2.5:  L-DOPA as a site-specific protein cross-linker. (A) Cotranslational 
incorporation of L-DOPA into a target protein. (B) Site-specific cross-
linking of SrtA dimer. 
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RESULTS AND DISCUSSION 

Selection of Candidate Sites for L-DOPA Incorporation 

The crystal structure of monomeric SrtAN59 (134) shows that the surface of this 

protein is abundant in polar and charged amino acid residues. Our group has previously 

discovered that three point mutations on its surface, N132A, K137A, and Y143A 

(numbering in full length SrtA), can disrupt the dimerization of SrtAΔN59 without a 

significant change in protein conformation (135). Thus, it is highly likely that these three 

residues are involved in the dimerization of SrtAN59  by establishing selective 

electrostatic interactions with the residues on the surface of the binding SrtAN59 

counterpart. These cognate residues are potential nucleophiles that can attack the 

dopaquinone intermediate formed by the oxidation of L-DOPA. Therefore, mutation of 

N132, K137 or Y143 of SrtAN59 to L-DOPA is likely to result in the cross-linking of 

SrtAN59 dimer. We chose K137 as a candidate site for the incorporation of L-DOPA and 

subsequent cross-linking reaction with SrtAN59 dimer. 

As a control, we searched for another surface residue that is not likely to be 

involved in the dimerization of SrtAN59. K206 is an unstructured, C-terminal residue 

located away from the putative dimerization domain N132, K137 and Y143. Figure 2.6 

shows the relative locations of K137 and K206 on the crystal structure of SrtAN59.  
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Figure 2.6:  Crystal structure of SrtAN59. (A) Space-filled view. (B) Backbone structure 
with the relative positions of K137 and K206.  
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To analyze the effect of the point mutation at K206 on the dimerization state of 

SrtAN59, a C-terminal His6-tagged K206A mutant of SrtAN59 (SrtAN59K206A) was 

purified from E. coli. Non-denaturing PAGE (native PAGE) revealed that the mutation 

K206A does not affect the dimerization state of SrtAN59 protein (Figure 2.7A). The 

altered mobility of the SrtAN59K206A is due to the loss of +1 charge resulting from the 

mutation of lysine to alanine, since native PAGE resolves proteins based on their 

individual molecular weights and isoelectric points. The retarded mobility of 

SrtAN59K206A is consistent with the previous data from other monomeric mutants of 

SrtAN59 (135). Gel filtration chromatography also showed no effect of the K206A 

mutation on the dimerization state of SrtAN59 (Figure 2.7B). These results are in line 

with the structural analysis, suggesting that K206 is not likely to be involved in the 

dimerization of SrtAN59. Thus, mutation of K206 to L-DOPA is not expected to result in 

a positive cross-linking reaction. 
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Figure 2.7:  Effect of alanine mutation at K206 on the dimerization state of SrtAN59. (A) 

Native PAGE of purified SrtAN59 and SrtAN59K206A proteins. Wild type 

(lane 1) and K206A mutant (lane 2) SrtAN59 proteins were resolved on 14% 
polyacrylamide gel and visualized by Coomassie Brilliant Blue staining. In 
each lane, 4 µL of protein sample at 5 mg/mL was loaded. (B) Gel filtration 

chromatography of purified SrtAN59 and SrtAN59K206A proteins. Wild 

type (dotted line) and K206A mutant (solid line) SrtAN59 proteins were 
applied to a gel filtration column and eluted with phosphate buffered saline 
(PBS). For each run, 100 µL of protein sample at 5 mg/mL was injected. 
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Incorporation of L-DOPA into SrtA 

L-DOPA was incorporated into SrtAN59 at residues K137 (K137DOPA) and 

K206 (K206DOPA). E. coli BL21 was co-transformed with plasmids pAC-DHPheRS-

6TRN and either pET-SrtA137TAG or pET-SrtA206TAG. The plasmid pAC-DHPheRS-

6TRN carries one copy of mutant MjTyrRS engineered to recognize L-DOPA as the 

substrate (DHPheRS), and six copies of MjtRNA
Tyr

CUA to recognize amber stop codons 

(UAG) in the mRNA (122) (Figure 2.8). Plasmids pET-SrtA137TAG and pET-

SrtA206TAG encode C-terminal His6-tagged SrtAN59 with an amber stop codon at each 

specified site. 

 

Figure 2.8:  pAC-DHPheRS-6TRN plasmid map. 

Mj-tRNA
Tyr

CUA 
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Cultures were grown in glucose minimal media, and protein expression was 

induced in the presence of 1 mM L-DOPA. The expression of SrtAN59 was examined 

first by resolving the cell lysate on SDS-PAGE followed by Western blot probed with an 

anti-His antibody (Figure 2.9). Positive expression of full length SrtAN59 (17.9 kDa) was 

observed suggesting the successful suppression of amber stop codons for both 

K137DOPA and K206DOPA when L-DOPA was present in the growth media (Figure 

2.9, lanes 2 and 4). The expression level was below the detection limit when L-DOPA 

was omitted (Figure 2.9, lanes 1 and 3). 

 

 

 

 

Figure 2.9:  Incorporation of L-DOPA into C-terminal His6-tagged SrtAN59 at two 
residues K137 and K206. E. coli BL21 cell lysates were resolved on SDS-
PAGE and visualized by Western blot probed with anti-His antibody. 
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To optimize the yield of DOPA-containing proteins to a level that is feasible for 

the subsequent cross-linking reactions, several experimental parameters were modified 

from the protocol proposed by Alfonta et al (122) using K137DOPA mutant in 1-L scale 

of cultures. Alfonta et al used glycerol minimal media with leucine as the growth media 

supplemented with dithiothreitol (DTT) to prevent toxicity caused by oxidation of L-

DOPA in the culture. Whereas protection of L-DOPA is important, thiol-based reducing 

agents may react with dopaquinone, if any, in the media and are not preferred. To prevent 

L-DOPA oxidation, first, exposure to light must be kept at a minimum since L-DOPA is 

photounstable. Use of a dark incubator and amber-colored culture flasks were found 

helpful. Second, the pH of the media must be kept acidic to prevent deprotonation of L-

DOPA. Glucose minimal media with no amino acid supplementation besides L-DOPA 

metabolically provides acidic pH. These modifications allowed successful incorporation 

of L-DOPA without using reducing agents. To achieve the best expression level, L-

DOPA should be added to the media about 40 minutes prior to the induction of target 

protein expression. The value of OD600 at which the protein expression is induced was 

found to be optimal between 0.4 and 0.7. Induction at a lower OD600 than this range 

generally results in low yield and at a higher OD600 increases the level of contaminating 

protein (see below) after purification. 

Figure 2.10 shows the optimized yield of K137DOPA. His6-tagged proteins were 

expressed in 1 L each culture of E. coli and purified using Ni-NTA agarose beads. 

Protein samples were resolved on SDS-PAGE, and visualized by Coomassie Brilliant 

Blue staining (Figure 2.10A) and Western blot probed with an anti-His antibody (Figure 

2.10B). A strong band at the size of SrtAN59 monomer (17.9 kDa) is seen in the presence 

of L-DOPA in the culture (Figure 2.10A and B, lane 1, bottom arrow). The final yield of 

K137DOPA protein was estimated to be about 1-2 mg/L culture, which is approximately 
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10% of the expected yield of wild type SrtAN59. A minimal level of background 

suppression was observed in the absence of L-DOPA (Figure 2.10A, lane 2). The basal 

level of background suppression with canonical amino acid(s) in the absence of L-DOPA 

is consistent with the previous report (122). Interestingly, some protein species with 

higher molecular weights compared to monomeric SrtAN59 were detected both by 

Coomassie staining and anti-His antibody when L-DOPA was added to the culture media 

(Figure 2.10A and B, lane 1, middle and top arrows). These bands suggest possible cross-

linking reaction of K137DOPA to itself or other proteins, most likely from the minimal 

oxidation of incorporated L-DOPA by atmospheric O2 as previously reported (113). For 

more detailed discussions about these protein species, see later sections in this chapter. 

There are some contaminating proteins seen in Figure 2.10A that are negative in Figure 

2.10B. These protein species are most likely metal binding proteins and are common in 

the preparation of DOPA-containing proteins by the protocols described in this work. 

These contaminants are extremely difficult to remove even with very stringent washing 

conditions (e.g. 2 M NaCl, and/or 30 mM imidazole and/or 0.1% Tween-20).   
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Figure 2.10:  Optimization of L-DOPA incorporation using SrtAN59K137DOPA. 
K137DOPA protein was expressed in 1 L of culture in the presence or 
absence of L-DOPA. His6-tagged proteins were purified and resolved on 
SDS-PAGE. (A) Visualized by Coomassie Brilliant Blue staining. (B) 
Western blot probed with anti-His antibody. Corresponding bands are 
marked with arrows. 
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A redox-cycling staining assay confirmed the presence of L-DOPA within the 

mutant proteins K137DOPA and K206DOPA (Figure 2.11). K137DOPA and 

K206DOPA were purified from 1 L each culture and resolved on SDS-PAGE. The 

proteins were transferred to a nitrocellulose membrane for improved detection and 

stained with NBT and sodium glycinate at pH 10. Strong bands that correspond to the 

SrtAN59 monomer can be seen for both K137DOPA and K206DOPA (Figure 2.11, lanes 

2 and 4), indicating the presence of L-DOPA within the mutant SrtAN59 proteins. No 

signal was detected when L-DOPA was absent in the incorporation step (Figure 2.11, 

lanes 1 and 3). Common contaminating proteins shown in Figure 2.10 were present in the 

samples, but none of them were stained as NBT-positive. The higher molecular weight 

species seen in Figure 2.10 were not detected by NBT staining as major bands, either. 

This result may suggest modification of the L-DOPA moiety by a cross-linking reaction. 

Together with Figure 2.9 and Figure 2.10 the results in Figure 2.11 confirmed the high 

fidelity of L-DOPA incorporation at both residues K137 and K206 using the optimized 

protocol. 
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Figure 2.11:  Redox-cycling staining of DOPA-containing SrtAN59 proteins. 
K137DOPA (lanes 1 and 2) and K206DOPA (lanes 3 and 4) were purified 
and resolved by SDS-PAGE, and transferred to a nitrocellulose 
membrane. DOPA-containing proteins were visualized with a staining 
solution containing NBT and sodium glycinate at pH 10. 
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DOPA-Mediated Chemical Cross-Linking of SrtA Dimer 

Successful in situ cross-linking of SrtAN59  homodimer was achieved with 

K137DOPA. Following the incorporation, cross-linking of DOPA-containing SrtAN59 

subunits was triggered by NaIO4 in the cell suspension and the protein was purified using 

Ni-NTA beads. Prepared samples were resolved by SDS-PAGE followed by Coomassie 

Brilliant Blue staining. Figure 2.12 shows a very strong band that corresponds to the size 

of SrtAN59 dimer (35.8 kDa, Figure 2.12, lane 2, Dimer) for K137DOPA indicating a 

highly efficient cross-linking reaction mediated by L-DOPA. Subsequent mass 

spectrometric protein identification confirmed that this band contains SrtA protein only. 

These results indicate the high yield of the cross-linking reaction which produced the 

covalent homodimer of SrtAN59. When L-DOPA was absent (Figure 2.12, lane 1), a 

trace amount of background expression was observed as monomer, indicating the basal 

incorporation of endogenous natural amino acids as described in the previous section, but 

no dimer was present. This result further supports that the cross-linking reaction was 

caused only by L-DOPA, but not by any endogenous amino acid or compounds and 

external factors present in the experimental process. These data suggest that 

SrtAN59K137DOPA is able to selectively cross-link to its cognate binding partner in cell 

lysates. 
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Figure 2.12:  Cross-linking of SrtAN59 dimer through L-DOPA at K137. L-DOPA 
incorporation was performed for K137DOPA with (lane 2) or without 
(lane 1) L-DOPA. NaIO4 was added prior to the protein purification. 
Purified proteins were resolved by SDS-PAGE and visualized by 
Coomassie Brilliant Blue staining. 
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Western blot analysis of both K137DOPA and K206DOPA using an anti-His 

antibody revealed the superb site-specific selectivity of the L-DOPA mediated protein 

cross-linking assay (Figure 2.13). K137DOPA produced the covalent dimer in the 

presence of NaIO4 (Figure 2.13. lane 3), which is consistent with the total protein 

analysis (Figure 2.12). K137DOPA also showed a small amount of dimer in the absence 

of NaIO4 (Figure 2.13, lane 2). This band could indicate a trace of non-covalent dimer as 

seen in wild type SrtAN59 (133), and/or covalent dimer resulted from minimal oxidation 

of L-DOPA by O2 as seen in Figure 2.10. Interestingly, the same sample also shows the 

bands that correspond to the size of 1.5-mer (Figure 2.13, lane 2, 1.5-mer) similar to the 

results in Figure 2.10. Mass spectrometric protein identification revealed that this band 

also contains SrtA only. The 1.5-mer could either be the cross-linked product from the 

reaction between L-DOPA containing monomer and the truncated SrtAN59 resulting 

from the incomplete incorporation, or degradation of the cross-linked dimer.  

Compared to K137DOPA, K206DOPA produced only a trace amount of dimer in 

the presence of NaIO4 (Figure 2.13, lane 6). This small amount of dimer could be the 

non-covalent dimer of SrtAN59. The lack of copious cross-linking at residue K206 

indicates the absence of nucleophiles that are in the close proximity to this residue and 

available to react with L-DOPA moiety. The yields of cross-linked dimer from 

K137DOPA (Figure 2.13, lane 3) and K206DOPA (Figure 2.13, lane 6) are consistent 

with the results from the point mutation studies (135) (Figure 2.7), further supporting the 

involvement of K137 and non-involvement of K206 in the dimerization of SrtA. Taken 

together, these results demonstrate the excellent selectivity of DOPA-mediated protein-

protein cross-linking in the context of protein mixtures as well as high position-dependent 

specificity. 
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Figure 2.13:  Site-specific selectivity of DOPA-mediated cross-linking of SrtAN59 
dimer. K137DOPA (lanes 1-3) and K206DOPA (lanes 4-6) were oxidized 
and purified, then analyzed by SDS-PAGE followed by Western blot 
probed with anti-His antibody. 

. 
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CONCLUSION 

In conclusion, we have demonstrated an efficient and selective site-specific 

protein cross-linking methodology using genetically encoded L-DOPA with an optimized 

incorporation protocol. Successful cross-linking supported our recent discovery of 

SrtAN59 dimerization as a first evidence of direct protein contacts. Furthermore, we 

showed that the efficiency of the cross-linking reaction is sufficient to capture a weak 

interaction but does not cost its selectivity. By performing the cross-linking assay at two 

different residues on SrtA, we have gathered consistent evidence about the interacting 

residues with our previous studies (133, 135). The information from serial cross-linking 

experiments at different residues using the same method would allow us to fairly 

accurately map the dimerization domain of SrtA. DOPA-mediated protein cross-linking 

can be a general approach to study many other protein interactions. The site-specific 

selectivity of this method would facilitate identification, confirmation and/or 

characterization of many protein-protein and protein-small molecule interactions. Highly 

reactive L-DOPA allows the capturing of even weak or transient interactions, when other 

methods of characterization are difficult. L-DOPA-mediated site-specific protein cross-

linking can be a valuable addition to the set of tools currently available to study protein-

protein and protein-small molecule interactions. 

This chapter is primarily based on Umeda et al, 2009 (136). 

 

MATERIALS AND METHODS 

Vector Constructions 

The coding sequence of SrtAN59-His6 (encoding residues 60-206 with C-terminal 

His6-tag) was previously cloned into the expression vector pET28b (Novagen, La Jolla, 
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CA) to generate the plasmid pET28-SrtA59 (133). The following mutant vectors carrying 

either an amber stop codon (TAG) or the codon for alanine (GCG) at the designated 

residues were generated using the primer pairs listed below (Invitrogen, Carlsbad, CA): 

 

pET28-SrtA59K137TAG:  

5'-CGATCCATGGGCCAAGCTAAACCTCAAATTCC-3' and 

5'-CAACTTTAAAGTACACCATACTACCTTTCTAGGCTGCTTTAAG-3' 

pET28-SrtA59K206TAG:  

5'-GTAGCTACAGAAGTCTAGCTCGAGCACCACCACC-3' and  

5'-GGTGGTGGTGCTCGAGCTAGACTTCTGTAGCTAC-3' 

pET28-SrtA59K206A:  

5'-GTAGCTACAGAAGTCGCGCTCGAGCACCACCACC-3' and  

5'-GGTGGTGGTGCTCGAGCGCGACTTCTGTAGCTAC-3' 

 

To afford pET28-SrtA59K137TAG, the fragment of the gene which contains the 

mutation was amplified by polymerase chain reaction (PCR) using pET28-SrtA59 

plasmid as a template. The PCR product was double-digested with NcoI and DraI, and 

then ligated with pET28-SrtA59 also digested with NcoI and DraI. Vectors pET28-

SrtA59K206TAG and pET28-SrtA59K206A were generated using QuickChange


 Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s 

manual, using pET28-SrtA59 and pET28-SrtA59K206TAG as templates, respectively. 

All vector sequences were confirmed by DNA sequencing (The University of Texas at 

Austin ICMB DNA Core Facility). The vector pAC-DHPheRS-6TRN which carries one 

copy of mutant MjTyrRS and six copies of MjtRNA
Tyr

CUA was a gift of Dr. Peter G. 

Schulz (The Scripps Research Institute, La Jolla, CA). 
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Purification of Wild Type and K206A Mutant SrtAN59  

E. coli BL21 (Novagen, La Jolla, CA) was transformed with the plasmid pET28-

SrtA59 or pET28-SrtA59K206A and plated on Luria-Bertani (LB) agar plates containing 

kanamycin (50 µg/mL). Resulting single colonies were inoculated into LB broth 

supplemented with kanamycin (50 µg/mL) and grown at 37C until OD600 reached 0.7. 

Over-expression of wild type and mutant SrtAN59 was induced with isopropyl -D-1-

thiogalactopyranoside (IPTG, 1 mM, Gold Biotechnology, Inc., St. Louis, MO) and 

cultures were grown for an additional 5 hours at 37C. Cells were harvested and frozen at 

-80C. The cells were then resuspended in wash buffer (50 mM NaH2PO4, 300 mM 

NaCl, 20 mM imidazole, pH 8.0) and incubated on ice for 1 hour in the presence of 

lysozyme (1 mg/mL). The samples were sonicated and centrifuged at 15,000 rpm for 40 

minutes at 4C. Cleared cell lysates were collected and applied to Ni-NTA agarose beads 

(Qiagen, Madison, WI) pre-equilibrated with wash buffer. Unbound proteins were 

washed off with wash buffer and the His6-tagged proteins were eluted with elution buffer 

(50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8.0). Final protein 

concentrations were calculated by measuring the absorbance at 280 nm using a 

NanoDrop
TM

 spectrophotometer (Thermo Scientific, Wilmington, DE). 

 

Non-Denaturing PAGE 

Appropriate dilutions were made for the purified wild type and K206A mutant 

SrtAN59 proteins to the total protein concentration of 5 mg/mL. The samples were then 

incubated at 4C for at least 24 hours to ensure monomer/dimer equilibrium. 

Approximately 20 µg of total protein was loaded in each lane and resolved by native-

PAGE using 14% Tris-glycine polyacrylamide gel (Invitrogen, Carlsbad, CA) and native 
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running buffer (25 mM Tris base, 192 mM glycine, pH 8.3). The gels were visualized by 

Coomassie Brilliant Blue staining. 

 

Gel Filtration Chromatography 

The same protein samples prepared in the previous section was also analyzed 

using Superdex
TM

 200 10/300 GL column (GE Healthcare, Sweden) equipped with the 

BioLogic DuoFlow system (Bio-Rad, Hercules, CA). The column was pre-equilibrated 

with phosphate-buffered saline (PBS, 100 mM NaH2PO4, 150 mM NaCl, pH 6.8) 

overnight prior to the sample application. For each run, 100 µL of purified protein (5 

mg/mL) was injected and eluted with PBS at 0.75 mL/min at 4C. Protein fractions were 

detected by monitoring the absorbance at 280 nm. 

 

Site-Specific Incorporation of L-DOPA into SrtAN59  

A stock solution of L-DOPA (Acros Organics, NJ) was prepared at 100 mM in 

double-deionized water and the pH was adjusted to 0.8-1.0 with concentrated HCl until 

the solid L-DOPA was completely dissolved. In a typical procedure of incorporation, E. 

coli BL21 was first chemically transformed with the plasmid pET28-SrtA59K137TAG or 

pET28-SrtA59K206TAG and plated on LB agar plates supplemented with kanamycin (50 

µg/mL). Resulting single colonies were inoculated into LB broth (50 µg/mL kanamycin) 

and made electro-competent. These competent cells were transformed with the second 

plasmid pAC-DHPheRS-6TRN by electroporation and plated on LB agar plates 

containing kanamycin (50 µg/mL) and tetracycline (12.5 µg/mL). Single colonies were 

subcultured in LB broth supplemented with kanamycin (50 µg/mL), tetracycline (12.5 

µg/mL) and glucose (1 mM), and grown overnight at 37C in a dark shaker. The cells in 



 58 

the small starting culture were collected, resuspended in sterile double-deionized water, 

and inoculated into glucose minimal media supplemented with kanamycin (50 µg/mL) 

and tetracycline (12.5 µg/mL). Cultures were grown in amber-colored flasks at 37C in a 

dark shaker for 14 hours until OD600 reached approximately 0.7. The tetracycline 

concentration was increased to 18.75 µg/mL and L-DOPA was added to the final 

concentration of 1 mM. Cultures were further incubated at 30C for 40 minutes before 

the expression of DOPA-containing SrtAN59 proteins was induced with IPTG (1 mM). 

