
 

 

 

BENZOPHENONE PHOTOPROBES 

FOR CHEMICAL PROTEOMICS AND 

DRUG TARGET IDENTIFICATION 

 

by 

 

 

DOINA MARIANA MIHAI   

 

 

A dissertation submitted to the Graduate Faculty in Chemistry in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy,  

The City University of New York 

 

2011 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2011 

Doina Mariana Mihai  

All Rights Reserved  



iii 

 

This manuscript has been read and accepted for the Graduate Faculty in Chemistry in 

satisfaction of the dissertation requirement for the degree of Doctor of Philosophy 

 

 

_________________                  _____________________________________________ 

Date          Dr. Akira Kawamura, 

         Chair of Examining Committee 

 

_________________                  _____________________________________________ 

Date          Dr. Mahesh K. Lakshman, 

         Executive Officer  

 

 

 _____________________________________________ 

 Dr. Klaus Grohmann  

 

 _____________________________________________ 

 Dr. Themis Lazaridis  

 

 _____________________________________________ 

 Dr. Haiteng Deng   

  Supervisory Committee  

 

 

THE CITY UNIVERSITY OF NEW YORK 

 



iv 

 

Abstract  

Benzophenone photoprobes for chemical proteomics and drug target identification  

 

by 

Doina Mariana Mihai  

Advisor: Dr. Akira Kawamura  

 

Benzophenone photoprobes are widely used in photoaffinity-labeling studies, 

especially for the characterization of ligand-receptor interaction. Photolabeling studies 

using benzophenone, however, are by no means routine experiments. It is not uncommon 

that carefully designed photoligands fail to label target proteins. In order to get insights 

into the important factors that affect the photolabeling efficiency, we conducted a 

structure-activity relationship study (SAR) on adenine-benzophenone photoligands. The 

study suggested that conformational flexibility was the determining factor that controls 

the photolabeling efficiency by benzophenone photoprobes.  

 In theory, photoaffinity-labeling can also be used for target identification of small 

molecules. However, the complexity of proteins in biological samples, such as cell lysate, 

tissue homogenates and serum samples, limits the use of benzophenone photoprobes in 

drug target identification and chemical proteomics. By using so called “blocking 

strategy” we were able to systematically classify the list of proteins identified from 

photoaffinity-labeling studies using benzophenone.  The findings of this study enabled us 

to refine the experimental protocol for drug target identification and chemical proteomics 

using benzophenone photoprobes.  
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During the affinity purification of phochemically biotinylated proteins, we 

discovered that monomeric avidin resin can selectively enrich heat shock proteins (Hsps) 

from complex proteomes. Although such serum Hsps or circulating Hsps, has been linked 

to various diseases, including cancer and cardiovascular diseases, their characterization 

have been hampered be the abundant proteins in serum such as albumin and 

immunoglobulings. The development of simple and reproducible method for Hsp 

enrichment opens a new opportunity to define the roles of circulating Hsps in various 

diseases.  
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Chapter I 

Applications of benzophenone photoprobes for 

biomedical research  
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I.1 Common applications of benzophenone photoprobes  

 

Benzophenone photoprobes are extensively used in biomedical research. One of 

the earliest applications of benzophenone photochemistry was pioneered by Breslow and 

co-workers in the early 1970‟s, in which benzophenone was used for the remote-

oxidation of steroids.
1
  Since then, photochemistry using benzophenone photoprobes has 

been employed for various biomedical applications.
2, 3

 In particular, however, 

benzophenone photoprobes have been most extensively employed for the characterization 

of ligand-receptor interactions, in which photocrosslinkning is used to elucidate ligand 

binding sites and orientations. It is generally believed that benzophenone rapidly 

photocrosslinks amino acid residues within ~3.1 Å of the carbonyl oxygen, in which an 

inert C-H bond near the benzophenone carbonyl group is activated by hydrogen 

abstraction and then a covalent bond forms through a carbon-carbon radical coupling -

reaction (Figure I.1).
2, 3

 Photoaffinity-labeling using benzophenone has been employed to 

study ligand-receptor interactions of a wide variety of systems, such as ATP binding sites 

on ATPases,
4-18

 lipid binding motifs on membrane proteins,
19, 20

 and peptide-receptor 

interactions (Figure I.2).
21-23
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Figure I.1. Biochemistry of benzophenone. (a) Radical formation and 

covalent attachment to the target protein. (b) Stereoelectronic 

requirements for H-abstraction and covalent bond formation.  

