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Abstract 

Photoactive Molecular Probes for Protein Kinases: 

Development of Selective Photoligands for Lymphocyte Specific Kinase  

 

by 

Sagit Hindi 

Advisor: Dr. Akira Kawamura 

 

This thesis describes the development of a chemical approach for selective 

labeling of protein kinases, regardless of their chemical reactivities, using photoactive 

molecular probes. Selectivity toward target proteins was attained based on the well-

known fact that two modest-affinity ligands, when tethered through an appropriate linker, 

can make a bidentate ligand with high affinity and selectivity. Our probes were designed 

as bidentate ligands containing adenine, which targets the catalytic site of protein kinases, 

and benzophenone, which targets hydrophobic pockets in the vicinity of the catalytic site.  

In addition to its role as a recognition unit, benzophenone serves as a photocrosslinker to 

covalently label target proteins. Binding selectivity studies revealed that our probes, 

despite their simple structure, selectively tag certain proteins out of crude protein 

mixtures. In addition, it was shown that probe’s selectivity can be modulated via 

modifications of the probe’s chirality as well as the distance between adenine and 

benzophenone.  

 Our methodology was successfully employed for the development of a library of 

photoactive probes for selective tagging of Src-family of kinases.  During this study, we 
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identified a selective photoactive probe for Lck, a Src-family kinase involved in lymphocyte 

proliferation and differentiation. This probe exhibited selectivity toward Lck both in a 

mixture of commercial kinases and in lysate from Jurkat cells, and was shown to interact 

with Lck through both its adenine and benzophenone units. Structural motifs crucial for the 

recognition by Lck were identified as the chirality of the probe’s peptidic backbone as well 

as the distance between adenine and benzophenone and their locations within the probe.  

The probe-Lck complex was characterized by a series of photolabeling and mass 

spectrometric analyses, which showed that the benzophenone covalently binds to Leu384 

residue located near the catalytic site of Lck. A structural model of probe-Lck complex was 

subsequently obtained and utilized for structure-affinity relationship studies. These studies 

resulted in improved labeling of Lck and revealed the importance of linker flexibility for 

efficient labeling by our probe. Further studies are required to fully characterize the affinity 

and selectivity of our probes and understand the recognition process in probe-Lck complex.  
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I.1. Proteomics Research 
 
 

The completion of the human genome project has created much excitement due to 

the likely impact that this information might have on the process of drug discovery and 

development.  However, proteins, rather than genes, are ultimately responsible for most 

biological processes occurring inside the cell.1  By studying the whole array of proteins in 

a cell, tissue, or organism we can significantly improve our understanding of disease 

processes and identify proteins that are potential targets for therapeutics.2,3 Thus, the 

study of proteins is considered the next step, after genomics, in the understanding of 

biological systems.  Proteomics is the large-scale study of cellular proteins, and its major 

goal is to identify, characterize, and assign biological functions to all proteins expressed 

by the genome.4,5  

One of the major challenges of proteomics research comes from the heterogeneity 

of cellular proteins.4,6-8  Each gene can produce multiple proteins through alternative post 

transcriptional and post translational modifications. Thus, the actual number of proteins 

far exceeds the estimated number of genes in the human genome. The diversity of 

cellular proteins is further complicated by the fact that proteins have various isoforms and 

variants.6  Another challenge in functional proteomics stems from the structural diversity 

of proteins. Proteins are three-dimensional entities, and their structures are critical for 

their functions.4,8  This often requires not only correct folding of polypeptide but also 

appropriate post-translational modifications.   

Proteomics approaches generally fall into two complementary categories: 

methods for the global analysis of protein expression and methods for the global analysis 

of protein function.8-12  For protein expression analysis, several powerful proteomics 
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techniques have been developed during the last decade.  One of these techniques, widely 

used for protein expression analysis, is two dimensional gel electrophoresis (2DE) 

coupled with mass spectrometry (MS).13,14 In this methodology, proteins are first 

separated by their isoelectric point and then by their molecular weight. Next, the 

separated proteins are visualized using a variety of chemical stains or fluorescent 

markers. Once the proteins are separated and quantified, they are identified. Individual 

spots are cut out of the gel and cleaved into peptides with proteolytic enzymes. These 

peptides can then be identified by mass spectrometry, especially a matrix-assisted laser 

desorption-ionization time-of flight (MALDI-TOF) mass spectrometer.6,14 

Despite noteworthy advances in the development of automated 2DE-MS systems 

for rapid analysis of complex proteomes,13-17 the separation capacity of 2DE significantly 

limits the applicability of this method. For example, several types of proteins, including 

membrane-bound and low abundance proteins, have proven difficult to analyze by 2DE.18 

This method is also limited by the ability of current staining methods to differentiate the 

enormous dynamic range of protein abundance. 

Protein mixtures can also be analyzed without prior separation on 2DE using High 

Performance Liquid Chromatography (HPLC) coupled with tandem mass spectrometry 

(MS/MS).6 These procedures begin with proteolytic digestion of the proteins in a 

complex mixture. The resulting peptides are injected onto HPLC that separates them 

based on hydrophobicity. HPLC can be coupled directly to a time-of-flight mass 

spectrometer using electrospray ionization. Peptides eluting from the column can be 

identified by tandem mass spectrometry (MS/MS).6 This method, however, is limited by 

the capability of HPLC to separate peptides with similar hydrophobicity.  
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Recently, another approach was developed for quantitative proteomic analysis. 

This method employs small molecular probes, named isotope-coded affinity tags (ICAT), 

to covalently modify proteins through their cysteine residues.19 An attractive feature of 

the ICAT method is that through the combined use of this chemical probe and MS 

analysis, both the relative abundance and sequence identities of ICAT-labeled peptides 

can be determined in a single experimental operation. Additionally, by focusing on 

cysteine-containing peptides, a significant reduction in complexity can be achieved.5  The 

limitation of the ICAT is that they monitor protein abundance, which does not necessarily 

correlate with activity. 

Protein microarray systems (“chips”) provides a functional proteomics approach 

to probe protein function in a high throughput manner.3,20  The approach allows screening 

of protein-protein or receptor-ligand interactions by immobilizing proteins on a glass 

slide while retaining their original biological functions. Therefore, functions of various 

proteins can simultaneously be compared with this approach. In addition, this method can 

be used for screening of potential protein binders and inhibitors, leading to the discovery 

of potential therapeutic reagents.3  The scope of this technology is limited to those 

proteins that can be immobilized without affecting their native functions. 

Another approach for functional proteomics employs biotin-tagged suicide 

inhibitors to covalently tag enzymes with biotin.  Biotin-tagged proteins are then 

identified through SDS-PAGE or purified through affinity chromatography with avidin.  

This method is conceptually simple and circumvents many problems associated with 

proteomic analyses.  By focusing on a single class of enzymes, this method significantly 

reduces problems associated with protein heterogeneity.  
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I.2. Chemical Proteomics and Molecular Probes 
 

Chemical proteomics is a promising new class of proteomic methods which unites 

the fields of synthetic chemistry, protein biochemistry, and cell biology to create 

powerful tools for global analysis of protein expression and function.5,21-25  Chemical 

proteomics utilizes chemical probes to selectively tag a small fraction of proteins in 

complex proteomes, thus reducing the complexity of proteomic analysis.   

The most commonly used chemical probes are activity-based probes which 

consist of three basic elements: (i) a reactive functional group able to covalently attach to 

active sites of specific classes of enzymes, (ii) a reporter group, such as a fluorophore or 

biotin, for identification and purification of modified proteins, and (iii) a linker unit to 

prevent steric congestion of the reactive and reporter units and to provide selective 

binding interactions with target proteins (Figure 1).5,8,21,24,25  

A number of activity-based probes have been reported,4,8,22,21-27 some of which 

have been used successfully in proteomic profiling of biomedically significant enzymes 

including cysteine proteases,26 serine hydrolyses,27 protein kinase C,28 ubiquitin and 

ubiquitin-like proteins,29 and protein tyrosine phosphatases.30 For example, the cysteine 

proteases probe, DCG-04,26 which employed an epoxide as an electrophile to selectively 

label cysteine proteases (Figure 1a). Another example is the biotinylated 

fluorophosphonate27 (FP-biotin) chemical probes (Figure 1b). In these probes, 

fluorophosphonate, which is a general suicide inhibitor for serine hydrolases, is employed 

to selectively tag catalytically active serine hydrolases in complex proteomes.  
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Figure 1.  Anatomy of an activity-based chemical probe. Example of two 

probes that use different reactive groups and different linkers: (a) DCG-04 

chemical probe,26 (b) Biotinylated fluorophosphonate (FP-biotin) chemical 

probe.27 

 

 Although activity-based chemical probes provide novel insights for studying 

various proteins, their major limitation is that target proteins need to possess unique 

nucleophilic activity, such as catalytic activity of enzymes, to attain selective tagging. 

Therefore, a selective tagging strategy not relying on nucleophilic activity of functional 

side chain in proteins would greatly enhance our ability to carry out chemical proteomics 

studies on a wide variety of proteins. 
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Our study offers a complimentary approach that allows selective tagging of 

proteins regardless of their nucleophilic activity. Our approach utilizes an affinity group 

conjugated to a photo-labeling group (PLG)31 (Figure 2). The affinity group binds in a 

non-covalent manner at the active site of the target protein, whereas the PLG covalently 

labels the target protein.  Upon UV irradiation, the PLG modifies the target protein and 

forms a covalent protein-probe adduct. The photoligand must also contain a detectable 

tag which renders the modified protein distinguishable from unlabeled proteins and 

allows visualization and purification of tagged proteins. 

 

 

 

 

 

 

 

 

Figure 2.  Anatomy of an affinity-based chemical probe. 

 

 

Photoaffinity labeling has been used in many protein-ligand studies since it 

provides valuable information about the location and architecture of the ligand-binding 

site.32-37 This information can be used to develop novel drug candidates that target 

proteins of therapeutic importance.  For example, α-factor analogues containing 

benzophenone photophore were used to identify and characterize the ligand binding 

regions of the Saccharomyces cervisiae α-factor pheromone receptor.32,33,38 Another 

Affinity Group Linker Photolabiling
Group

Tag
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example is the development of highly specific photoaffinity labels for the investigation of 

the vasopressin receptor.34 

The uniqueness of our approach, however, is the use of benzophenone not only as 

a photocrosslinker but also as an affinity group to search for protein surface hydrophobic 

pockets capable of molecular recognition. The most well studied protein surface pockets 

are enzyme active sites. For example, ATP-binding sites of many proteins are now 

understood at the atomic resolution. However, enzyme active sites are a small fraction of 

protein surface pockets. The vast majority of protein surfaces are still poorly defined, 

especially, in terms of their ability to recognize small molecules. Therefore, we decided 

to search for such pockets and utilize them for selective photolabeling of different 

proteins. 

 
 
I.3.  Research Summary 

 
 Our initial goal was to develop photoaffinity chemical probes for selective 

labeling of protein kinases, which are a group of biologically important proteins 

regulating complex cellular functions and pathways.  Many kinases possess hydrophobic 

binding areas that can be targeted with hydrophobic PLGs, such as benzophenone. Our 

central hypothesis was that molecular probes containing both adenine and benzophenone 

can differentially bind to individual protein kinases due to differences in hydrophobic 

areas around the adenine binding site. We used adenine to target the adenine binding site 

on protein kinases and benzophenone to target nearby hydrophobic pockets. 

 At the onset of our study (Chapters II and III) we designed and synthesized 

photoactive chemical probes for selective labeling of protein kinases and evaluated the 
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probes’ binding selectivity using two different cancer cell lines.  Our probes, despite their 

simple structures, selectively labeled a small number of proteins out of a complex 

mixture, substantiating our central hypothesis. Furthermore, we showed that the chiral 

center in the p-benzoyl-phenylalanine (Bpa) linker unit plays an important role in the 

protein-binding selectivity.31 

 While the first part of our study proved the concept of using adenine-

benzophenone conjugated probes for selective labeling of proteins, it presented two major 

concerns. First, blocking experiments showed that most proteins recognized our probes 

through the benzophenone moiety while adenine had no significant effect on binding 

selectivity. Second, difficulties in identification of tagged proteins disabled the 

verification that our probes tag adenine binding proteins. Therefore, in the second part of 

our study (Chapters IV and V), we decided to change our strategy and focus our attention 

on Src family of tyrosine kinases (SFKs).  

We used the crystal structures of SFKs to determine the possible binding 

orientation of benzophenoe in hydrophobic pockets near the adenine binding site of 

SFKs. Then, we designed a new set of photoactive probes targeting the members of this 

family. Binding selectivity experiments revealed that a prototype probe, biotinyl-p-

benzoyl-L-phenylalanyl-glycinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-glycine (5-S), 

selectively labeled lymphocyte-specific kinase (Lck).39  This discovery led us to further 

characterize the 5-S-Lck complex and study the structural basis for the binding selectivity 

and affinity.  Structural motifs crucial for the recognition of Lck by 5-S were identified 

and the probe’s binding site was located within the well-conserved region of Src-family 

kinases. Based on our finding we obtained a structural model for the 5-S-Lck complex 
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and performed structure affinity relationship studies, in which we succeeded in improving 

the binding affinity toward Lck without impairing the binding selectivity. 
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II.1. Probe Design 

 
General Probe Structure 

The goal of this study was to develop a simple chemical approach for profiling 

various kinases in cells. As an initial step toward this goal, we designed photoaffinity 

probes to target adenine binding proteins containing benzophenone binding pockets. We 

used adenine, as a first ligand, to target the catalytic site of protein kinases, and 

benzophenone, as a second ligand, to target hydrophobic areas near the substrate binding 

site (Figure 3). The uniqueness of this approach is that the benzophenone moiety also 

serves as a photo crosslinker to form a covalent bond at the binding site.  

 

 

 

 

 

 

 

 

Figure 3.  General structure of our prototype probe. The probe contains 

three functional units: adenine, benzophenone, and biotin. Adenine targets 

the catalytic site of kinases. Benzophenone, in addition to its role as 

photocrosslinker, targets hydrophobic pockets in the vicinity of the catalytic 

site. Biotin is used for visualization and purification of tagged kinases. 
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Our probes were expected to selectively label target proteins based on the 

principle of thermodynamic additivity, i.e., two modest-affinity ligands, when tethered 

through an appropriate linker, can make a bidentate ligand with high affinity and 

selectivity (Figure 4).40-43 By tethering adenine and benzophenone it is possible to 

selectively photocrosslink kinases due to differences in hydrophobic areas around the 

adenine binding site. 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 4.  The principle of thermodynamic additivity. A tight binding bidentate ligand 

can be prepared from two modest ligands. 

 

The probes also contain an N-terminal biotin unit, which allows the detection and 

purification of bound proteins. Biotin is the most commonly used tag for chemical probes, 
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due to its ability to provide both a gel-based method of detection and a method for 

purification of labeled enzymes using avidin-coated resins.8,44,45 

We chose a peptidic backbone for our probes due to the ease of preparation and 

compatibility with solid-phase chemistry. Using standard solid-phase synthesis to assemble 

the probes, a diverse probe library can be readily generated to conduct detailed analyses on 

structure-activity relationships.31  In addition, many enzymes have protein substrates and 

are, therefore, expected to bind probes with peptide character.1 

Binding selectivity of individual probes can be modulated through modifications 

of the tethering region and recognition units.41  For example, binding selectivity can be 

tuned by changing the length and flexibility of the linker between benzophenone and 

adenine.36,41  This modification allows differential recognition by proteins with different 

distances between their adenine binding sites and hydrophobic pockets. Another way to 

modify binding selectivity is through alteration of their stereochemistry. This 

modification is expected to change the selectivity since chirality plays a central role in 

various biological recognition processes.46,47 

 

Benzophenone as a Photocrosslinker  

Many probe-protein interaction studies utilize benzophenone as a photoactive 

group32-38,48 due to its three distinct advantages. First, benzophenone is chemically stable 

and can be incorporated into peptides by standard solid phase synthesis.36,37,49  Second, 

benzophenone can be manipulated in ambient light and activated at 350-360 nm, 

avoiding protein-damaging wavelengths.36  Third, benzophenone reacts preferentially 

with unreactive C-H bonds with high regio- and stereospecificity, which result from 
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geometrical and stereoelectronic preferences of the frontier molecular orbitals favoring 

certain angles and planes for the attack.36,37,49  

Irradiation of benzophenone at 350 nm results in the promotion of one electron 

from a nonbonding n-orbital on oxygen to an antibonding л*-orbital of the carbonyl group 

forming a diradicaloid triplet state (Figure 5a). In the excited triplet state, the electron 

deficient oxygen n-orbital serves as an electrophilic center and abstracts hydrogen from 

weak C-H σ-bonds (Figure 5a).36  The triplet state may last 80-120 μs in the absence of 

an abstractable H, but it may be much shorter in the presence of a suitably oriented C-H 

bond.36  

 

 

 

 

 

 

 

 

 

 

Figure 5.  Photochemistry of benzophenone: (a) Radical formation and covalent 

attachment to target protein. (b) Regio- and stereoselectivity requirements for 

efficient H-abstraction and recombination reactions.36 
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The selectivity of this reaction is affected by several factors. First, the reactant 

and substrate must spend sufficient time at the reactive volume of benzophenone, which 

is a sphere with a radius of 3.1 Å, centered on the ketone oxygen.  Second, in the excited 

state, the benzophenone ring system is required to be nearly planar, imposing significant 

rigidity. Third, the stereoselectivity of this reaction is affected by the preferred molecular 

orbital geometry of the excited triplet.36  As shown in Figure 5b, the conformation of the 

n-л* triplet state is close to planarity, the half filled n-orbital lies in this plane, while the л* 

orbital is perpendicular to it. Ab initio calculations showed that the ideal CCO-OH angle of 

the biradical attack is 108.9°, the O-H-CCH is almost colinear, and the H-abstraction 

occurs in-plane.50  Radical recombination may also affect the stereochemistry of this 

reaction, since it requires the p-orbitals to be collinear for maximum overlap.36  

Finally, the reactivity and efficiency of the photocrosslinking by benzophenone 

depend on its environment. In biological systems, the most effective H-donors that can 

react with a benzophenone di-radical include backbone C-H bonds in amino acids, 

polypeptides, and carbohydrates. Particularly reactive sites include electron rich tertiary 

centers such as Cγ-H of leucine and Cβ-H of valine as well as CH2 groups next to 

heteroatoms in lysine, arginine, and methionine.51 
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II.2. Probe Synthesis 

 
Since this study calls for a versatile synthetic method for rapid generation of 

various probes, a peptide backbone was selected as the tether.  This permits convergent 

synthesis of various probes from simple building blocks, as shown in Figure 6. Probe 

syntheses can be performed either in solution by Boc/Cbz chemistry or on a solid-phase 

support using Fmoc/Bhoc chemistry. Probe synthesis is described in detail in Chapters III 

and IV (pages 27-28 and 58-59). 