Cultures were grown for an additional 5 hours at 30C and cells were harvested and 

frozen at -80C.  

 

Cross-Linking of DOPA-Containing SrtAN59 Dimer and Protein Purification  

The frozen cells obtained above were thawed on ice and resuspended in lysis 

buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0). NaIO4 (1 mM, 

Acros Organics, NJ) was added and the mixtures were incubated on ice for 1 hour. 

Lysozyme (1 mg/mL) was added and the samples were incubated on ice for an additional 

30 minutes. Samples were then sonicated and centrifuged at 15,000 rpm for 40 minutes at 

4C. Cleared cell lysates were collected and applied to Ni-NTA agarose beads pre-

equilibrated with lysis buffer. The beads were washed extensively with wash buffer (50 

mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). His6-tagged proteins were 

then eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 

8.0). To optimize the experimental procedure, the concentration of NaIO4 was varied 

between 1-2.5 mM depending on the experiment. The incubation times after adding the 

NaIO4 and lysozyme were also varied between 20-70 minutes and 30-60 minutes, 

respectively. The wash buffer was modified to contain one or all of the following: 

glycerol (10%), Tween-20 (0.1%), higher concentrations of NaCl (2 M) and imidazole 
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(30 mM). Elution buffer containing a lower concentration of imidazole (250 mM) was 

also used in some experiments. 

 

SDS-PAGE and Western Blot 

E. coli BL21 cell lysates expressing DOPA-containing SrtAN59 proteins or 

corresponding purified proteins were resolved by 15% SDS-PAGE using SDS-running 

buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS, pH 8.3). For total protein 

analyses, gels were stained with Coomassie Brilliant Blue. For Western blot analyses, 

proteins were transferred to a nitrocellulose membrane in a Trans-Blot SD Semi-Dry 

Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA) using Tris-glycine transfer buffer 

(48 mM Tris base, 3.9 mM glycine, 0.037% SDS, 20% methanol, pH 8.3). The 

membrane was probed with anti-His C-terminal antibody conjugated with alkaline 

phosphatase (Invitrogen, Carlsbad, CA). Phospha GLO AP substrate (KPL, Inc., 

Baltimore, MD) was applied to visualize the proteins and the signals were detected by 

exposing the membrane to BioMax light film (Eastman Kodak Co., Rochester, NJ). 

 

Redox-Cycling Staining of DOPA-Containing Proteins  

A similar membrane harboring SrtAN59  proteins containing L-DOPA was 

obtained as described in the previous section. DOPA-containing proteins were visualized 

by incubating the membrane in the NBT staining solution (2 M sodium glycinate, 0.24 

mM NBT, pH 10.0) on a rotary shaker in darkness for 3 hours. 

 



 60 

 

 

Chapter 3  Site-Specific Incorporation of 3,4-Dihydroxy-L-
Phenylalanine into Proteins in Mammalian Cells 

 

INTRODUCTION 

In Chapter 2, we described a site-specific protein cross-linking technique 

mediated by genetically incorporated 3,4-dihydroxy-L-phenylalanine (L-DOPA) (136). 

Given the excellent selectivity and efficiency of this technology, enabling such protein 

cross-linking chemistry in vivo, especially in mammalian cells, would be very desirable. 

As discussed in Chapter 1, a vast majority of protein-protein and protein-ligand 

interactions in the human interactome consists of weak and/or transient interactions. 

These weak interactions facilitate the cells’ ability to tightly regulate ―on‖ and ―off‖ 

states of the signals; however, these unstable protein complexes can pose significant 

challenges in isolation and analyses. Site-specific protein cross-linking using L-DOPA 

freezes these weak and/or transient interactions at the selected domain of interest within 

the target protein, thereby assisting in isolation and characterization of target interactions. 

To obtain the most reliable and biologically relevant information, it is ideal to capture 

and detect the protein-protein or protein-drug interactions of interest in intact live cells. 

Therefore, in vivo site-specific protein cross-linking in mammalian cells represents a 

significant potential for both basic biology and pharmaceutical research fields. 

To realize the DOPA-mediated in vivo protein cross-linking, a methodology to 

site-specifically incorporate L-DOPA into proteins in mammalian cells must first be 
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established. In the bacterial expression system using Escherichia coli, L-DOPA can be 

site-specifically incorporated into proteins through suppression of amber stop codons by 

a previously engineered Methanococcus jannaschii suppressor transfer RNA 

(tRNA
Tyr

CUA) and mutant tyrosyl-tRNA synthetase (DHPheRS or DOPA-RS) (122) (See 

also Chapter 2). The suppressor tRNA
Tyr

CUA was generated by mutating the anticodon 

sequence of M. jannaschii tRNA
Tyr

 from GUA to CUA to recognize the amber stop 

codon (TAG) in the messenger RNA (mRNA). The cognate DOPA-RS was evolved 

through a series of mutations in the active site of M. jannaschii tyrosyl-tRNA synthetase 

(TyrRS) so that the mutant enzyme specifically charges the tRNA
Tyr

CUA with L-DOPA. 

M. jannaschii tRNAs and aminoacyl-tRNA synthetases (aaRSs) are naturally orthogonal 

to the E. coli system; therefore no cross-reaction occurs with any of the host tRNAs and 

aaRSs. Based on similar approaches, more than 50 non-canonical amino acids besides L-

DOPA have been successfully incorporated into proteins in E. coli using individually 

evolved M. jannaschii aaRSs (137).  

Several non-canonical amino acids have been incorporated into recombinant 

proteins in mammalian cells; however the pool of such non-canonical amino acids is 

much smaller than that for the E. coli system due to various limitations (see below). More 

specifically, site-specific incorporation of L-DOPA in mammalian cells has not been 

reported elsewhere. Herein we present an efficient method for the transformation of the 

existing tRNA
Tyr

CUA/aaRS pairs, established for the incorporation of non-canonical amino 

acids in E. coli, to function in mammalian expression systems. We then demonstrate the 

site-specific incorporation of L-DOPA into green fluorescent protein (GFP) in human 

embryonic kidney (HEK) 293T cells.        
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Incorporation of Non-Canonical Amino Acids in Mammalian Cells 

There have been four different approaches previously reported to site-specifically 

incorporate non-canonical amino acids into proteins by suppression of stop codons in 

mammalian cells (138-143). The first is a semi-synthetic approach where suppressor 

tRNA is chemically aminoacylated in vitro and then microelectroporated into host cells 

(138). While this method does not require a specific aaRS to be evolved for each amino 

acid, the major drawback is low yield of the modified protein. The second approach is to 

generate a mutant tRNA/aaRS pair for the target amino acids by structure-based rational 

design. Pairs of tRNA/aaRS from naturally orthogonal species such as Bacillus subtilis 

(139) and a hybrid pair of Bacillus stearothermophilus tRNA and E. coli aaRS (140, 141) 

have been engineered based on the known crystal structures such that the key residues in 

active sites of the aaRSs were mutated to specifically recognize their cognate non-

canonical amino acids as substrates. This method can be inefficient and cumbersome in 

that a large number of mutants may need to be created and tested individually since it is 

difficult to precisely predict the effect of the active site mutations on the substrate 

specificities of the enzyme. The third method is to evolve orthogonal E. coli aaRS to 

recognize non-canonical amino acids by genetic libraries using Saccharomyces cerevisiae 

(142). The resulting E. coli mutant aaRSs are paired with B. stearothermophilus 

suppressor tRNAs for high efficiency incorporation of non-canonical amino acids in 

mammalian cells. Although genetic libraries may allow higher-throughput screening of 

mutant aaRSs, the maximum size of a library in yeast is limited compared to that 

constructed using E. coli because of the barrier of low transformation efficiency. The 

final approach is to shuttle the previously developed tRNA/aaRS pair from 

Methanosarcina mazei into mammalian system taking advantage of the unusual 

orthogonality of M. mazei that allows this pair to function in both E. coli and mammalian 
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cells (143). However, an aaRS still needs to be evolved individually for each target amino 

acid. 

To circumvent these difficulties in establishing a new system to incorporate L-

DOPA into proteins in mammalian cells ―from scratch‖, we sought a rapid and general 

methodology to directly shuttle the M. jannaschii tRNA/aaRS pairs previously developed 

for the incorporation in E. coli system into mammalian expression systems. Such an 

efficient shuttling methodology would allow the variety of non-canonical amino acids 

previously reported in E. coli system to be easily incorporated into proteins in 

mammalian cells. The major hurdle against accomplishing this goal is the existing pairs’ 

taxonomic domain identities which determine the orthogonality between species. M. 

jannaschii tRNAs and aaRSs are not naturally orthogonal to eukaryotic systems. 

Therefore altering the taxonomic domain identity of the M. janaschii pair to be 

orthogonal to mammalian cells should render the pairs functional to site-specifically 

incorporate non-canonical amino acids into proteins in mammalian cells. 

    

Determinants of the Taxonomic Domain Identities 

Each aaRS recognizes its cognate tRNA(s) primarily through the interaction at the 

acceptor stem and the anticodon region of the specific tRNA(s) (144). Previous studies 

have shown that the determinants of the taxonomic domain identities are found in the 

interaction of the acceptor stem of tRNAs and the connective peptide 1 (CP1) region of 

aaRSs (145-147) (Figure 3.1). Eukaryotic and bacterial tRNA/aaRS pairs are orthogonal 

to each other because of the structural difference in the CP1 region of the aaRSs. 

Schimmel et al have demonstrated that an E. coli tRNA expressed in S. cerevisiae can be 

charged with the cognate amino acid only by the co-expressed E. coli aaRS but not by 

any of the host aaRSs (146). Interestingly, Schimmel’s group has also reported that 
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transplanting the 39-amino acid CP1 peptide from a human aaRS into a bacterial aaRS 

enabled the bacterial aaRS to charge the human tRNA counterpart, and conversely 

replacing the CP1 region of the human aaRS with corresponding bacterial CP1 peptide 

enabled the human aaRS to charge bacterial tRNA (147). Moreover, the CP1 region of 

aaRS has been determined to discriminate between eukaryotic and bacterial tRNAs by 

recognizing the first base pair of the acceptor stem (147). This key base pair is G1:C72 

for bacterial tRNAs (Figure 3.2A) whereas C1:G72 for eukaryotic tRNAs (Figure 3.2B). 

Archaeal tRNAs such as in M. jannaschii have C1:G72 as the key base pair (Figure 3.2C) 

and the aaRSs bear corresponding structures of the CP1 region which are highly 

homologous to that of mammalian CP1 region (148). Therefore, tRNA/aaRS pairs from 

M. jannaschii are not expected to be orthogonal in mammalian systems. Thus, if these 

determinants of taxonomic domain identity in the M. jannaschii pair are replaced with 

bacterial determinants, then the M. jannaschii pair should become orthogonal to the 

mammalian systems. 

 

Overall Experimental Design  

To accomplish the site-specific incorporation of L-DOPA in mammalian cells 

using the previously evolved pair of M. jannaschii tRNA
Tyr

CUA and DOPA-RS, we first 

tested if exchanging the determinants of taxonomic domain identity is in fact necessary 

and sufficient to render the M. jannaschii tRNA/aaRS pair to be orthogonal to 

mammalian systems using M. jannaschii tRNA
Tyr

CUA and TyrRS. We mutated the 

tRNA
Tyr

CUA from C1:G72 to G1:C72. Then we transplanted the E. coli CP1 region in 

place of the CP1 region of the M. jannaschii TyrRS. We tested if this pair orthogonally 

functions in HEK 293T cells to suppress an amber stop codon by incorporating tyrosine 

into a reporter gene (GFP). Upon confirming the feasibility of this ―cut-and-paste‖ 
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scheme and optimizing the efficiency of suppression, we applied the same approach to 

the previously generated DOPA-RS to demonstrate the site-specific incorporation of L-

DOPA into GFP in mammalian cells. 

 

 

 

 

 

 

Figure 3.1:  Crystal structure of M. jannaschii TyrRS (green) complexed with tRNA
Tyr

 
(purple). The CP1 region is colored in red. The base pair shown in the 
tRNA

Tyr 
is the critical determinant of the taxonomic domain identity 

C1:G72 in the acceptor stem. 
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Figure 3.2:  Variations in tRNAs among taxonomic domains; Bacteria (A, E. coli), 
Eukarya (B, human) and Archaea (C, M. jannaschii). The identity 
determinants are circled in red and the anticodon regions are circled in blue. 
Secondary structures were generated using tRNAscan-SE (149).  
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RESULTS AND DISCUSSION 

We have previously reported a proof of concept that mutating the M. jannaschii 

tRNA
Tyr

CUA from C1:G72 to G1:C72 (MUtRNA
Tyr

CUA) and replacing the CP1 region 

(amino acid residues 110-148) of M. jannaschii TyrRS with the CP1 region of E. coli 

TyrRS (amino acid residues 110-172) (MUTyrRS) renders the pair orthogonal in HEK 

293T cells to suppress an amber stop codon with tyrosine (150). Despite the positive 

suppression of amber codons with this chimeric MUtRNA
Tyr

CUA/MUTyrRS pair, the 

yield of suppression was not sufficient to apply the same scheme to the incorporation of 

L-DOPA. Only a negligible amount of incorporation was observed when we applied the 

same modifications to the existing M. jannaschii DOPA-RS, most likely due to the 

inherent low activity of DOPA-RS. As seen in the relatively low expression of DOPA-

containing proteins in E. coli system (approximately 10% of wild type proteins, Chapter 

2), the activity of M. jannaschii DOPA-RS to charge its cognate tRNA
Tyr

CUA with L-

DOPA is significantly reduced compared to the activity of wild type TyrRS for tyrosine. 

The moderately low efficiency of incorporation is in fact favored in E. coli system since 

extremely efficient incorporation would result in the suppression of other genes that use 

amber stop codons in the host genome, possibly causing cellular toxicities. However, 

when the low activity of M. jannaschii DOPA-RS was combined with the low efficiency 

of suppression in mammalian cells associated with the ―cut-and-paste‖ transplantation, 

the overall yield of incorporation was brought below the detectable level. Therefore we 

sought to first improve the efficiency of suppression by the transplanted M. jannaschii 

MUtRNA
Tyr

CUA/MUTyrRS pair in mammalian cells before attempting the incorporation 

of L-DOPA.  
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Improving the Transcription Level of tRNA
Tyr

CUA 

Altering the CP1 region of M. jannaschii TyrRS is expected to have minimal 

effects on the enzyme’s substrate specificity for tyrosine since the amino acid binding site 

of TyrRS is remote from the CP1 region (147). Therefore we hypothesized that the main 

cause of the low suppression efficiency lies in the recognition of the MUtRNA
Tyr

CUA by 

the chimeric MUTyrRS in mammalian cells. We reasoned that one possible approach to 

solve this problem is to increase the amount of functional MUtRNA
Tyr

CUA in the host 

cells. There is a significant difference in the transcription, termination and processing of 

tRNAs in archeabacteria and eukaryotes (151). In our previous design (150), M. 

jannaschii MUtRNA
Tyr

CUA was cloned between 5'- and 3' flanking sequences adopted 

from human tRNA
Tyr

 gene (139) to assist the transcription and termination in mammalian 

cells. Six tandem copies (140) of such chimeric gene were cloned into a mammalian 

expression vector to improve the level of transcription. On the other hand, Wang et al 

have demonstrated that a high-level transcription of E. coli tRNA
Tyr

 in mammalian cells 

can be achieved by using human H1 promoter (152, 153). Therefore we tested if the 

transcription of M. jannaschii tRNA
Tyr

CUA in mammalian cells can be improved from our 

previous design by using the human H1 promoter. 

One copy of M. jannaschii tRNA
Tyr

CUA, in which the anticodon GUA was mutated 

to CUA, along with the 3'-flanking sequence (139, 150) was cloned downstream of the 

human H1 promoter in pTRE-TIGHT backbone to obtain the mammalian expression 

vector pT7-H1-tRNA. The critical base pair C1:G72 for the taxonomic domain 

recognition was mutated to G1:C72 to afford pT7-H1-1bp-tRNA encoding a suppressor 

tRNA
Tyr

CUA with bacterial domain identity shown in Figure 3.3A. These vectors were 

individually transfected into HEK 293T cells along with pEGFP-N1-40TAG which 

encodes the enhanced GFP (EGFP) with an amber stop codon (TAG) at the position of 
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the fortieth amino acid residue (GFP-40TAG). The cells were transfected and cultured in 

Dulbecco’s Modified Eagle Media (DMEM, containing 0.398 mM L-tyrosine) 

supplemented with 10% fetal bovine serum (FBS) and 1X MEM non-essential amino 

acids (0.1 mM each L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, glycine, L-

proline and L-serine). The expression of full length GFP was evaluated 72 hours post-

transfection using a fluorescence-equipped microscope. Figure 3.3B, panel i shows a high 

expression level of full length GFP resulted from the charging of non-orthogonal 

tRNA
Tyr

CUA by endogenous human TyrRS. The efficient suppression implies a high level 

of tRNA
Tyr

CUA transcription mediated by the human H1 promoter. The expression of full 

length GFP was significantly reduced when the critical base pair in the acceptor stem was 

mutated from C1:G72 to G1:C72, indicating that the M. jannaschii 1bp-tRNA
Tyr

CUA is 

now orthogonal to the mammalian system (Figure 3.3B, panel ii). This result is consistent 

with the previous studies that the single base pair mutation in the acceptor stem is 

sufficient to alter the orthogonalities of tRNAs (147, 150). A low level of background 

suppression can be seen with the orthogonal 1bp-tRNA
Tyr

CUA in the absence of cognate 

TyrRS (Figure 3.3B panel ii). These background signals are most likely a result of the 

oversaturation of endogenous TyrRS caused by an extremely high level of 1bp-

tRNA
Tyr

CUA rather than auto-suppression by endogenous mechanisms, since the 

expression of full length GFP is negligible when the cells were transfected with only the 

reporter gene (Figure 3.3B, panel iii). These results indicate that the human H1 promoter 

is highly effective in the transcription of M. jannaschii suppressor tRNAs in mammalian 

cells. 
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Figure 3.3:  Improved suppression of an amber stop codon by tRNA
Tyr

CUA transcribed 
under the human H1 promoter. (A) Sequence and the predicted secondary 
structure of 1bp-tRNA

Tyr
CUA. (B) Suppression of GFP-40TAG by non-

orthogonal tRNA
Tyr

CUA (i) and orthogonal 1bp-tRNA
Tyr

CUA (ii), with a 
control for auto-suppression (iii) and a positive control for transfection (iv). 
Cells were transfected with the indicated genes. 72 hours post-transfection.   
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Refining the Transplanted CP1 Region 

We recognized that another reason for the low efficiency of suppression by our 

previous design may be the insufficient interactions between the MUtRNA
Tyr

CUA and the 

chimeric MUTyrRS. Hence we sought to improve the recognition of 1bp-tRNA
Tyr

CUA by 

the cognate chimeric TyrRS by further refining the transplanted bacterial CP1 region. In 

our previous study, residues 110-148 of the M. jannaschii TyrRS was deleted and 

replaced with residues 110-172 from E. coli TyrRS (150). Based on the secondary 

structural homology and sequence alignments, CP1 regions of various lengths and 

positions from E. coli and Thermus thermophilus were transplanted into M. jannaschii 

TyrRS and activities of resulting chimeric TyrRSs were examined in vivo. Of several 

variants tested, the most efficient suppression was observed with a chimera in which 

amino acid residues 110-148 of the M. jannaschii TyrRS was replaced with residues 129-

167 of E. coli TyrRS (TyrRS-39CP1). Figure 3.4, panel iii shows the high level of 

suppression when this reduced chimeric TyrRS-39CP1 was co-expressed with 1bp-

tRNA
Tyr

CUA under H1 promoter and GFP-40TAG, compared to the background 

suppression caused by 1bp-tRNA
Tyr

CUA only (Figure 3.4, panel ii). We estimated that the 

suppression efficiency was increased at least two-fold with this new system composed of 

1bp-tRNA
Tyr

CUA under H1 promoter and TyrRS-39CP1 compared to our previous results 

(150). A point mutation D286R was included in the TyrRS-39CP1 since previous studies 

have shown that D286 in M. jannaschii TyrRS exhibits a weak interaction with the 

anticodon region of the tRNA
Tyr

 and mutating this residue to arginine increases the 

activity of TyrRS towards amber suppressor tRNA more than eight-fold in vitro (154). 