 

 

Figure I.2. Examples of benzophenone photoligands used for the 

characterization of protein-ligand interactions.
7, 13, 14, 24
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I.2 Expanding the scope of photoaffinity-labeling studies using benzophenone 

 

In theory, photoaffinity labeling can be used for the purpose of drug target 

identification and chemical proteomics, although such applications are much rarer 

compared to the studies on ligand-receptor interactions. If benzophenone photoligands 

are conjugated with detection tags, such as biotin, benzophenone photoprobes can be 

used to selectively tag their target proteins in complex proteomes. Then tagged proteins 

can be detected and/or purified through the detection tags for identification. In fact, there 

are several recent examples in which benzophenone photoprobes are used to profile 

certain families of proteins in complex proteomes. For example, Saghatelian et al 

developed a photoreactive probe that targets metalloproteases (MPs).
25

 MPs are an 

extremely large and diverse group of enzymes implicated in many physiological and 

pathological processes including peptide hormone signaling, tissue remodeling and 

cancer.
26-28

 The HxBP-Rh photoprobe containing zinc-chelating hydroxamate, 

benzophenone and rhodamine tag (Figure I.3) was found to selectively label several 

active MPs in cell/tissue proteomes but not their zymogen or inhibitor-bound forms. 

 

 

Figure I.3 Structure of HxBP-Rh photoprobe.
25
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Salisbury and Cravatt developed a photoreactive probe, SAHA-BPyne, for 

profiling histone deacetylases (HDACs) in complex proteome.
29

 The reversible 

acetylation of lysine residues on histone proteins plays an important role in 

transcriptional activation and is catalyzed by histone acetyltransferases (HTAs) and 

HDACs, respectively. Class I and II HDACs are zinc-dependent metallohydrolases. 

Inhibitors of HDACs have been shown to induce differentiation in cancer cell lines and 

reduce tumor volume in vivo.
30,

 
31

 The photoprobe was designed based on the scaffold of 

a general HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA), by introducing 

benzophenone for covalent labeling of proximal proteins and alkyne group for click 

chemistry based tagging (Figure I.4). The SAHA-BPyne photoprobe was found to target 

multiple class I and II HDACs in proteomes as well as several HDAC-associated 

proteins.  

 

 

 

Figure I.4. Structures of (a) SAHA and (b) SAHA-BPyne photoprobe.
29

 

 

However, there have been only few applications of benzophenone photoprobes to 

chemical proteomics and drug target identification. While many papers report the 

synthesis of benzophenone photoprobes for target identification,
25, 29, 32-45

 only few 

studies have reported successful target identification.
29, 40

 There are several possible 

reasons for this. First, close examinations of literature as well as our preliminary studies 
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suggest that the efficiency of photoaffinity-labeling is not quite as high as generally 

believed.  In fact, photolabeling with benzophenone is by no means a routine experiment. 

Sometimes photoprobes fail to photocrosslink their target proteins even when they have 

been shown to bind to their targets through biochemical analyses, such as enzyme 

inhibitory assays, etc. This is a major problem if benzophenone photoprobes are to be 

used for chemical proteomics and drug target identification, because, in those 

applications, it is necessary to maximize the photocrosslinking efficiency so that 

photoprobes tag as many binding targets as possible for further characterization. Despite 

the extensive use of photoaffinity labeling studies using benzophenone photoprobes there 

has been no systematic study to identify the important factors that control the 

photolabeling efficiency. In Chapter II we present a structure-activity relationship study 

(SAR) on benzophenone photoligands for Lck, which examined the factors that can 

possibly affect photolabeling efficiency. The study suggested that binding affinity, as 

indicated by Km, Ki, IC50, etc., does not necessary correlate with the photolabeling 

efficiency. Instead, conformational flexibility of photoligands turned out to be the key 

factor that controls the photolabeling efficiency of benzophenone photoprobes. This is an 

important finding that should be taken into account when benzophenone photoprobes are 

designed for chemical proteomics and drug target identification in the future.  