 

 

 

   Figure 6.  Retro synthesis of prototype probe. 
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II.3. Binding Selectivity Evaluation 

 
Protein-binding selectivity of each probe was evaluated using the procedure 

outlined in Figure 7: First, protein mixtures from various cancer cell lines, as well as 

purified kinases were incubated with the probes with or without the presence of free 

adenine, benzophenone, and biotin, which served as blockers allowing additional insight 

into probe-protein interaction.  For example, binding of proteins that recognize our 

probes mainly through the benzophenone moiety will be affected by the presence of free 

benzophenone. After incubation with the probes, proteins that bound tightly to the probes 

were photocrosslinked to give a labeled protein mixture, which was then separated by 

SDS-PAGE. Labeled proteins were then visualized by western blotting followed by 

chemiluminescence detection.   

The number of visualized bands is used to assess protein binding selectivity of 

each probe.  When necessary, the biotin unit was used to purify the labeled proteins for 

further characterization. 
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Figure 7.  Experimental procedure for evaluation of protein binding selectivity. (a) 

Protein mixture is incubated with photoactive probes. (b) Upon UV irradiation, proteins 

that bind tightly to the probe are photocrosslinked. (c) Proteins are separated by SDS-

PAGE. (d) Labeled proteins are visualized by Western blot followed by 

chemiluminescence detection.   

 

II.4. Binding Site Identification 

 

Isolation and purification of tagged proteins from a cell lysate mixture can be 

conducted using affinity chromatography based on strong non-covalent interactions 

between biotinylated proteins and streptavidin-agarose beads.8  After isolation and 

purification, tagged proteins can be digested with trypsin and identified by peptide mass 
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fingerprinting analysis, which matches the tryptic peptide masses in the mass spectrum to 

the calculated tryptic peptide masses for proteins in a database.52  The accurate molecular 

weights of tagged proteins can be determined by MALDI-TOF.17,53  To identify the 

binding site of highly selective probes, the labeled protein is digested enzymatically by 

trypsin and its fragments submitted to mass spectrometric analysis. The binding site is 

examined by MS/MS fragmentation, and spectra of fragmented ions are analyzed to 

identify the location of photocrosslinking of the examined probe (Figure 8). 

 

 

 

 

 

 

 

 

 

Figure 8.  Experimental procedure for the determination of binding site: (a) UV 

irradiation of the probe in the presence of target protein results in covalent labeling of the 

protein. (b) The labeled protein is purified and digested enzymatically by trypsin. (c) The 

fragments are submitted to mass spectrometric analysis and the amino acid composition 

around the covalent attachment point is determined. 
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Photoactive Probes for Protein Kinases 
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III.1. Introduction  

 
Protein kinases comprise the largest mammalian enzyme family in the human 

proteome with more than 500 members (Figure 9).54,55  These enzymes catalyze the transfer 

of the γ-phosphoryl group from ATP to serine, threonine, or tyrosine residues of proteins. 

These phosphorylation reactions are often associated with regulation of complex cellular 

functions and pathways.23,55,56  In addition, nearly every human malady has been linked to 

abnormal protein kinase activity.57  The pharmacological importance of protein kinases has 

created considerable effort aimed at identifying and characterizing these proteins in order 

to develop modulators of their activities.54  However, the study of protein kinases is often 

complicated by a high degree of post-translational regulation, low expression levels, and 

overlapping substrate selectivity.23,54  Thus, despite intense efforts, there are still 

unresolved fundamental questions about the structure and function of kinases.   

 

   

 

 

 

 

 

 

 

  

Figure 9. Protein kinase subfamilies.  
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Several chemical approaches for profiling the function and expression of protein 

kinases have been developed in recent years. For example, Patricelli and co-workers 

developed a probe-based technology for comprehensive screening of protein kinases in 

native proteomes (Figure 10a). This approach employs biotinylated-ATP to selectively 

label protein kinases in a complex proteome. Furthermore, it allows profiling of the 

selectivity of kinase inhibitors against a broad range of protein kinases in native 

proteomes.54  Another biotinylated-ATP methodology for studying of protein kinases was 

recently described by Pflum et al58 (Figure 10b). This approach utilizes γ-phosphate-

modified ATP analogues for monitoring the phosphorylation activity of kinases in 

cellular lysates. The biotinylated γ-phosphate-ATP acts as a kinase cosubstrate to 

promote phosphorylation-dependent biotinylation of peptides and proteins. 

These approaches, while expanding the use of chemical probes in kinases 

profiling, do not offer selectivity toward different families of kinases. Our molecular 

probes, on the other hand, can be tuned to selectively label different families of protein 

kinases based on topology around their binding site. For example, modifications of the 

linker between adenine and benzophenone can result in labeling of different kinases 

based on the differences in distance between their catalytic site and hydrophobic pockets 

that can accommodate benzophenone. Similarly, modification of the stereochemistry of 

the probe and incorporation of additional recognition elements can lead to labeling of 

different kinases.  
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Figure 10.   Chemical probes for kinase profiling: (a) Biotinylated-ATP probe for 

selective labeling of protein kinases in complex proteome. The ε-amino group of the 

lysine attacks the carbonyl carbon of the probe, releasing ATP and covalently attaching 

the biotin moiety to the kinase.54 (b) ATP-biotin probe for monitoring phosphorylation 

activity of kinases in cellular lysates.58 This probe acts as a kinase cosubstrate to 

selectively biotinylate phosphoproteins and allows the detection of phosphorylation 

activity of kinases. 
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III.2. Probe Design and synthesis 

 
Probe Design 
 

With the aim of developing photoactive probes for selective tagging of protein 

kinases, an initial set of 6 molecular probes was designed and synthesized (Figure 11).  

To evaluate the effect of chirality and distance between the probes’ units on binding 

selectivity, our probes were designed as 3 pairs of diastereoisomers: (1-S and 1-R), (2-S 

and 2-R) and (3-S and 3-R), in which the letters, R and S, denote the configurations of 

the chiral center in the Bpa unit. In comparison to probes 1-S and 1-R, probes 2-S and 2-

R have a longer linker between the adenine and benzophenone units whereas probes 3-S 

and 3-R have a longer linker between the benzophenone and biotin units.  
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    Figure 11.  Structures of photoactive probes for selective labeling of protein kinases. 

 

In order to distinguish between protein-probe interactions which are based on 

affinity to benzophenone and those based on affinity to adenine, a set of control probes 

was prepared (Figure 12). This set consists of two pairs of diastereoisomers in which the 

adenine group is missing and the distance between benzophenone and biotin moieties is 

maintained, as in original probes, by introducing glycine groups. Controls 1-S and 1-R 
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serve as controls for 1-S and 1-R, respectively.  Controls 2-S and 2-R serve as controls 

for 2-S, 2-R, 3-S and 3-R.   
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     Figure 12.  Structures of control probes for selective labeling of protein kinases. 

 

Probe Synthesis  

Probes were prepared manually on solid phase support using standard Fmoc/Bhoc 

chemistry.59  Scheme 1 describes the synthesis of 1-S. Starting with Fmoc-Gly-Wang 

resin, Fmoc was removed under basic conditions (20% piperidine in DMF).  Next, Fmoc-

4-benzoyl-L-phenylalanine (Fmoc-Bpa-OH) was coupled using N,N’-

dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBT) as coupling 

reagents.  After deprotection of the Fmoc group, the Fmoc-protected peptide nucleic acid 

(PNA) adenine monomer, N-(N6-Bhoc-adenine-N9-acetyl)-N-(2-Fmocaminoethyl)glycine 

(Fmoc-PNA-adenine(Bhoc)-OH), was introduced.  The new N-terminal was then exposed 



 28

by removal of the Fmoc group and coupled to biotin N-hydroxysuccinimide.  The desired 

probe was cleaved from the resin using a solution of 95% TFA, 2.5% water, and 2.5% 

triisopropylsilane (TIS). Following synthesis and purification, each probe was 

characterized via chromatographic and spectroscopic analytical techniques. The yield for 

the solid phase synthesis of the probes and their controls was 28%-94%; the low yields of 

some probes were due to poor recovery at the precipitation of crude products in cold 

petroleum ether or diethyl ether.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.  Solid-phase synthesis of probe 1-S. 
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III.3. Binding Selectivity Evaluation 

 

Protein-binding selectivity of the first set of probes was evaluated, as described in 

Chapter II.3. (Page 18), using neuroblastoma (SK-N-SH, NB) and breast cancer (MDR-

MB-231) cell lines.  We chose two different cell lines to profile a variety of protein 

kinases and to evaluate the diagnostic potential of our probes, e.g., their ability to give 

different SPS-PAGE profiles with different cancer cell lines.  

 

Binding profiles of SK-N-SH NB cell line 

 Labeling of SK-N-SH NB lysate with probes 1-S and 1-R gave one main band at 

60 kDa (Figure 13a, lanes 1 and 5, respectively). No significant difference in protein-

binding selectivity was observed. Blocking experiments with benzophenone resulted in a 

significant reduction in band intensity at 60 kDa for both 1-S and 1-R (Figure 13a, lane 2 

and 6, respectively), whereas blocking with adenine and biotin did not show a significant 

effect on band intensity (Figure 13a, lanes 3, 4, 7, and 8). These results indicate that the 

60 kDa protein recognizes 1-S and 1-R mainly through the benzophenone moiety. 

The effect of the distance between recognition units on labeling selectivity was 

assessed by comparing the profiles of 1-S and 1-R (Figure 13a) to those of 2-S and 2-R 

(Figure 14a).  While 1-S and 1-R showed only one band at 60kDa, 2-S and 2-R gave 

additional bands at 55, 45, and 27 kDa.  These differences might result from increased 

flexibility of the longer linker allowing the labeling of additional proteins with larger 

distance between their adenine and benzophenone binding pockets. 
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Figure 13.  (a) Photolabeling study of SK-N-SH NB cell lysate tagged with 

probes 1-S and 1-R. (b) Structures of probes 1-S and 1-R. 

 

 

 

 

 

 

 

 

 

Figure 14.  (a) Photolabeling study of SK-N-SH NB cell lysate tagged with 

probes 2-S and 2-R. (b) Structures of probes 2-S and 2-R. 
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A comparison of binding selectivity profiles for 2-S and 2-R revealed that while 

both probes gave a strong band at 60 kDa and weaker bands at 55 kDa and 27 kDa, the 

intensities of these bands are higher for 2-S (Figure 14a, lanes 1 and 5).  Furthermore, 2-S 

gave additional weak bands at around 45 kDa. These results indicate that a difference in 

one chiral center can affect the binding selectivity of the probes.   

Blocking experiments with benzophenone affected only the bands at 55 and 27 

kDa in the 2-S profile (Figure 14a, lane 2), whereas there was a significant effect on all 

bands in the 2-R profile (Figure 14a, lane 5).  Pretreatment with other blockers did not 

show a significant effect on the profiles of these probes (Figure 14a, lanes 3, 4, 7, and 8). 

These observations suggest that 2-R and 2-S interact with proteins mainly through their 

benzophenone unit.  In addition, the labeling of proteins at 60 and 45 kDa in the presence 

of free benzophenone can be explained by very high affinity toward these proteins and/or 

high crosslinking efficiency. It is possible that labeling of the proteins at 60 and 45 kDa 

could be blocked by higher concentrations of benzophenone. However, poor solubility of 

benzophenone in the aqueous buffer used for the labeling experiments may preclude 

using higher concentrations of benzophenone. 

 

Binding profile of MDR-MB-231 cell line 

The significant effect of chirality on binding recognition was shown in the 

binding profiles of MDR-MB-231 cell lysate with 2-S and 2-R (Figure 15a). 2-S gave 

strong bands at approximately 60 and 75 kDa and weaker bands at around 40 and 90 kDa 

(Figure 15a, lane 1).  On the other hand, 2-R gave a strong band at 27 kDa and weaker 

bands around 60, 75, and 90 kDa (Figure 15a, lane 5). These obvious differences in the 



 32

binding profiles of the stereoisomers, 2-S and 2-R, indicated that some proteins within 

the cell lysate were able to discriminate the stereochemical differences between the two 

probes. This chiral discrimination is achieved through unique spatial alignment of amino 

acid in individual asymmetric hydrophobic pockets.31  

In the profile of 2-S, blocking experiments revealed that the presence of free 

benzophenone significantly affected the band intensity at 60 kDa, whereas other bands, 

such as 75 and 40 kDa, were not affected (Figure 15a, lane 2). In addition, the presence 

of free adenine and biotin had little effect on the intensities of the bands in 2-S profile 

(Figure 15a, lanes 3 and 4) implying that benzophenone has the major role in recognition 

of probe 2-S by the labeled proteins.   

 

 

 

 

 

 

 

 

 

 

Figure 15.  (a) Photolabeling study of breast cancer (MDR-MB-231) cell lysate tagged 

with probes 2-S and 2-R. (b) Structures of probes 2-S and 2-R. 
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In the binding profile of 2-R (Figure 15a, lane 1), blocking with benzophenone 

resulted in the disappearance of all bands (Figure 15a, lane 6) revealing that 2-R is 

recognized mainly through the benzophenone unit. Free adenine and biotin (Figure 15a, 

lanes 7 and 8) did not exhibit a significant effect on binding selectivity of 2-R. 

Comparison of the binding profile of 2-S or 2-R with MDR-MB-231 breast 

cancer (Figure 15a, lanes 1 and 5) and SK-N-SH neuroblastoma cell lines (Figure 14a, 

lanes l and 5) revealed interesting differences in their labeling pattern. For example, 2-S 

labeled proteins of 40 kDa when incubated with MDR-MB-231 lysate but not with SK-

N-SH lysate. Additionally, the binding profile 2-R and MDR-MB-23 showed a strong 

band at 27 kDa, whereas, with SK-N-SH lysate this band was faint. These observations 

imply that our probes can monitor differences in protein expression among different 

cancer cell lines and, therefore, has the potential to assist in the search for cancer 

biomarkers.  

The binding profiles of MDR-MB-231 cell lysate with control 2-S and control 2-

R (Figure 16a, lanes 1 and 5) gave further evidence for the crucial role of the probes’ 

chirality in its binding selectivity. Controls 2-S gave three strong bands at approximately 

27, 60-70, and 75 kDa and weaker bands at 40 and 50 kDa. On the other hand, control 2-

R, in addition to the three strong bands at 27, 60-60, and 75 kDa, gave a strong band at 

50 kDa and did not label 40 kDa.  

Blocking experiments revealed that, as expected from 1-S/R and 2-S/R profiles, 

controls 2-S and 2-R also interacted with proteins mainly through their benzophenone 

unit (Figure 16a, lanes 2-4 and 6-8).   
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Figure 16.  (a) Photolabeling study of breast cancer (MDR-MB-231) cell lysate tagged 

with controls 2-S and 2-R. (b) Structures of controls 2-S and 2-R. 

 

Comparison of binding profiles of probes 2-S and 2-R (Figure 15a) with their 

control probes (Figure 16a) revealed that the adenine moiety has a significant effect on 

protein-binding selectivity. The 27 kDa band observed in the profile of control 2-S was 

absent in the profile of 2-S. Likewise, the strong bands at 40 kDa and 60 kDa bands in the 

control 2-R profile mostly disappeared in the 2-R profile.  These results might suggest 

that binding selectivity can be improved in the presence of adenine in the vicinity of the 

benzophenone moiety.   