However, we observed no effect by this point mutation on the activity of TyrRS-39CP1 

in vivo. This result is rather consistent with the earlier studies that showed the M. 

jannaschii TyrRS has minimal contact with the anticodon region of the cognate tRNA
Tyr
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(145). Based on these genetic results, we concluded that the efficiency of the suppression 

by the combination of 1bp-tRNA
Tyr

CUA transcribed under human H1 promoter and 

TyrRS-39CP1 is successfully optimized. 

 

 

 

 

Figure 3.4:  Suppression of amber stop codon by orthogonal pair of 1bp-tRNA
Tyr

CUA and 
TyrRS-39CP1. Cells were transfected with the indicated genes. 72 hours 
post-transfection. 

 

 

Incorporation of L-DOPA into GFP in Mammalian Cells 

Encouraged by the improved result of suppression by the new modification to our 

―cut-and-paste‖ scheme, we continued to determine if these improvements can be applied 

to incorporate L-DOPA into recombinant proteins in mammalian cells. The CP1 region 

(residues 110-148) of the previously evolved M. janaschii DOPA-RS (122) was deleted 

and replaced with the CP1 region (residues 129-167) of E. coli TyrRS to afford DOPA-

RS-39CP1. The point mutation D286R was also included. HEK 293T cells were co-
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transfected with plasmids encoding GFP-40TAG, 1bp-tRNA
Tyr

CUA under the H1 

promoter and DOPA-RS-39CP1. The cells were transfected and cultured in OPTI-MEM 

supplemented with 4% FBS and 1X MEM non-essential amino acids with no added L-

tyrosine. L-DOPA (5 mM) was added along with sodium ascorbate (10 mM) 12-24 hours 

post-transfection. Unlike glucose minimal media for the incorporation in E. coli (Chapter 

2), the pH of mammalian culture media is normally around 7-8, which causes excessive 

oxidation of L-DOPA if not protected by a reducing agent. In fact, when no reducing 

agent was added to the culture media, L-DOPA was oxidized and formed brown 

precipitates within 24 hours accompanied by cell death. To prevent the toxic effect of 

oxidized L-DOPA to the cultured cells, ascorbates are ideal reducing agents since they 

are non-toxic to the mammalian cells and protect the diphenolic side chain of L-DOPA 

without possible modifications (155, 156) (Figure 3.5), unlike thiol reducing agents 

which may form adducts with dopaquinone (113). The cells were incubated for an 

additional 72 hours with the culture medium changed with all supplements every 24 

hours. The cells were harvested 96 hours post-transfection and the expression of GFP was 

quantified using fluorescence-activated cell sorting (FACS). 
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Figure 3.5:  Protection of L-DOPA from oxidation by ascorbate reducing agents. 
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Figure 3.6 shows the result of the genetic assays. Panels i are the fluorescence 

images of cultured cells at 96 hours post-transfection and panels ii are the histograms 

from quantization by FACS. As a control for amber stop codon suppression, we used the 

non-orthogonal M. jannaschii tRNA
Tyr

CUA expressed under the H1 promoter as described 

earlier (Figure 3.6A). The level of auto-suppression in the absence of incorporation 

machinery was minimal (Figure 3.6B). The 1bp-tRNA
Tyr

CUA and the DOPA-RS-39CP1 

each contributed to low levels of background suppression in the absence of L-DOPA 

(Figure 3.6 C and D). These background incorporations of endogenous amino acid(s) 

most likely resulted from the additive effects of oversaturated 1bp-tRNA
Tyr

CUA as 

described in the earlier section and the low activity of DOPA-RS-39CP1 for tyrosine or 

other canonical amino acids in the absence of L-DOPA as seen in the previous cases of 

incorporation in E. coli (122, 136) (Chapter 2). However, when L-DOPA was added to 

the cells that were expressing all components of the incorporation machinery, a 

significant increase was observed in the expression of full length GFP (Figure 3.6, E). 

Figure 3.7A shows the overlay of the FACS histograms from Figure 3.6D and 3.6E and 

the percentages of cells exhibiting positive fluorescence are summarized in Figure 3.7B. 

Approximately 64% increase in the fluorescence signal was obtained in the presence of 

L-DOPA compared to the background suppression. Although the level of background 

suppression in the absence of L-DOPA was not very low compared to the positive 

incorporation of L-DOPA, a large majority of the expressed full length GFP in the 

presence of L-DOPA is expected to contain L-DOPA rather than being a mixture of 

incorporated protein and backgrounds, because the DOPA-RS-39CP1 should be saturated 

with the high concentration of L-DOPA and should preferentially use L-DOPA to charge 

the 1bp-tRNA
Tyr

CUA. These genetic results indicate that L-DOPA was efficiently 



 75 

incorporated into GFP by 1bp-tRNA
Tyr

CUA and the DOPA-RS-39CP1 functioning in the 

improved ―cut-and-paste‖ scheme. 

 

Figure 3.6:  Incorporation of L-DOPA into GFP in HEK 293T cells. (i) Fluorescent 
images of treated cells 96 hours post-transfection. (ii) FACS histograms 
plotting cell counts vs. fluorescence intensity. Label M1 indicates the 
population gated as positive fluorescence. 
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Figure 3.7:  Summary of fluorescent cell counts from FACS. (A) Overlay of the 
histograms of background suppression without L-DOPA from Figure 3.6D 
(blue line) and incorporation of L-DOPA from Figure 3.6E (red shade). (B) 
Relative percentage of cells exhibiting positive fluorescence. Sample names 
A-E corresponds to the raw data shown in Figure 3.6.   
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We conducted biochemical assays to confirm the expression of full length GFP 

containing L-DOPA. The incorporation was performed in larger scales as described 

above except that the GFP was expressed with a C-terminal His6-tag. The expressed GFP 

was partially purified and concentrated using Ni-NTA agarose beads, resolved by SDS 

polyacrylamide gel electrophoresis (PAGE), and first visualized by Western blot probed 

with an anti-GFP antibody. A cell lysate expressing full length wild type GFP was used 

as a loading control (Figure 3.8A, lane 1). The strong band that corresponds to the size of 

wild type GFP (26 kDa) in Figure 3.8A, lane 2 indicates a high yield of the full length 

GFP by efficient suppression of the amber stop codon. Some bands of lower molecular 

weights were also detected in this sample. These bands are most likely fragments of GFP 

formed by the degradation of the full length protein and/or the truncated GFP resulted 

from incomplete suppression of the amber stop codon. A similar membrane was also 

visualized with redox-cycling staining which detects incorporated L-DOPA (128, 130) 

(see also Chapter 2). The color yield from redox-cycling staining depends on the nature 

of the protein as well as the local concentration of L-DOPA on the membrane (129). We 

encountered a very faint staining of the membrane (Figure 3.8A) partly because only a 

small amount of the protein (less than 5 µg) was available. The weak signal was 

amplified by using graphic software to facilitate the presentation and reproduction of the 

image (Figure 3.8, lane 2). A band that corresponds to the size of full length GFP was 

stained positive with the redox-cycling reaction supporting the presence of L-DOPA 

within the expressed protein (Figure 3.8B, lane 2). The lower molecular weight fragment 

seen in this sample is consistent with the result from the Western blot (Figure 3.8A, lane 

2) suggesting that this band is most likely a degradation product generated after L-DOPA 

was incorporated. Taken together, these biochemical data support the successful 

incorporation of L-DOPA into GFP in HEK 293T cells. 
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Figure 3.8:  Biochemical assays of DOPA-containing GFP extracted from HEK 293T 
cells. L-DOPA was incorporated into C-terminal His6-tagged GFP-40TAG. 
The resulting proteins were partially purified with Ni-NTA beads and 
resolved by SDS-PAGE and transferred to nitrocellulose membranes. (A) 
Western blot probed with anti-GFP antibody. Lane 1 shows the cell lysate 
expressing wild type GFP. Lane 2 shows the partially purified GFP from L-
DOPA incorporation. (B) Redox-cycling staining of the partially purified 
GFP from L-DOPA incorporation. Faint signals in lane 1 were enhanced 
with Adobe Photoshop and shown in lane 2.    
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CONCLUSION 

In conclusion, we utilized the ―cut-and-paste‖ scheme to rapidly transform the M. 

jannaschii tRNA
Tyr

CUA/aaRS pair to be orthogonal in mammalian cells by exchanging the 

determinants of taxonomic domain identities. More specifically, the C1:G72 base pair of 

the acceptor stem of M. jannaschii tRNA
Tyr

CUA was mutated to G1:C72 and the CP1 

region of the TyrRS was replaced with the CP1 region of E. coli TyrRS so that the 

chimeric TyrRS selectively recognized the mutant tRNA
Tyr

CUA in eukaryotic systems. The 

efficiency of amber codon suppression was significantly improved by increasing the 

transcription of the suppressor 1bp-tRNA
Tyr

CUA by the human H1 promoter and refining 

the transplanted CP1 region in TyrRS to obtain the chimeric enzyme of optimal activity, 

TyrRS-39CP1. We applied the same modifications to engineer the previously developed 

M. jannaschii DOPA-RS to be orthogonal to eukaryotic systems. The resulting DOPA-

RS-39CP1 together with 1bp-tRNA
Tyr

CUA under the control of human H1 promoter 

successfully incorporated a non-canonical amino acid L-DOPA into GFP in HEK 293T 

cells. 

L-DOPA is a potent protein cross-linker which is highly reactive against weak 

and/or transient protein-protein interactions. Genetic incorporation of L-DOPA into 

recombinant proteins in mammalian cells would allow site-specific protein cross-linking 

to be performed in vivo, which in turn would greatly facilitate the identification and 

characterization of various protein interactions. Such an in vivo protein interaction assay 

would be extremely useful in studying many of the medically and pharmaceutically 

important protein interactions in the human interactome in a biologically relevant 

manner. 

Moreover, aaRSs for more than 50 non-canonical amino acids have been 

previously evolved for the incorporation in E. coli system. Our ―cut-and-paste‖ 
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methodology presented herein would realize quick and direct transfer of these previously 

evolved synthetases into eukaryotic systems. The ability to incorporate such a large pool 

of non-canonical amino acids into proteins in mammalian cells would allow us to express 

proteins with a variety of unique, tailored physiochemical properties and novel functions 

as tools to study protein activities, interactions and post-translational modifications in 

vivo. The expansion of genetic codes in mammalian cells by our efficient ―cut-and-paste‖ 

shuttling methodology would have an immeasurable impact in accelerating the advance 

of current biomedical and pharmaceutical research. 

  

MATERIALS AND METHODS 

Vector Constructions 

All restriction enzymes were purchased from New England Biolabs (Ipswich, 

MA) and all oligonucleotides were purchased from Sigma-Aldrich (St. Louis, MO) 

unless otherwise noted. Plasmid pEGFP-N1 encoding wild type EGFP was obtained from 

Clontech (Mountain View, CA). To afford pEGFP-N1-40TAG, the codon for the fortieth 

amino acid of EGFP was mutated to the amber stop codon (TAG) by using the 

QuickChange


 Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the 

manufacturer’s instructions, with pEGFP-N1 as a template. A DNA fragment encoding 

T7 promoter was purchased as complementary oligonucleotides: 

5'-GGGGTACCCCTAATACGACTCACTATAGGGGGAATTCC-3' and    

5'-GGAATTCCCCCTATAGTGAGTCGTATTAGGGGTACCCC-3' 

The oligonucleotides were annealed, double-digested with KpnI and EcoRI, and ligated 

to pTRE-TIGHT-BI (Clontech, Mountain View, CA) also double-digested with KpnI and 
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EcoRI to obtain the vector pTRE-TIGHT-T7. The coding sequence of human H1 

promoter was purchased as two complementary DNA oligonucleotides and annealed: 

5'-CAACCCGCTCCAAGGAATCGCGGGCCCAGTGTCACTAGGCGGGAAC 

  ACCCAGCGCGCGTGCGCCCTGGCAGGAAGATGGCTGTGAGGGACAG 

  GGGAGTGGCGCCCTGCAA-3' and 

5'-GAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGA 

  TTTCCCAGAACACATAGCGACATGCAAATATTGCAGGGCGCCACTC 

  CCCTGTCCCTCACAGCC-3' 

The annealed DNA fragment was amplified by polymerase chain reaction (PCR) using 

the following primers: 

5'-GGAATTCCAATTCGAACGCTGACGTCATCAACCCGCTCCAAGGAA 

  TC-3' and 

5'-GAAGATCTGTGGTCTCATACAGAACTTATAAGATTCCCA-3' 

The amplified DNA fragment was digested with KpnI and BglII and ligated to pTRE-

TIGHT-T7 also digested with KpnI and BglII to obtain the plasmid pT7-H1. The coding 

sequence of M. jannaschii tRNA
Tyr

CUA with the 3'-flanking sequence was purchased as 

following half-complementary oligonucleotides: 

5'-GAAGATCTCCGGCGGTAGTTCAGCCTGGTAGAACGGCGGACTCTAA 

  ATCCGCATGTCGCTGGTTCAAATCCGGCCCGCCCGAGACAAGTGCG 

  GTTTTTTT-3' and 

5'-CCAATGCATTGGTTGCCCGCTCGAGTAGAAAAAAACCGCACTTGTC 

  TCCGGCGGGCCGGATTTGAACCAGCGACATGCGGATTTAGAGTCCG 

  CCGTTCTA-3' 

The oligonucleotides were annealed and extended at the 3' end by using the E. coli DNA 

polymerase Klenow fragment. The resulting double-stranded DNA fragment was 
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digested with BglII and PstI and ligated to pT7-H1 also digested with BglII and PstI to 

afford the vector pT7-H1-tRNA. The plasmid pT7-H1-1bp-tRNA was generated in a 

similar manner as pT7-H1-tRNA using the following oligonucleotides: 

5'-GAAGATCTGCGGCGGTAGTTCAGCCTGGTAGAACGGCGGACTCTAA 

  ATCCGCATGTCGCTGGTTCAAATCCGGCCCGCCCCAGACAAGTGCG 

  GTTTTTTT-3' and 

5'-CCAATGCATTGGTTGCCCGCTCGAGTAGAAAAAAACCGCACTTGTC 

  TGCGGCGGGCCGGATTTGAACCAGCGACATGCGGATTTAGAGTCCG 

  CCGTTCTA-3' 

The wild type M. jannaschii TyrRS was previously cloned into pEF6-V5-His6-TOPO 

(150). The 5' fragment of the M. jannaschii TyrRS was amplified along with the Kozak 

initiation sequence by PCR using the previously constructed vector as a template and the 

following primers: 

5'-GCGGATCCGCCACCATGGACGAATTTGAAATGATAAAGAGAA-3' and 

5'-ACATTCATATTGCCGAACCAATAAACATATTTTGCCTT-3' 

Similarly, the 3' fragment of the wild type M. jannaschii TyrRS was amplified by PCR 

using the following primers: 

5'-TCAACCGTGAAGATCAGGGGCCAAAGGTTGCTGAAGTTAT-3' and 

5'-GCTCTAGAGCTTATAATCTCTTTCTAATTGGCTCTAAAATCTTTATAA 

  GTTCTTCAGCTACAGCATTTTTTAACCTCATTGGATGCAATTCCTT-3' 

The middle fragment was also amplified by PCR from the previously cloned wild type E. 

coli TyrRS (150) using the following primers: 

5'-AAGGCAAAATATGTTTATTGGTTCGGCAATATGAATGT-3' and 

5'-ATAACTTCAGCAACCTTTGGCCCCTGATCTTCACGGTTGA-3' 
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The resulting three DNA fragments were combined and amplified as the full length 

chimeric TyrRS in one PCR reaction. The final PCR product was digested with BamHI 

and XbaI and ligated to pEF6-V5 (Invitrogen, Carlsbad, CA) also digested with BamHI 

and XbaI to obtain pEF6-TyrRS-39CP1. The plasmid pEF6-DOPA-RS-39CP1 was 

generated in the same manner as pEF6-TyrRS-39CP1 using the same primers but using 

the previously constructed pAC-DHPhe-6TRN (Gift from Dr. Peter G. Schultz, The 

Scripps Research Institute, La Jolla, CA) encoding the M. jannaschii DOPA-RS (122, 

136) as a template for the 5' and 3' fragments. The plasmid p40TAGGFP encoding C-

terminal His6-tagged GFP with an amber codon (TAG) at the position of the fortieth 

amino acid was constructed previously (150). All vector sequences were confirmed by 

DNA sequencing (The University of Texas at Austin). 

  

General Cell Culture and Transfections 

HEK 293T cells were maintained in high glucose DMEM (Sigma-Aldrich, St. 

Louis, MO) supplemented with 10% v/v FBS Premium Select (Atlanta Biologicals, 

Lawrenceville, GA), 1X MEM Non-Essential Amino Acids (Sigma-Aldrich, St. Louis, 

MO), and 1X Antibiotic/Antimycotic Solution (Cellntec, Switzerland) in a humidified 

incubator at 37C with 5% CO2. All transfections were performed in tissue culture-

treated 6-well plates or flasks (Corning, Corning, NY) using FuGeneHD transfection 

reagent (Roche, Indianapolis, IN). Expression of full length GFP was observed 72-96 

hours post-transfection with a Nikon (Melville, NY) Eclipse TE2000-S microscope 

equipped with a FITC HyQ filter (Chroma Technology, Bellows Falls, VT). The 

excitation and the emission wavelengths were set to 460-500 nm and 510-560 nm, 

respectively. Images of fluorescent cells were photographed using NIS-Elements BR 
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software version 3.0 (Nikon Instruments, Melville, NY) with the exposure time of 2 

seconds and the gain of 1.00X. 

 

Tyrosine Amber Suppression Assays 

In a typical suppression experiment, cells were plated in a 6-well plate with 2 mL 

per well of DMEM with all supplements listed above. All transfections were performed at 

50-70% confluency. Cells were transfected with various combinations of the following 

plasmids: pEGFP-N1 (1 µg), pEGFP-N1-40TAG (1 µg), pT7-H1-tRNA (0.5 µg), pT7-

H1-1bp-tRNA (0.5 µg), and pEF-TyrRS-39CP1 (4 µg). Plasmids were diluted in 100 µL 

of OPTI-MEM (Invitrogen, Carlsbad, CA) and complexed with the FuGeneHD reagent in 

the ratio of the total mass of DNA (µg) to the volume (µL) of transfection reagent of 1:2. 

The complex was added to the cells and the cells were returned to the incubator. The cells 

were incubated for an additional 72 hours with the media changed every 24 hours. The 

fluorescence signal from full length GFP was monitored and photographed every 24 

hours. 