Another major problem that hinders the use of benzophenone photoprobes in drug 

target identification and chemical proteomics stems from the enormous complexity of 

proteins in biological samples, such as cell lysates, tissue homogenates and serum 

samples.  Here, the ability of benzophenone photoprobes to form covalent bonds to their 

targets is both an advantage and a disadvantage. While they can be used to identify the 
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targets of modest affinity ligands, they tend to identify a large number of proteins when 

used in cellular and tissue samples. Deconvolution of potential target proteins, therefore, 

is necessary when benzophenone photoprobes are used in drug target identification. 

There is, however, no general approach to classify potential target proteins. As described 

in Chapter III, we employed what we call “blocking strategy” to successfully classify 

photolabeled proteins identified from a photoaffinity-labeling study of cell lysates. The 

findings from this study led us to refine the experimental protocol for drug target 

identification and chemical proteomics using benzophenone photoprobes.  

Our studies on benzophenone photoprobes also led to an unexpected finding with 

potentially important biomedical implications. During the affinity purification of 

photochemically biotinylated proteins, we discovered that monomeric avidin resin can 

selectively enrich heat shock proteins (Hsps) from complex proteomes. This is an 

important finding because the method can be applied to profile and characterize minute 

quantities of Hsps in the blood serum. Although such serum Hsps, or circulating Hsps, 

have been linked to various diseases, including cancer and cardiovascular diseases, 
46-52

 

their characterization has been hampered by the abundant proteins in the serum, such as 

albumin and immunoglobulins. The finding of this unique ability of monomeric avidin is 

described in Chapter IV.  
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Chapter II 

Structural requirements for efficient photocrosslinking 

by benzophenone photophore 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

II.1 Introduction 

Benzophenone is one of the most widely used photophore in photoaffinity 

labeling studies, particularly for the characterization of ligand-receptor interactions.
2, 3, 53

 

Extensive use of benzophenone can be explained by its commercial availability and 

compatibility with peptide-synthesis methodologies, including solid-phase synthesis. It 

has a higher chemical stability compared to other photoaffinity-labeling reagents, such as 

diazo esters, aryl azides and diazirines. Benzophenone can be manipulated in ambient 

light and can be activated by irradiation at ~350-360 nm, thus avoiding the protein-

damaging wavelength. Furthermore, benzophenone reacts preferentially with C-H bonds, 

in the presence of water and other nucleophiles.
53-56

  

Photolabeling studies using benzophenone, however, are by no means routine 

experiments. It is not uncommon that carefully designed photoligands fail to label target 

proteins. The outcome of photolabeling experiments can depend on a number of factors. 

Binding-affinity, as assessed by Kd, Ki, IC50 etc., is commonly used to select and 

optimize benzophenone probes for photocrosslinking experiments. But binding does not 

necessarily guarantee photolabeling. There are some notable discrepancies between 

binding-affinity and photolabeling efficiency in some studies. For example, in the study 

of benzophenone probes for histone deacetylases, the enzyme inhibitory potency was not 

indicative of the photolabeling efficiency.45
 A similar discrepancy between binding-

affinity and photolabeling efficiency has been noticed in a study of secretin analogs 

containing benzophenone.
57

 There are, therefore, additional factors that affect 

photolabeling efficiency.  
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Conformational flexibility of benzophenone photoligands may be an important 

factor affecting the specificity and efficiency of photolabeling.
2, 53

 Conformational 

restriction can decrease the rate of photochemical reactions as evidenced by a series of 

studies on intramolecular photoreactions of benzophenone derivatives.
58, 59

 But, too much 

flexibility can result in indiscriminate photolabeling and compromise the specificity. In 

the studies of ligand-receptor interactions, when specificity of labeling is important, 

photoprobes are designed to minimize flexibility in order to accomplish site-specific 

labeling.
60

 On the other hand, for the chemical proteomics studies, when high efficiency 

of photolabeling is required, increased flexibility around benzophenone might be 

beneficial. The importance of conformational flexibility has not been systematically 

studied for intermolecular photoreactions, such as photoaffinity-labeling of protein 

targets by benzophenone photoligands.  