However, since blocking experiments with free adenine (Figure 15a, lanes 1 and 

3) showed that adenine has no significant effect on the binding profiles of probes 2-S and 
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from other factors than the recognition of adenine by the tagged proteins. For example, 

the presence of adenine in the vicinity of the benzophenone unit can create a steric 

hindrance that blocks the access of benzophenone to hydrophobic pockets. In addition, 

introducing adenine on the probe backbone reduces the flexibility of the linker between 

benzophenone and biotin and might result in lower probability of benzophenone to 

achieve the required orientation for efficient photolabeling. Taken together, the results 

from binding selectivity and blocking experiments implied that benzophenone is the 

major recognition unit in our probes. 
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III.4. Summary and Conclusions 

 
In this part of our study we demonstrated that it is possible to attain high protein-

binding selectivity with simple chemical probes containing adenine and benzophenone. 

Despite the probes’ simple structure, they selectively fished out a small number of 

proteins from crude mixtures of cell lysates, which are expected to contain more than tens 

of thousands of protein species (Figures 13a-16a, lane 1 and 5). 

The binding selectivity of our probes was successfully modulated by changing the 

chirality of the probes (e.g 2-S and 2-R) as well as the distance between the 

benzophenone and adenine units (e.g. 1-S and 1-R versus 2-S and 2-R). Blocking 

experiments (Figures 13a-16a, lanes 2-4 and 5-8) revealed that most of the tagged 

proteins recognize our probes through their benzophenone moiety and not the adenine 

group. The effect of adenine on binding selectivity was observed only when comparing 

the binding profiles of 2-S and 2-R with their control analogues, which lack the adenine 

group (Figure 15a, lane 1 and Figure 16a, lane 1). Therefore, it is possible that this effect 

results from altering the environment of the benzophenone unit and not from affinity 

interactions of the adenine group with the labeled proteins. 

Differences in photolabeling results of SK-N-SH and MDR-MB-231 cancer cell 

lines with 2-S or 2-R (Figures 14 and 15) implied that our probes can contribute to the 

search for cancer biomarkers. Several proteomics strategies have been successfully used to 

investigate differential protein profiling in cancer cells and to identify proteins with 

potential as biomarkers in cancer classification.6,8,60  To utilize our probes in the search for 

cancer biomarkers, a comprehensive screen of various cancer cell lines with our probes is 
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required in order to identify proteins that are correlated with different types of cancers or 

with different levels of invasiveness.  

Our study, while proving that proteins have hydrophobic pockets that can 

selectively recognize benzophenone moiety and can be utilized for proteomic studies, did 

not demonstrate that the adenine group contributes to the recognition by tagged proteins. 

Since free adenine did not affect the binding selectivity of our probes and since we were 

not able to identify the labeled proteins, we could not confirm that our probes bind to 

protein kinases. 

There was a possibility that the adenine was hindered between the biotin and 

benzophenone groups resulting in poor availability toward interactions with adenine 

binding proteins. Therefore, in the next stage of our study, we designed and synthesized a 

new set of probes in which benzophenone was placed in the middle of the probe and 

adenine was placed near the C-terminus. In addition, to reduce the complexity of tagged 

proteins’ identification, we decided to focus on a specific family of protein kinases 

(Chapters IV and V).  

In conclusion, this proof-of-principle study demonstrates that photoactive 

molecular probes containing benzophenone and adenine can be utilized to selectively 

label proteins in complex proteomes and have potential to assist in the search for cancer 

biomarkers. However, to increase the role of adenine in the binding interaction and to 

simplify the identification of labeled proteins, we had to redesign our probes and to focus 

on a subfamily of protein kinases. Therefore, in the next stage of this study, our simple 

chemical approach was used to profile the Src family of tyrosine kinases and develop 

selective photoligands for Lck kinase.  
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III.5. Materials and Methods 

 

Materials 
 

Fmoc-Gly-Wang resin, Fmoc-Gly, Fmoc-4-benzoyl-L-phenylalanine (Fmoc-L-

Bpa), Fmoc-D-Bpa, dicyclohexylcarbodiimide (DCC), and 1-hydroxybenzotriazole 

(HOBT) were purchased from Fluka.  Biotin-N-hydroxysuccinimide was obtained from 

Sigma-Aldrich.  The Fmoc-protected peptide nucleic acid (PNA) adenine monomer, 

Fmoc-PNA-adenine-(Bhoc)-OH, was purchased from Applied Biosystems.  Laemmli 

Sample Buffer and Tris-Glycine-SDS buffer were purchased from BioRad.  Anti-biotin 

hoarse radish peroxidase (HRP)-conjugated antibody was obtained from New England 

Biolabs and ECL-Plus chemiluminescence reagent was obtained from Amersham 

Biosciences. All other chemicals and solvents were obtained through Fisher Scientific 

and used without further purification.   

 

Physico-Chemical analytical methods 
 

 1H NMR, 13C NMR, [1H, 1H] COSY, and [1H, 13C] HSQC spectra were recorded 

on a Bruker Avance 500MGHz spectrometer.  Chemical shifts are reported in δ units 

(ppm) using the solvent peak as the internal standard. 1H NMR splitting patterns are 

designated as singlet (s), doublet (d), triplet (t), doublet of doublet (dd), and doublet of 

triplet (dt).  Splitting patterns that could not be interpreted or easily visualized are 

designated as multiplet (m). 
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 Mass spectral data were acquired on an Agilent Technologies 1100 Series 

LC/MSD model G1946D using electrospray (ESI) ionization.  Ionization was carried out 

with a drying gas temperature of 175 °C, a nebulizer pressure of 40 psi and a flow rate of 

13 L/min.  The mass range scanned was between 140 and 1000 amu with fragmentor 

values of 70 volts in negative ionization mode.  The capillary was set to 4000 volts.  

Samples were introduced into the mass spectrometer using a 1:1 mixture of water and 

acetonitrile containing 0.1% acetic acid and 50 μΜ ammonium acetate.  The flow rate of 

the solvent was 500 μl/min.  Data was processed using Agilent's Chemstation software. 

RP-HPLC was performed on an Agilent HPLC system equipped with an 1100 

Diode-Array detector.  Analytical RP-HPLC was performed using a Zorbax, Eclipse 

XDB-C8 (4.6 X 150 mm) column (5 μm bead size).  Semi-preparative HPLC was 

performed using Econosil C-18 10 u (10 X 250 mm).  Separation was achieved using a 

linear gradient at a flow rate of 1 ml/min (Analytical HPLC) or 3ml/min (Semi-

preparative HPLC) of Buffer A (20% MeOH), buffer B (100% MeOH), and 0.01% TFA.  

Column effluent was monitored by UV absorbance at 254, 220, and 280 nm.  Elution 

Conditions: t = 0 min A = 100%, t = 5 min A = 100%, t = 20 min A = 50%, t = 30 min A 

= 0, t = 35 min A = 100%.   

 

Chemical Synthesis 

  

Probe synthesis was accomplished manually using a stepwise solid-phase 

procedure.  All couplings were carried out over night in dimethylformamide (DMF) using 

a 2-fold excess (over resin loading) of protected monomer, activated with an equimolar of 
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HOBT and DCC in room temperature.  Reaction was monitored using the Kaiser test for 

free amines.62  N-Fmoc group was removed using 20% (v/v) piperidine in DMF.  Probes 

were removed from the solid support with simultaneous sidechain deprotection using a 

95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS) and 2.5% water solution 

for 2 h at room temperature.  TFA was removed under reduced pressure. Crude material 

was precipitated and washed with cold petroleum ether.  Probes were purified using semi-

preparative HPLC, and the relevant fractions were collected and lyophilized. The range 

of the yield was 28% - 94%. The purified probes were analyzed using Analytical HPLC, 

Mass Spectroscopy, and 1H-NMR. For some of the probes 13C-NMR, [1H, 1H] COSY, 

and [1H, 13C] HSQC spectra were also obtained. The 1H-NMR spectra of the adenine-

containing probes, 1-S, 1-R, 2-S, 2-R, 3-S and 3-R, exhibited conformational isomerism 

at room temperature, which arise from the tertiary amide conformers at the PNA adenine 

moiety. The 1H-NMR data given below are for the major conformers of the probes. 

 

Probe 1-S [Biotinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-p-benzoyl-L- 

phenylalanyl-glycine]  

Fmoc-Gly-Wang resin (250 mg, 0.1875 mmol, loading of 0.75 mmol/gram, 1 eq) was 

swollen in N-methylpyrrolidone for 1h.  The liquid was then removed and the resin was 

washed 3 times with DMF.  In order to remove the Fmoc group, the resin was washed 

with 20% piperidine in DMF for 5min, and then again, with the same solution, for 20 

min.  Next, the resin was washed 3 times with DMF and a coupling of Fmoc-4-benzoyl-L-

phenylalanine (Fmoc-L-Bpa-OH) was performed via DCC/HOBT activation: Fmoc-Bpa-

OH (184 mg, 0.375 mmol, 2 eq), HOBT (0.047 ml, 0.375 mmol, 2 eq), and DCC (77 mg, 
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0.375 mmol, 2 eq) were dissolved in 2 ml DMF and the solution was cooled for 1h (0°C).  

The precipitated dicyclohexylurea (DCU) was then removed by centrifugation and the 

solution was added to the resin.  The mixture was shaken overnight.  The liquid phase 

was removed and the resin was washed 3 times with DMF and 3 times with 

DCM/Methanol (1:1).  The completeness of the reaction was verified by the ninhydrin 

test and the Fmoc protecting group was removed as above.  In the next step, Fmoc-PNA-

adenine(Bhoc)-OH (272 mg, 0.375 mmol, 2eq) was coupled to the peptide-resin via 

DCC/HOBT activation as described above.  After removal of the Fmoc group, biotin-N-

hydroxysuccinimide (128.2 mg, 0.375 mmol, 2 eq) was coupled to the peptide-resin using 

the same DCC/HOBT methodology.  The product was then cleaved from the resin along 

with side chain deprotection by adding 10 ml of a 95% TFA, 2.5% TIS and 2.5% water 

solution.  The mixture was allowed to stand for 2h, and then the volume of TFA was 

reduced using N2.  The product was precipitated using cold petroleum ether and placed in 

the freezer overnight.  Next, the product was collected and recrystallized using DCM and 

petroleum ether to yield 154 mg (yield = 96%) of white crystals.  The crude product was 

purified using semipreparative HPLC, and the relevant fractions were lyophilized to give 

a white solid: Analytical RP-HPLC time: 14.00 min; ESIMS (expected m/z 827.3) m/z 

828.2 (MH+), 850.2 (MNa+); 1H-NMR δ ppm (500MHz, DMSO) 8.65 (1H, d, NH), 8.50 

(1H, m, NH), 8.10 (1H, s, CH), 7.99 (1H, s, CH), 7.72-7.41 (9H, m, 9xCH), 7.19 (2H, s, 

NH2), 6.65 (1H, s, NH), 6.50 (1H, s, NH), 5.19 (2H, m, CH2), 4.76 (1H, m, CH), 4.30 

(1H, m, CH), 4.14 (2H, m, CH2), 4.11 (1H, m, CH), 3.60 (2H, m, CH2), 3.26 (2H, m, 

CH2), 3.18 (2H, m, CH2), 3.05 (2H, m, CH2), 3.02 (1H, m, CH), 2.8 (2H, dt, CH2), 2.17 

(2H, t, CH2), 1.70-1.20 (6H, m, CH2CH2CH2). 
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Probe 1-R [Biotinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-p-benzoyl-D-

phenylalanyl-glycine]  

Fmoc-Gly-Wang resin (200 mg, 0.15 mmol, loading of 0.75 mmol/gram, 1 eq) was 

Swollen in N-methylpyrrolidone for 1h.  The liquid was then removed and the resin was 

washed 3 times with DMF.  In order to remove the Fmoc group, the resin was washed 

with a 20% piperidine in DMF solution for 5min, and then again, with the same solution, 

for 20 min.  Next, the resin was washed 3 times with DMF and a coupling of Fmoc-D-

Bpa-OH was performed via DCC/HOBT activation: Fmoc-Bpa-OH (147.5 mg, 0.30 

mmol, 2 eq), HOBT (0.041 ml, 0.30 mmol, 2 eq), and DCC (61.9 mg, 0.30 mmol, 2 eq) 

were dissolved in 2 ml DMF and the solution was cooled for 1h (0°C).  The precipitated 

DCU was then removed and the solution was added to the resin.  The mixture was shaken 

overnight.  The liquid phase was removed and the resin was washed 3 times with DMF 

and 3 times with DCM/Methanol (1:1).  The completeness of the reaction was verified by 

ninhydrin test and the Fmoc protecting group was removed as above.  In the next step, 

Fmoc-PNA-adenine(Bhoc)-OH (217.7 mg, 0.30 mmol, 2eq) was coupled to the resin 

performed via DCC/HOBT activation as mentioned above.  After removal of the Fmoc 

group, biotin-N-hydroxysuccinimide (153.6 mg, 0.30 mmol, 2 eq) was coupled to the 

resin via the same DCC/HOBT methodology mentioned above.  The product was then 

cleaved from the resin along with side chain deprotection by adding 10 ml of a 95% TFA, 

2.5% TIS and 2.5% water solution.  The mixture was allowed to stand for 2h, and then 

the volume of TFA was reduced using N2.  The product was precipitated using cold 

petroleum ether and placed in the freezer overnight.  Next, the product was collected and 
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recrystallized using DCM and petroleum ether to yield 56.4 mg (yield = 49%) of white 

crystals.  The crude product was purified using semipreparative HPLC, and the relevant 

fractions were lyophilized to give a white solid: Analytical RP-HPLC time: 15.21 min; 

ESIMS (expected m/z 827.3) m/z 828.2 (MH+), 850.3 (MNa+), 414.7 (M2H+/2); 1H-

NMR δppm(500MHz, DMSO) 8.31 (1H, d, NH), 8.28 (1H, m, NH), 8.06 (1H, s, CH), 

7.87 (1H, s, CH), 7.72-7.41 (9H, m, 9xCH), 7.17 (2H, s, NH2), 6.43 (1H, s, NH), 6.34 

(1H, s, NH), 4.87 (1H, d, CH2), 4.74 (1H, d, CH2), 4.64 (1H, m, CH), 4.31 (1H, m, CH), 

3.90 (1H, d, CH2), 4.14 (1H, m , CH), 4.03 (1H, d, CH2), 3.72 (2H, m, CH2), 3.30 (2H, m, 

CH2), 2.90 (2H, m, CH2), 3.07 (2H, m, CH2), 3.05 (1H, m, CH), 2.57 (2H, m, CH2), 1.97 

(2H, t, CH2), 1.62-1.20 (6H, m, CH2CH2CH2).   

 

Probe 2-S [Biotinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-glycinyl-p-benzoyl-L-

phenylalanyl-glycine]   

Probe 2-S was synthesized by the same procedure employed for probe 1-S except for the 

introducing of glycine between PNA-adenine and p-benzoyl-L-phenylalanine.  The crude 

product (79 mg, yield = 51%) was purified using semipreparative HPLC, and the relevant 

fractions were lyophilized to give a white solid: Analytical RP-HPLC time: 15.10 min; 

ESIMS (expected m/z 884.2) m/z 885.3 (MH+), 443.2 (M2H+/2); 1H-NMR δ ppm 

(500MHz, DMSO) 8.65 (1H, d, NH), 8.48 (1H, m, NH), 8.26 (1H, m, NH), 8.10 (1H, m, 

CH), 7.97 (1H, s, CH), 7.75-7.25 (9H, m, 9xCH), 7.20 (2H, s, NH2), 6.65 (1H, s, NH), 

6.36 (1H, s, NH), 5.19 (2H, m, CH2), 4.65 (1H, m, CH), 4.29 (1H, m, CH), 4.22 (2H, m, 

CH2), 4.15 (1H, m, CH), 3.80 (2H, m, CH2), 3.75 (2H, m CH2), 3.37 (2H, m, CH2), 3.15 
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(2H, m, CH2), 3.1 (2H, m, CH2), 3.06 (1H, m, CH), 2.75 (2H, m, CH2), 2.17 (2H, m, 

CH2), 1.60-1.20 (6H, m, CH2CH2CH2). 