 

Incorporation of L-DOPA  

A stock solution of L-DOPA (100 mM, pH 1-2, Acros Organics, NJ) was 

prepared in 0.2-0.3 M HCl in double-deionized water and filtered through 0.2 µm syringe 

filter (Fisher Scientific, Pittsburgh, PA) and stored at 4°C. A stock solution of sodium 

ascorbate (100 mM, pH 7, Acros Organics, NJ) was prepared in double-deionized water, 

filtered and stored at 4°C. Cells were passaged into DMEM with all supplements 

mentioned above and grown for 24 hours before transfection. The culture medium was 

changed to OPTI-MEM supplemented with 4% FBS and 1X MEM Non-Essential Amino 
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Acids but without antibiotic/antimycotic reagent 6-12 hours before transfection. All 

transfections were performed at 40-60% confluency. In a typical experiment using T-75 

culture flasks with 10-15 mL culture media, pEGFP-N1-40TAG (9 µg), pT7-H1-tRNA or 

pT7-H1-1bp-tRNA (4.5 µg), and pEF-DOPA-RS-39CP1 (18 µg) were diluted in non-

supplemented OPTI-MEM (800 µL ) in the combinations described. The plasmids were 

complexed with the FuGeneHD reagent in the ratio of the total mass of DNA (µg) to the 

volume (µL) of transfection reagent of 1:2. The complex was incubated at room 

temperature for 30 minutes and then added to the cultured cells. The cells were returned 

to the incubator. The media were changed to fresh OPTI-MEM supplemented with 4% 

FBS, 1X MEM Non-Essential Amino Acids, and 1X Antibiotic/Antimycotic Solution 

and containing L-DOPA (5 mM) and sodium ascorbate (10 mM) 12-24 hours post-

transfection. The media were refreshed every 24 hours thereafter. Fluorescence signals 

were photographed every 24 hours. At 96 hours post-transfection (72 hours after the 

initial addition of L-DOPA), the cells were washed twice with phosphate buffered saline 

(PBS, Sigma-Aldrich, St. Louis, MO), trypsinized (Sigma-Aldrich, St. Louis, MO) and 

harvested in DMEM with all supplements. Harvested cells were resuspended and washed 

additional two times with PBS and either frozen at -80°C for subsequent protein 

extraction or fixed in 4% paraformaldehyde in PBS (USB Corp. Cleveland, OH) for 

FACS analyses. For the quantification of fluorescence signals, fixed cells were analyzed 

using FACSCalibur Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ). For each 

sample, 10,000 cells were gated based on forward and side scattering. Fluorescent signals 

were measured in fluorescence channel 1 (FL1-H). All measurements were taken in 

triplicates. The obtained data were analyzed and graphed using Cyflogic version 1.2.1 

(CyFlo, Ltd., Turku, Finland).  
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Protein Extraction and Gel Electrophoresis 

Approximately 6 g total wet mass of the frozen cell pellet was resuspended in 30 

mL of lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 0.05% Tween-

20, 6 mM sodium ascorbate, pH 8.0) supplemented with Complete protease inhibitor 

cocktail (Roche, Indianapolis, IN). The sample was briefly sonicated and centrifuged at 

14,000 rpm for 25 minutes at 4C. The cleared cell lysate was collected and applied to 

the Ni-NTA agarose resin (Qiagen, Madison, WI) pre-equilibrated with the lysis buffer 

for 2 hours at 4C. The resin was briefly washed with wash buffer (50 mM NaH2PO4, 

300 mM NaCl, 30 mM imidazole, 10 mM sodium ascorbate, pH 8.0) and the His6-tagged 

protein was eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM 

imidazole). The eluted protein sample was concentrated using Nanocep 10K Omega 

centrifugal devices (Pall Corp., Port Washington, NY). The resulting protein sample was 

resolved by SDS-PAGE using 14 % Tris-glycine polyacrylamide gel (Invitrogen, 

Carlsbad, CA) and SDS-running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS, 

pH 8.3). Proteins were transferred to a nitrocellulose membrane by wet transfer method 

with the transfer buffer (25 mM Tris-base, 192 mM glycine, 0.075% w/v SDS, 20% v/v 

methanol) at 100 V for 1 hour at 4°C. For the Western blot, the membrane was blocked 

with 5 % dry milk in TBST (200 ｍM Tris base, 150 mM NaCl, 0.01 % Tween-20, pH 

7.5) and the membrane was probed with Living Colors mouse monoclonal anti-EGFP 

antibody (Clontech, Mountain View, CA) followed by goat anti-mouse polyclonal 

antibody conjugated with horseradish peroxidase (Bio-Rad, Hercules, CA). ECL Western 

Blotting Detection Reagents (GE Healthcare, Sweden) were applied to visualize the 

proteins and the signals were detected by exposing the membrane to BioMax light film 

(Eastman Kodak Co., Rochester, NJ). For the redox-cycling staining, the membrane was 

rinsed with deionized water after transfer and stained in the NBT staining solution (2 M 
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sodium glycinate, 0.24 mM nitroblue tetrazolium, pH 10.0) on a rotary shaker in darkness 

overnight. 
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Chapter 4  Transforming Low-Affinity Peptides into Protein Probes 
via Site-Specific Chemical Cross-Linking 

 

INTRODUCTION  

Detection of specific proteins and protein-protein interactions is of paramount 

importance in current biochemical and clinical laboratories. Antibodies are indispensable 

bioanalytical tools for these purposes because of their superb specificity and stable 

interaction with antigens. Monoclonal antibodies have been gaining much attention also 

as therapeutic agents to target specific disease cells or tissues (157). Despite the towering 

demands, production of antibodies is generally expensive and time-consuming. To 

supplement and improve the existing array of antibody-based techniques in protein 

chemistry, the use of artificially selected peptides and peptide mimetics as probes to 

detect specific proteins has long been proposed (158, 159). This is an attractive idea since 

synthetic peptides can be easily manipulated and/or prepared in large quantities at 

reasonable costs. 

Peptide ligands to certain proteins have been routinely isolated by various 

techniques such as phage display and in vitro one-bead-one-compound (OBOC) libraries 

(25, 26). However, the screening process is not necessarily trivial. On the other hand, 

significant advances have recently been made in computational biology to simulate or 

predict protein-protein and other protein-ligand interactions (160, 161). New programs 
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could replace the cumbersome initial step of determining candidate peptide sequences 

and hence significantly speed up the production of peptide-based protein probes.  

Nonetheless, affinities of these laboratory-isolated peptides to their target proteins 

are often too low to be practically useful in any bioanalytical application. Whereas 

various in vitro chemical methods such as ―click chemistry‖ (162) and other 

combinatorial chemistry (163) have been used to enhance the affinity of these peptides to 

the target proteins, the other approaches include chemical coupling of the peptide to the 

target protein. As discussed in Chapter 1, chemical cross-linking is relatively easy and 

inexpensive with a variety of commercially available cross-linking agents. However, 

most of these small molecule-based coupling agents suffer from low efficiency and/or 

selectivity. They can also form heterogeneous mixtures of protein/peptide complexes, 

which could complicate the detection step (164). 

 

Chemical Cross-Linking Mediated by L-DOPA for Low-Affinity Peptides  

One solution to this problem can be seen in Kodadek et al’s work, in which a 

phage-isolated synthetic peptide containing 3,4-dihydroxy-L-phenylalanine (L-DOPA) 

was selectively cross-linked to its target protein (119). L-DOPA is a powerful protein-

peptide cross-linking agent based on its reactivity, chemical orthogonality to other 

canonical amino acids and the site-specific labeling of the peptides. L-DOPA forms a 

reactive o-quinone intermediate (dopaquinone) upon selective oxidation by sodium 

periodate (NaIO4) and reacts with a nucleophile in its close proximity, thereby forming a 

stable covalent linkage between the DOPA-containing peptide and the interacting protein 

(111, 113, 119) (Chapter 2). By having the reactive moiety embedded in the peptide 

sequence itself, heterogeneous mixed reactions which are inevitable with small molecule-
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based chemical cross-linkers can be reduced or eliminated, dramatically simplifying the 

subsequent analyses of the protein-peptide complexes. 

Although L-DOPA can alleviate the low affinity of a synthetic peptide towards its 

target protein, the use of such DOPA-containing peptides as protein detection probes or 

for other bioanalytical and therapeutic purposes may still be limited. There are only a few 

chemical moieties that can be synthetically attached to these peptides for detection and/or 

isolation of the peptide-protein complex. Some examples include biotin for streptavidin-

affinity chromatography and fluorescent functional groups for direct detection. 

Nonetheless, the variety of these added functionalities is not comparable to that which 

can be achieved with recombinant proteins. 

 

Molecular Design of Peptide-Based Protein Probes 

In Chapter 2, we described the use of genetically incorporated L-DOPA in highly 

efficient and selective cross-linking of a protein-protein complex held by a weak 

interaction with a dissociation constant (Kd) of micromolar range (136). Based on these 

results, it has become feasible to (1) transform peptides with low affinities into practical 

molecular probes via chemical cross-linking with L-DOPA, and (2) various reporter 

proteins and other functional proteins can be fused to the peptide by genetic incorporation 

of L-DOPA. Moreover, such peptide-based probes can be easily produced in large 

quantities at low costs from bacterial cultures by a slight modification to the routine 

protein expression and purification procedures. As a proof of concept, herein we present 

the design of a peptide-based molecular probe using a computationally predicted peptide 

with a weak binding affinity and genetically encoded L-DOPA, fused to green 

fluorescent protein (GFP) as a reporter protein. We then demonstrate that this fusion 
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protein can be used in a Western blot-type experiment to detect a model target protein 

(Figure 4.1). 

 

Figure 4.1:  Design and application of peptide-based molecular probe expressed in E. 
coli. Genetically tailored L-DOPA forms covalent linkage to the target 
protein to alleviate the low affinity of the peptide. 
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Abl SH3 Domain 

We chose the Src Homology 3 (SH3) domain of Human Abelson tyrosine kinase 

(c-Abl) as a model target protein. The SH3 domain is one of the most abundant modular 

domains of protein-protein interactions in the human proteome with nearly 300 

recognized species (165). SH3 domains are present in a variety of cytoskeletal and signal 

transduction proteins and function in a wide variety of regulatory mechanisms involving 

both intra- and intermolecular interactions with the peptide regions in the binding 

partners (166-171). In cytoplasmic tyrosine kinases including c-Abl, SH3 domains play 

primary roles in regulating kinase activity, substrate recognition, and cellular localization 

(172).  

SH3 domains normally consist of 50-70 amino acid residues which form five anti-

parallel -strands. These -strands fold into two -sheets that are perpendicular to one 

another (173). The side chains of the conserved residues form the ligand binding site, 

flanked by two variable loop regions, the RT-Src loop and the n-Src loop (173) (Figure 

4.2). A majority of SH3 domains bind to proline-rich peptides that form a left-handed 

poly-Pro type II helix (PPII) with the minimal consensus PXXP (X represents any 

residue) motif (167, 173-177). A number of 10-residue peptides bearing the PXXP motif 

have been isolated as binders of Abl and other SH3 domains both from in vitro phage 

display libraries and from screening of the human proteome (165, 174, 175, 177-180). 

Some SH3 domains demonstrate promiscuous binding patterns to multiple proline-rich 

peptides, and some proline-rich peptides bind to more than one SH3 domain, indicating 

the existence of multiple binding protein partners for each SH3 domain in the human 

proteome (181-183). Binding specificities of some Abl SH3-binding decapeptides have 

been closely examined. Interestingly, a pure poly-Pro 10-mer does not bind to the Abl 

SH3 domain, suggesting the importance of non-proline residues for the affinity and 
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specificity of the peptide (174). Prolines at positions 2, 7, 9 and 10 of the 10-mer have 

been shown to be crucial for binding (173). Detailed structural analyses of several 

proline-rich decapeptides complexed with the Abl SH3 domain have revealed that the N-

terminal four residues with some non-prolines determine the specificity of the peptide, 

whereas the C-terminal poly-Pro sequence (residues 5-10) provides Van der Waals 

contacts for stable binding (184, 185). 

Compared to other protein-peptide interactions found in signal transduction 

pathways, binding affinities of most proline-rich decapeptides to SH3 domains including 

the Abl SH3 domain are generally weak with dissociation constants in the range of milli- 

to micromolar (177, 179, 181, 186). Together with the multiple possible binding partners, 

these weak interactions may facilitate tight spatiotemporal controls of the protein-protein 

interactions which allow cells to quickly respond to environmental stimuli. For our 

purpose, these low-affinity peptides are ideal candidates to test our hypothesis of 

designing practical protein probes through site-specific protein-peptide cross-linking 

mediated by L-DOPA. 
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Figure 4.2:  Two different views of the crystal structure of the Abl SH3 domain 
complexed with p41 synthetic peptide (APSYSPPPPP) (185).   
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Biological Role of c-Abl 

A non-receptor tyrosine kinase c-Abl is primarily localized in the cytoplasm and 

nucleus, and has a wide range of functions including signal transduction, cytoskeletal 

structure and cell cycle regulation, neural development, and reaction to oxidative stress 

(187, 188). C-abl is considered to be a proto-oncogene as the kinase activity of c-Abl 

promotes cell proliferation, and its deregulation is closely related to human malignancies 

(189). The potentially deleterious effect of c-Abl activity is tightly regulated by auto-

inhibition mechanisms (190). Chromosomal translocation of c-abl to the breakpoint 

cluster region (bcr) generates a fusion gene encoding Bcr-Abl, which exhibits 

unregulated constitutive kinase activity (191). The oncogene bcr-abl is associated with 

chronic myelogenous leukemia (CML), chronic neutrophilic leukemia (CNL) and acute 

lymphocytic leukemia (192).     

Structural, mutational, and sequence homology analyses have shown that the SH3 

domain is one of the major players in negative regulation of c-Abl kinase activity by 

mediating intra- and intermolecular protein-protein interactions, in a manner similar to 

that found in Src kinase families (185, 190, 193-196). Figure 4.3 shows a proposed 

regulatory mechanism of c-Abl through the SH3 domain. The linker region between the 

SH2 domain and the kinase domain forms a PPII helix. In the inactive ―closed‖ 

conformation, this PPII linker peptide is sandwiched by the SH3 domain and N-terminal 

lobe of the kinase domain. The SH2 domain binds to the C-terminal lobe of the kinase 

domain. When an Abl-binding protein or peptide harboring a poly-Pro sequence comes in 

contact with the SH3 domain and displaces the linker peptide, it leads to release and 

exposure of the kinase domain from the SH3-SH2 clamp thereby conferring the active 

―open‖ conformation (190, 193, 196).  
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Based on this model, the protein probes that we present herein may be exploited 

to modulate the activity of c-Abl in vitro and in vivo. Since most of the SH3-binding 

proteins and peptides have low affinities, DOPA-containing probes can out-compete 

these SH3 binders by forming stable covalent linkages. Such protein probes may 

facilitate the ongoing study regarding the function and regulation of c-Abl as well as 

serve as a first generation drug or a biomarker for various diseases related to deregulated 

c-Abl. 

 

 

 
  

Figure 4.3:  Regulation of c-Abl kinase activity by intramolecular interactions mediated 
by the SH3 domain. (A) Inactive ―closed‖ conformation. (B) Active ―open‖ 
conformation. 
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RESULTS AND DISCUSSION 

Computational Prediction of Candidate Peptides 

In collaboration with Dr. Wei Wang’s group at the University of California, San 

Diego, a number of peptides that would and would not bind to the Abl SH3 domain were 

predicted from the human proteome by hierarchical computational screening. First, all 

human 10-residue peptides containing PXXP motif in SWISS-PROT database were 

ranked according to the predicted affinity to the Abl SH3 domain using the position-

specific scoring matrix (PSSM) (197). PSSM calculates the binding affinities by the 

Structure-based Virtual Mutagenesis method (SVM), which estimates the binding free 

energy difference between each peptide and the previously confirmed high-affinity binder 

(APSYSPPPPP) (185). Next, a conservation filter was applied to the top 10,000 peptides 

identified by PSSM to filter out 5909 peptides as false positives. The remaining 4091 

peptides were further screened with the previously developed MIEC-SVM model, which 

analyzes the pattern of binding free energy between each peptide and the Abl SH3 

domain (198). As a result, a total of 1,394 peptides were identified as true binders of the 

Abl SH3 domain. Table 4.1 lists the top ten peptides with the highest predicted affinities 

to the Abl SH3 domain (TOP1-10) and one example of a non-binding peptide (BOT1) 

(personal communication). It includes several known binders of c-Abl predicted as true 

binders, suggesting that this computational prediction is highly reliable. TOP3 from 

human Evl has been shown to interact with the Abl SH3 domain (199). TOP4, TOP5, 

TOP7 and TOP9 are from proteins that are known to bind to c-Abl (200-203), suggesting 

that these proteins interact with c-Abl through the SH3 domain. Although the direct 

interaction of TOP1 to c-Abl has not been verified, the origin of TOP1, human Dos, has 

been linked to the overexpression of c-Abl in certain tumor cell lines (204). 
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Table 4.1:  Predicted binders and a non-binder of the Abl SH3 domain. Binding scores 
were calculated based on PSSM (197). 

 ID Sequence
 

Score Position Source 

Binders TOP1 APAFPPPSPP -3.24 497-506 DOS 
TOP2 PPAMPSPPPP -3.24 685-694 PRR12 
TOP3 PPPPPVPPPP

 
-2.65 185-194 EVL 

TOP4 TPPPPVPPPP -2.65 347-356 WASF1 
TOP5 PPPLPSPPPP -2.64 438-447 WBP7 
TOP6 PPGYPYPPPP -2.36 167-176 WBP2 
TOP7 PPAFSPPPPP -1.40 836-845 SHAN3 
TOP8 TPPMPPPPPP -0.54 549-558 FMNL2 
TOP9 GPPMPPPPPP -0.54 390-399 WASP 
TOP10 GPPPPPPAPP -0.25 561-570 DIAP2 

Non-Binder BOT1 AAAMQKPSLP    

 

 

The binding specificities of the top ten peptides to other previously modeled 

human SH3 domains (c-Src, Fyn, Grb2, Hck, Itk, Lyn, P85a and Yes) (198) were also 

analyzed using the same computational method. Interestingly, the predicted binding 

specificities vary among the top ten peptides. For instance, TOP3 and TOP4 were 

predicted to interact with five other SH3 domains whereas TOP1 was not predicted to 

bind to any other SH3 domain (Table 4.2, personal communication). Based on these 

results, we chose TOP1 (APAFPPPSPP), which has the highest predicted affinity and 

specificity to the Abl SH3 domain, and one non-binding peptide BOT1 

(AAAMQKPSLP) for further in vivo and in vitro biochemical characterizations before 

using them in designing the molecular probe against the Abl SH3 domain. 
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Table 4.2:  Binding specificities of the top ten binders of the Abl SH3 domain against 
nine human SH3 domains. 

 Abl c-Src Fyn Grb2 Hck Itk Lyn P85a Yes 

TOP1 + - - - - - - - - 
TOP2 + - + - - - - - - 
TOP3 + - + + - + + + - 
TOP4 + - + + - + + + - 
TOP5 + - - - - - - - - 
TOP6 + - - + - - - - - 
TOP7 + - - - - - - - - 
TOP8 + - + + + + + - - 
TOP9 + - + + + + - - - 
TOP10 + - + - - - - - - 

 

 

 

In Vivo Binding Assay using trM2H 

We first tested the interaction of TOP1 and BOT1 to the Abl SH3 domain in vivo 

using the tetracycline repressor-based mammalian two-hybrid system (trM2H) that we 

have developed previously (205). This system takes advantage of the dimeric TetR 

transcription regulator which binds to the Tet-Responsive Element (TRE) sequence 

upstream of a reporter gene (AcGFP) to induce its expression. The dimerization domain 

of the TetR is replaced with ―bait‖ and ―prey‖, in this case the Abl SH3 domain and 

TOP1 or BOT1. Positive expression of AcGFP indicates the interaction of bait and prey 

(Figure 4.4). It has shown that this system is sensitive to detect weak protein-protein 

interactions with the dissociation constants of micromolar range (205). 
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Figure 4.4:  Schematic representation of the trM2H. 

Human embryonic kidney (HEK) 293 cells were co-transfected with 

combinations of the plasmids pTre-Tight-AcGFP, pTetOff, pTetOff-SH3, pTetOff-TOP1 

and pTetOff-BOT1, each encoding AcGFP, TetR, TetR-SH3, TetR-TOP1 and TetR-

BOT1, respectively. The cells were visualized using a fluorescence-equipped microscope 

48 hours post-transfection. Figure 4.5 indicates the positive interaction of TOP1 and the 

Abl SH3 domain (Panel vi). The signal obtained from the interaction of TetR-TOP1 and 

TetR-SH3 was estimated to be four to five-fold higher than the negligible amount of 

background GFP expression resulted from the homodimerization of TetR-TOP1 (Panel 

iii). A roughly equal amount of background signal was observed from TetR-BOT1 

homodimerization (Panel ii) and TetR-BOT1/TetR-SH3 interaction (Panel v) as TetR-

TOP1 homodimerization (Panel iii), indicating that TetR-BOT1 does not bind to TetR-

SH3. These genetic results support that the TOP1 peptide binds to the Abl SH3 domain in 

vivo. 
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Figure 4.5:  In vivo binding assay using trM2H to evaluate the interaction of TOP1 and 
BOT1 to the Abl SH3 domain. HEK 293 cells were co-transfected with the 
plasmids encoding the indicated proteins and visualized 48 hours post-
transfection. (A) Fluorescent images. Positive expression of GFP indicates 
the interaction of the bait and the prey. (B) Corresponding bright field 
images. 
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In Vitro Characterization of TOP1  

We further characterized the interaction of TOP1 peptide to the Abl SH3 domain 

with various in vitro assays. In an affinity chromatography assay, TOP1 and BOT1 

peptides were fused to glutathione-S-transferase (GST), purified from E. coli, and 

immobilized on glutathione sepharose beads. The Abl SH3 domain was also fused to 

maltose binding protein (MBP) and expressed in E. coli. The resin harboring GST-TOP1 

and GST-BOT1 was incubated with the cell lysate expressing MBP-SH3 fusion protein. 

Unbound proteins were washed off and GST fusion proteins were eluted from the 

column. Co-purified MBP-SH3 was resolved by SDS polyacrylamide gel electrophoresis 

(SDS-PAGE) and detected by Western blot probed with an anti-MBP antibody. Figure 

4.6A, lane 4 indicates that MBP-SH3 interacts with GST-TOP1. No association was 

observed between MBP and GST (lane 1) nor MBP-SH3 and either GST-BOT1 (lane 2) 

or GST (lane 3). A small amount of MBP was co-purified with GST-TOP1 (lane 5) 

indicating a weak interaction between TOP1 and MBP. However, in comparison to the 

interaction of GST-TOP1 and MBP-SH3 (lane 4), the background signal observed in lane 

5 is negligible. Total protein staining (Figure 4.6B) confirmed that the different amounts 

of co-purified MBP fusion proteins are not due to varying amounts of eluted GST fusion 

proteins. 

To estimate the equilibrium dissociation constant (Kd) between the TOP1 peptide 

and the Abl SH3 domain without fusion proteins, we measured the fluorescent anisotropy 

of the TOP1 peptide labeled with fluorescein isothiocyanate (TOP1-FITC). Despite its 

small size (71 total amino acid residues), the C-terminal His6-tagged Abl SH3 domain 

(SH3-His) can be readily expressed and purified in high yields from E. coli (Figure 4.7 

A). The obtained value of Kd = 16 ± 1 µM (Figure 4.7B) is consistent with the 

dissociation constants reported for other SH3 domain binding partners, which are 



 103 

typically in the micromolar range (177). Taken together, these biochemical data support 

that the TOP1 peptide weakly but specifically binds to the Abl SH3 domain both as a 

fusion protein and as a fluorescein-labeled peptide in vitro. 