In order to gain an insight into the importance of conformational flexibility in 

benzophenone photolabeling, we conducted a structure-activity relationship (SAR) study 

of our adenine-benzophenone photoligand 1S (Figure II.1.a),
61

 a simple conjugate of 

adenine, benzophenone and biotin. Our previous studies showed that this compound 

efficiently photolabeled recombinant Lck kinase, which is a Src-family kinase involved 

in a variety of physiological and pathological processes, including thymocyte 

differentiation, T-cell activation, lymphocyte malignancy and immunodeficiency.
62-66

 The 

photocrosslinking site on recombinant Lck protein was mapped to either Gly383 or 

Leu384 in a hydrophobic pocket near the ATP-binding site.
61

 Identification of the 

photocrosslinking site enabled us to build a model of photoligand-Lck complex (Figure 

II.1.b). The model suggested that the pro-R hydrogen of the central glycine moiety of 1S 
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was exposed to the solvent. Thus, it seemed possible to replace this glycine moiety with 

D-amino acids without negatively affecting the existing interaction between Lck and 1S. 

Six new adenine-benzophenone photoligands with varying conformational flexibility, 

therefore, were designed, synthesized and characterized by chemical and biochemical 

methods.  

(a)

(b)

 

Figure II.1. (a) Structure of Lck-photoligand (b) The model of Lck-

photoligand complex. The central glycine moiety is highlighted by the 

yellow arrow. 

 

As described in detail in the following sections, this SAR study shows that 

conformational flexibility is indeed a critical factor for efficient photolabeling of Lck 

protein by adenine-benzophenone photoligands. The biochemical implications of our 

finding are discussed.   
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II.2 Design and synthesis of new adenine-benzophenone photoligands  

Using our current model of adenine-benzophenone photoligand complex we 

designed and synthesized a new set of probes with a modified peptide backbone 

connecting the adenine, benzophenone and biotin moieties (Figure II.2). All the new 

probes were synthesized manually using a standard Fmoc chemistry on solid phase as 

illustrated in Scheme II. 1.
67

 Their structures were confirmed by MS and NMR.  

 

 

Scheme II.1. Solid phase synthesis of Ser photoligand. 
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Compound 1 (Gly ligand) contained the original adenine-benzophenone 

framework consisting of p-benzoyl-L-phenylalanine (Bpa), Gly, PNA-adenine, and Gly. 

It was essentially the same as the prototype 1S except that there was a γ-aminobutyric 

acid (GABA) group between the biotin and benzophenone moieties. The longer linker 

allowed the use of streptavidin-horseradish peroxidase (HRP) instead of anti-biotin HRP 

conjugated antibody for more sensitive detection of photolabeled Lck protein. All new 

adenine-benzophenone photoligands contained this GABA spacer for the same reason. 

Compounds, 2 (Ser ligand) and 3 (Glu ligand) were obtained by replacing the glycine 

moiety between Bpa and PNA-adenine by D-Serine and D-Glutamic acid, respectively. 

Based on the computational modeling analysis, it was possible that these modifications 

could result in additional hydrogen bonds to Lck. While such extra hydrogen bonds could 

increase the binding affinity, they could reduce conformational flexibility of the bound 

ligands. These probes, therefore, could help us examine the relative importance between 

binding affinity and conformational flexibility: 2 and 3 would photolabel Lck better than 

1 if binding affinity is the key factor for efficient photolabeling. Compounds 4 (Pro 

ligand) and 5 (Pip ligand), containing cyclic D-amino acids, were designed to evaluate 

the effects of conformational restriction imposed on the ligand backbone. By pre-

organizing the probe to binding conformation we postulated that probes could improve 

binding affinity by lowering the entropic loss in the formation of Lck-probe complex. 

Again, 4 and 5 would photolabel Lck better than 1 if binding affinity is the key factor for 

efficient photolabeling. Compound 6 (GABA ligand) containing γ-aminobutyric acid in 

the place of the central glycine, was designed to assess the effects of enhanced 
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conformational flexibility. 6 would photolabel Lck better than 1 if conformational 

flexibility is the dominant factor for efficient photolabeling.  