 

Probe 2-R [Biotinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-glycinyl-p-benzoyl-D-

phenylalanyl-glycine]  

Probe 2-R was synthesized by the same procedure employed for probe 1-R except for the 

introducing of glycine between PNA-adenine and p-benzoyl-D-phenylalanine.  The crude 

product (30 mg, yield = 28%) was purified using semipreparative HPLC, and the relevant 

fractions were lyophilized to give a white solid: Analytical RP-HPLC retention time: 

14.90 min; ESIMS (expected m/z 884.2) m/z 885.2 (MH+), 907.2 (MNa+), 443.1 

(M2H+/2); 1H-NMR δ ppm (500MHz, DMSO) 8.45 (1H, m, NH), 8.25 (1H, d, NH), 8.10 

(1H, s, CH), ), 7.99 (1H, s, CH), 7.72-7.35 (9H, m, 9xCH), 7.20 (2H, s, NH2), 6.60 (1H, 

s, NH), 6.45 (1H, s, NH), 5.20 (2H, m, CH2), 4.65 (1H, m, CH), 4.30 (1H, m, CH), 4.22 

(2H, m, CH2), 4.15 (1H, m, CH), 3.96 (2H, m, CH2), 3.51 (2H, m CH2), 3.36 (2H, m, 

CH2), 3.15 (2H, m, CH2), 3.05 (2H, m, CH2), 3.04 (1H, m, CH) 2.75 (2H, m, CH2), 2.19 

(2H, m, CH2), 1.60-1.20 (6H, m, CH2CH2CH2). 

 

Probe 3-S [Biotinyl-glycinyl- adenine-N9-acetyl-(2-aminoethyl)glycinyl-p-benzoyl-L-

phenylalanyl-glycine]  

Probe 3-S was synthesized by the same procedure employed for probe 1-S except for the 

introducing of glycine between biotin and PNA-adenine.  The crude product (146mg, 

yield = 94%) was purified using semipreparative HPLC, and the relevant fractions were 

lyophilized to give a white solid: Analytical RP-HPLC time: 15.20 min;  ESIMS 
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(expected m/z 884.2) m/z 885.2 (MH+), 907.1 (MNa+);  1H-NMR δppm(500MHz, 

DMSO) 8.65 (1H, d, NH), 8.50 (1H, m, NH), 8.33 (1H, m, NH), 8.12 (1H, s, CH), 8.07 

(1H, s, CH), 7.72-7.41 (9H, m, 9xCH), 7.19 (2H, s, NH2), 6.41 (1H, s, NH), 6.34 (1H, s, 

NH), 5.14 (2H, m, CH2), 4.80 (1H, m, CH), 4.31 (1H, m, CH), 4.18 (1H, m, CH2), 4.12 

(1H, m, CH), 4.11(1H, m, CH2), 3.74 (2H, m, CH2), 3.29 (2H, m, CH2), 3.18 (2H, m, 

CH2), 3.09 (2H, m, CH2), 3.04 (1H, m, CH), 2.81 (2H, dt, CH2), 2.11 (2H, t, CH2), 1.70-

1.20 (6H, m, CH2CH2CH2). 

 

Probe 3-R [Biotinyl-glycinyl-adenine-N9-acetyl-(2-aminoethyl)glycinyl-p-benzoyl-D-

phenylalanyl-glycine]  

Probe 3-R was synthesized by the same procedure employed for probe 1-R except for the 

introducing of glycine between PNA-adenine and biotin.  The crude product (10 mg, 

yield = 56%) was purified using semipreparative HPLC, and the relevant fractions were 

lyophilized to give a white solid: HPLC retention time: 14.99 min; ESIMS (expected m/z 

884.2) m/z 885.3 (MH+), 907.1 (MNa+), 443.2 (M2H+/2); 1H-NMR δ ppm (500MHz, 

DMSO) 8.75 (1H, m, NH), 8.50 (1H, m, NH), 8.25 (1H, m, NH), 8.10 (1H, s, CH), 8.06 

(1H, s, CH), 7.70-7.30 (9H, m, 9xCH), 7.17 (2H, s, NH2), 6.61 (1H, m, NH), 6.4 (1H, m, 

NH), 5.18 (2H, m, CH2), 4.80 (1H, m, CH), 4.31 (1H, m, CH), 4.20 (2H, m, CH2), 4.12 

(1H, m, CH), 3.75 (2H, m, CH2), 3.60 (2H, m, CH2), 3.50 (2H, m, CH2), 3.30 (2H, m, 

CH2), 3.24 (2H, m, CH2), 3.10 (2H, m, CH2), 3.08 (1H, m, CH), 2.75 (2H, dt, CH2), 2.17 

(2H, m, CH2), 1.70-1.20 (6H, m, CH2CH2CH2). 
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Control 1-S [Biotinyl-glycinyl-glycinyl-p-benzoyl-L-phenylalanyl-glycine]     

Fmoc-Gly-Wang resin (150 mg, 0.1125 mmol, loading of 0.75 mmol/gram, 1 eq) was 

swelled in N-methylpyrrolidone for 1h.  The liquid was then removed and the resin was 

washed 3 times with DMF.  In order to remove the Fmoc group, the resin was washed 

with a 20% piperidine in DMF solution for 5min, and then again, with the same solution, 

for 20 min.  Next, the resin was washed 3 times with DMF and a coupling of Fmoc-L-

Bpa-OH was performed via DCC/HOBT activation: Fmoc-L-Bpa-OH (110 mg, 0.225 

mmol, 2 eq), HOBT (30 mg, 0.225 mmol, 2 eq), and DCC (46 mg, 0.225 mmol, 2 eq) 

were dissolved in 2 ml DMF and the solution was cooled for 1h (0°C).  The precipitated 

DCU was then removed and the solution was added to the resin.  The mixture was shaken 

overnight.  The liquid phase was removed and the resin was washed 3 times with DMF 

and 3 times with DCM/Methanol (1:1).  The completeness of the reaction was verified by 

the ninhydrin test and the Fmoc protecting group was removed as above.  In the next step, 

Fmoc-glycine (67 mg, 0.225 mmol, 2eq) was coupled to the resin performed via 

DCC/HOBT activation as mentioned above.  After removal of the Fmoc group, another 

Fmoc-glycine (67 mg, 0.225 mmol, 2eq) was coupled to the resin via DCC/HOBT 

activation.  In the next step, Fmoc group was removed and D-(+)-biotin (55 mg, 0.225 

mmol, 2 eq) was coupled to the resin via the same DCC/HOBT methodology mentioned 

above.  The product was then cleaved from the resin along with side chain deprotection 

by adding 10 ml of a 95% TFA, 2.5% TIS and 2.5% water solution.  The mixture was 

allowed to stand for 2h, and then the volume of TFA was reduced using N2.  The product 

was precipitated using cold petroleum ether and placed in the freezer overnight.  Next, 

the product was collected and recrystallized using DCM and petroleum ether to yield 34 
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mg (yield = 45%) of white crystals.  The crude product was purified using 

semipreparative HPLC, and the relevant fractions were lyophilized to give a white solid: 

HPLC retention time: 15.49 min; ESIMS (expected m/z 666.24) m/z 667.0 (MH+), 689.1 

(MNa+); 1H-NMR δ ppm (500MHz, DMSO) 8.28 (1H, m, NH), 8.19 (1H, m, NH), 8.10 

(1H, m, NH), 8.00 (1H, m, NH), 7.73-7.44 (9H, m, 9xCH), 6.49 (1H, s, NH), 6.38 (1H, s, 

NH), 4.57 (1H, m, CH), 4.30 (1H, m, CH), 4.13 (1H, m, CH), 3.74-3.58 (6H, m, 3xCH2), 

3.16 (1H, m, CH2), 3.09 (1H, m, CH), 2.88 (1H, t, CH2), 2.81 (1H, dd, CH2), 2.58 (1H, d, 

CH2), 2.13 (2H, t, CH2), 1.59-1.29 (6H, m, CH2CH2CH2). 

 

Control 1-R [Biotinyl-glycinyl-glycinyl-p-benzoyl-D-phenylalanyl-glycine]     

Control 1-R was synthesized by the same procedure employed for control 1-S except for 

the use of Fmoc-D-Bpa-OH instead of Fmoc-L-Bpa. After cleavage from the resin, the 

product was precipitated using cold petroleum ether and placed in the freezer overnight.  

Next, the product was collected and recrystallized using DCM and petroleum ether to 

yield 22 mg (yield = 29%) of white crystals.  The crude product was purified using 

semipreparative HPLC, and the relevant fractions were lyophilized to give a white solid: 

HPLC retention time: 15.45 min; ESIMS (expected m/z 666.24) m/z 667.0 (MH+), 689.1 

(MNa+); 1H-NMR δ ppm (500MHz, DMSO) 8.25 (1H, m, NH), 8.20 (1H, d, NH), 8.14 

(1H, m, NH), 8.05 (1H, m, NH), 7.74-7.43 (9H, m, 9xCH), 6.46 (1H, s, NH), 6.38 (1H, s, 

NH), 4.60 (1H, m, CH), 4.29 (1H, m, CH), 4.12 (1H, m, CH), 3.76-3.59 (6H, m, 3xCH2), 

3.12 (1H, m, CH2), 3.09 (1H, m, CH), 2.88 (1H, t, CH2), 2.80 (1H, dd, CH2), 2.58 (1H, d, 

CH2), 2.14 (2H, m, CH2), 1.58-1.30 (6H, m, CH2CH2CH2). 
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Control 2-S [Biotinyl-glycinyl-glycinyl-glycinyl-p-benzoyl-L-phenylalanyl-glycine]     

Control 2-S was prepared as control 1-S except for the introduction of additional glycine 

group between biotin and p-benzoyl-L-phenylalanine.  The crude product (18 mg, yield = 

24%) was purified using semipreparative HPLC, and the relevant fractions were 

lyophilized to give a white solid: Analytical RP-HPLC retention time: 17.02 min; ESIMS 

(expected m/z 723.27) m/z 724.2 (MH+), 746.2 (MNa+); 1H-NMR δ ppm (500MHz, 

DMSO) 8.47 (1H, m, NH), 8.36 (1H, d, NH), 8.24 (1H, m, NH), 7.74-7.43 (9H, m, 

9xCH), 6.70 (1H, s, NH), 6.41 (1H, s, NH), 4.52 (1H, m, CH), 4.29 (1H, m, CH), 4.15 

(1H, m, CH), 3.77-3.57 (8H, m, 4xCH2), 3.19 (1H, m, CH2), 3.09 (1H, m, CH), 2.91 (1H, 

t, CH2), 2.82 (1H, dd, CH2), 2.55 (1H, d, CH2), 2.22 (2H, m, CH2), 1.58-1.30 (6H, m, 

CH2CH2CH2). 

 

Control 2-R [Biotinyl-glycinyl-glycinyl-glycinyl-p-benzoyl-D-phenylalanyl-glycine]     

Control 2-R was prepared as control 1-R except for the introduction of additional 

glycine group between biotin and p-benzoyl-D-phenylalanine. The crude product (24 mg, 

yield = 32%) was purified using semipreparative HPLC, and the relevant fractions were 

lyophilized to give a white solid: Analytical RP-HPLC retention time: 17.02 min;  

ESIMS (expected m/z 723.27) m/z 724.2 (MH+), 746.2 (MNa+); 1H-NMR δ ppm 

(500MHz, DMSO) 8.60 (1H, s, NH), 8.41 (1H, s, NH), 8.25 (1H, m, NH), 8.20 (1H, m, 

NH), 7.85 (1H, s, NH), 7.74-7.43 (9H, m, 9xCH), 6.70 (1H, s, NH), 6.41 (1H, s, NH), 

4.52 (1H, m, CH), 4.29 (1H, m, CH), 4.15 (1H, m, CH), 3.77-3.57 (8H, m, 4xCH2), 3.20 

(1H, m, CH2), 3.11 (1H, m, CH), 2.91 (1H, t, CH2), 2.80 (1H, dd, CH2), 2.60 (1H, d, 

CH2), 2.22 (2H, m, CH2), 1.58-1.30 (6H, m, CH2CH2CH2). 
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Biological Assays 

 

Cell Culture and Preparation of Cell Lysate 
 

 Neuroblastoma (SK-N-SH) and breast cancer (MDR-MB-231) cell lines were 

maintained in Dulbecco’s Modified Eagle Media containing 10% fetal calf serum and 1% 

penicillin-streptomycin-fungizone in a 37 ºC, 5% CO2 incubator.  For each labeling 

experiment, cells were harvested at the log phase (50-70% confluency) and plated onto a 

10 cm tissue culture dish.  Cells were then incubated overnight in a 37 ºC 5% CO2 

incubator.  Preparation of cell lysate was carried out using Promega M-Per® Mammalian 

Protein Extraction Reagent. During the protein preparation and labeling, samples were 

kept on ice or in a chromatography refrigerator (4 ºC).  Briefly, the cell monolayer was 

rinsed once with ice-cold TBS (1×).  Cells were directly lysed on the tissue culture plate 

with 500 µl of Promega M-Per® Mammalian Protein Extraction Reagent, which is 

formulated to retain the native structures of proteins. Cell lysates were scraped off from 

the plates and transferred into microfuge tubes. The lysates were centrifuged (10,000 

rpm, 4 ºC), and the resulting supernatant was concentrated to 10 μg/μL using a Millipore 

Centricon 10 (6000 rpm, 90 min, 4 ºC).  Protein concentration was quantified with 

Promega Commassie Plus™ Protein Assay Reagent and adjusted to 2 µg/μL using TBS 

(1×): the final ratio of TBS to the Extraction reagent was 4:1. Prepared samples were 

submitted immediately to the probe treatment as described below.  
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Evaluation of Protein-binding Selectivity 

20 µL aliquots of the lysate (2 µg/µL) were mixed with 2 µL of 1 mM probe 

solution in DMSO.  For blocking experiments, 20 µL aliquots of the lysate were mixed 

first with 2 µL of a blocking solution in DMSO (10 mM adenine, 10 mM benzophenone, 

10 mM biotin, or DMSO control) and then with 2 µL of 1 mM probe solution in DMSO.  

The mixtures were incubated at 4 ºC for 1 h.  Photocrosslinking was carried out under six 

Sylvania 350 Blacklight lamps (15 W, λmax 350 nm) for 2 h, in which samples were kept 

on ice and placed approximately 5 cm below the lamps. Following the photocrosslinking, 

samples were mixed with Laemmli Sample Buffer with 5%(v/v) 2-mercaptoethanol, 

denatured at 80 ºC for 5 min and separated on SDS-PAGE (5-20% Tris-HCl gel, 200 V, 1 

h) in 1× Tris-Glycine-SDS buffer.  Gels were blotted onto a PVDF membrane (200 mA, 

1h) in a cold transfer buffer (20% methanol in 1×Tris-Glycine buffer).  The blotted 

membrane was blocked with 5% non-fat milk in Tris-buffered saline containing 1% 

Tween 20 (TBS-T) for 1 h.  Blocked membrane was rinsed with TBS-T (10 min×3), 

treated with an anti-biotin hoarse radish peroxidase (HRP)-conjugated antibody (1:100 

dilution in 2% non-fat milk in TBS-T) for 3 h, and washed with TBS-T (10 min×3).  The 

washed membrane was treated with the ECL-Plus chemiluminescence reagent for 5 min.  

Bands were observed with the BioRad ChemiDoc gel documentation system.   
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Chapter IV 

 

 

Photoactive Probes for the Src Family of Kinases: 

Selective Photoligands for Lck 
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IV.1. Introduction  

 
Our proof of concept study, as described in Chapter III, demonstrated that chemical 

probes containing adenine and benzophenone can be employed for selective tagging of 

different proteins.31  In this chapter, our simple chemical approach was utilized to develop 

a focused library of photoactive probes for selective tagging of the Src family of tyrosine 

kinases (SFKs).  During this process we discovered a selective photoactive ligand for one 

of the Src family members, lymphocyte specific kinase (Lck).39  

The SFKs are non-transmembrane tyrosine kinases involved in signal transduction 

pathways that regulate cell growth, differentiation, activation, and transformation.63-65 

Abnormal SFK signaling has been linked to several disease states, including 

osteoporosis66,67 and metastatic cancer (Table 1).63,65,68-70  Therefore, SFKs have emerged 

as a molecular target for the discovery of ATP-competitive inhibitors.63,65,71  Selectivity 

toward different members of SFK has great significance for the development of therapeutic 

agents. However, due to the large homology in their ATP binding site, developing 

inhibitors with selectivity within the SFKs is a challenging task.72,73   

The SFK contains nine family members: Src, Blk, Yes, Yrk, Fgr, Hck, Fyn, Lyn 

and Lck, which share a high degree of homology within their ATP-binding regions.68  The 

primary structure of the Src kinases is comprised of an N-terminal unique domain followed 

by regulatory SH3 and SH2 domains and the tyrosine kinase domain containing the active 

site (Figure 17).74  
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Table 1.  Src family kinases expression and oncogenic forms.63,65,68-70 

 

 

 

Figure 17. The domain structure of the Src protein tyrosine kinase family.74 

  

As a member of SFKs, Lck shows their common domain architecture. However, the 

unique domain of Lck possesses the greatest sequence diversity within this group of 

enzymes. This domain is thought to be involved in the interaction of Lck with specific 

cellular proteins including Lck substrate.  In T-cells, it is known to mediate association 

with the cytoplasmic tail of T-cell co-receptors CD4 and CD8 and it plays a key role in T-

cell antigen receptor (TCR)-linked signal transduction pathways.54,75,76  The SH3 domain is 

involved mainly in the regulation of protein-protein interactions by recognizing proline-

rich regions found in guanine nucleotide exchange factors and GTPase activating proteins. 