 

 

Figure 4.6:  GST-affinity chromatography assay. (A) Western blot probed with anti-
MBP antibody to detect MBP-SH3 co-purified with GST-TOP1. (B) 
Coomassie Brilliant Blue staining of eluted proteins remained in the SDS-
PAGE gel after blotting. 
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Figure 4.7:  Determination of Kd between TOP1 and the Abl SH3 domain. (A) Purified 
SH3-His protein resolved by SDS-PAGE. (B) Fluorescence anisotropy assay 
using SH3-His and TOP1-FITC. Max is the anisotropy at the saturation and 
R is the offset factor. 
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Design and Purification of TOP1-DOPA-GFP 

We designed a molecular probe against the Abl SH3 domain using the low-

affinity TOP1 peptide. TOP1 peptide was fused to the N-terminus of GFP and an amber 

stop codon (TAG) was introduced in the linker region between the TOP1 and the GFP, 

with a His6 tag at the C-terminus (Figure 4.8A). The resulting plasmid pET28-

TOP1(+1)TAG-GFP encodes the corresponding amino acid sequence 

MGAGAPAFPPPSPP@EF-(GFP)-His6 (where bold face is the TOP1 sequence and @ 

represents the amber codon). Plasmid pAC-DHPheRS-6TRN carries the orthogonal 

Methanococcus jannaschii tRNA
Tyr

CUA and DOPA-tRNA synthetase (DOPA-RS) derived 

from M. jannaschii tyrosyl-tRNA synthetase. DOPA-RS and tRNA
Tyr

CUA as a pair 

recognize the amber stop codon and incorporate L-DOPA into the newly synthesized 

polypeptide chain (122) (See also Chapter 2 and Chapter 3). E. coli BL21 was co-

transformed with pET28-TOP1(+1)TAG-GFP and pAC-DHPheRS-6TRN, and protein 

expression was induced in the presence of L-DOPA (1 mM) as described previously 

(136) (Chapter 2). The resulting DOPA-containing protein TOP1-DOPA-GFP was 

purified using Ni-NTA beads and resolved on SDS-PAGE. Figure 4.8B, lane 2 shows the 

high yield of TOP1-DOPA-GFP based on the total protein staining. A small amount of 

endogenous amino acid(s) were incorporated when L-DOPA was omitted from the 

growth media (lane 1), but compared to lane 2, the level of such background expression 

is insignificant. A similar gel was also blotted to a nitrocellulose membrane and stained 

with the redox-cycling staining (NBT staining) which detects quinoproteins (128) (see 

also Chapter 2) (Figure 4.8C). The strong band in Figure 4.8C, lane 2 indicates the 

presence of L-DOPA/dopaquinone within TOP1-DOPA-GFP, further supporting 

successful incorporation of L-DOPA. A few endogenous proteins from E. coli were co-

purified with TOP1-DOPA-GFP (Figure 4,8B). These proteins are most likely metal-
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binding proteins and typical in the preparation of DOPA-containing proteins by the 

method described herein. All of these endogenous proteins were NBT-negative, 

suggesting that none of them contains L-DOPA (Figure 4.8C). Based on our previous 

study, these contaminating proteins do not affect the efficiency of DOPA-mediated 

protein cross-linking (136) (Chapter 2). 

 

 

Figure 4.8:  Expression of the molecular probe TOP1-DOPA-GFP. (A) A schematic 
diagram of the 30.0 kDa TOP1-DOPA-GFP. (B) Total protein analyses of 
L-DOPA incorporation into TOP1-DOPA-GFP. TOP1-DOPA-GFP protein 
was expressed in the presence and absence of L-DOPA, purified with Ni-
NTA beads, and resolved by SDS-PAGE. The resulting gel was stained with 
Coomassie Brilliant Blue. (C) Redox cycling staining of TOP1-DOPA-GFP. 
Proteins in a similar gel to (B) were transferred to a nitrocellulose 
membrane and stained with nitroblue tetrazolium and sodium glycinate at 
pH 10. 
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A larger scale of TOP1-DOPA-GFP was purified for the subsequent Western 

blot-type experiment. The contaminating proteins shown in Figure 4.8B were minimized 

by extensive washing of the Ni-NTA resin and/or size exclusion chromatography. As a 

control, a ―wild type‖ counterpart of TOP1-DOPA-GFP, in which the L-DOPA residue 

was replaced with alanine (wtTOP1-GFP), was also prepared. A typical preparation of 

purified TOP1-DOPA-GFP and wtTOP1-GFP resolved by SDS-PAGE and detected with 

Coomassie Brilliant Blue as well as redox-cycling staining is shown in Figure 4.9A and 

4.9B, respectively. 

 

 

Figure 4.9:  A typical large-scale preparation of TOP1-DOPA-GFP and wtTOP1-GFP 
resolved by SDS-PAGE. (A) Coomassie Brilliant Blue staining. (B) Redox-
cycling staining. 
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These protein samples were prepared using standard Ni-NTA buffers containing 

imidazole at pH 8 with added dithiothreitol (DTT) or -mercaptoethanol to prevent the 

premature oxidation of L-DOPA (see Materials and Methods). Although imidazole and 

thiols are potential nucleophiles that can attack dopaquinone, our data suggests minimal 

effect by these reagents on the integrity of incorporated L-DOPA moiety. In fact, 

overnight incubation of C- and N-protected L-DOPA (as amino acid) at the concentration 

of 100 mM with 500 mM imidazole or 1 mM DTT in aqueous solution did not produce 

any detectable adducts based on thin-layer chromatography. The presence of intact L-

DOPA moiety within TOP1-DOPA-GFP was also confirmed by the more sensitive 

Arnow assay (132) which only detects diphenolic L-DOPA (Figure 10A, see also Chapter 

2 for discussions). TOP1-DOPA-GFP and wtTOP1-GFP were purified in parallel and 

resolved by SDS-PAGE. The gel was stained according to Waite and Benedict (126). 

Briefly, the prepared gel was first acidified with acetic acid and then stained with the 

nitrite reagent containing sodium nitrite and sodium molybdate. A faint yellow color 

developed for TOP1-DOPA-GFP at this step. Nitrite reagent was decanted and the gel 

was further stained in the alkali reagent. TOP1-DOPA-GFP was stained red-orange 

(Figure 4.10B lane 1), indicating the presence of L-DOPA. On the other hand, wtTOP1-

GFP was stained very faint yellow only after the alkalization step (Figure 4.10B lane 2). 

The yellow color of wtTOP1-GFP was consistently observed when this assay was 

repeated in gels or in solutions. Although L-DOPA was expected to develop a rose-red 

color in this assay, it appeared orange in TOP1-DOPA-GFP (Figure 4.10B lane 1) 

presumably because of the mixing of red color originating from L-DOPA nitration and 

the yellow color in the background, which is most likely associated with the GFP protein. 

Together with the redox-cycling staining, the results in Figure 4.10B underscore the high 

fidelity of L–DOPA incorporation and confirm the presence of intact L-DOPA within 
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TOP1-DOPA-GFP prepared. We concluded that the observed efficiency of L-DOPA 

incorporation into TOP1-DOPA-GFP was sufficient for the subsequent application in the 

Western blot-type experiment. 

 

 

 

 

 

Figure 4.10:  Arnow assay. (A) Chemical basis of the Arnow assay, which specifically 
detects diphenolic L-DOPA. (B) TOP1-DOPA-GFP (lane 1) and wtTOP1-
GFP were resolved on SDS-PAGE and stained with Arnow reagents (see 
Materials and Methods for details). 
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Abl SH3 Domain “Western Blot” Probed with TOP1-DOPA-GFP  

To demonstrate the ability of TOP1-DOPA-GFP to detect the Abl SH3 domain, 

purified SH3-His was resolved by non-denaturing PAGE and blotted to nitrocellulose 

membranes. The membranes were blocked with 5 % dry milk in TBST, and incubated 

with TOP1-DOPA-GFP or wtTOP1-GFP in phosphate-buffered saline (PBS). NaIO4 (2 

mM) was added to both membranes probed with TOP1-DOPA-GFP and wtTOP1-GFP. 

NaIO4 concentrations up to 4 mM were confirmed not to affect the fluorescence of GFP 

in a separate experiment. The membranes were washed with PBS and visualized under 

ultra violet (UV) light at 365 nm (Figure 4.11A). Similar gels were also analyzed by 

Coomassie Brilliant Blue staining (Figure 4.11B). The SH3-His was readily detected by 

TOP1-DOPA-GFP with the signals roughly proportional to the amounts of loaded protein 

(Figure 4.11A, lanes 2-7). No sign of interaction between TOP1-DOPA-GFP and the 

blocking agent or a non-interacting protein Sortase A (SrtA, Figure 4.11A, lane 1, 

negative control) was observed, supporting the specificity of TOP1-DOPA-GFP towards 

the Abl SH3 domain. The lowest limit of detection of SH3-His using TOP1-DOPA-GFP 

was estimated to be approximately 0.5 µg in our current laboratory setting. On the other 

hand, wtTOP1-GFP failed to detect SH3-His (Figure 4.11A, lane 8) even though the 

amount of loaded SH3-His was well above the detection limit if probed with TOP1-

DOPA-GFP. This data supports the critical role of incorporated L-DOPA in enhancing 

the interaction between the low-affinity TOP1 and the Abl SH3 domain. The 

concentrations of TOP1-DOPA-GFP and wtTOP1-GFP used in this experiment to probe 

the membrane were both about 0.35 mg/ml (11 µM) which is significantly lower than that 

required by a previously reported similar experiment using a non-covalent peptide probe 

(5 mg/ml) (158). The detection limit and the amount of required probe described above 

could be lowered even further by optimizing the purification conditions of TOP1-DOPA-
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GFP according to the chemical reactivity of L-DOPA (206). For example, L-ascorbic acid 

could replace the thiol-based reducing agents to further minimize the risk of premature 

modifications of the L-DOPA moiety (156, 207) (see also Chapter 3). The two observed 

protein bands were subjected to in-gel trypsin digestion followed by MALDI-TOF mass 

spectrometry to confirm both of their identities as the Abl SH3 domain, and no other 

proteins were contained in either of these bands (Figure 4.12). The N-terminal tryptic 

peptide (mass = 3188.46 Da) is missing in the spectrum for the minor upper band, 

suggesting that this band is most likely an N-terminal degradation product of SH3-His 

which confers a lower mobility on non-denaturing PAGE resulting from the altered 

isoelectric point from the full length lower band. Both bands were detected by TOP1-

DOPA-GFP (Figure 4.11A). Taken together, these data demonstrate that TOP1-DOPA-

GFP can be employed as a molecular probe to detect the Abl SH3 domain, allowing 

instant fluorescence-based detection and analysis with enhanced affinity originating from 

the L-DOPA moiety. 
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Figure 4.11:  TOP1-DOPA-GFP in Western blot-type protein analysis. (A) SH3-His 
was resolved by non-denaturing PAGE, blotted to nitrocellulose 
membranes and probed with TOP1-DOPA-GFP (lanes 1-7) or wtTOP1-
GFP (lane 8). (B) Similar gels containing the identical amounts of SH3-
His as (A) were visualized by Coomassie Brilliant Blue staining. 
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Figure 4.12:  Protein identification of SH3-His by in-gel trypsin digestion followed by 
MALDI-TOF mass spectrometry. 
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CONCLUSION 

In summary, we have employed a 10-amino acid peptide, TOP1, and a built-in 

chemical cross-linker L-DOPA to design a peptide-based molecular probe, TOP1-DOPA-

GFP, that can be expressed and purified from E. coli. TOP1 interacts with the Abl SH3 

domain weakly but specifically, and the presence of L-DOPA stabilized the interaction 

without affecting its specificity to the substrate. We have demonstrated the use of TOP1-

DOPA-GFP in Western blot-type experiment with one-step fluorescence-based detection 

using GFP as a reporter protein. Artificially selected protein-binding peptides are 

potentially very useful as diagnostic tools and therapeutic reagents (42); however, the 

majority of laboratory-isolated peptides suffer from low affinities. The molecular design 

presented herein could be applied to many of these peptides, turning these ―useless‖ low-

affinity peptides into effective probes and drugs with genetically tailored functional or 

therapeutic proteins. This technique would add a great amount of flexibility and 

applicability to the series of peptide-based methods currently employed in biomedical 

and clinical research laboratories. 

This chapter is based on Umeda et al, 2010 (208). 

 

MATERIALS AND METHODS 

Vector Constructions 

Sequences of all oligonucleotide primers (Invitrogen, Carlsbad, CA) used to 

obtain each vector are listed below. 

 

pTetOff -TOP1: 

5'-GGGGTACCGCCCCCGCCTTCCCCCCTCCCAGCCCCCCTACCGGTC 
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  GC-3' and 

5'-GCGACCGGTAGGGGGGCTGGGAGGGGGGAAGGCGGGGGCGGTAC 

  CCC-3' 

pTetOff-BOT1: 

5'-GGGGGTACCCCCCCTGCCATGCCCAGCCCCCCTCCCCCTACCGGT 

  CGC-3' and  

5'-GCGACCGGTAGGGGGAGGGGGGCTGGGCATGGCAGGGGGGGTAC 

  CCCC-3' 

pTetOff-SH3: 

5'-AAGGTACCACCGGTGCGTACAGC-3' and  

5'- CCGGTACCTAGTGAAAAACCTTGTTGG-3' 

pET41-GST-TOP1: 

5'-CATGCCATGGGCCCCCGCCTTCCCCCCTCCCAGCCCCCCCTCTCGA 

  GCGC-3' and  

5'-GCGCTCGAGAGGGGGGCTGGGAGGGGGGAAGGCGGGGGCCCAT 

  GGCATG-3' 

pET41-GST-BOT1: 

5'-CATGCCATGGGCCGCTGCCATGGAGAAGCCCAGCCTGCCCCTCGA 

  GCGC-3' and  

5'-GCGCTCGAGGGGCAGGCTGGGCTTCTCCATGGCAGCGGCCCATG 

  GCATG-3' 

pMAL-MBP-SH3: 

5'-AAGGTACCAAATGACCCCAACCTTTT-3' and  

5'-CGGGATCCGTACCACTGTTGACT-3' 

pET28-SH3-His: 
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5'-ATACCATGGAAAATGACCCCAACCTTTTCG-3' and  

5'-GTGCTCGAGACTGTTGACTGGCGTGATGTAG-3' 

pET28-GFP: 

5'-CGCGAATTCATGAGTAAAGGAGAAGAAC-3' and  

5'-TGTAAGCTTTTTGTAGAGCTCATCCATGC-3' 

pET28-TOP1(+1)TAG-GFP: 

5'-CGCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCA 

  TGGGCGCGGGTGCGC-3' and  

5'-CACGAATTCCTATGGCGGGCTCGGTGGCGGAAACGCCGGCGCAC 

  CCGCGCCCATGGTATA-3' 

pET28-wtTOP1-GFP: 

5'-GCCACCGAGCCCGCCAGCGGAATTCATGAGTAAAG-3' and  

5'-CTTTACTCATGAATTCCGCTGGCGGGCTCGGTGGC-3' 

 

Plasmids pTre-Tight-AcGFP and pTetOff were purchased from Clontech 

(Mountain View, CA). Restriction enzyme sites AgeI and KpnI were previously 

introduced into pTetOff to afford pTOAgeIKpnI (205). The coding sequences for TOP1 

and BOT1 were purchased as complementary oligonucleotides and annealed. Resulting 

double-stranded DNA fragments were digested sequentially with AgeI and KpnI and 

ligated to the vector pTOAgeIKpnI also digested with AgeI and KpnI to afford pTetOff-

TOP1 and pTetOff-BOT1. The coding sequence of the SH3 domain of Abl tyrosine 

kinase was amplified by polymerase chain reaction (PCR) from the cDNA 

BC117451.1:pCR4-TOPO (Open Biosystems, Huntsville, AL). The PCR product was 

digested with AgeI and KpnI and ligated to pTOAgeIKpnI also digested with AgeI and 

KpnI to afford the vector pTetOff-SH3. To construct the expression vectors for E. coli, 
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the coding sequences for TOP1 and BOT1 were purchased as complementary 

oligonucleotides, annealed, and double-digested with NcoI and XhoI. The resulting 

digested DNA fragments were ligated to the vector pET41b (Novagen, La Jolla, CA) also 

double-digested with NcoI and XhoI to afford pET41-GST-TOP1 and pET41-GST-

BOT1. To afford pMAL-MBP-SH3, the coding sequence for the Abl SH3 domain was 

amplified by PCR from the cDNA mentioned above, sequentially digested with KpnI and 

BamHI, and ligated to the vector pMAL-c4E (New England Biolabs, Ipswich, MA) also 

digested with KpnI and BamHI. To obtain pET28-SH3-His, the coding sequence of the 

Abl SH3 domain was amplified by PCR, double-digested with NcoI and XhoI, and 

ligated to the vector pET28b (Novagen, La Jolla, CA) also double-digested with NcoI 

and XhoI. The coding sequence of GFP was amplified by PCR from the plasmid pGFPuv 

(Clontech, Mountain View, CA), double-digested with EcoRI and HindIII, and ligated to 

pET28b also double-digested with EcoRI and HindIII to afford pET28-GFP. The coding 

sequence of TOP1, which contains part of the vector sequence from pET28b and an 

amber stop codon (TAG) immediately after the last codon of TOP1 sequence, was 

purchased as two half-complementary oligonucleotides, annealed and extended at the 3' 

end with E. coli DNA polymerase Klenow fragment. The resulting double-stranded DNA 

fragment was double-digested with XbaI and EcoRI and ligated to pET28-GFP also 

double-digested with XbaI and EcoRI to afford pET28-TOP1(+1)TAG-GFP. To afford 

pET28-wtTOP1-GFP, the amber stop codon was mutated to a codon for alanine (GCG) 

using the QuickChange


 Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) and 

pET28-TOP1(+1)TAG-GFP as a template according to the manufacturer’s instructions. 

All vector sequences were confirmed by DNA sequencing (The University of Texas at 

Austin ICMB DNA Core Facility). The vector pAC-DHPheRS-6TRN which carries one 

copy of mutant M. jannaschii Tyr-tRNA synthetase (DOPA-RS) and six copies of mutant 
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M. jannaschii tRNA
Tyr

CUA was a gift from Dr. Peter G. Schulz (The Scripps Research 

Institute, La Jolla, CA). 

 

Tetracycline Repressor-Based Mammalian Two-Hybrid Assay 

HEK 293 cells were maintained in high glucose Dulbecco’s Modified Eagle 

Media (DMEM, Sigma-Aldrich, St. Louis, MO) supplemented with 10% v/v heat-

inactivated Fetal Bovine Serum (FBS) Premium Select (Atlanta Biologicals, 

Lawrenceville, GA) in a humidified incubator at 37C with 5% CO2.  All transfections 

were performed at 60-80% confluency in a tissue-culture treated 24-well plate (Corning, 

Corning, NY). Plasmids pTRE-Tight-AcGFP, pTetOff, pTetOff-TOP1, pTetOff-BOT1, 

and pTetOff-SH3 were transiently transfected into HEK 293 cells using FuGene6 

transfection reagent (Roche, Indianapolis, IN) according to the manufacturer’s 

instructions. GFP expression was observed 48 hours post-transfection with a Nikon 

(Melville, NY) Eclipse TE2000-S microscope equipped with a FITC HyQ filter (Chroma 

Technology, Bellows Falls, VT). The excitation and the emission wavelengths were set to 

460-500 nm and 510-560 nm, respectively. The images of fluorescent cells were 

photographed using NIS-Elements BR software version 3.0 (Nikon Instruments, Melville, 

NY). 

 

GST-Affinity Chromatography 

E. coli BL21 (Novagen, La Jolla, CA) was individually transformed with 

plasmids pMAL-c4E, pMAL-MBP-SH3, pET41b, pET41-GST-TOP1 and pET41-GST-

BOT1 and the corresponding proteins MBP, MBP-SH3, GST, GST-TOP1 and GST-

BOT1 were expressed in 1 L each Luria-Bertani (LB) broth supplemented with 
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appropriate antibiotics. Cleared cell lysates expressing GST, GST-TOPI, and GST-BOT1 

were prepared and incubated for 1 hour at 4C with 1 mL each of pre-washed 

glutathione-sepharose 4 Fast Flow beads (GE Healthcare, Little Chalfont, United 

Kingdom) in GST binding buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.3), supplemented with phenylmethylsulfonyl fluoride (PMSF, 1 

mM). The resin was packed into individual columns after washing off unbound proteins 

with ten times the bed volume of GST binding buffer. Cleared cell lysates expressing 

MBP and MBP-SH3 were applied to the columns with the gravity flow. Unbound 

proteins were washed off with ten times the bed volume of GST binding buffer. GST-

fusion proteins were eluted with 10 mL of GST elution buffer (50 mM Tris-HCl, 10 mM 

reduced glutathione, pH 8.0). Eluents were resolved by SDS-PAGE and analyzed by both 

Western blot probed with anti-MBP antibody conjugated with horse-radish peroxidase 

(New England Biolabs, Ipswich, MA) and Coomassie Brilliant Blue staining. 