 

  

Figure II.2. Structures of the newly synthesized Lck ptotoligands. 
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II.3 Photocrosslinking efficiency 

Binding efficiency of each probe was evaluated using recombinant Lck. The 

kinase-probe mixtures were irradiated under a UV-A lamp (max=350nm). The irradiated 

samples were separated by SDS-PAGE and blotted onto PVDF membrane. Blotted 

membrane was treated with streptavidin-HRP conjugate and visualized by the 

ImmobilonTM Western-chemiluminescent HRP reagent. Biotinylated Lck protein was 

visualized with Bio-Rad Chemidoc gel documentation system.  

To quantify the photolabeling efficiency of new photolignads we calculated the 

half-maximal effective concentration (EC50), that is the ligand concentration at which 

50% of the maximum labeling was observed (Figure II.3 a). The EC50 was obtained by 

plotting the intensities of the bands observed from photolabeling of Lck with different 

concentrations of each probe against probe concentration. Among all the photoligands, 

the most flexible one, GABA ligand, tagged Lck most efficiently (EC50 = 4.4 µM). Gly 

ligand labeled efficiently Lck with the EC50 of 14.4 µM. On the other hand, Pro and Pip 

ligands, did not label Lck efficiently (EC50 >150 µM). Ser and Glu gave EC50 values of 

23.3 µM and 18.4 µM, respectively, which were comparable to that of Gly ligand. While 

these results indicated that the conformational flexibility was indeed an important factor 

for efficient photolabeling, the lack of photolabeling by Pip and Pro could also be 

explained by other factors, such as lack of binding to Lck. Thus, a closer examination of 

the photolabeling process was necessary to clarify the key important factor for efficient 

photolabeling.  
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Figure II.3. Photoaffinity labeling study of newly synthesized Lck 

ligands. (a) The gel image of Lck tagged with different concentrations of 

1, and the resulting titration curve, from which EC50 was estimated. (b) 

EC50 values of all photoligands: triplicate experiments (n=3) were made 

for each data point. “Reprinted from Bioorg. Med. Chem., 16, Kawamura 

et al., „Binding is not enough: Flexibility is needed for photocrosslinking 

of Lck kinase by benzophenone photolignads‟, p. 8824-29, Copyright 

(2008), with permission from Elsevier.”
68

 

 

The process of photolabeling involves two different steps: (1) initial ligand binding to 

Lck (non-covalent binding) followed by (2) photocrosslinking (covalent binding). It is 

also noted that the photolabeling of Lck competes with (3) probe decomposition due to 

intramolecular photoreactions (Figure II.4). At this stage, therefore, there were three 

possible reasons for the diminished labeling efficiency of the Pro and Pip probes:  

(1) They did not bind to Lck.  

(2) They bound to Lck but the bound ligands did not photocrosslink Lck.  

(3) Their bent structures could facilitate intramolecular photochemical reactions.  
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In order to address the first possible explanation of the diminished labeling of the Pro 

and Pip ligands, binding affinity of individual probes was examined using a Lck kinase 

inhibition assay. 

 

 

Figure II.4. Steps involved in the photolabeling of Lck. The red hexagon 

and green circle represent adenine and benzophenone, respectively. In 

photolabeling, a ligand first binds reversible to Lck, followed by the 

photocrosslinking reaction to form a covalent bond (yellow line). The 

photolabeling reaction can compete with the intramolecular reactions of 

the free photoligands.  

 

 

II.4 Lck inhibition assay 

The inhibitory activities of each probe were determined using a commercial kit, 

Promega Kinase-Glo
®

 Plus Luminescent Kinase Assay. This assay uses luciferase to 

monitor unused ATP in kinase reactions. Since luminescence correlates with the amount 

of residual ATP, the signal is high when the kinase is inhibited.  

This assay allowed us to estimate the relative binding-affinity to Lck of our 

probes, even though none of these compounds were potent inhibitors of Lck. The IC50 

values of adenine-benzophenone photoligands are presented in Figure II.5. The kinase 

assay was revealing. Ser ligand (compound 2) and Pro ligand (compound 4) had the 
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lowest IC50 values (both ~50M), therefore the highest affinity to Lck among all the 

photoligands. One possible explanation for these results could be that the rigidity of the 

linker between the adenine and benzophenone pre-organized the Pro ligand for target-

binding, whereas Ser ligand could have additional hydrogen bonding interactions with 

Lck surface. On the other hand Gly, Glu, Pip, and GABA ligands had high IC50 values 

indicating a poor binding to Lck. These results indicated that D-Glu did not pick extra 

interactions with the protein, whereas the Pip ligand was fixed in a wrong conformation. 