The SH2 domain of Lck recognizes phosphorylated tyrosine residues on other proteins, 

thereby facilitating formation of tyrosine phosphorylation-induced multimeric complexes. 
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The tyrosine kinase domain is the catalytic domain of Lck, catalyzing the transfer of the γ-

phosphate from ATP to tyrosine residues. The catalytic domain contains an 

autophosphorylation site (Tyr-394), which plays an important role in regulating protein 

kinase activity.   

Lck’s critical role in T-cell activation and differentiation, rendered it as a target for 

treatment of T-cell mediated autoimmune and inflammatory disorders and prevention of 

transplant rejection.76,77  Several potent and bioavailable Lck inhibitors have been shown to 

have inhibitory activities in vivo in models of T-cell-dependent immune responses.73,76-79 

For example, A-77004179 is a selective Lck inhibitor that was proven to prevent rejection 

of heart transplants in rats.  

In addition to its role in T-cell activation, Lck is necessary for the early steps in the 

mitochondrial apoptosis signaling cascade and is essential for apoptosis induction by 

cytotoxic drugs.80  Furthermore, abnormalities in Lck structure have been linked to several 

genetic diseases. One example is the severe combined immunodeficiency (SCID) 

phenotype, which includes defects in cellular and humoral immunity.81  Another example is 

the autosomal recessive disease Hereditary Haemochromatosis (HH), which is associated 

with decrease in Lck activity in CD8 T cells.70  Lck function is also impaired in people 

infected with the human immunodeficiency virus (HIV) and contributes to the pathogenesis 

of HIV, which is characterized by a depletion of CD4+ T cells.82  

Molecules that selectively bind Lck can, therefore, be developed as useful tools for 

both clinical and basic biomedical research. They can aid in the search for Lck inhibitors as 

well as biomarkers for clinical research of human diseases.76,77 
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IV.2. Probe Design and Synthesis  

Probe Design 
 

SFKs were chosen as a target in this part of our study because, in addition to their 

crucial role in cell proliferation and differentiation,65 they possess a conserved substrate 

binding site containing an adenine binding site and hydrophobic pockets, which can be 

targeted by benzophenone (Figure 18a). 

To rationally design our probes, we computationally estimated the location of 

hydrophobic pockets that can accommodate benzophenone using a modeling protocol 

called multiple copy simultaneous search (MCSS) analysis.83  MCSS is based on a 

combination of Monte Carlo and energy minimization-quenched dynamic techniques.84 

This method allows the efficient determination of energetically favorable positions and 

orientations of functional groups in a protein binding site whose three-dimensional 

structure is known.83,85  The crystal structures of Lck, Src, and Fyn with a bound ATP-

analogue were obtained from of the Protein Data Base (PDB) and used for MCSS 

analysis, which allowed the prediction of potential benzophenone-binding sites near the 

adenine binding area.  

Figure 18 illustrates a MCSS analysis in which multiple p-methyl benzophenone 

molecules were randomly generated on top of the hydrophobic region near the substrate-

binding site and subjected to simultaneous energy minimization. Figure 18c shows the 

preferred orientation of p-methyl benzophenone in a hydrophobic pocket near the adenine 

binding site. This analysis revealed that the spatial distance between N9-methyl group of 

the bound adenine and the p-methyl group of energy-minimized benzophenone is 
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approximately 13 Å (Figure 19). This distance was used to design a linker of appropriate 

length between the adenine and benzophenone moieties in our probes.  

 

 

 

 

Figure 18.  MCSS analysis of benzophenone-binding pockets on Src-family tyrosine 

kinases. (a) Src catalytic domain with ATP (red); hydrophobic pockets (green); 

hydrophilic pockets (dark blue); and solvent exposed area (white). (b) Multiple p-

methylbenzophenone molecules (yellow) randomly generated on the hydrophobic 

substrate-binding region (green). (c) Minimized energy orientation of p-methyl-

benzophenone (yellow). Method: See Materials and Methods. 

 

Figure 19. (a) Estimated distance between energy minimized adenine and p-

methylbenzophenone as calculated from MCSS. (b) The minimum distance, required for 

the binding of adenine and benzophenone, was calculated from the N9-methyl group of 

the bound adenine to the p-methyl group of the energy minimized benzophenone. 
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Figure 20 presents the set of photoactive ligands that were designed and 

synthesized to target SFKs. In the probes described in Chapter III (Figure 11), 

benzophenone was positioned near the C-terminus of the probe and was shown to be the 

major recognition unit. We suspected that the poor role of adenine in protein recognition 

of these probes resulted from steric hindrance by the benzophenone and biotin moieties. 

Therefore, when designing the photoactive probes for SFKs, we decided to switch the 

positions of adenine and benzophenone and place the adenine near the C-terminus of the 

probe (Figure 20). This switch was expected to increase the exposure of adenine to target 

proteins and enhance its role in the recognition by kinases.  

To evaluate the effect of probes’ chirality on binding selectivity two pairs of 

diastereoisomers were prepared (Figure 20). Since the calculated distance between 

adenine and benzophenone units was a linear (through-space) distance, the ideal through-

bond distance was expected to be longer. Therefore, we treated the calculated through-

space distance as the minimum distance, which was required to attain efficient 

interactions of the adenine and benzophenone with the adenine binding site and nearby 

hydrophobic area, respectively. Probes 4-S and 4-R have a through-bond distance of 

approximately 13 Å between the N9-methyl group of the adenine and the p-methyl group 

of the benzophenone, whereas, in probes 5-S and 5-R, this distance is longer, e.g. 

approximately 16.5 Å.   
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Figure 20.  Structures of photoactive probes for selective labeling of the Src family of 

tyrosine kinases. 

 

Probe Synthesis 
 

Probe synthesis was performed on solid phase support using standard Fmoc/Bhoc 

chemistry (Scheme 2).59  Starting with Fmoc-Gly-Wang resin, the Fmoc was removed 

under basic conditions (20% piperidine in DMF).  Next, N-(N6-Bhoc-adenine-N9-acetyl)-

N-(2-Fmoc-aminoethyl)glycine (Fmoc-PNA-adenine(Bhoc)-OH) was coupled using 

N,N’-dicyclohexylcarbodiimide (DCC) and HOBT as coupling reagents.  After 

deprotection of the Fmoc group, the subsequent monomer, Fmoc-glycine, was 

introduced.  The new N-terminal was then exposed by removal of the Fmoc group, and 
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coupled to Fmoc-4-benzoyl-L-phenylalanine (Fmoc-Bpa-OH). After removing of the 

Fmoc group, biotin N-hydroxysuccinimide was coupled to the Bpa monomer.   

The desired probe is cleaved from the resin using a solution of 95% TFA, 2.5% 

water, 2.5% triisopropylsilane (TIS).  Following synthesis and purification, each probe 

was characterized via chromatographic and spectroscopic analytical techniques. The 

crude yields for the solid phase synthesis of probes 4-S/R and 5-S/R were 70-80%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Scheme 2. Solid-phase synthesis of probe 5-S.  
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IV.3. Binding Selectivity Evaluation 

 

Binding Selectivity with Purified Kinases 

To evaluate the binding selectivity of probes 4-S, 4-R, 5-S, and 5-R, we initially 

screened a panel of six commercially available kinases, including PKA, GSK3, CK1, Src, 

Fyn, and Lck. Kinases were incubated with probes and irradiated under an UV-A lamp 

(λmax=350nm). Samples were then subjected to denaturing SDS-PAGE and blotted onto 

PVDF membrane. Blotted membrane was treated with an anti-biotin horseradish 

peroxidase-conjugated antibody, and biotinylated proteins were visualized by 

chemiluminescence.  

Our original expectation was that probes would show some selectivity toward all 

Src-family kinases (Src, Fyn, Lck) over other kinases (Ser/Thr kinases), since Src-family 

kinases share substrate specificity. However, probe 5-S showed great selectivity within 

SFKs by labeling only Lck (Figure 21a). Interestingly, its stereoisomer, probe 5-R, did 

not label any of the kinases, underscoring the importance of stereochemistry in probe-Lck 

interaction (Figure 21b).  Probes 4-S and 4-R showed no bands when assessed with 

purified kinases (data not shown).  Next, we examined the selectivity of probe 5-S toward 

additional kinases, e.g. VEGFR2, EGFR, MAPK, CK2, and PKC. As shown in Figure 

22, only Lck was labeled when probe 5-S was incubated with ten different kinases. This 

selectivity might result from sequence differences within the hydrophobic pocket of the 

structurally related SFKs.77  This point will be further discussed in Chapter V. 
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Figure 21.  Photolabeling studies of a panel of six purified kinases (a) 

Selective labeling of Lck with probe 5-S (b) None of the six kinases was 

labeled with probe 5-R. 

 

 

 

 

 

 

 

Figure 22.  Photolabeling study of a panel of ten purified kinases tagged with 

probe 5-S. Only Lck was labeled with 5-S. 
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The binding profile of each of the ten kinases was subsequently evaluated using 

all probes: 1-S, 1-R, 2-S, 2-R, 3-S, 3-R, 4-S, 4-R, 5-S, and 5-R.  However, only Lck and 

probe 5-S showed a binding interaction resulting in an intense band around 57 kDa 

(Figure 23).   

 

 

 

 

 

 

 

 

Figure 23.  Photolabeling study of Lck with probes 1-S, 1-R, 2-S,  

2-R, 3-S, 3-R, 4-S, 4-R, 5-S, and 5-R. Only 5-S labeled Lck. 

 

Considering the labeling results of Lck with 1-S/R-5-S/R and the structural 

differences among these probes, we identified several structural motifs crucial for Lck-

probe interaction. First, the location of the adenine unit within the probe is important for 

Lck recognition. 5-S, in which adenine is near the C-terminus of the probe, labeled Lck. 

However, 2-S, in which the adenine moiety is in the middle of the probe, did not label 

Lck. This observation may result from steric hinderance of the adenine group by the 

neighboring benzophenone and biotin units preventing its interactions with the ATP-

binding site on Lck.  
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Figure 24.  Structural motifs important for Lck-probe 5-S interaction: probe’s chirality, 

distance between adenine and benzophenone, and position of adenine within the probe.  

 

Another important structural motif is the distance between the benzophenone and 

adenine, as shown by comparing 4-S and 5-S. 4-S, in which the through-bond distance 

between the N9-methyl group of the adenine and the p-methyl group of the benzophenone 

was approximately 13 Å, did not label Lck, whereas 5-S, in which this distance was 16.5 

Å, labeled Lck. This result may indicate that in order to attain the ideal 13 Å through-

space distance between adenine and benzophenone a longer through-bond distance is 

required, probably due to bond angels and three-dimensional structure of our probe.  

Finally, the chirality of the probe was found to be crucial for Lck recognition, as 
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recognition can be explained by interactions of 5-S with asymmetric hydrophobic pockets 

containing distinctive spatial alignment of amino acid.  

To gain additional insight into the interaction between Lck and probe 5-S, a series 

of blocking experiments was carried out. Lck was pre-incubated with an excess (10×) of 

adenine, benzophenone, or biotin prior to photolabeling with probe 5-S. As shown in 

Figure 25, free benzophenone significantly reduced band intensity (lane 2), whereas free 

adenine resulted in the disappearance of the band (lane 3). As expected, biotin showed no 

effect on probe-Lck interaction (lane 4). These results are consistent with the rational 

design of our probe, as they indicate that both adenine and benzophenone play a role in 5-

S recognition by Lck.  

 

 

 

 

 

 

 

 

 

Figure 25.  Blocking experiments. (a) photolabeling study of Lck with probe 5-

S in the presence or absence of free benzophenone, adenine, and biotin as 

blocker. (b) Structures of benzophenone, adenine, and biotin blockers.  

 

Lane                     1    2     3     4  
Probe 5-S             +    +    +     +
Benzophenone - +     - -
Adenine                 - - +     -
Biotin                     - - - +

Blockers: 
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Adenine:

Biotin:
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Binding Selectivity in Protein Mixture  

After demonstrating the selectivity of 5-S toward Lck using purified kinases, we 

aimed to establish its selectivity in a complex mixture of proteins. Selectivity of probe 5-

S toward Lck in a complex proteome was examined using cytosolic proteins from Jurkat, 

a lymphocyte cell line known to express Lck. Protein were extracted by suspension of 

Jurkat cell pellets in a hypotonic lysing buffer and concentrated to a final concentration of 

0.7 μg/μl (see Materials and Methods).   

 

 

 

 

 

 

 

Figure 26.  Photolabeling study of cytosolic extract of Jurkat Cells with 

probe 5-S and Lck inhibitor. (a) Selective labeling of Lck in cytosolic 

extract of Jurkat cells. (b) Structure of probe 5-S and Lck inhibitor. 

 

Photolabeling of cytosolic proteins with probe 5-S gave an intense band at 

approximately 60 kDa, which corresponds to the molecular weight of Lck (Figure 26a, 
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performed blocking experiments using ATP-competitive inhibitor of Lck.78  When Jurkat 

lysate was pre-incubated with an ATP-competitive inhibitor of Lck78 (Figure 26b), the 

intensity of the band at 60 kDa significantly decreased (Figure 26a, lane 2).   

These results confirmed that probe 5-S selectively tagged Lck, even in a complex 

mixture of proteins.39  Furthermore, the effect of ATP-competitive inhibitor on the 

labeling of Lck by probe 5-S implied that our probe binds at the catalytic binding site of 

Lck as originally expected. 
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IV.5. Summary and Conclusions  

 

In this part of my thesis, our proteomic chemical methodology was successfully 

employed for development of a prototype photoactive probe (5-S) for selective labeling 

of Lck.39  This probe was one of several compounds originally designed to target the 

active site of SFKs based on the unique topology of their substrate-binding site. All 

probes consist of biotin, benzophenone, and adenine moieties tethered through a peptide 

backbone with different length or stereochemistry.  However, only probe 5-S selectively 

labeled Lck kinase when screened with a panel of purified kinases.  Furthermore, probe 

5-S showed high selectivity toward Lck in a lysate of Jurkat cells.  

Blocking experiments revealed that both adenine and benzophenone were involved 

in the recognition of 5-S by Lck. Furthermore, blocking experiment using ATP-

competitive inhibitor of Lck, confirmed that labeling of Lck by 5-S depended on the 

probe’s binding affinity toward the active site of the enzyme.  

The structural motifs crucial for 5-S-Lck interactions were identified as the adenine 

and benzophenone units, the distance between them and their position within the probe. 

In addition, the stereochemistry of the peptide backbone in the base of the benzophenone 

unit was shown to have crucial role in recognition of 5-S by Lck.    

Based on these findings, we aimed to continue our study toward developing new 

probes of higher affinity and selectivity toward Lck as well as other SFKs. To accomplish 

this task, we first had to study the 5-S-Lck complex and understand the molecular basis 

for the selectivity toward Lck.  



 68

In conclusion, we identified a photoactive Lck ligand, 5-S, which can selectivity 

tag Lck in complex proteome. We determined the key structural motifs crucial for 5-S-

Lck interactions and confirmed that the labeling by 5-S depends on the probe’s binding 

affinity toward the active site of the enzyme.  

The 5-S-Lck complex is an interesting system of molecular recognition for further 

study to improve our probes’ design strategy. Therefore, our next steps, as described in 

Chapter V, were to determine 5-S binding site, obtain a structural model of 5-S-Lck 

complex and perform structure affinity relationship studies.  
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IV.6. Materials and Methods 
 
Multiple copy simultaneous search analysis (MCSS)  

All calculations were carried out using the Molecular Operating Environment 

(MOE) package (Chemical Computing Group Inc., Quebec, Canada). Crystal structures 

of Lck, Src, and Fyn combined with ATP-analogue were obtained from Protein Data 

Bank. After addition of hydrogens, the energy of these complexes was minimized using 

Assisted Model Building and Energy Refinement (AMBER). The sugar and phosphate 

parts of the ATP analogue were then cut off, and on top of each of the hydrophobic 

pockets one hundred benzophenone molecules were randomly generated. The resulting 

complex was energy minimized using Merck Molecular Force Field 94 (MMFF94).86   

To reduce computational time, this study was carried out without considering solvent 

effects. (Parameters: Copies of benzophenone generated: 100, Copies RMSD: 0.2, RMS 

gradient: 0.01, Belly distance: 0). 

Materials & Physico-chemical analytical methods 
See page 39-40. 
 

Chemical Synthesis  

Probe synthesis was accomplished manually using a stepwise solid-phase 

procedure.  All couplings were carried out for 10 hours in dimethylformamide (DMF) 

using a 2-fold excess (over resin loading) of protected monomer, activated with an 

equimolar of HOBt and DCC.  Reaction was monitored using the Kaiser test for free 

amines.62  N-Fmoc group was removed using 20% (v/v) piperidine in DMF.  Probes were 

removed from the solid support with simultaneous sidechain deprotection using a 95% 
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trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS) and 2.5% water solution for 2 h 

at room temperature.  TFA was removed under reduced pressure. Crude material was 

precipitated and washed with cold petroleum ether.  Probes were purified using semi-

preparative HPLC. Crude yield’s range was 28% - 94%. The purified probes were 

analyzed using Analytical HPLC, Mass Spectroscopy, and 1H-NMR.  