 

Protein Purification 

To obtain SH3-His and wtTOP1-GFP proteins, E. coli BL21 was individually 

transformed with the plasmid pET28-SH3-His or pET28-wtTOP1-GFP and grown in LB 

broth supplemented with kanamycin (50 µg/mL). Overexpression of the protein was 

induced with isopropyl -D-1-thiogalactopyranoside (IPTG, 1 mM, Gold Biotechnology, 

Inc., St. Louis, MO) for 5 hours at 30˚C. L-DOPA was incorporated into TOP1-DOPA-

GFP as previously described (136) (Chapter 2). Briefly, E. coli BL21 was co-transformed 

with the plasmid pET28-TOP1(+1)TAG-GFP and pAC-DHPheRS-6TRN. A stock 

solution of L-DOPA (100 mM) was freshly prepared each time by dissolving solid L-

DOPA (Acros Organics, NJ) in double-deionized water and adjusting the pH to 

approximately 0.9 using concentrated HCl. The double-transformed culture was grown at 
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37C in glucose minimal media supplemented with kanamycin (50 µg/mL) and 

tetracycline (12.5 µg/mL) until OD600 reached about 0.6. The concentration of 

tetracycline was increased to 18.75 µg/mL and L-DOPA was added to the media to the 

final concentration of 1 mM. The culture was incubated at 30C for 40 minutes before the 

protein expression was induced with IPTG (1 mM) for 6 hours at 30˚C. SH3-His, 

wtTOP1-GFP, and TOP1-DOPA-GFP were purified using Ni-NTA agarose beads 

(Novagen, La Jolla, CA). After the overexpression of proteins, cells were harvested and 

frozen at -80C. The cells were then resuspended in lysis buffer (50 mM NaH2PO4, 300 

mM NaCl, 10 mM imidazole, 1 mM DTT or 10 mM β-mercaptoethanol, pH 8.0) and 

incubated on ice for 1 hour in the presence of lysozyme (1 mg/mL). Samples were 

sonicated and centrifuged at 15,000 rpm for 40 minutes at 4C. Cleared cell lysates were 

collected and applied to the resin pre-equilibrated with lysis buffer. Unbound proteins 

were washed off with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 30 mM imidazole, 

1 mM DTT or 10 mM β-mercaptoethanol, pH 8.0) and the His6-tagged proteins were 

eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, 1 mM 

DTT or 10 mM β-mercaptoethanol, pH 8.0). Purified proteins were then dialyzed against 

PBS (5 mM NaH2PO4, 140 mM NaCl, 1 mM DTT, pH 7.3 for SH3-His and 50 mM 

NaH2PO4, 150 mM NaCl, 1 mM DTT, pH 8.0 for TOP1-DOPA-GFP). In some 

experiments, the His6-tagged proteins were further purified by size-exclusion gel 

chromatography using HighLoad 16/60 Superdex 75 preparative column (GE Healthcare, 

Sweden) equipped with BioLogic DuoFlow system (Bio-Rad, Hercules, CA) eluted with 

PBS (100 mM NaH2PO4, 150 mM NaCl, 1 mM DTT, pH 7.4). Insoluble precipitate in 

SH3-His was removed by centrifuging the dialyzed sample twice at 14,000 rpm for 15 

minutes. Final protein concentrations were calculated by measuring the absorbance at 280 

nm using NanoDrop
TM

 spectrophotometer (Thermo Scientific, Waltham, MA). Prepared 
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protein samples were resolved by SDS-PAGE and visualized by Coomassie Brilliant 

Blue for total proteins. Incorporated L-DOPA was detected by redox-cycling staining as 

described by Paz et al (128) and in Chapter 2 (136). 

 

Arnow Assay 

In-gel Arnow Assay was performed according to Waite and Benedict (126). 

Briefly, TOP1-DOPA-GFP and wtTOP1-GFP were purified in parallel as described 

above and the purified samples (200 µg each) were resolved by SDS-PAGE. The gel was 

acidified in two 50-volume portions of 50 % (v/v) methanol and 5 % (v/v) acetic acid for 

1.5 hours. The gel was transferred into 5 volumes of nitrite reagent (1.45 M NaNO2, 0.41 

M Na2MoO42H2O) and stained for 15 minutes. Nitrite reagent was decanted and the gel 

was stained in 10 volumes of alkali reagent (1 M NaOH) for 20 minutes. 

 

Fluorescence Anisotropy  

Binding solutions (60 µL) containing 215 nM TOP1-FITC (Celtek Peptides, 

Nashville, TN) and various concentrations (4-426 µM) of SH3-His in PBS were prepared 

and incubated on ice for 2 hours before taking the measurements. All fluorescence 

measurements were taken on a Fluorolog Model FL3-11 (HORIBA Jobin Yvon, Edison, 

NJ) at 25C using a fluorescence grade quartz cuvette with a 1.0 cm path length. The 

experimental samples were excited at 495 nm and fluorescence intensity was measured at 

520 nm. The excitation and emission slit widths were set to 5 nm and 15 nm, 

respectively. The integration time for each measurement was 300 milliseconds. 

Measurements were taken every 15 seconds for a total of 60 seconds for each sample. 

Multiple data sets were fitted to the equation 
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program GraFit (Erithacus Software, West Sussex, United Kingdom), where r  is the 

measured anisotropy, fr  and br  are the anisotropies of free and bound TOP1-FITC, 

respectively, tE  is the total concentration of SH3-His, and dK  is the equilibrium 

dissociation constant. 

 

Abl SH3 Domain Western Blot Probed with TOP1-DOPA-GFP 

SH3-His (4.2-70 µg to be probed with TOP1-DOPA-GFP and 25 µg to be probed 

with wtTOP1-GFP) and SrtA (75 µg to be probed with TOP1-DOPA-GFP) were resolved 

by non-denaturing PAGE using 14 % Tris-glycine polyacrylamide gel (Invitrogen, 

Carlsbad, CA) with native running buffer (2.5 mM Tris base, 19.2 mM glycine, pH 8.5). 

Proteins were then transferred to a nitrocellulose membrane by the wet transfer method at 

4 °C for 3 hours at 50 V using native transfer buffer (2.5 mM Tris base, 19.2 mM 

glycine, 20 % methanol, pH 8.5). The membrane was blocked with 5 % dry milk in 

TBST (200 mM Tris base, 150 mM NaCl, 0.01 % Tween-20, pH 7.5) for more than 1 

hour at 4C on a rotary shaker. The membrane was then rinsed three times with PBS (50 

mM NaH2PO4, 150 mM NaCl, pH 8.0) and incubated with 3-6 mL of purified TOP1-

DOPA-GFP solution (0.35 mg/mL in PBS) or wtTOP1-GFP (0.35 mg/mL in PBS) 

overnight at 4C on the shaker. NaIO4 was added to both membranes to the final 

concentration of 2 mM and the membrane was incubated for additional 2 hours at 4C. 

The membrane was then washed on the shaker with PBS three times for 10-20 minutes 

each time and visualized under UV light at 365 nm. 
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Chapter 5  Femtosecond Laser-Assisted Optoporation for the Delivery 
of Genes and Biosensors into Single Mammalian Cells 

 

INTRODUCTION 

The traffic of molecules in and out of living cells is tightly regulated by the 

plasma membrane. This barrier of phospholipid bilayer is generally selective against 

hydrophilic and charged substances as well as various macromolecules including nucleic 

acids, large peptides and proteins (209). Targeted delivery of drugs and other 

macromolecule-based reagents into cultured mammalian cells is of paramount interest 

today for various purposes including the detection and visualization of protein-protein 

interactions. Ideally, these observations should be made in the intact live cells to harness 

the most reliable and biologically relevant data (210). However, such real-time 

observations can be challenging. For instance, immunofluorescence staining and other 

differential staining dyes are widely used in cellular imaging; however, commonly used 

techniques require fixation and detergent-based membrane permeabilizaion to deliver the 

antibodies and membrane-impermeable dyes into the cell interior (211).  

Fluorescence-labeled antibodies are powerful tools to study protein-protein 

interactions in live cells. McVey et al have used antibodies labeled with Europiun (Eu
3+

) 

cryptate and allophycocyanin (APC) to observe the oligomerization of a G-protein 

coupled receptor (GPCR) on the surface of live human embryonic kidney (HEK) 293 

cells by monitoring time-resolved fluorescent resonance energy transfer (TR-FRET) 
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(212). The extracellular domain of the GPCR was probed with antibodies in McVey et 

al’s work. This result suggests that real-time monitoring of protein-protein interactions in 

vivo by efficient TR-FRET may become feasible if the fluorescence-labeled antibodies 

can be delivered into live cells. In contrast to expressing the target proteins as fusion 

proteins with common fluorescent proteins, direct staining of the interacting proteins with 

antibodies is expected to impose fewer side effects caused by the large size of fused 

fluorescent proteins (e.g. aggregation) and/or genetic manipulations of the target proteins 

and the host cells.        

Transfection of cultured mammalian cells is also one of the indispensable 

techniques in biomedical research laboratories. Hydrophilic DNA molecules are 

commonly introduced into cells using either liposomal or cationic chemical delivery 

vehicles, viral vectors, or physical permeabilization such as electroporation (213). 

Liposomal delivery and electroporation are sometimes also used for the injection of 

compounds other than nucleic acids (214). These methods allow manipulations and 

analyses of intact cells. However, in most cases, cells are treated as a population and the 

produced data only represent the average of the whole group. Such ensemble methods 

sometimes produce dramatically different data than analyses of single cells.  

Single-cell manipulation and analyses have been drawing much attention recently 

since it is well accepted that there are cell-to-cell variabilities in many biological events, 

and analyses of individual cells could often provide a wealth of information (61). 

Although microinjection has been established as a method to introduce foreign 

substances into intact single cells (215), the method is inefficient, time-consuming and 

technically very difficult. As the notions of lab-on-a-chip (LOC) (61) and lab-in-a-cell 

(LIC) (59) have emerged as devices for high-throughput single cell analyses, there is an 
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immediate need for a quick, efficient and versatile method to deliver extrinsic compounds 

and reagents into single live cells. 

 

Optoporation by Femtosecond Laser 

Optical-poration or optoporation mediated by a near-infrared (NIR) femtosecond 

laser has recently been receiving much attention as a promising method for easy and 

efficient delivery of extrinsic compounds into single live cells. Ultra fast laser pulses at a 

wavelength of 700-900 nm are generated by a titanium-sapphire (Ti:Sapphire) oscillator 

with each pulse lasting for sub-10 fs to 250 fs at a repetition rate of about 1 kHz to 80 

MHz. When coupled with a microscope with a high numerical aperture (NA = 0.95-1.4), 

femtosecond laser pulses can be focused on subcellular locations such as on the plasma 

membrane. Irradiation with focused femtosecond laser delivers 0.03 to several 

nanojoules/pulse of energy to the focal site (216). Although the precise mechanism of 

how biological materials are ablated by the femtosecond laser is still unclear, Vogel et al 

have demonstrated that femtosecond laser irradiation at a high repetition rate (80 MHz) 

generates low density plasma (free electrons) by a multiphoton ionization process within 

the defined focus (217). Ablation of biological materials is thought to be achieved 

through chemical decomposition by bond breakages (216). Precise dissections of 

biological material at a sub-micrometer level of spatial resolution can be achieved since 

the duration of each femtosecond laser pulse is shorter than the thermal diffusion time 

(picoseconds to nanoseconds). Therefore, the energy of femtosecond laser pulses is 

efficiently transmitted to the liberated electrons with minimum heat diffusion. As a result, 

the adjacent biological structures are maintained intact without heat shock damage (218). 

The short pulse also prevents the generation of cavitation bubbles and mechanical shock 

waves which adversely affect biological materials (216, 217). Femtosecond laser has 
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been used by several groups to selectively and reversibly perforate the plasma membrane 

of single cells to induce the influx of various membrane-impermeable substances using a 

number of cell lines, reporting cell viabilities from 50% to 100% (219-226).  

Laser optoporation offers a number of advantages over existing techniques to 

deliver membrane impermeable molecules into cells: (1) laser optoporation is highly 

selective with the ability to deliver materials into a single cell located in a cell cluster; (2) 

this technique is compatible with standard microscopy optics, coverslip configuration, 

microfluidic and LOC applications; (3) it is a non-contact and aseptic method; and (4) it 

requires much less time and technical training of researchers compared to microinjection, 

since the most instrumental setup allows them to simply aim at the focal point of the laser 

on the cell image and shoot (―point-and-shoot‖). Single cell manipulation using the 

femtosecond optoporation technique could have far-reaching consequences implicated in 

many fields such as bioengineering, tissue engineering and even stem cell therapy (221). 

 

Towards Practical Applications of Optoporation 

Despite the multiple cases in which extrinsic substances were successfully 

introduced into single mammalian cells by femtosecond laser (219-226), there is no 

standardized universal protocol for optoporation. Discrepancies are seen in the previously 

reported values for laser parameters, which cause difficulties in independent reproduction 

of the data. Most laboratories only specify the laser power and exposure time, which 

worked for the group, using their specific equipment and setup. A majority of the 

contemporary laser ablation studies are still conducted on systems assembled in-house 

based on different types of lasers which vary dramatically in the design, resulting in 

disagreements between groups regarding the type of instrumentation needed for a 

particular task.  
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The lack of standardized protocol is a major hurdle towards establishing the point-

and-shoot cellular optoporation with femtosecond laser for practical applications since 

each group must optimize the laser parameters for its specific cell line and/or 

instrumental setup. Not only exposure time and laser power but also location of 

irradiation may need to be characterized for the best and most reproducible results. 

Optimization of these variables can be a daunting task since several, if not dozens of, 

combinations of different parameters needs to be compared using one or more cells for 

each condition. This task requires one-by-one manual alignment and focusing of the laser 

onto the plasma membrane of each cell that is tested. Also, in many experiments using 

live cell culture, the specific cells treated with the laser have to be re-located after several 

hours or days of incubation to investigate the effects of genes, indicators, antibodies and 

other compounds introduced into the target cells (219, 221).  

In this chapter, we describe a detailed systematic study on the optimization 

process of the protocol for the femtosecond laser-assisted cellular optoporation. As a 

model, we used the HEK 293H cell line which is one of the most commonly used cell 

lines in current biomedical research laboratories but has not been used in laser 

optoporation experiments. We employed both a membrane-impermeable fluorescent dye 

and a plasmid DNA encoding the green fluorescent protein (GFP) to analyze the entry of 

extrinsic molecules into targeted cells. The behaviors of the targeted cells after laser 

irradiation were extensively and thoroughly characterized to compare various sets of 

parameters. By providing a procedure to systematically evaluate multiple combinations 

of laser parameters and ―clues‖ in cellular responses to look for, we aim to render this 

study to serve as a guideline or starting point for other groups in optimizing their 

optoporation protocols with their specific cell lines and instrumentations. 
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RESULTS AND DISCUSSION 

Femtosecond Laser Instrumentation 

The system for femtosecond laser-assisted optoporation was assembled in 

collaboration with Dr. Shaochen Chen’s group at the Department of Mechanical 

Engineering, The University of Texas at Austin (currently at the Department of 

NanoEngineering, University of California, San Diego). A high frequency (80 MHz) 

laser pulse with the duration of 100 fs and the central wavelength of 800 nm was 

produced by a Ti:sapphire oscillator. The laser beam was focused on the target locus by a 

100X oil-immersion objective lens (NA = 1.3) mounted on an inverted microscope. Laser 

power was measured by a power meter before the laser beam entered the objective lens. 

The optoporation process was monitored in situ by a charge-coupled device (CCD) 

camera. The desired laser power for optoporation was selected by rotating the laser beam 

attenuator as measured by the laser power meter. The laser exposure time of the cell was 

selected by programming the open duration of the mechanical shutter. Figure 5.1A is a 

photograph of the assembled system and Figure 5.1B shows a schematic diagram of the 

laser instrumentation. 

All optoporation experiments were performed using petri dishes with a poly-D-

lysine coated glass bottom of 0.17 mm thickness which allows efficient transmission of 

the laser beam to the specimen. To facilitate the re-location of treated cells, a 4 x 4 square 

grid with each square area of about 200 µm x 200 µm was manually scratched on the 

underside (outside) of each dish using a tungsten carbide scriber (Figure 5.1D). HEK 

293H cells were plated on the glass bottom dish and allowed to fully attach to the growth 

surface before laser treatments (Figure 5.1C). The term ―targeted cell‖ in this chapter 

refers to single cells at the corners of each square grid. Cells adjacent to the targeted cells 

were not treated by the laser and served as the control population (Figure 5.1C and D). 
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For each condition, three or more different cells were tested. All reported data in this 

chapter represent the results from successfully reproduced triplicates unless otherwise 

mentioned. See Materials and Methods for more detailed instrumental setup. 
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Figure 5.1:  Instrumental setup for the optoporation of targeted single cells. (A) The 
assembled system. (B) Schematic representation of the experimental setup. 
(C) Cell specimen on the growth surface of the glass bottom petri dish. 
(D)The square grid fabricated on the underside of the growth area. 
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Cell Survival with Varying Laser Parameters  

The average laser power that can be used in femtosecond laser optoporation 

experiments is critical and must be determined in advance. In general, the average laser 

power should be within a range that is low enough to avoid cell damage but sufficient to 

induce perforation on the plasma membrane. The laser power and the exposure time at 

the threshold of cell damage differ from one cell line to another. We tested the viability 

of HEK 293H cells after laser irradiations at varying parameters to estimate the range of 

the laser power and the exposure time that the cells can tolerate. We used both direct 

physical observation of their morphology and differential staining to assess the viabilities 

of laser-treated cells.  

Cells were permanently damaged and died immediately after laser exposures at 

laser power of higher than 70 mW, even if they are irradiated for a very short time (≤10 

ms). Figure 5.2, panel i shows a targeted cell positively stained with Trypan Blue 40 

minutes after irradiation at the laser power of 80 mW and the exposure time of 10 ms. 

Trypan Blue is a membrane-impermeable differential dye that stains dead cells. The 

presence of Trypan Blue in the nucleus indicates that the integrity of the plasma 

membrane has been compromised. The outer boundary of the cell is blurred also 

indicating the non-viability of the targeted cell (Figure 5.2, panel i). For the power range 

between 50-70 mW, the cells died only when the exposure time exceeded 50 ms. Figure 

5.2, panel ii shows a cell irradiated for 30 ms at 60 mW and treated with Trypan Blue 40 

minutes post-irradiation. The outer boundary is clearly seen and the cell did not stain with 

Trypan Blue, indicating that the cell had recovered from the laser treatment and the 

integrity of the plasma membrane was maintained. When the average laser power was 

further decreased to 40-50 mW, some morphological changes were observed such as 

membrane blebbing (―bubbles‖) with the exposure time exceeding 50 ms. However, 
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when the exposure time was reduced to the range of 20-40 ms, the temporary membrane 

blebbing healed shortly after the treatment and the irradiated cells survived. When the 

laser average power was reduced to less than 20 mW, no cellular change was observed 

even after a very long exposure time (≥100 ms). Based on these results, we estimated the 

threshold laser power for the survival of HEK 293H cells is in the range of 50-70 mW 

with the exposure time of 20-40 ms. 

 

 

 

 

 

Figure 5.2:  Bright field images of laser-treated cells stained with Trypan Blue 40 
minutes post-irradiation. (i) Non-viable cell (laser power = 80 mW; 
exposure time = 10 ms). (ii) Viable cell (laser power = 60 mW; exposure 
time = 30 ms). 
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Optimization of Laser Conditions for Cellular Optoporation 

We further optimized the parameters for cellular optoporation by monitoring the 

influx of a fluorescent indicator into the irradiated cells. Single cells at the corners of 

each square grid (―targeted cells‖) were treated with the laser and cells adjacent to the 

targeted cells served as the control population. Cells were irradiated with varying 

exposure parameters in the presence of SYTOX Green reagent. SYTOX is a small 

molecule-based nuclear stain which is impermeable to the intact plasma membrane of 

live cells. Upon entering the cells, the dye binds to nucleic acids and produces 

fluorescence signal. Based on the threshold for cell survival estimated from the previous 

section, we fixed the laser power at 60 mW since this is close to the highest laser power 

that most cells can tolerate. The effects of exposure time between 30 ms and 40 ms were 

closely analyzed to obtain the best result of membrane perforation.  