The modest binding affinity of GABA ligand was expected because of its large 

conformational flexibility.   

 

Figure II.5. The IC50 values of Lck photoligands. Lck kinase reactions in 

the presence and absence of photoligands were carried out on a 384-well 

plate. Following the incubation, residual ATP in each well was quantified 

with Promega Kinase-Glo
®

 Plus Luminescent Kinase Assay. “Reprinted 

from Bioorg. Med. Chem., 16, Kawamura et al., „Binding is not enough: 

Flexibility is needed for photocrosslinking of Lck kinase by benzophenone 

photolignads‟, p. 8824-29, Copyright (2008), with permission from 

Elsevier.”
68
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This kinase assay suggested that all probes could bind to Lck. Thus, the 

diminished photolabeling of Lck by the Pro and Pip probes could not be explained by the 

lack of binding: Possibility (1) above was eliminated at this stage. The results further 

suggested that conformational flexibility was an important factor for efficient 

photolabeling: The Pro and Pip probes did not photolabel Lck because they do not have 

enough conformational flexibility to undergo photocrosslinking reaction after binding to 

Lck. However, one other possibility was that the Pro and Pip probes could undergo 

intramolecular photoreactions and decompose much faster than other probes under UV 

light.  

 

 

II.5 Decomposition of free photoligands under UV light  

An HPLC method was used to evaluate the stability of free photoligands. The 

buffer solutions of ligands were irradiated under UV, and aliquots were taken at several 

time points to quantify the intact ligands by HPLC. After 30 minutes irradiation under a 

UV-A lamp, approximately 70-77% of photoligands remained intact (Figure II.6). 

Decomposition of the Pro and Pip ligands was not faster than others, thus it could not 

account for their diminished photolabeling efficiency.  
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Figure II.6. Stability of photoligands under UV. Ligand solutions were 

irradiated under a UV-A lamp (kmax 350 nm). At different time points (0, 

10, and 30 min), aliquots were taken and the amounts of intact ligand was 

quantified by HPLC (UV 280 nm). “Reprinted from Bioorg. Med. Chem., 

16, Kawamura et al., „Binding is not enough: Flexibility is needed for 

photocrosslinking of Lck kinase by benzophenone photolignads‟, p. 8824-

29, Copyright (2008), with permission from Elsevier.”
68

 

 

 

II.6 Discussion  

Most studies on benzophenone photoprobes use biological preliminary data, such 

as Kd, Ki or IC50 etc., to show that the synthesized compounds bind to their intended 

targets.
36, 69-72

 However, no study has systematically examined the issue of whether 

binding-affinity is predictive of successful photolabeling experiments. Our result 

indicates that binding between ligand and Lck is a necessary but not sufficient 

requirement for efficient photolabeling. A compound with high affinity could fail to label 

target proteins, whereas a compound with low affinity could still be a good photolabeling 

agent. Binding-affinity was not predictive of photolabeling efficiency in our system. Our 
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results, therefore, suggest that the selection and optimization of newly synthesized 

benzophenone photoligands should not depend only on their binding-affinity. 

Instead of binding affinity, conformational flexibility was found to be the key 

factor that controls photolabeling efficiency. Overall conformational flexibility of our 

photoprobes correlated well with photolabeling efficiency. For example, the most flexible 

probe (GABA 6) photocrosslinked Lck most efficiently, whereas conformationally 

restrained probes, such as Pro 4, did not photolabel Lck even though they bind to the 

protein. There are several possible reasons why conformational flexibility is important for 

efficient photolabeling by benzophenone photoprobes.  

First, photochemical reactions of benzophenone may require conformational 

flexibility at the lignad binding site. The photocrosslinking process by benzophenone 

involves multiple steps, namely, hydrogen abstraction, reorientation of benzophenone, 

and radical recombination to form the covalent bond with the protein surface. Using the 

ab initio calculation Severance et al. showed that the ideal C−O−H angle for hydrogen 

abstraction is 108.9 (Figure II.7 c).
73

 After hydrogen abstraction minimal motion is 

necessary for benzophenone to fulfill the stereoelectronic requirements for C−C bond 

formation ( Figure II.7 c).
53

 Conformational restriction around the benzophenone moiety, 

therefore, can decrease the rate of photochemical reactions. In fact, similar observations 

were made in previous studies on intramolecular photoreactions of benzophenone 

derivatives.
58, 59, 74

 It is likely that GABA photoligand can easily undergo conformational 

reorganization during photocrosslinking reaction (Figure II.7.a and c). Therefore, 

although GABA ligand does not bind to Lck tightly, it can still label Lck very efficiently. 