 

Probe 4-S [Biotinyl-p-benzoyl-L-phenylalanyl-adenine-N9-acetyl-(2-aminoethyl) 

glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.55 (1H, t, NH), 8.32 (1H, m, NH), 8.30 (1H, m, 

CH), 8.15 (1H, s, CH), 7.60-7.25 (9H, m, 9xCH), 7.15 (2H, s, NH2), 6.00 (2H, m, 2xNH), 

5.20 (2H, m, CH2), 4.35 (1H, m, CH), 4.19 (1H, m, CH), 4.15 (2H, m, CH2), 4.10 (1H, m, 

CH), 3.78 (2H, m, CH2), 3.55 (2H, m CH2), 3.30 (2H, m, CH2), 3.20 (2H, m, CH2), 2.85 

(1H, m, CH), 2.70 (2H, m, CH2), 2.08 (2H, m, CH2), 1.52-1.05 (6H, m, CH2CH2CH2). 

ESIMS (expected m/z 827.3) m/z 828.5 (MH+), 414.75 (M2H+/2). Analytical RP-HPLC 

retention time: 17.00 min. 

 

Probe 4-R [Biotinyl-p-benzoyl-D-phenylalanyl-adenine-N9-acetyl-(2-aminoethyl) 

glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.60 (1H, t, NH), 8.42 (1H, m, NH), 8.35 (1H, m, 

CH), 8.05 (1H, s, CH), 7.64-7.25 (9H, m, 9xCH), 7.19 (2H, s, NH2), 6.05 (2H, m, 2xNH), 

5.25 (2H, m, CH2), 4.25 (1H, m, CH), 4.18 (1H, m, CH), 4.15 (2H, m, CH2), 4.10 (1H, m, 

CH), 3.70 (2H, m, CH2), 3.50 (2H, m CH2), 3.35 (2H, m, CH2), 3.24 (2H, m, CH2), 2.85 

(1H, m, CH), 2.70 (2H, m, CH2), 2.10 (2H, m, CH2), 1.60-1.10 (6H, m, CH2CH2CH2). 
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ESIMS (expected m/z 827.3) m/z 828.7 (MH+), 414.70 (M2H+/2). Analytical RP-HPLC 

retention time: 17.15 min. 

 

Probe 5-S [Biotinyl-p-benzoyl-L-phenylalanyl-glycinyl-adenine-N9-acetyl-(2-

aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.65 (1H, t, NH), 8.48 (1H, m, NH), 8.40 (1H, m, 

NH), 8.30 (1H, m, CH), 8.15 (1H, s, CH), 7.75-7.30 (9H, m, 9xCH), 7.25 (2H, s, NH2), 

6.36 (2H, m, 2xNH), 5.19 (2H, m, CH2), 4.65 (1H, m, CH), 4.29 (1H, m, CH), 4.22 (2H, 

m, CH2), 4.10 (1H, m, CH), 3.80 (2H, m, CH2), 3.65 (2H, m CH2), 3.40 (2H, m, CH2), 

3.20 (2H, m, CH2), 3.1 (2H, m, CH2), 2.95 (1H, m, CH), 2.75 (2H, m, CH2), 2.17 (2H, m, 

CH2), 1.60-1.15 (6H, m, CH2CH2CH2). ESIMS (expected m/z 884.2) m/z 885.3 (MH+), 

443.2 (M2H+/2). Analytical RP-HPLC retention time: 18.30 min. 

 

Probe 5-R  [Biotinyl-p-benzoyl-D-phenylalanyl-glycinyl-adenine-N9-acetyl-(2-

aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.55 (1H, t, NH), 8.48 (1H, m, NH), 8.30 (1H, s, 

CH), 8.25 (1H, s, CH), 7.80-7.35 (9H, m, 9xCH), 7.30 (2H, s, NH2), 6.30 (2H, m, 2xNH), 

5.20 (2H, m, CH2), 4.65 (1H, m, CH), 4.30 (1H, m, CH), 4.22 (2H, m, CH2), 4.05 (1H, m, 

CH), 3.75 (2H, m, CH2), 3.60 (2H, m CH2), 3.46 (2H, m, CH2), 3.25 (2H, m, CH2), 3.10 

(2H, m, CH2), 2.9 (1H, m, CH) 2.75 (2H, m, CH2), 2.19 (2H, m, CH2), 1.10-1.55 (6H, m, 

CH2CH2CH2). ESIMS (expected m/z 884.2) m/z 885.2 (MH+), 907.2 (MNa+), 443.1 

(M2H+/2). Analytical RP-HPLC retention time: 18.25 min. 
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Biological Assays 
 

Photolabeling of kinases 
 
  20 µl aliquots of purified kinases (1 µg/µL) were mixed with 2 µl of 1 mM probe 

solution in DMSO.  For blocking experiments, 20 µl aliquots of the lysate were mixed 

first with 2 µl of a blocking solution in DMSO (10 mM adenine, 10 mM benzophenone, 

10 mM biotin, or DMSO control) and then with 2 µl of 1 mM probe solution in DMSO.  

The mixtures were incubated at 4 ºC for 1 h.  Photocrosslinking was carried out under six 

Sylvania 350 Blacklight lamps (15 W, λmax 350 nm) for 2 h, in which samples were kept 

on ice and placed approximately 5 cm below the lamps. Following the photocrosslinking, 

samples were mixed with Laemmli Sample Buffer with 5%(v/v) 2-mercaptoethanol, 

denatured at 80 ºC for 5 min and separated on SDS-PAGE (5-20% Tris-HCl gel, 200 V, 1 

h) in 1× Tris-Glycine-SDS buffer.  Gel was blotted onto PVDF membrane (200 mA, 1h) 

in a cold transfer buffer (20% methanol in 1× Tris-Glycine buffer).  Blotted membrane 

was blocked with 5% non-fat milk in Tris-buffered saline containing 1% Tween 20 

(TBS-T) for 1 h.  Blocked membrane was rinsed with TBS-T (10 min × 3), treated with 

an anti-biotin hoarse radish peroxidase (HRP)-conjugated antibody (1:100 dilution in 2% 

non-fat milk in TBS-T) for 3 h, and washed with TBS-T (10 min × 3).  The washed 

membrane was treated with the ECL-Plus chemiluminescence reagent for 5 min. Bands 

were observed with the BioRad ChemiDoc gel documentation system.   

 

Photolabeling of Jurkat cytosolic proteins 

Jurkat cells were maintained in Dulbecco’s Modified Eagle Media containing 

10% fetal calf serum and 1% penicillin-streptomycin-fungizone in a 37 ºC, 5% CO2 
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incubator.  For each labeling experiment, cells were harvested at the log phase (50-70% 

confluency) and plated onto a 10 cm tissue culture dish. Cells were then incubated 

overnight in a 37 ºC 5% CO2 incubator. Cell pellets were then suspended in a hypotonic 

lysing buffer (pH 8, 10mM HEPES, 1.5mM MgCl2, 10mM KCl, 0.1mM EDTA, and 

1mM PMSF) and incubated at room temperature for 10 min. The swelled cells were then 

lysed by gentle pipetting. The lysates were centrifuged (10,000 rpm, 4 ºC). In the 

subsequent steps, protein solutions were always kept on ice or in a chromatography 

refrigerator (4 ºC). Protein concentration was quantified with Promega Commassie 

Plus™ Protein Assay Reagent. The final protein concentration used for the experiment 

shown in Figure 9 was 0.7 μg/μl. Photolabeling was carried out as described above, in the 

Photolabeling of Kinases section, using 2 µl of 1 mM probe solution and 2 µl of 1 µM of 

ATP-competitive inhibitor of Lck. 
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Chapter V 

 

 

Characterization of Probe-Lck Complex 
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V.1. Binding Site Determination 
 
 

To further investigate the unique selectivity of 5-S toward Lck, we identified its 

binding site using MALDI-TOF mass spectrometry and LC/MS/MS. Samples were 

prepared by incubation of Lck with probe 5-S in DMSO, or with a DMSO control, 

followed by photocrosslinking. Samples were then separated by SDS-PAGE and 

coomassie-stained protein bands were excised from the gel and submitted to mass 

spectrometric analysis. Proteins in excised bands were reduced with dithiothreitol (DTT) 

and digested with trypsin. Using a MALDI-TOF mass spectrometer, we identified a 

peptide fragment (m/z 1746.8) corresponding to Ile379-Arg386 (mw=861.9) 

(IADFGLAR) tagged with probe 5-S (mw=884.9) (Figure 27). Peptides observed in this 

mapping covered 82% of the protein sequence. The unmodified peptide, IADFGLAR, 

was observed in both samples, but its intensity was lower in the sample treated with 

probe 5-S.  

To identify the exact covalent attachment point, LC-MS-ESI was employed. The 

triply charged ion (m/z 582.9) of labeled fragment IADFGLAR was eluted from the LC 

column at 29.24 minutes and analyzed by MS/MS (Figure 28). This analysis revealed that 

probe 5-S is covalently attached to either Gly384 or Leu385 (Table 2), both of which are 

located near the adenine binding site of Lck.  

Fragment ions resulting from cleavage between these two residues were not 

observed, despite numerous attempts. However, literature search revealed that, in 

biological systems, the most effective H-donors that can react with benzophenone 

carbonyl radical include electron-rich tertiary centers such as Cγ-H of leucine and Cβ-H 

of valine, and those CH2 groups adjacent to heteroatoms in lysine, arginine, and 
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methionine.36  Additionally, since Leu385 is located in the outer edge of the hydrophobic 

pocket it is more accessible than Gly384 for interactions with probe 5-S.  Therefore, it is 

likely that the benzophenone moiety of probe 5-S is photocrosslinked to the Leu384 

residue of Lck.  

 

 

 

 

 

 

 

 

 

 

Figure 27.  MALDI-TOF analysis of a. Control: Lck and DMSO and b. Sample: Lck 

tagged with probe 5-S. 

 

 

 

 

 

 

Figure 28.  MS/MS analysis of the triply charged ion at m/z 582.9. 

Peptide 379-386 (IADFGLAR) + Probe 5-S
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Table 2.  MS/MS analysis of peptide IADFGLAR tagged with probe 5-S. 

Fragment AA sequence  Calculated mw (g/mol) Observed m/z 

Y1 R 174.2 MH+      175.17 

Y2 AR 245.3 MH+       246 

Y4 GLAR + probe 5-S  1300.4 [M+2]/2  651.35 

Y5 FGLAR + probe 5-S 1447.6 [M+2]/2   725.1 

Y6 DFGLAR + probe 5-S 1562.6 [M+2]/2   781.9 

Y7 ADFGLAR + probe 5-S 1633.7 [M+2]/2   817.47 

 IADFGLAR + probe 5-S 1747.49 [M+3]/3   583.1 

 

 

V.2.  Structural Model for 5-S-Lck Complex 

  

MS/MS analysis confirmed that benzophenone binds to a hydrophobic region near 

the adenine binding site of Lck (Figure 29a). Based on this analysis and published data 

regarding the binding of adenine to its binding site on kinases,72,76,77 we performed a 

conformational search of probe 5-S within the binding site of Lck.  

We used a stochastic search,87,88 in which 10,000 conformers of probe 5-S were 

randomly generated in the substrate binding site region of Lck with restrictions of 1-3 Å 

distance between the carbonylic radical of benzophenone and Cγ-H of the Leu384 residue 

of Lck. The energy of the generated molecules was then minimized using MMFF94. The 

conformational search resulted in a global minimum conformation which was more than 
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7 Kcal/mol lower than any other conformers. This global minimum conformation was 

used to obtain a structural model showing that the benzophenone moiety is surrounded by 

Phe255, Met279, Val258, Ala286 Glu287, Gly383, and Leu384 (Figure 29b). This model 

provides a structural basis for designing new Lck ligands with higher binding affinity and 

selectivity, as described in V.4. 

 

 

 

 

 

 

 

 

 

 

Figure 29. The current model of 5-S-Lck complex. (a) Amino acid sequence 

of Lck’s binding pockets (shown in blue and red). The amino acid sequence of 

the adenine binding site is shown in green. (b) Surface presentation of probe 

5-S in its binding pockets (shown on the left) and amino acid residues 

surrounding the benzophenone moiety (shown on the right).  

 

>gi|20428652|ref|NP_005347.2| lymphocyte-specific protein tyrosine kinase [Homo sapiens] 
MGCGCSSHPEDDWMENIDVCENCHYPIVPLDGKGTLLIRNGSEVRDPLVTYEGSNPPASPLQDNLVIALH 
SYEPSHDGDLGFEKGEPLRILEQSGEWWKAQSLTTGQEGFIPFNFVAKANSLEPEPWFFKNLSRKDAERQ 
LLAPGNTHGSFLIRESESTAGSFSLSVRDFDQNQGEVVKHYKIRNLDNGGFYISPRITFPGLHELVRHYT 
NASDGLCTRLSRPCQTQKPQKPWWEDEWEVPRETLKLVERLGAGQFGEVWMGYYNGHTKVAVKSLKQGSM 
SPDAFLAEANLMKQLQHQRLVRLYAVVTQEPIYIITEYMENGSLVDFLKTPSGIKLTINKLLDMAAQIAE 
GMAFIEERNYIHRDLRAANILVSDTLSCKIADFGLARLIEDNEYTAREGAKFPIKWTAPEAINYGTFTIK 
SDVWSFGILLTEIVTHGRIPYPGMTNPEVIQNLERGYRMVRPDNCPEELYQLMRLCWKERPEDRPTFDYL 
RSVLEDFFTATEGQYQPQP 

(a)
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V.3. On the Selectivity toward Lck 

 

To understand the unique selectivity of probe 5-S toward Lck, we focused our 

attention on the structural model of the 5-S-Lck complex and the amino acid sequence of 

SFKs. Our current model of the 5-S-Lck complex, and MS/MS analysis, showed that the 

probe binding site is located within the well conserved region of SFKs.39  As illustrated in 

Figure 30, the photocrosslinking site (shown in red) as well as other amino acids around 

it (shown in blue) are conserved in Lck, Src and Fyn. Another binding site of 5-S is the 

ATP-binding pocket (shown in green), which is also highly conserved among all kinases. 

Furthermore, all hydrogen bonding and hydrophobic interactions between 5-S and Lck 

are mediated through amino acid residues (marked with blue asterisks) that are well 

conserved in SFKs. Therefore, it was surprising to find that 5-S did not label other 

kinases with seemingly identical binding pockets.  

 

 

 

 

 

 

Figure 30. Sequence alignment of Lck, Fyn, and Src. The probe-binding region of Lck 

was aligned with Fyn and Src using CLUSTAL W (1.82) on Expasy. The ATP-binding 

site is shown in green. The photocrosslinking site on Lck, Gly383/Leu384, is 

highlighted in red and the amino acids around it are highlighted in blue.  

*    *   ***          *
sp|P06239|LCK_HUMAN TRLSRPCQTQKP----QKPWWEDEWEVPRETLKLVERLGAGQFGEVWMGYYNGHTKVAVK
sp|P06241|FYN_HUMAN      CRLVVPCHKGMPRLTDLSVKTKDVWEIPRESLQLIKRLGNGQFGEVWMGTWNGNTKVAIK
sp|P12931|SRC_HUMAN      HRLTTVCPTSKP---QTQGLAKDAWEIPRESLRLEVKLGQGCFGEVWMGTWNGTTRVAIK

*    *  *            *               *
sp|P06239|LCK_HUMAN SLKQGSMSPDAFLAEANLMKQLQHQRLVRLYAVVTQEPIYIITEYMENGSLVDFLKTPSG
sp|P06241|FYN_HUMAN TLKPGTMSPESFLEEAQIMKKLKHDKLVQLYAVVSEEPIYIVTEYMNKGSLLDFLKDGEG
sp|P12931|SRC_HUMAN      TLKPGTMSPEAFLQEAQVMKKLRHEKLVQLYAVVSEEPIYIVTEYMSKGSLLDFLKGETG    

* * **         ** ** 
sp|P06239|LCK_HUMAN IKLTINKLLDMAAQIAEGMAFIEERNYIHRDLRAANILVSDTLSCKIADFGLARLIEDNE
sp|P06241|FYN_HUMAN      RALKLPNLVDMAAQVAAGMAYIERMNYIHRDLRSANILVGNGLICKIADFGLARLIEDNE
sp|P12931|SRC_HUMAN     KYLRLPQLVDMAAQIASGMAYVERMNYVHRDLRAANILVGENLVCKVADFGLARLIEDNE
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Since amino acid sequence alignment of Src, Fyn and Lck did not account for 5-S 

selectivity, differences in their three-dimensional structures were examined. Crystal 

structures of Src, Fyn, and Lck were superimposed on MOE (Figure 31) revealing some 

differences in their three-dimensional structures. The crystal structure of Src did not 

resolve a loop around the benzophenone binding site, implying that the loop region has 

high mobility. This region, might therefore reduce benzophenone accessibility into the 

hydrophobic area and prevent 5-S from labeling Src. Additionally, there are differences 

in protein folding in the upper part of the pocket that might account for differences in 

binding selectivity.   