The optimal and most reproducible results were obtained from the laser exposure 

at 60 mW for 35 ms, indicated by the positive uptake of SYTOX by intact cells. Figure 

5.3 shows a representative result of optoporation with these optimal parameters.  The 

lightning symbol indicates the location of laser irradiation (Figure 5.3, panel ii). An 

increase of fluorescence inside the cell was observed as a function of time (Figure 5.3, 

panels v and vi), indicating successful perforation of the plasma membrane. The SYTOX 

dye mainly accumulated in the nucleus as expected. As controls, no sign of dye uptake 

was observed by the adjacent non-treated cells, indicating that the laser exposure on the 

plasma membrane is required to change the membrane permeability (Figure 5.3, panels ii, 

iii, v and vi). The targeted cell was negative to the Trypan Blue staining 40 minutes post-

irradiation, indicating the recovery of membrane integrity within the given time frame 

and the overall cell viability after the laser treatment. 
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Figure 5.3:  Optoporation with the optimal laser parameters (laser power = 60 mW; 
exposure time = 35 ms). Bright field images (i-iii) and fluorescence images 
(iv-vi) of an intact cell optoporated in the presence of SYTOX dye. The 
lightning symbol represents the position of the laser focal spot. White arrow 
points to the targeted cell. 

 

At the laser exposure time of 30 ms, influx of SYTOX into the targeted cells was 

observed, however the intensity of the fluorescence (Figure 5.4, panel iv) was decreased 

compared to the exposure for 35 ms (Figure 5.3, panel vi). This result indicates that the 

total amount of dye introduced into the cell was reduced at the exposure time of 30 ms 

compared to 35 ms. The reduced influx of the SYTOX dye at this exposure time suggests 

that the size and/or the lifetime of the transient pore on the plasma membrane created by 

the laser irradiation was reduced compared to the optimal exposure time. 

Another often neglected experimental parameter is the location of laser focus on 

the plasma membrane. Force mapping using an atomic force microscope (AFM) has 

demonstrated significant differences in properties of protruding and stable edges of 

cultured 3T3 fibroblasts (227). Active protruding edges of 3T3 cells are flatter (average 
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heights = 0.4–0.8 mm) and are softer (elastic modulus = 4 kPa), while stable edges are 

thicker (average height = 2 mm) and stiffer (elastic modulus = 12 kPa). Optoporation 

experiments in this work also demonstrated differences in the protruding and stable edges 

of HEK 293H cells (Figure 5.4, panel ii). The successfully optoporated cell shown in 

Figure 5.4 was irradiated at a protruding edge with a laser power of 60 mW and a near-

optimal exposure time of 30 ms. To achieve optoporation of stable edges of similar cells, 

however, the power had to be increased to 70 mW which resulted in the deaths of most 

cells as described in the previous section. These results underscore the importance of 

choosing specific location on the plasma membrane when conducting optoporation 

experiments. 

 

Figure 5.4:  Optoporation with shorter exposure time than the optimal condition (laser 
power = 60 mW; exposure time = 30 ms). Bright field images (i, ii) and 
fluorescence images (iii, iv) of a targeted cell after laser treatment in the 
presence of SYTOX dye. The position of the laser focal spot is marked by 
the lightning symbol. The square in (ii) labels a stable edge and the circle 
labels a protruding edge. 
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When the exposure time was increased to 40 ms at laser power 60 mW, cell 

damage was observed regardless of whether the cells were irradiated at a stable edge 

(Figure 5.5, panels i-iii) or at a protruding edge (Figure 5.5, panels iv-vi). Excessive local 

swelling (blebbing or ―bubbles‖) of the plasma membrane was observed around the laser 

focal region within 10 minutes of laser treatments (Figure 5.5, panels ii and v). The outer 

boundaries of the targeted cells appeared to deteriorate (Figure 5.5, panels ii and v). 

SYTOX dye was found inside of the targeted cells 20 minutes post treatment (Figure 5.5, 

panels iii and vi), but both cells shown in Figure 5.5 were determined non-viable with 

Trypan Blue staining. Most cells died when 2 or more bubbles were present for longer 

than 10 minutes post-exposure. However, when only one bubble was generated with the 

size of about 1 micrometer or less in diameter, the targeted cell recovered within 10 min 

of laser treatment with no signs of membrane damage in most cases. A summary of all 

optimization results are shown in Figure 5.6. 

 

 

Figure 5.5:  Optoporation with the longer exposure time than the optimal (laser power = 
60 mW; exposure time = 40 ms). Morphological changes of two targeted 
cells in bright field images (i, ii, iv, and v) and fluorescence images showing 
the presence of SYTOX dye inside of the targeted cells (iii, vi). The position 
of the laser focal spot is marked by lightning symbols.  
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Figure 5.6:  Summary of femtosecond laser parameters for the optoporation of HEK 
293H cells. Parameters that allowed cell survival are shaded in blue and the 
parameters that resulted in positive perforation of the plasma membrane 
based on staining with SYTOX dye are shaded in yellow. Overlapping 
colors (green) indicates the successful optoporation while maintaining the 
targeted cells intact. 
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Transfection of HEK 293H Cells by Optoporation 

We used the optimized laser parameter (laser power = 60 mW; exposure time = 

35 ms) to asses the introduction of plasmid DNA into HEK 293H cells by optoporation. 

Targeted cells were irradiated in the presence of the plasmid pEGFP-N1 in the culture 

media and then returned to the incubator. Targeted cells were identified by using the 

square grid 24-48 hours post-treatment. Positive expression of GFP in the irradiated cells 

and their daughter cells after cell division indicates that the plasmid DNA was 

successfully introduced into the targeted cells by optoporation treatments (Figure 5.7). 

No fluorescence was observed in the surrounding cells not exposed to the laser. This 

result supports the assertion that, using the optimized parameters from the previous 

sections, a single HEK 293H cell in a cluster of cells can be selectively transfected 

without affecting the adjacent non-treated cells. 

 

 

Figure 5.7:  Transfection of HEK 293H cells using femtosecond laser. 48 hours post-
laser treatments. (i. iv) Bright field images. (ii, v) Fluorescence images. (iii, 
vi) Superimposed images. 
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CONCLUSION 

In summary, a detailed systematic study was conducted on the optoporation of 

single mammalian cells mediated by NIR femtosecond laser. A series of detailed 

observations were made to assess the effects of laser irradiation on the survival and 

plasma membrane permeability of HEK 293H cells. Multiple combinations of laser 

parameters such as laser power, exposure time and the location of irradiation were 

systematically examined using a membrane-impermeable dye to visualize the influx of an 

extrinsic substance caused by optoporation. The optimal condition was determined to be 

the irradiation on a protruding edge of the plasma membrane at 60 mW of laser power for 

35 ms of exposure time, which successfully perforated the plasma membrane without 

inducing significant damage to the targeted cells. The optimized protocol was then 

utilized to successfully and selectively transfect single targeted cells in cell clusters.   

Femtosecond laser-assisted cellular optoporation techniques hold a significant 

amount of potential in the broad area of cell biology. The possible applications of this 

technology are not limited to the cellular imaging and visualization of protein-protein 

interactions in live single cells and fabrications of LOC or LIC devises. Mechanical 

perforation of the plasma membrane by optoporation does not discriminate against the 

types of substances to be injected into the targeted cells. The versatility of this method is 

ideal for any membrane-impermeable reagent, drug, plasmid DNA and antibody, or 

emerging new classes of biosensors including the DOPA-containing peptide-based 

protein probes discussed in Chapter 4. Moreover, optoporation by femtosecond laser may 

be an ideal tool in studies of intercellular communications. Since a single cell in a cell 

cluster can be selectively transfected or treated with any reagent of choice without 

affecting the adjacent cells or structures, the effect of signals from the treated cells to the 

neighboring cells can be easily observed. Such an experimental tool would have a 
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significant impact on many of the important research topics such as apoptosis, tumor 

formation, development, differentiation and dedifferentiation of stem cells. However, the 

procedure for the femtosecond laser-assisted optoporation must be optimized for each 

cell line and instrument setup before such a practical application can be realized. Our 

work is significant not only because we successfully optimized the optoporation protocol 

for one of the most commonly used cell lines in current research fields, but also in that 

the process of systematic analyses and critical observations of the cellular responses to 

the laser treatment we presented herein would serve as a guideline to other groups to 

optimize their systems for specific tasks and cell lines. 

This chapter is based on Soman, Zhang, Umeda et al, 2011 (228). 

 

MATERIALS AND METHODS 

Cell Culture and Preparation 

All optoporation experiments were performed using 35 mm petri dishes with 

poly-D-lysine coated glass bottom of 10 mm diameter and 0.17 mm thickness (Model 

Number: P35GC-0-10-C, MatTek Corporation, Ashland, MA). A 4 x 4 square grid with 

each square area of about 200 μm x 200 μm was manually scratched on the bottom side 

(outside) of each dish using a tungsten carbide scriber. HEK 293H cells were maintained 

in high glucose Dulbecco’s Modified Eagle Media (DMEM, Invitrogen, Carlsbad, CA) 

with 10% v/v Fetal Bovine Serum (FBS, Atlanta Biologicals, Norcross, GA) and 1X 

Antibiotic/Antimycotic Solution (Cellntec, Switzerland) in a humidified incubator at 

37C with 5% CO2. Cells were seeded on the glass bottom dish with 1 mL culture 

medium without phenol red and grown for 48 hours to achieve 10-30 % confluency 

before laser treatments. 
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Laser Instrumentation Setup 

Ti:sapphire femtosecond laser source (Vitesse, Coherent Inc. Santa Clara, CA) 

was used to produces 100 fs pulses with a central wavelength of 800 nm at a frequency of 

80 MHz. The laser beam was expanded by a homemade 2X beam expander before it was 

focused on the plasma membrane by a 100X oil-immersion objective lens (NA = 1.3, 

Fluar, Carl Zeiss MicroImaging, Inc. Thornwood, NY) which was mounted on an 

inverted microscope (Olympus IX81, Olympus America Inc., Center Valley, PA). Laser 

power was measured by a power meter (PowerMax 500D, Molectron Detector Inc. 

Portland, Oregon) before laser beam entered the objective lens. The power switch of the 

laser beam was controlled by an electrical motorized shutter (Edmund Optics Inc. 

Barrington, NJ). A built-in piezoelectric step motor in the microscope was used to control 

the vertical position of the laser focal point. The glass bottom dish containing cultured 

cells was mounted on the stage of the microscope, and the horizontal movement of the 

stage was actuated by two perpendicularly placed step motors (Newport Inc. Irvine, CA) 

with a moving resolution of 50 nm. The optoporation process was monitored in situ by a 

CCD camera (Q-imaging; Rolera-XR; Q-16467). To find the position of laser focal point, 

the laser was tuned to a very low energy (about 3 mW) and an empty area of the culture 

dish was irradiated. A bright spot indicating the position of laser focal point was noted 

on the monitor connected to the CCD camera. A marker was used to label the center of 

the focal point. Before laser optoporation, a specific site on the plasma membrane (the 

outer boundary) of the targeted cell was moved to the center of laser focal point. The 

desired laser power for optoporation was selected by rotating the laser beam attenuator as 

measured by the laser power meter. The laser exposure time of the cell was selected by 

programming the duration of the mechanical shutter to be opened. 
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Optoporation of Single HEK 293H Cells 

An optical attenuator was used to adjust the laser average power in a range of 10 

mW to 100 mW with 10 mW increments. The exposure time was varied from 10 ms to 

100 ms with 10 ms increments. SYTOX
®
 Green nucleic acid stain (10 µM, Invitrogen, 

Carlsbad, CA) was added to the culture media before optoporation. Targeted cells were 

re-located using the square grid and fluorescence signals were monitored for 1 hour after 

irradiation. Viability of the cells was determined by staining the non-viable cells with 

0.5% Trypan Blue (Sigma-Aldrich, St. Louis, MO) 40 minutes post-laser treatments. All 

experiments were repeated at least three times for each condition unless otherwise 

mentioned. 

 

Transfection by Single-Cell Optoporation 

Plasmid DNA pEGFP-N1 (9 μg/mL, 4.7 kb, molar mass 2.9 MDa, Clontech, 

Mountain View, CA) was added to the culture media and the cells were irradiated at 60 

mW for 35 ms. Targeted cells were imaged after 24-48 hours of incubation using Nikon 

Eclipse TE2000-S microscope equipped with a FITC HyQ filter (Chroma Technology, 

Bellows Falls, VT). The excitation and the emission wavelengths were set to 460-500 nm 

and 510-560 nm, respectively. The images of fluorescent cells were photographed using 

NIS-Elements BR software version 3.0 (Nikon Instruments, Melville, NY) with the 

exposure time of 3 seconds and the gain of 1.00X. The cells without laser irradiation 

were used as negative controls to assess the background auto-fluorescence. 
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Chapter 6  Reverse Protein Engineering to Evolve Green Fluorescent 
Peptide 

 

INTRODUCTION 

Visualization of proteins and protein-protein interactions in intact live cells is of 

ultimate importance to the advancement of current biomedical research. The 2008 Nobel 

Prize in Chemistry awarded to Dr. Osamu Shimomura, Dr. Martin Chalfie, and Dr. Roger 

Y. Tsien reinforced the indispensable role of Green Fluorescent Protein (GFP) in this 

purpose. GFP, first isolated from a jelly fish Aequorea victoria (229), has been widely 

used as a molecular marker and a reporter gene to study spatial and temporal regulations 

of various genes and protein functions (230). GFP and its variants such as cyan 

fluorescent protein (CFP), red fluorescent protein (RFP), and yellow fluorescent protein 

(YFP) have been used extensively as sources of fluorescence resonance energy transfer 

(FRET) to monitor protein-protein interactions in vivo (33, 230, 231). Together with two-

hybrid systems (34, 205) and other RET methods (33), FRET is one of the few 

techniques that allows the real-time monitoring of protein-protein interactions in live 

cells. As new technologies are emerging which enable the detection of single-molecule 

FRET signals (46), the potential applications of these fluorescence-based biotechniques 

could have far-reaching consequences for the scientific community. 
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Structural Basis for the Fluorescence of GFP  

Wild type GFP consists of 238 amino acids and has an apparent molecular weight 

of 26 kDa (232). The crystal structure of wild type GFP shows the characteristic, 11-

strand  -barrel housing a loop with an -helix running through the center of the 

cylinder (Figure 6.1A) (233). The chromophore of GFP is p-

hydroxybenzylideneimidazolinone formed from residues S65, Y66 and G67, located half 

way on the -helix, buried in the center of the -barrel (Figure 6.1B) (232, 234). The 

currently accepted mechanism for the maturation of the GFP chromophore is shown in 

Figure 6.2 (230, 235-237). GFP must first be folded into its native conformation to obtain 

the proper spatial arrangement of S65, Y66 and G67 to facilitate nucleophilic attack on 

the carbonyl carbon of S65 by the amide nitrogen of G67 (cyclization). Dehydration 

follows to form imidazolinone. The final step is the dehydrogenation of the - bond of 

Y66 mediated by molecular oxygen, coupled with the formation of hydrogen peroxide 

(oxidation). Oxidation places the imidazolinone into conjugation with the phenolic side 

chain of Y66. The chromophore of GFP acquires its fluorescence property only at the 

completion of this final step of maturation (230, 235-237). Structural and mutational 

studies have revealed several particularly important residues buried adjacent to the 

chromophore, including F64, V68, Q69, S72, Q94, R96, H148, T203, S205, and E222 

(233). These residues along with the structural water molecules assist in protein folding 

and chromophore maturation (238). The matured chromophore of wild type Aequorea 

GFP exhibits a major excitation peak at 395 nm which corresponds to the major emission 

peak at 508 nm. Aequorea GFP also shows a minor excitation peak at 475 nm which 

leads to the emission at 503 nm. Most of the mutational variants of GFP (excluding the 

color variants) that are commonly used in current biological research exhibit similar 

excitation and emission patterns. 
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Figure 6.1:  Crystal structure of GFP. (A) Full length protein. (B) Chromophore at the 
center of the protein. 
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Figure 6.2:  Proposed mechanism for the intramolecular biosynthesis of the GFP 
chromophore.  
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Proposed Advantages of “Miniature” GFP 

Despite the widespread use of GFP as a genetically encoded molecular probe, 

there are some disadvantages due to its intrinsic properties. One of the most common 

applications of GFP is as a tag fused to other target proteins. However, the size of GFP 

(26 kDa) is comparable to that of many proteins under examination. The size alone may 

cause problems such as interference in the folding of the target protein (239). Moreover, 

GFP has a tendency to form oligomers (238) which may result in aggregation of the 

target proteins in the cells (240). These intrinsic properties of GFP may not only lead to 

incorrect reporting of data or false positives (50) but also could cause cellular toxicities 

(49). These problems can be very costly and time-consuming to correct. 

To propose a solution to the difficulties associated with native GFP, herein we 

report our attempts to engineer a peptidic ―miniature‖ GFP, or green fluorescent peptide 

(GFp). We aimed to isolate a peptide consisting of 100 amino acid residues or less and 

retaining an auto-catalyzed, self-maturing chromophore that is identical to the one in wild 

type GFP. Unlike other small molecule fluorescent dyes, a fluorescent peptide can be 

genetically cloned and expressed as a tag to illuminate various proteins of interest. The 

problems associated with the size of wild type GFP should be significantly reduced or 

eliminated. Given the current scope and the use of GFP in ongoing areas of study (241-

246), the resulting GFp would tremendously impact both biomedical and academic 

research today, since it could potentially replace full length GFP as an imaging agent and 

a molecular probe. 

 

Overall Experimental Design 

We reasoned that a peptide that can form the p-hydroxybenzylideneimidazolinone 

chromophore should be fluorescent. In order to find such a peptide, we started with a 
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―core‖ peptide of the native GFP containing the active site S65, Y66, and G67 and some 

of the flanking amino acid residues. A random peptide library was fused to the end(s) of 

the core peptide via molecular cloning. The resulting peptide library was subjected to 

function (fluorescence) -based genetic screening. If the flanking peptide from the peptide 

library contributes to the reconstitution of the proper folding of S65-Y66-G67, the 

subsequent steps of maturation should proceed to reconstruct the chromophore. Cells 

containing such peptide should exhibit observable fluorescence under a light source at an 

appropriate excitation wavelength. The plasmid encoding the fluorescent peptide can be 

purified from the isolated colony and sequenced. We termed this process ―reverse protein 

engineering,‖ because the proposed evolutionary strategy reverses the direction of 

nature’s protein evolution in that smaller peptides with minimum functions are evolved 

from larger, potentially multi-functional proteins. The overall scheme of the function-

directed reverse protein engineering towards GFp is illustrated in Figure 6. 3. 

 

 

Figure 6.3:  General scheme for the reverse protein engineering to evolve green 
fluorescent peptide (GFp).      
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RESULTS AND DISCUSSION 

Selection of the Core Peptide 

The commercially obtained plasmid pGFPuv encodes the cycle 3 variant (230, 

247-249) of GFP (GFPuv) with codon usage optimized for expression in Escherichia coli 

(Figure 6.4). The GFPuv gene contains cycle 3 mutations F99S, M153T and V163A as 

well as the common mutation Q80R. The fluorescent signal is enhanced by 

approximately 17-fold compared to native Aequorea GFP when expressed at 37°C and 

excited with ultra violet (UV) light at 350-400 nm. We refer to the GFPuv gene and 

protein as ―wild type‖ GFP for the rest of this chapter unless otherwise noted. 

 

 

Figure 6.4:  pGFPuv plasmid map.  
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We first selected a peptide region of 50 amino acid residues C48-T97 as the core 

of GFP. This peptide is located in the central helical region of the wild type GFP and 

contains the active site residues S65, Y66 and G67 as well as some of the important 

amino acid residues (F64, V68, Q69, S72, Q94, and R96) that are interacting with the 

chromophore. The C-terminal end of this peptide retains a part of the -strand of the wild 

type GFP. Figure 6.5 shows the corresponding core peptide region from the Aequorea 

GFP. The GFP core peptide was amplified from pGFPuv and cloned into the original 

vector replacing the full length wild type GFP gene to obtain the plasmid pGFPuvCore. 

When expressed in E. coli, this core peptide alone is not fluorescent presumably because 

it is an unstructured peptide and is not able to achieve the proper conformation of the 

three active site residues into the spatial arrangement that is required for chromophore 

maturation. 

 

 

Figure 6.5  GFP core. Full length wild type Aequorea GFP (left) and the core peptide 
region C48-T97 (right).  
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Screening of 20-mer “Tail” Library 

We first screened a library of 20 amino acid residues fused to the C-terminus of 

the GFP core (―tail‖ library, Figure 6.6A). An oligonucleotide library encoding 20 

random amino acid residues by a codon ―NNS‖ was synthesized commercially. N 

specifies adenine, cytosine, guanine, or thymine and S specifies cytosine or guanine. 

Using S at the third position of the codon eliminates two of the three possible stop codons 

TAA and TGA while allowing the gene to encode all 20 amino acids. The 

complementary double-stranded oligonucleotide library was synthesized using the E. coli 

DNA polymerase Klenow fragment, and subsequently cloned at the C-terminus of the 

GFP core. E. coli Top10 was transformed with the resulting plasmids that express the 

GFP core fused to the peptide library. DNA sequencing revealed the presence of 10
4
-10

5
 

variants of GFP core peptide sequences in this initial library.          