On the other hand, the conformational restriction of Pro and Pip photoligands prevented 
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the reorientation of benzophenone for radical recombination (Figure II.7.b). In the case of 

Ser ligand, hydrogen bonds with the Lck surface probably restricted the mobility of 

benzophenone in the bound ligand. Thus, the higher binding-affinity of Ser ligand did not 

result in enhanced labeling efficiency.   

 
 

 

Figure II.7. Photochemical reactions of benzophenone may require 

conformational flexibility. The red hexagon and green circle represent 

adenine and benzophenone, respectively. (a) First, the photoligand binds 

reversible to the Lck, followed by photo-induced radical reaction. The 

flexible photoligands form a covalent bond (yellow line). (b) The 

photoligand binds reversible to the Lck, but the conformational constraint on 

the photoligand backbone prevents the photocrosslinking reaction. (c) 

Stereoelectronic requirements for H-abstraction and reorientation for C−C 

bond formation. Hydrogen abstraction occurs most efficiently when the 

C−O−H angle is 108.9. Following the hydrogen abstraction, the 

benzophenone group has to reorient to form the C−C bond with the protein 

surface.  
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Second, photolabeling efficiency may be correlated with the surface area that can 

be accessed by the benzophenone group on the bound ligand. It is known that 

benzophenone preferentially photocrosslink amino acid residues that stabilizes radical 

intermediates, such as Met and Leu.
53, 75

 Therefore, more flexible photoligand may have a 

higher chance of finding reactive amino acid residues before it dissociates from its target 

protein or before the photo-excited benzophenone goes back to the ground state. Thus, 

the photolabeling efficiency of the GABA probe was highest possibly because it had an 

access to a larger number of reactive amino acid residues on Lck surface (Figure II.8.a).  

 

 

Figure II.8. Photolabeling efficiency may correlate with the protein 

surface areas that can be accessed by benzophenone. The red hexagon and 

green circle represent adenine and benzophenone, respectively. (a) More 

flexible linker allows search for reactive amino acid residues on a wider 

range of Lck surface. (b) Shorter linker limits the area that can be reached 

by benzophenone.  

 

In conclusion, this study found that conformational flexibility was the 

determining factor for efficient photolabeling by our benzophenone photoligands. Too 

much flexibility, however, could result in the loss of specificity and random 

photolabeling. Although flexibility has been rarely considered in the past studies using 
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benzophenone photoligands, optimization of flexibility is an important issue that has to 

be taken into account when new benzophenone photoprobes are designed and 

synthesized. Synthetic schemes of benzophenone photoligands should allow the 

optimization of ligand flexibility so that desired photolabeling efficiency and specificity 

are attained for individual applications.  
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II.7 Experimental section  

Materials 

Fmoc-Gly-Wang resin, Fmoc-Gly, Fmoc-4-benzoyl-L-phenylaniline (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-adenine-(Bhoc)-OH, was from Applied Biosystems.  Laemmli sample buffer, Tris-

glycine-SDS buffer, and streptavidin-horseradish peroxidase (HRP) conjugate were 

purchased from BioRad. Recombinant Lck kinase was obtained from Invitrogen. 

Millipore ImmobilonTM Western-chemiluminescent HRP (ECL) substrate was obtained 

through Fisher Scientific. Kinase-Glo
®

 Plus Luminescent Kinase Assay kit was 

purchased from Promega. Src tyrosine kinase substrate was obtained from Biomol. 

Greiner Bio-One Lumitrac 384-well plate (solid white) and 4-Amino-5-(4-

phenoxyphenyl)-7H-pyrrolo[3,2-d]pyrimidin-7-yl-cyclopentane (the ATP-competitive 

Lck inhibitor; Calbiochem) were purchased through VWR Scientific.  All other 

chemicals and solvents were obtained through Fisher Scientific and used without further 

purification.  