 

 

Figure 31. Spatial alignment of Lck (red), Src (blue), and Fyn (green).  

 

 
It is important to note that in order to obtain efficient labeling of a target protein 

with our probe (Figure 32), an initial binding affinity interaction needs to coexist with 

specific orientation of the benzophenone photophore in order to satisfy the geometrical 

requirements of the photocrosslinking reaction.36,49  Therefore, it is possible that probe 5-
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S has affinity interactions with other kinases in addition to Lck, but benzophenone 

orientation allows efficient labeling only in 5-S-Lck complex. To test this possibility, we 

have to examine the affinity and selectivity of 5-S toward SFKs regardless of the 

photocrosslinking step. This can be done by affinity studies using avidin-coated resin, as 

discussed in Chapter VI. 

  

 

Figure 32. Photoaffinity labeling with our adenine-benzophenone conjugate probe. 

To attain an efficient labeling, the binding affinity interaction needs to be followed by 

an efficient photolabeling reaction.  

 

 

 

 

 

 

Photo LabelingBinding Affinity

Benzophenone 

Adenine
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V.4. Structure Affinity Relationship Study on Probe 5-S 

 
To confirm our structural model for the 5-S-Lck complex, and to identify 

structural motifs for increased affinity and selectivity, we carried out structure affinity 

relationship studies on probe 5-S. A new set of probes was designed and synthesized on a 

solid phase support as described before (See Materials & Methods). Structures of new 

probes were derived from the structure of 5-S, with modifications to the peptide 

backbone connecting the adenine, benzophenone, and biotin moieties (Figure 33).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33.  Structures of the modified probes and their photoaffinity labeling 

constants (KPAL). 
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Binding selectivity of these probes was evaluated as described in chapter II, using 

Lck, Src, Fyn, BCR-Abl, PKA, GSK3, CK1, VEGFR, EGFR, CK2, MAP42 and PKC. 

All probes showed selectivity toward Lck and did not label other kinases. Since labeling 

of Lck requires both affinity toward the substrate-binding site of Lck and efficient 

photolabeling, we quantified the efficiency of our probes by calculating their relative 

photoaffinity labeling constant (KPAL). This constant was obtained by photolabeling of 

Lck with different concentrations of each probe. Intensities of the observed bands were 

plotted against probe concentration and the concentration that resulted in 50% of the 

maximum intensity was taken as KPAL (Figure 34). Triplicate experiments were carried 

out for each probe. 

 

    

 

 

 

 

 

Figure 34.  Photoaffinity labeling curves of Lck with probes 6-S, 7-S, 8-S, and 11-S. 

Data is taken from triplicate labeling experiments of Lck with different concentrations (3, 

9, 18, 36, 90, 180, and 360 mM) of probes 6-S, 7-S, 8-S, and 11-S. 
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was to confirm our structural model. Since biotin is sticking out of the binding pocket 

(Figure 35b) and does not participate in recognition by Lck, changing its distance from 

the benzophenone unit was not expected to affect binding selectivity or photoaffinity. As 

expected, 6-S labeled only Lck with the same photoaffinity binding as 5-S.  

Another reason for this modification was to increase the distance between the 

biotin and benzophenone units. The longer linker allowed the use of avidin horseradish 

peroxidase (HRP), instead of anti-biotin HRP conjugated antibody, for more sensitive 

detection of tagged kinases. Since 6-S maintained the same selectivity and photoaffinity 

as 5-S while offering a technical advantage over 5-S, we used the structure of 6-S as a 

model for further modifications. 

 

 

 

 

 

 

 

 

 

Figure 35. (a) Structures of probes 5-S and 6-S. (b) Model of probe 5-S in its 

binding pocket. The modified site is indicated by an arrow. (c) Photolabeling of 

Lck with different concentrations of probe 6-S and the calculated KPAL value.  

 

Kd = 15.90 μM  ± 2.02

6-S5-S

a)

b)

KPAL = 15.9 µM  ± 2.0

(a)

(b)                                                             (c)



 85

To improve the photoaffinity labeling of 6-S (KPAL = 15.9 μM ± 2.0), its pro-R 

hydrogen in the glycine between adenine and benzophenone was modified (Figure 36b). 

This hydrogen does not participate in the binding interactions with Lck, therefore it was 

replaced with serine (probe 7-S) and glutamic acid (probe 8-S) residues (Figure 36a). 

This modification was expected to allow additional interactions between the probe and 

polar amino acids in the substrate binding site, without impairing existing interactions. 

For example, the hydroxyl group of serine residue or carbonylic group of glutamic 

residue could form hydrogen bonding with the peptidic backbone.77  

 

 

 

 

 

 

 

 

 

Figure 36. (a) Structures of probes 6-S, 7-S, and 8-S and their photoaffinity 

labeling constant (KPAL). (b) Model of probe 5-S in its binding pocket. The 

modified hydrogen is indicated by a circle.  
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compared to 6-S.  One reason might be that the distance between the probe and Lck at the 

modified point is too big to be bridged by these residues. Additionally, it is possible that 

these residues do form additional interactions with Lck, however, these interactions may 

not affect the overall photoaffinity labeling efficiency.  

In an effort to further improve photoaffinity labeling of our probes, we increased 

the rigidity of the linker between benzophenone and adenine by replacing the glycine 

linker in proline (probe 9-S) and piperidine (probe 10-S) (Figure 37a).  

 

 

 

 

 

 

 

 

 

Figure 37. (a) Structures of probes 6-S, 9-S, and 10-S and their photoaffinity 

labeling constant (KPAL) (b) Model of probe 5-S in its binding pocket. The 

modified site is indicated by an arrow.  
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resulted in dramatic reduction of the photoaffinity labeling of the probes (KPAL > 150 μM 

± 2.0). The reasons for the reduced activity can be the loss of binding interactions 

between the probe and Lck or loss of ability of the benzophenone to achieve the 

geometric requirements for the labeling reaction.36 

Poor photoaffinity labeling of 9-S and 10-S implied that flexibility of the linker 

between recognition units of the probe is essential for recognition by Lck. Therefore, we 

decided to increase the length and flexibility of the linker between the adenine and 

benzophenone units by replacing the glycine with γ-amino butyric (Figure 38). This 

modification resulted in a three-fold increase in photoaffinity labeling of Lck by probe 

11-S (KPAL = 4.8 μM ± 2.5) relative to 6-S (KPAL = 15.9 μM ± 2.0).  

 

 

 

 

 

 

 

 

 

Figure 38. (a) Structures of probes 5-S and 11-S and their photoaffinity labeling 

constant (KPAL). (b) Model of probe 5-S in its binding pocket. The modified site 

is indicated by an arrow.  
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One reason for the increased photolabeling by 11-S can be that the probability of 

achieving an optimal geometry for covalent attachment of benzophenone radical to Lck is 

improved by using a flexible linker.  By increasing the linker flexibility further we might 

increase the efficiency of the labeling even more. However, such modification might 

impair the selectivity of our probes. Thus, to maintain the highest regioselectivity, the 

flexibility of the linker has to be limited to only that which is necessary to achieve 

efficient H-abstraction and C-C recombination.36 
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V.5. Summary and Conclusions 

 

To characterize 5-S-Lck interactions, the binding site was determined and a 

structural model of 5-S-Lck complex was obtained.  MS/MS analysis confirmed that the 

benzophenone moiety in probe 5-S binds to either the Gly384 or Leu385 residue in the 

substrate-binding site of Lck, near the adenine binding site.  Since Cγ-H of leucine is an 

electron rich center that is likely to react with the benzophenone radical we can suggest 

that our probe covalently label Lck in its Leu385 residue. 

Selectivity among different SFKs can arise from variations among amino acid 

residues within the adenine or benzophenone binding areas.72  However, since these 

binding sites are well conserved among SFKs, it was surprising to find that 5-S did not 

label other SFKs.  Furthermore, this unique selectivity toward Lck could not be fully 

explained by amino acid sequence and spatial alignment of Src, Fyn, and Lck. These 

results suggest that subtle differences in structure and/or dynamics between Lck and other 

SFKs culminated in the distinct differences in the photoaffinity labeling by 5-S.  Since 

photoaffinity labeling depends on both affinity interactions and efficiency of 

photocrosslinking reaction, further studies are required in order to distinguish which 

factor has the major role in the selectivity of 5-S toward Lck. 

To improve the efficiency of the photoaffinity labeling by 5-S, we carried out 

structure affinity relationship studies in which the peptide backbone of 5-S was modified 

in several ways.  First, to confirm our structural model and allow using avidin conjugated 

antibody for the detection and purification of tagged proteins, the glycine linker between 

the benzophenone and biotin moieties was replaced γ-amino butyric acid (probe 6-S). 
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Then, 6-S was further modified by replacing the glycine group between benzophenone 

and adenine with serine (probe 7-S), glutamic acid (probe 8-S), proline (probe 9-S), 

piperidine (probe 10-S), and γ-amino butyric acid (probe 11-S). All probes maintained 

their selectivity toward Lck, however, with different photoaffinity labeling constants.  

Relative to probe 6-S, probes 9-S and 10-S, in which the flexibility of the linker between 

benzophenone and adenine was constrained, exhibited more than 10 fold reduction in 

their photoaffinity labeling. On the other hand, probe 11-S, in which the length and 

flexibility of the linker was increased, showed a 3-fold increase in its photoaffinity 

labeling potency relative to 6-S. Therefore, we conclude that a certain degree of the 

flexibility in the linker between adenine and benzophenone is fundamental for the 

labeling of Lck by our probe. Furthermore, this conclusion is supported by previous 

studies that show that the efficiency of the labeling by benzophenone containing ligands 

is governed significantly by the amount of conformational space that can be explored by 

the side-chain CH2-benzophenone moiety.37   

In conclusion, we identified the binding site of probe 5-S and obtained molecular 

model of its complex with Lck. The selectivity toward Lck could not be fully explained 

by amino acid sequence analysis and spatial alignment of different SFKs. Thus, further 

studies are required to find the origin of this selectivity. Structure affinity relationship 

studies revealed that the flexibility of the linker between the benzophenone and adenine 

group is crucial for the labeling by our probes. 
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V.6. Materials and Methods 

 

Materials & Physico-chemical analytical methods 
See pages 39-40. 
 
 
Stochastic Search of probe 5-S on Lck 

10,000 molecules of probe 5-S were randomly generated in the substrate binding 

site region of Lck with the following distance restrictions: the distance between the 

benzophenone carbonylic radical and Cγ-H of Leu385 residue as well as the distance 

between the primary amine of adenine and the carbonyl oxygen of the Glu317 residue 

were restricted to 1-3 Å. The protein and the probe’s chiral center were fixed and the 

energy of the generated molecules was minimized using MMFF94 calculations. 

(Parameters: Mode for bond rotation: bias 30, Delta for Cartesian perturbation: 0.001, 

RMS gradient for Cartesian minimization: 0.01, Energy cutoff: 7 Kcal/mol, Failure limit: 

20, RMS tolerance: 0.1, Conformational limit: 10000, Iteration limit: 10000, MM 

Iteration limit: 200). 

 

Chemical Synthesis  

Probe synthesis was accomplished manually using a stepwise solid-phase 

procedure.  All couplings were carried out for 10 hours in dimethylformamide (DMF) 

using a 2-fold excess (over resin loading) of protected monomer, activated with an 

equimolar of HOBt and DCC.  Reaction was monitored using the Kaiser test for free 

amines.62  N-Fmoc group was removed using 20% (v/v) piperidine in DMF.  Probes were 

removed from the solid support with simultaneous sidechain deprotection using a 95% 
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trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS) and 2.5% water solution for 2 h 

at room temperature.  TFA was removed under reduced pressure. Crude material was 

precipitated and washed with cold petroleum ether.  Probes were purified using semi-

preparative HPLC. Yield’s range was 28% - 94%. The purified probes were analyzed 

using Analytical HPLC, Mass Spectroscopy, and 1H-NMR.  

 

Probe 6-S [Biotinyl-γ−aminobutyryl-p-benzoyl-L-phenylalanyl-glycinyl-adenine-N9-

acetyl-(2-aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.50 (1H, t, NH), 8.42 (1H, m, NH), 8.29 (1H, s, 

CH), 8.25 (1H, s, CH), 8.04 (1H, m, NH), 7.70-7.22 (9H, m, 9xCH), 7.30 (2H, s, NH2), 

6.35 (2H, m, 2xNH), 5.25 (2H, m, CH2), 4.65 (1H, m, CH), 4.32 (1H, m, CH), 4.20 (2H, 

m, CH2), 4.15 (1H, m, CH), 3.70 (2H, m, CH2), 3.60 (2H, m CH2), 3.40 (2H, m, CH2), 

3.29 (2H, m, CH2), 3.20 (2H, t, CH2), 3.10 (2H, m, CH2), 2.90 (1H, m, CH) 2.75 (2H, m, 

CH2), 2.19-2.17 (4H, m, 2xCH2), 1.82 (2H, m, CH2), 1.10-1.55 (6H, m, CH2CH2CH2). 

ESIMS (expected m/z 970.06) m/z 971.07 (MH+), 993.06 (MNa+), 486.03 (M2H+/2). 

Analytical RP-HPLC retention time: 19.01 min. 

 
Probe 7-S [Biotinyl-γ-aminobutyryl-p-benzoyl-L-phenylalanyl-D-serinyl-adenine-N9-

acetyl-(2-aminoethyl)glycinyl-glycine] 

Probe 7-S was syntesized by Doina Mihai. 

1H-NMR δ ppm (500MHz, DMSO) 8.64 (1H, t, NH), 8.48 (1H, m, NH), 8.25 (1H, s, 

CH), 8.20 (1H, s, CH), 8.04 (1H, m, NH), 7.75-7.20 (9H, m, 9xCH), 7.30 (2H, s, NH2), 

6.37 (2H, m, 2xNH), 5.20 (2H, m, CH2), 4.55 (1H, m, CH), 4.40 (1H, m, CH), 4.32 (1H, 

m, CH), 4.18 (2H, m, CH2), 4.15 (1H, m, CH), 3.75 (2H, m, CH2), 3.62 (2H, m CH2), 
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3.44 (2H, m, CH2), 3.26 (2H, m, CH2), 3.20 (2H, t, CH2), 3.08 (2H, m, CH2), 2.90 (1H, 

m, CH) 2.75 (2H, m, CH2), 2.30-2.20 (4H, m, 2xCH2), 2.04 (1H, t, OH), 1.80 (2H, m, 

CH2), 1.15-1.60 (6H, m, CH2CH2CH2). ESIMS (expected m/z 1000.09) m/z 1002.00 

(MH+), 501.03 (M2H+/2). Analytical RP-HPLC retention time: 16.05 min. 

 

Probe 8-S [Biotinyl-γ-aminobutyryl-p-benzoyl-L-phenylalanyl-D-glutamyl-adenine-

N9-acetyl-(2-aminoethyl)glycinyl-glycine] 

Probe 8-S was syntesized by Doina Mihai. 

1H-NMR δ ppm (500MHz, DMSO) 8.45 (1H, t, NH), 8.42 (1H, m, NH), 8.30 (1H, s, 

CH), 8.23 (1H, s, CH), 8.10 (1H, m, NH), 7.70-7.20 (9H, m, 9xCH), 7.27 (2H, s, NH2), 

6.30 (2H, m, 2xNH), 5.25 (2H, m, CH2), 4.75 (1H, m, CH), 4.60 (1H, m, CH), 4.42 (1H, 

m, CH), 4.25 (1H, m, CH), 3.75 (2H, m, CH2), 3.60 (2H, m CH2), 3.54 (2H, m, CH2), 

3.36 (2H, m, CH2), 3.22 (2H, t, CH2), 3.10 (2H, m, CH2), 2.80 (1H, m, CH) 2.65 (2H, m, 

CH2), 2.47-2.35 (4H, m, 2xCH2), 2.30-2.17 (4H, m, 2xCH2), 1.82 (2H, m, CH2), 1.20-

1.60 (6H, m, CH2CH2CH2). ESIMS (expected m/z 1042.12) m/z 1043.23 (MH+), 522.06 

(M2H+/2). Analytical RP-HPLC retention time: 16.10 min. 