Colonies from the library above were screened under UV light at 365 nm. Most of 

them showed no fluorescence, including the cells expressing the GFP core only (Figure 

6.6B). However, one colony emitted green fluorescence under the same condition (Figure 

6.6C). The plasmid was isolated from the green colony and the amino acid sequence of 

the fluorescent peptide (GFp71) was revealed as shown in Figure 6.7A. Residues C1 to 

T50 are from the GFP core. The remaining amino acids L51-T70 are derived from the 

peptide library and are different from the sequence of wild type GFP. Based on the 

obtained amino acid sequence, we computationally predicted the folding of GFp71 using 

the Protein Homology/analogY Recognition Engine (PHYRE, London Imperial College, 

United Kingdom). Interestingly, the 20-amino acid peptide derived from the tail library 

was predicted to form a two-stranded -sheet with the C-terminal residues of the GFP 

core, much resembling the structure of wild type GFP (Figure 6.7B). Similar structural 

prediction using a peptide sequence isolated from a non-fluorescent colony resulted in a 
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random coil without significant secondary structure. Hence, at the genetic level, these 

data suggests that a 71-mer peptide can emit fluorescence when excited with UV light. It 

is likely that the isolated flanking sequence of 20 amino acids facilitated the folding of 

the GFP core peptide to reconstitute the chromophore. 

 

 

 

 

 

Figure 6.6:  Genetic result from the tail library. (A) General scheme of the construct of 
20-mer tail library. (B) Resulting colonies under white light. (C) Resulting 
colonies under UV light at 365 nm. Corresponding area of the plate is 
circled in red in both (B) and (C). 
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Figure 6.7:  Sequence and predicted folding of the GFp71 isolated from the fluorescent 
colony. (A) Sequence of GFp71 aligned with wild type GFP. The core 
sequence is shaded in green and the residues derived from the 20-mer tail 
library are shaded in pink. (B) Folding of GFp71 predicted by PHYRE 
(London Imperial College, United Kingdom). Side chains of the active site 
residues are shown without the formation of the chromophore structure. 
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The colony expressing the GFp71 was subcultured into liquid media for further in 

vitro characterizations. However, we were not able to observe fluorescence from the 

subcultured cells when analyzed under the UV light. Varying the pH of the media and/or 

culturing on agar plates did not recover the fluorescence either. We hypothesized that the 

71-mer peptide may be unstable in vivo, and a fusion protein may stabilize the peptide. 

Therefore, we amplified the isolated gene for GFp71 and cloned into pET41 vector to 

express the peptide as a fusion protein with glutathione-S-transferase (GST-GFp71). E. 

coli BL21 was transformed with the resulting plasmid pET41-GST-GFp71 and the GST-

GFp71 fusion protein was overexpressed. The culture was analyzed by direct visual 

inspection under UV light. The fusion protein was also purified and analyzed by a 

spectrofluorometer. Again, no evidence of positive fluorescence was observed. 

 

Screening of “Head-Tail” Peptide Library 

Even though we were not able to recover the fluorescence, we were encouraged 

by our discovery of GFp71 and continued the genetic screening process, since this result 

suggested that our basic design to evolve the fluorescent peptide was feasible. The single 

fluorescent colony expressing GFp71 was isolated from only 10
4
-10

5
 variants, whereas 

the complexity of the designed peptide library can contain more than 10
9
 different 

peptides. 

To increase the chance of isolating more fluorescent peptides, we designed a so- 

called ―head-tail‖ peptide library which has two 20-amino acid peptide libraries flanking 

both N- and C-termini of the GFP core. An N-terminal His6 tag was added to facilitate 

subsequent purification and/or characterizations (Figure 6.8A). We hypothesized that this 

head-tail design of the peptide library may exhibit enhanced folding as compared to the 

previous design of tail only library, since the refolding of peptides in the tail library 
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(Figure 6.6A) is guided by the C-terminal sequence of the peptide only, which may be 

limited. 

Simultaneously, we constructed another design of a head-tail peptide library in 

which candidate peptides are expressed as a fusion protein with GST (Figure 6.8B). We 

reasoned that some or all of the GFp peptides may be unstable as naked peptides and 

difficult to detect even if they acquire fluorescence. A fusion protein should protect the 

peptides from the degradation mechanisms in E. coli cells and should facilitate the 

screening of the maximum possible number of variants. This construct also contains a 

tobacco etch virus (TEV) protease site between GST and the GFp peptide library so that 

positive GFp candidates may be cleaved from GST for further characterizations and/or 

applications (Figure 6.8B). 

To construct a head-tail library without a fusion protein, a parent vector pUVHis 

was first generated by cloning a His6 tag at the 5' end of the GFPuv gene and removing 

the coding sequence of the wild type GFP from pGFPuv vector. For the library with the 

fusion protein, the second parent vector pUVGST was generated from the pUVHis by 

cloning the coding sequence of GST at the 3' end of the His6 tag. A slightly reduced GFP 

core of L60-S99 was used to construct the head-tail library. This core peptide still 

contains the important residues discussed above as well as S99, which is one of the three 

residues of cycle 3 mutations. The double-stranded oligonucleotides encoding the head-

tail library were generated as shown in Figure 6.8C. The upper strand containing the N-

terminal 20-residue library encoded by codons ―NNK‖ and the coding sequence for the 

GFP core was commercially synthesized. The lower strand containing the complementary 

sequence to the upper strand encoding the GFP core and the C-terminal 20-residue library 

encoded by complementary codons ―NNM‖ was also commercially synthesized. K 

specifies guanine or thymine and M specifies adenine or cytosine. The use of K (or M on 
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the complementary strand) at the third position of the codon removes the two possible 

stop codon from the library, and reduces some of the codon bias caused by NNS codons 

used in the previous tail library. Upper and lower strands were annealed based on the 

complementary sequence of the GFP core and extended at 3' ends to obtain the double-

stranded oligonucleotides encoding the GFP core with head-tail peptide library (Figure 

6.8C). The resulting oligonucleotides were cloned into pUVHis and pUVGST. E. coli 

DH10B was transformed with the resulting plasmids, and the colonies were screened 

under UV light at 365 nm. DNA sequencing revealed that both libraries with and without 

GST fusion protein contain more than 10
8
-10

9 
variants. Unfortunately, no fluorescent 

colony was identified. 

 

 

Figure 6.8: Design of the head-tail library. (A) Construct without fusion protein. (B) 
Construct with GST fusion protein. (C) Design and synthesis of the DNA 
fragment encoding the GFP core with 20-mer libraries flanking both N- and 
C-termini. The DNA region encoding the GFP core is shaded in green and 
that encoding the 20-mer library are shaded in pink. Two Single-stranded 
oligonucleotides were synthesized commercially, annealed based on the 
complementary sequence for the GFP core region and extended at 3' ends by 
Klenow reaction as indicated by the arrows.  
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CONCLUSION 

In summary, we have constructed genetic peptide libraries by three different 

designs in an attempt to isolate functional green fluorescent peptides. A fluorescent 

colony was identified from the initial 20-residue tail library fused to the C-terminus of the 

50-amino acid GFP core; however, we were unable to recover the fluorescence from the 

isolated peptide. Larger head-tail libraries containing the 40-amino acid GFP core fused 

to 20 residue peptide library at both N- and C-termini produced no observable fluorescent 

colony.  

There are a few possible reasons that isolating truly fluorescent peptides by our 

proposed evolutionary scheme proved to be extremely difficult. The first is the structural 

stability of the small peptides expressed in E coli. Small peptides are not only easily 

prone to the cells’ protein degradation mechanisms, but also potentially too flexible in 

aqueous solution to achieve the necessary configuration of S65, Ｙ66 and G67 for the 

maturation of the GFP chromophore. Since the library with GST fusion protein, which 

may protect the peptides from degradation, did not produce any fluorescent colony from 

10
8
-10

9
 variants, the flexibility of the peptides needs to be addressed. Cyclic peptides are 

known to be less flexible and more proteolytically stable (250). Therefore constructing 

and screening the peptide library as cyclic peptides may turn out to be more successful. 

As a possible experimental scheme to construct a library of cyclic peptides, we propose 

to use a cysteine transpeptidase Sortase A (SrtA) from Staphylococcus aureus (10, 11) 

(See also Chapter 1 and Chapter 2). SrtA recognizes the LPXTG motif at the C-termini of 

proteins and ligates them to the N-terminal pentaglycine (G5) sequence of peptidoglycan 

(251). SrtA has been used to cyclize peptides carrying N-terminal G5 and C-terminal 

LPETG in vitro (252). Therefore we hypothesize that a genetic library of cyclic peptides 

may be constructed if the peptide library bearing N-terminal G5 and C-terminal LPETG 
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and SrtA are co-expressed in E. coli, given that SrtA is catalytically active in E. coli 

(Figure 6.9). We expect such library would have an increased chance of containing active 

fluorescent peptides. 

 

 

 

 

 

Figure 6.9:  Proposed in vivo synthesis of cyclic peptides using SrtA with head-tail 
library fused to the GFP core. 
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The second possible cause of difficulty is the intrinsic property of GFP. Wild type 

GFP has an extremely rigid -barrel structure which houses the chromophore perfectly 

buried at the center of the cylinder. If the chromophore of GFP can mature only by this 

structural arrangement, in other words, if nature strictly intended the size and shape of 

GFP, then GFP may not be an ideal candidate of reverse protein engineering. However, 

we hypothesize that other functional peptides may be evolved through a similar screening 

approach. Some enzymes in nature are inherently small in size and can even be generated 

in vitro by total chemical syntheses. Human Immunodeficiency Virus (HIV) protease 

which consists of 99 amino acids is such an example (253). Therefore it is naturally 

possible for functional proteins or catalytic peptides to exist with less than 100 amino 

acids in size. Many large proteins have separate functional domains allowing deletion of 

one domain while retaining the function of the other. Our experimental scheme of reverse 

protein engineering could be applied to the design of peptidic enzymes and therapeutic 

peptides. Once a useful peptide is isolated and its sequence is confirmed, it could be 

synthesized in large quantities with well-established peptide synthesis technology. We 

believe that the scheme of reverse protein engineering has the potential to become a 

powerful methodology with a tremendous impact on current biotechnology and medicine. 

Finally, the most challenging is the technical limitation of the biospace that can be 

covered by our experimental scheme. A simple calculation of probability indicates that 

there are 10
26

 (20
20

) different possible sequences for a 20-amino acid peptides whereas 

the maximum number of variants that can be screened from a single genetic library is 

10
9
-10

10
 at maximum. The only solution is to screen the largest possible library, but it is 

unfortunately very close to impossible to screen the complete library of 20-amino acid 

peptides with our current level of technology. Perhaps only nature could afford such a 
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long time to complete the experiment of evolving proteins and all living organisms. 

Whether or not she allows us to reverse this process remains to be revealed. 

 

MATERIALS AND METHODS 

Construction of Parent Vectors 

Plasmid pGFPuv was purchased from Clontech (Mountain View, CA). To obtain 

pGFPuvCore, the coding sequence of GFPuv between C48 and K101 was amplified by 

polymerase chain reaction (PCR) using pGFPuv as a template. The PCR product was 

double-digested with HindIII and EcoRI and ligated back into the original pGFPuv vector 

also double-digested with HindIII and EcoRI. The coding sequence for the His6 tag was 

purchased as following 5'-phosphorylated complementary oligonucleotides (Invitrogen, 

Carlsbad, CA):  

5'-Phos-AGCTTGCACCACCATCACCATCATC-3' and  

5'-Phos-TCGAGATGATGGTGATGGTGGTGCA-3' 

The oligonucleotides were annealed and the resulting double-stranded DNA fragment 

was ligated to pGFPuv vector double-digested with HindIII and XhoI to afford pUVHis. 

The coding sequence of GST was amplified from the plasmid pET41b (Novagen, La 

Jolla, CA) by PCR using the following primers (Invitrogen, Carlsbad, CA):  

5'-CCAAGCTTGCACCACCACCACCACCACATACTAGGTTATTGGAAAA 

  TTAAGGGCC-3' and  

5'- CACCTCGAGTCCCTGAAAATACAGGTTTTCAGTTGAACCATCCGAT 

  TTTGGAGG-3' 

The PCR product was double-digested with HindIII and XhoI and ligated to the vector 

pGFPuv also digested with HindIII and XhoI to obtain pUVGST. All parent vector 
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sequences were confirmed by DNA sequencing (The University of Texas at Austin 

ICMB DNA Core Facility). 

 

Construction of the Tail Library 

All enzymes, reagents for the enzymatic reactions, and the stock solutions of 

corresponding reaction buffers were purchased from New England Biolabs (Ipswich, 

MA) unless otherwise noted. Partially complementary oligonucleotides were 

commercially synthesized as follows (Invitrogen Carlsbad, CA): 

5'-TATGTACAGGAACGCACT-3' and 

5'-GGAATTCATTASNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNS 

  NNSNNSNNSNNSNNSNNSNNSNNSNNAGTGCGTTCCTGTACATA-3'  

Equal amounts by mass (1 µg/100 µL) of both oligonucleotides were dissolved in 1X 

NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol [DTT], 

pH 7.9) and heated for 1 minute in a boiling water bath to completely denature the 

oligonucleotides. The reaction mixture was cooled to the ambient temperature in the 

water bath to anneal the complementary oligonucleotide strands. Deoxyribonucleotide 

triphosphate (dNTP) mixture was added to the final concentration of 0.025 mM each 

dATP, dGTP, dTTP and dCTP. The recessed 3' ends of the annealed oligonucleotides 

were extended with E. coli DNA polymerase Klenow fragment (0.05 U/µL) for 30 

minutes at room temperature. The Klenow was deactivated by incubating the reaction 

mixture at 75°C for 20 minutes. The reaction mixture was resolved by 4% agarose gel 

electrophoresis and the band corresponding to the full length double-stranded DNA 

fragment was excised. The DNA fragment was purified using Gel Extraction Kit 

（Qiagen, Madison, WI）according to the manufacture’s instructions. Purified double-

stranded DNA fragments were digested with BsrGI (0.2 U/µL) in 1X NEBuffer 2 
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supplemented with 1X (100 µg/mL) bovine serum albumin (BSA) at 60°C for 4 hours. 

The reaction mixture was cooled on ice briefly and EcoRI (0.4 U/µL) was added. The 

double-digestion reaction was allowed to proceed for additional 2 hours at 37°C. The 

digested DNA fragments were purified using Qiagen PCR Purification Kit according to 

the manufacturer’s instructions. The plasmid pGFPuvCore was digested with BsrGI and 

EcoRI in a similar manner as described above. Calif intestinal alkaline phosphatase (CIP, 

0.1 U/µL) was added at the end of the digestion reaction and the reaction mixture was 

further incubated for an additional 55 minutes at 37°C. The digested plasmid was 

resolved on 1% agarose gel and purified using Qiagen Gel Extraction Kit. Digested 

vector (20 ng/µL) and the insert DNA fragment (3 ng/µL) were mixed (molar ratio of 

vector : insert = 1:4.5 in 10 µL reaction) in 1X T4 DNA ligase reaction buffer (50 mM 

Tris-HCl, 10 mM MgCl2, 10 mM DTT, 1 mM ATP, 25 µg/mL BSA, pH 7.9). The DNA 

fragments were ligated with T4 DNA ligase (20 U/µL) overnight at 4°C. T4 ligase was 

deactivated by heating the reaction mixture to 65°C for 10 minutes. The ligation mixture 

was desalted using 0.025 µm VSWP nitrocellulose membrane filter (Millipore, Billerica, 

MA) against double-deionized water for 30 minutes. The desalted ligation mixture (10 

µL) was collected and added to 50 µL of E. coli Top10 electrocompetent cells prepared 

in-house. The cells were incubated on ice for 5 minutes and electroporated at 1.80 kV and 

25.0 µF using Gene Pulser
TM

 Electroporation system (Bio-Rad, Hercules, CA) and 

electroporation cuvettes with 1 mm gap (Fisher Scientific, Pittsburgh, PA). SOC media 

(300 µL) was added and the cell mixture was transferred to a 1.5-mL centrifuge tube. The 

tube was shaken horizontally at 37°C for 1 hour. The transformed cells were spread on 

Luria-Bertani (LB) agar (1.5%) plates supplemented with ampicillin (50 µg/mL, Fisher 

Scientific, Pittsburgh, PA) and isopropyl -D-1-thiogalactopyranoside (IPTG, 1 mM, 

Gold Biotechnology, Inc., St. Louis, MO). The plates were incubated 16-20 hours at 
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37°C. Resulting colonies were screened under UV light at 365 nm. Several single 

colonies were inoculated into LB broth supplemented with ampicillin (50 µg/mL) and 

incubated overnight at 37°C. The plasmid DNA was isolated from each subcultured 

colony using Qiagen Miniprep Kit and sequenced (The University of Texas at Austin 

ICMB DNA Core Facility) to verify the expected size of the peptide library.   

         

Construction of the Head-Tail Library 

Partially complementary oligonucleotides were commercially synthesized as 

follows (Integrated DNA Technologies, Inc., Coralville, IA): 

5'-CATCTCGAGNNKNNKNNKNNKNNKNNKNNKNNKNNKNNKNNK 

  NNKNNKNNKNNKNNKNNKNNKNNKNNKCTTGTCACTACTTTCT 

  CTTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCATATGAAAC 

  GGCATGACTTTTTCAAG-3' and 

5'-TCTGAATTCATTAMNNMNNMNNMNNMNNMNNMNNMNNMNN 

  MNNMNNMNNMNNMNNMNNMNNMNNMNNMNNMNNAGATAT 

  AGTGCGTTCCTGTACATAACCTTCGGGCATGGCACTCTTGAAAAA 

  GTCATGCCGTTTCATATG-3' 

Double-stranded DNA fragment encoding the GFP core with the fused head-tail peptide 

library was synthesized in a similar manner as described for the tail library except that 

equimolar amounts of the above oligonucleotides (1 µM each) were used in the annealing 

reaction. Resulting DNA fragments were digested with XhoI (0.2 U/µL) in 1X NEBuffer 

EcoRI (50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl2, 0.025% Trion X-100, pH 7.5) 

supplemented with 1X BSA at 37°C for 4 hours. EcoRI (0.2 U/µL) was added and the 

double-digestion reaction was allowed to proceed for an additional 4 hours at 37°C. The 

digested DNA fragments were purified using Qiagen PCR Purification Kit. Plasmids 
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pUVHis and pUVGST were double-digested with XhoI (0.2 U/µL) and EcoRI (0.2 U/µL) 

In 1X NEBuffer EcoRI with 1X BSA for 7 hors at 37°C. Digested plasmids were 

dephosphorylated and purified from 1% agarose gel as described above. The digested 

DNA fragments were ligated as described above except that the molar ratio of vector to 

insert was adjusted to 1:3. Commercial electrocompetent E. coli MegaX DH10B
TM

 T1
R
 

was transformed with the ligated plasmids in a similar manner as described above. The 

head-tail peptide library was screened and sequenced as described for the tail library. 
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Gumma, Japan. Her career in science was determined fairly early in her life. In one 

December, when she was approximately seven years old, her curiosity about the nature 

surrounding her started making her wonder about the feasibility of magic. In particular, 

she started to doubt the theory of Santa Claus. She had always loved the Christmas 

morning to see the toy—whatever she wished for—delivered to her bedside. However 

that particular winter, her general knowledge about basic physics seemed to contradict 

with the theory that claims an old man rides a flying sleigh and delivers toys to all good 

children in the whole world.  She was puzzled because there was also evidence that 

supports the existence of Santa Claus: He always knew what she wanted. So she started 

analyzing several years’ worth of past data, looking for a clue for how Santa Claus could 

figure out what she wanted each year. Then she came to realize the critical factor: Her 

family always asked her what she wanted from Santa Claus that year. The first project in 

her life was initiated. Her hypothesis was that if Santa Claus does exist, then he should 

know what she wants by magic but not through her parents. Then she designed the 

experiment. The protocol was not to tell anyone what she wanted from Santa Claus that 

year until the Christmas morning. If she gets what she wanted, then the hypotheses is 

accepted. If she gets something other than what she wanted, then the hypothesis and the 

magic of Santa Claus is denied. Just like any other experiment, it demanded her 

tremendous amount of effort and patience to complete this project. She had to fight the 

excitement of thinking about Christmas and resist to temptations to answer her parents’ 
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questions about what she wanted.  Despite all of these challenges, she successfully made 

it to the Christmas morning. What she found inside of the shiny wrapping paper was 

totally different from what she wished for. It was a complicated mixed feeling of finally 

knowing the truth that she was looking for, slightly disappointed by it, and realizing that 

she somewhat knew the answer before she opened the box.  

She never lost her curiosity about nature. She found her passion in biology while 

she was attending the Maebashi Girls’ High School. In 2000, she was accepted to the 

University of Texas at San Antonio where she learned basic organic syntheses under the 

supervision of Dr. David M. Johnson and molecular biology under supervision of Dr. 

John M. McCarrey. She was awarded a degree of Bachelor of Science in Biology with 

Minor in Chemistry in May 2005 and moved to the University of Texas at Austin for her 

Doctoral study in Cellular and Molecular Biology. She joined the laboratory of Dr. 

Zhiwen Jonathan Zhang in 2006 and has been working in the ever so fascinating field of 

chemical biology. 

In 2011, she firmly believes in Santa Claus and his magic, because she has met so 

many of them who have given her everything she wished for and allowed her to stand 

where she is today, with much happiness, support, and love.      
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