 

Probe 9-S [Biotinyl-γ-aminobutyryl-p-benzoyl-L-phenylalanyl-D-prolinyl-adenine-

N9-acetyl-(2-aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.60 (1H, t, NH), 8.45 (1H, m, NH), 8.40 (1H, s, 

CH), 8.35 (1H, s, CH), 8.15 (1H, m, NH), 7.65-7.20 (9H, m, 9xCH), 7.20 (2H, s, NH2), 

6.35 (2H, m, 2xNH), 5.48 (2H, m, CH2), 4.52 (1H, m, CH), 4.32 (1H, m, CH), 4.24 (1H, 

t, CH), 4.10 (1H, m, CH), 3.70 (2H, m, CH2), 3.65 (2H, m CH2), 3.38-3.47 (4H, m, 
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2xCH2), 3.20 (2H, m, CH2), 3.16 (2H, m, CH2), 3.10 (2H, m, CH2), 2.80 (1H, m, CH) 

2.75 (2H, m, CH2), 2.15-2.05 (4H, m, 2xCH2), 1.18 (2H, m, CH2), 1.75(2H, m, CH2), 

1.45-1.55 (4H, m, 2xCH2), 1.10-1.34 (6H, m, CH2CH2CH2). ESIMS (expected m/z 

1024.15) m/z 1025.16 (MH+), 513.58 (M2H+/2). Analytical RP-HPLC retention time: 

20.15 min. 

 

Probe 10-S [Biotinyl-γ-aminobutyryl-p-benzoyl-L-phenylalanyl-D-piperidyl-adenine-

N9-acetyl-(2-aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.65 (1H, t, NH), 8.50 (1H, m, NH), 8.39 (1H, s, 

CH), 8.30 (1H, s, CH), 8.10 (1H, m, NH), 7.70-7.20 (9H, m, 9xCH), 7.25 (2H, s, NH2), 

6.30 (2H, m, 2xNH), 5.40 (2H, m, CH2), 4.60 (1H, m, CH), 4.30 (1H, m, CH), 4.24 (1H, 

t, CH), 4.15 (1H, m, CH), 3.75 (2H, m, CH2), 3.60 (2H, m CH2), 3.35-3.45 (4H, m, 

2xCH2), 3.29 (2H, m, CH2), 3.24 (2H, t, CH2), 3.15 (2H, m, CH2), 2.90 (1H, m, CH) 2.80 

(2H, m, CH2), 2.19-2.17 (6H, m, 3xCH2), 1.19 (2H, m, CH2), 1.80 (2H, m, CH2), 1.15-

1.50 (6H, m, CH2CH2CH2). ESIMS (expected m/z 1010.12) m/z 1011.11 (MH+), 506.55 

(M2H+/2). Analytical RP-HPLC retention time: 20.05 min. 

 

Probe 11-S [Biotinyl-γ-aminobutyryl-p-benzoyl-L-phenylalanyl-γ-aminobutyryl-

adenine-N9-acetyl-(2-aminoethyl)glycinyl-glycine] 

1H-NMR δ ppm (500MHz, DMSO) 8.55 (1H, t, NH), 8.45 (1H, m, NH), 8.30 (1H, s, 

CH), 8.20 (1H, s, CH), 8.14 (1H, m, NH), 7.70-7.20 (9H, m, 9xCH), 7.20 (2H, s, NH2), 

6.25 (2H, m, 2xNH), 5.20 (2H, m, CH2), 4.62 (1H, m, CH), 4.31 (1H, m, CH), 4.15 (2H, 

m, CH2), 4.10 (1H, m, CH), 3.74 (2H, m, CH2), 3.60 (2H, m CH2), 3.45 (2H, m, CH2), 
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3.30 (2H, m, CH2), 3.25-3.18 (4H, m, 2xCH2), 3.15 (2H, m, CH2), 2.95 (1H, m, CH) 2.70 

(2H, m, CH2), 2.20-2.10 (8H, m, 4xCH2), 1.80 (2H, m, CH2), 1.15-1.55 (6H, m, 

CH2CH2CH2). ESIMS (expected m/z 998.10) m/z 999.12 (MH+), 1021.10 (MNa+), 

500.04 (M2H+/2). Analytical RP-HPLC retention time: 19.25 min. 

 

Biological Assays 
 
Preparation of tagged Lck for mass spectrometry analysis 

400 µl aliquots LCK (182 µg) were mixed with 40 µl of probe 5-S (5 mM in 

DMSO) solution and 350 µl aliquots LCK were mixed with 35 µl of DMSO as control. 

The mixtures were incubated at 4 ºC for 1 h.  Photocrosslinking was carried out under six 

Sylvania 350 Blacklight lamps (15 W, λmax 350 nm) for 2 h, in which samples were kept 

on ice and placed approximately 5 cm below the lamps.  

Following the photocrosslinking, samples were mixed with Laemmli Sample 

Buffer (BioRad) and separated on SDS-PAGE (5-20% Tris-HCl gel, 200 V, 1 h) in 1× 

Tris-Glycine-SDS buffer (BioRad). Gel was stained for 5 minutes with 0.5% Coomassie 

blue G-250 in a solution of 50% methanol / 10% acetic acid. Stain was discarded and the 

gel was rinsed briefly with high purity water. The gel was then destained with repeating 

washes with a solution of 40% methanol / 10% acetic acid for 10-20 minutes until faint 

bands are observed. Gel was further destained using high purity water after which bands 

were excised and submitted for analysis. 
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Binding Site Determination 

  Binding site determination using MALDI-TOF and LC-MS/MS analysis was 

done by Dr. Haiteng Deng at the Proteomics Resource Center of Rockefeller University. 

The gel bands corresponding to untreated and photo-crosslinked Lck were excised 

from the gel, reduced with 10mM of DTT and alkylated with 55 mM iodoacetamide, and 

then digested with Sequence Grade Modified Trypsin (Promega) in ammonium 

bicarbonate buffer at 37 ºC overnight. The digestion products were analyzed by MALDI-

TOF to identify peptides that have photo-crosslinkers with a PerSeptive MALDI-TOP 

DE-STR mass spectrometer. Half of the digestion products for each sample were also 

analyzed by LC-MS/MS. For LC-MS/MS analysis, each digestion product was separated 

by gradient elution with the Dionex capillary/nano-HPLC system and analyzed by 

Applied Biosystems QSTAR XL mass spectrometer using information-dependent, 

automated acquisition.  

 

Photolabeling of kinases 

20 µl aliquots of purified kinases (1 µg/µL) were mixed with 2 µl of 1 mM probe 

solution in DMSO.  For blocking experiments, 20 µl aliquots of the lysate were mixed 

first with 2 µl of a blocking solution in DMSO (10 mM adenine, 10 mM benzophenone, 

10 mM biotin, or DMSO control) and then with 2 µl of 1 mM probe solution in DMSO.  

The mixtures were incubated at 4 ºC for 1 h.  Photocrosslinking was carried out under six 

Sylvania 350 Blacklight lamps (15 W, λmax 350 nm) for 2 h, in which samples were kept 

on ice and placed approximately 5 cm below the lamps. Following the photocrosslinking, 

samples were mixed with Laemmli Sample Buffer with 5%(v/v) 2-mercaptoethanol, 
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denatured at 80 ºC for 5 min and separated on SDS-PAGE (5-20% Tris-HCl gel, 200 V, 1 

h) in 1× Tris-Glycine-SDS buffer.  Gel was blotted onto PVDF membrane (200 mA, 1h) 

in a cold transfer buffer (20% methanol in 1× Tris-Glycine buffer).  Blotted membrane 

was blocked with 5% non-fat milk in Tris-buffered saline containing 1% Tween 20 

(TBS-T) for 1 h.  Blocked membrane was rinsed with TBS-T (10 min × 3), treated with 

an anti-biotin hoarse radish peroxidase (HRP)-conjugated antibody (1:100 dilution in 2% 

non-fat milk in TBS-T) for 3 h or avidin-HRP for 30 min, and washed with TBS-T (10 

min × 3).  The washed membrane was treated with the ECL-Plus chemiluminescence 

reagent for 5 min. Bands were observed with the BioRad ChemiDoc gel documentation 

system.   
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Chapter VI 

 

 

Research Outlook and Prospective  
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VI.1. Summary  

The study described in this thesis aimed to develop a simple chemical approach 

for profiling protein kinases.  Considerable efforts have been directed toward the study of 

these proteins due to their importance in regulation of various cellular activities.23,54-57 

However, the majority of existing methodologies for analysis of kinases do not offer 

selectivity toward different members of this family. Our study, on the other hand, offers 

such selectivity based on differences in the topology around the ATP-binding site of 

kinases. 

In the first part of this study, we demonstrated that our probes, despite their 

simple structure, have reasonable selectivity toward different proteins in complex 

mixture. Additionally, we revealed that chiral recognition has an important role in 

photoaffinity labeling of target proteins by our probes.31  

In the second part of this work, we refined our chemical methodology to develop 

selective photoaffinity probes for SFKs. During this effort we discovered a photoactive 

probe, 5-S (Figure 39), that selectively labeled Lck in complex proteomes.39  We showed 

that Lck recognized both adenine and benzophenone moieties of probe 5-S and that the 

chirality of the probe is crucial for this recognition.  
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Figure 39.  Structure of prototype probe (5-S) for selective photolabeling of Lck. 
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the adenine and benzophenone units has a significant effect on photoaffinity labeling 

potential of our probes. Although the calculated spatial distance between the N9-methyl 
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probability of the benzophenone radical to achieve the geometric requirements for an 

efficient photocrosslinking reaction.10,36,37    

The binding site of probe 5-S was identified within the well-conserved region of 

SFKs as expected at the onset of this study. What was surprising, however, is the fact that 

probe 5-S did not label other kinases with seemingly identical binding pocket.39 We are 

presently unable to offer a full structural explanation for the observed selectivity. 
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with ATP-binding site and nearby hydrophobic pockets, respectively. Then, to obtain 

covalent labeling of target kinase upon UV irradiation, the benzophenone diradical and 

an electron rich C-H bond of the kinase have to attain spatial orientation that satisfies the 

geometrical requirements of the photocrosslinking reaction (see Chapter II).36,37 

Therefore, it is possible that probe 5-S has affinity interactions with kinases other than 

Lck, but the orientation of benzophenone in the hydrophobic pocket allows efficient 

labeling only in the 5-S-Lck complex.  

 

VI.2. Prospective and Applications 

To determine whether the observed selectivity toward Lck results from 

differences in binding affinity interactions or photolabeling efficiency, we need to 

evaluate the selectivity of our probes regardless of the photocrosslinking step. For this 

purpose, a new set of probe (Figure 40), in which the biotin and benzophenone are 

tethered through a polyethyleneglycol (PEG) linker, was prepared. These probes can be 

immobilized using sterptavidin-agarose beads and used for affinity purification (Figure 

41).89  The PEG linker should provide enough space between biotin and the recognition 

units, allowing adenine and benzophenone to interact with their target binding sites 

without steric hindrance by the biotin-avidin system.  

Using streptavidin-agarose beads, kinases involved in affinity interactions with 

the immobilized probes can be isolated and visualized without the need for covalent 

labeling. The affinity constant of our probes can be quantified by titration of Lck with 

different concentrations of immobilized PEG-probes. The results of such studies are 
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expected to improve our understanding of the structural basis for the observed 

photolabeling selectivity toward Lck. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40.  Structures of newly synthesized probes for affinity studies. These 

probes contain polyethyleneglycol (PEG) linker between their benzophenone and 

biotin units and can be immobilized using avidin beads. 
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Figure 41. Affinity and selectivity of PEG-probes toward SFKs can be examined by 

immobilizing our probes on avidin beads and study their affinity interactions with 

different SFKs. 

 

Once we obtain better understanding of the molecular basis for the selectivity 

toward Lck we can develop additional probes with increased affinity and selectivity 

toward Lck as well as other SFKs. The significance of such probes derives from their 

potential applications not only in the field of proteomics studies but also in 

pharmaceutical and clinical research.  

 Lck is a very attractive target for treatment of T-cell mediated disorders20,65,73,77-

79,81 as it plays a critical role in T-cell activation and proliferation.65,69,70,79,81  Compounds 

that selectively label Lck can, therefore, be developed as modulators of Lck activity or 

aid in the search for Lck inhibitors.   

Considerable effort in the pharmaceutical industry is currently directed at the 

generation of novel protein kinase inhibitors.54,90,76,78  For example, A-770041, a selective 

Lck inhibitor is currently in development for preventing heart allograft rejection.79  In 

addition, other kinase inhibitors have been recently approved for clinical indications, 
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including the anticancer drugs Gleevec,91 a protein-tyrosine kinase inhibitor that inhibits 

the bcr-abl tyrosine kinase, and Iressa,92 a protein kinase inhibitor that blocks the 

epidermal growth factor. These drugs, as well as the majority of other kinase inhibitors in 

development, are designed to bind to the kinase ATP-binding site, thereby preventing 

substrate phosphorylation. Since the ATP-binding sites are well conserved, the 

identification of inhibitors that are both potent and selective is challenging.23,54 

In order to develop our probes as Lck inhibitors, their inhibition potency needs to 

be fully characterized. The inhibitory activity of our probes can initially be evaluated 

using Kinase-Glo luminescent kinase assay (Figure 42a).93  In this assay, luciferin is 

oxidized in the presence of luciferase to produce oxyluciferin and energy in the form of 

light. Since this reaction requires ATP, the luminescence obtained is directly related to 

the concentration of ATP in the reaction mixture and, therefore, inversely related to 

kinase activity.  

Preliminary inhibition study (Figure 42b) revealed that probe 5-S has the largest 

inhibitiory effect on Lck activity when compared to probes 4-S, 4-R, and 5-R. 

Interestingly, probes 4-R and 5-R, which did not label Lck, showed inhibition effect on 

Lck activity implying that these probes binds at the ATP-binding site of Lck. These 

observation support our assumption that 5-S-Lck is not the only probe-kinase complex 

formed in our photoaffinity experiments. However, only in the 5-S-Lck complex the 

conditions for efficient photolabeling reaction are fulfilled. To quantify the inhibition 

potency of all our probes and calculate their IC50 further comprehensive inhibition studies 

are required. 
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Figure 42.  Kinase-Glo luminescent kinase assay. (a) Evaluation of kinase activity 

using kinase-Glo luminescent kinase assay. (b) Inhibitory effect of probes 4-S/R-5-

S/R (0.4 μM) on phosphorylation activity of Lck (0.2 units) using 25 μM ATP, 25 

μM substrate, and 50 μl Kinase-Glo solution. 
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be screened using our selective Lck photo labelers. Furthermore, once we fully 

characterize the inhibitory activity of our probes, they can be used to evaluate not only 

the selectivity of potential Lck inhibitors but also their inhibitory potency. 

Another possible application of our probes is to serve as diagnostic tools in 

maladies linked to abnormalities in Lck structure or function.70,81  Many biomarkers 

development studies have been focused on cancer, where proteomics tools were proven to 

have the potential to allow earlier diagnosis.6,95,96  For example, a proteomics study has 

identified serum protein patterns that distinguish patients with ovarian cancer from 

unaffected women with a positive predictive value of 94%.95  Another example is the use 

of serine hydrolase activity-based probes to profile enzyme activities in a diverse range of 

cancer cell lines.9,97  At the onset of our study (Chapter III), we demonstrated that our 

chemical probes give different photolabeling patterns with different cancer cell lines, e.g. 

breast cancer (MDR-MB-231) and neuroblastoma (SK-N-SH). These preliminary results 

indicate that our affinity-based methodology has the potential to aid in the search for 

biomarkers for cancer classification. For example, by screening different cancer cell lines 

with our probes, we can identify proteins that are highly expressed in metastatic versus 

non-metastatic breast cancer cell lines.    

In addition to the use of chemical probes in the search for cancer biomarkers, there 

are other kinase-related diseases that can be diagnosed with proteomics tools. For example, 

abnormalities in Lck structure have been linked to several genetic diseases, including the 

severe combined immunodeficiency (SCID) phenotype81 and the autosomal recessive 

disease Hereditary Haemochromatosis (HH).70  Therefore, our selective Lck ligands can be 
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used to screen for differences in Lck expression in pathological processes related to 

abnormalities in Lck structure of function.  

 

VI.3. Conclusions 

The simplicity and versatility of our approach increases the value of this study. 

Considering the difficulty in developing selective ligands for different kinases, our probes 

are remarkable simple and their selectivity and affinity can be easily modified by 

variations in the linker between the two recognition units, e.g. adenine and 

benzophenone. Based on our findings we can develop a new set of higher affinity and 

selectivity for labeling of Lck as well as other SFKs.  Furthermore, our methodology can 

be generalized to other families of proteins by swapping the adenine moiety with other 

biological recognition units. For example, we can target carbohydrate-binding 

proteins98,99 using sugars as recognition units.  

In conclusion, this study provides a foundation for the development of simple and 

general approach for chemical proteomics. The simplicity of this methodology, in terms 

of probe synthesis and profiling analysis, makes it suitable for a variety of applications, 

especially the development of molecular tools for biomarker discovery and inhibitors 

screening. Since selectivity of our probes is based on structural recognition instead of 

chemical reactivity, our strategy can greatly expand the scope of existing activity-based 

proteomics tools. Therefore, it is our expectation that our simple and highly selective 

chemical approach will make significant contributions to various applied sciences as well 

as fundamental protein research. 
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