Methods  

Physicochemical analytical methods 

 NMR spectra were recorded on a Bruker Avance 500 MGHz spectrometer.  

Chemical shifts are reported in δ units (ppm) using the solvent peak as the internal 

standard. 
1
H NMR splitting patterns are designated as singlet (s), doublet (d), triplet (t), 
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doublet of doublet (dd), and doublet of triplet (dt).  Splitting patterns that could not be 

interpreted or easily visualized are designated as multiplet (m).  

 Mass spectral data were acquired on 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  ammonium acetate.  The flow rate of 

the solvent was 500 l/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 × 150 mm) column (5 m).  Semi-preperative HPLC was performed using 

Econosil C-18 10 u (10 × 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%. 
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Chemical synthesis 

 Gly, Pro, Pip and GABA ligands were synthesized previously in our group. Ser 

and Glu ligands were synthesized during my thesis study as presented below. 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 HOBt and 

DCC in room temperature.  Reaction was monitored using the Kaiser test for free 

amines.
76

 N-Fmoc group was removed using 20% (v/v) piperidine in DMF for 5 min 

followed by 20 min.  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 purified probes were analyzed using analytical HPLC, MS, 

and NMR. The NMR spectra exhibited conformational isomerism at room temperature, 

which arise from the tertiary amide conformers at the PNA adenine moiety. The 
1
H-NMR 

data given below are for the major conformers of the probes. 

 

Probe 2 (Ser ligand) [Biotinyl-aminobutyryl-p-benzoyl-L-phenylalanyl-D-serinyl-

adenine-N
9
-acetyl-(2-aminoethyl)glycinyl-glycine] 

Fmoc-Gly-Wang resin (250 mg) was swollen in N-Methyl- Pyrolidone for 1 hour. The 

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

DCM/Methanol (1:1). To remove Fmoc group, the resin was washed with 20% piperidine 
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in DMF solution for 10 minutes, and then again with the same solution for 20 minutes. 

The resin was washed 3 times with DMF and 3 times with DCM/Methanol (1:1). The 

completeness of the reaction was checked by ninhydrin test. In the next step, Fmoc-PNA-

Adenine (Bhoc)AEG-OH (272.2 mg, 2 eq), HOBt (50.7 mg, 2 eq) and DCC (77.4 mg, 2 

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

precipitated dicyclohexylurea (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 checked by ninhydrin test. The Fmoc group was then removed as 

described above and Fmoc-D-Serine (143.75mg, 2 eq) was coupled using HOBt (50.7 mg, 

2 eq) and DCC (77.4mg, 2 eq) as described above. Likewise, Fmoc-L-Bpa-OH (184.32 

mg, 2 eq), Fmoc-γ-aminobutyric acid (Fmoc-GABA) (122.01 mg, 2 eq), and Biotin 

(91.62 mg, 2 eq), were coupled using the same DCC/HOBt coupling reaction. The 

product was cleaved from the resin by 10 ml of a 95 % TFA, 2.5 % TIS and 2.5 % water 

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

reduced by N2. The precipitate was obtained in cold petroleum ether. The precipitate was 

collected under vacuum filtration. The total yield of the synthesis (11 steps) was 26%. 

The product was further purified using semi-preparative HPLC, and relevant fractions 

were lyophilized to give a white solid. Analytical RP-HPLC retention time: 16.05 min. 

ESIMS (expected m/z 1000.09) m/z 1002.00 (MH
+
), 501.03 (M2H

+
/2). 

1
H-NMR (500 

MHz, 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, 9×CH), 7.30 (2H, s, NH2), 6.37 (2H, m, 2×NH), 

5.20 (2H, m, CH2), 4.55 (1H, m, CH), 4.40 (1H, m, CH), 4.32 (1H, m, CH), 4.18 (2H, m, 
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CH2), 4.15 (1H, m, CH), 3.75 (2H, m, CH2), 3.62 (2H, m CH2), 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, 2×CH2), 2.04 (1H, t, OH), 1.80 (2H, m, CH2), 1.15-1.60 (6H, m, 

CH2CH2CH2).  

 

Probe 3 (Glu ligand) [Biotinyl-aminobutyryl-p-benzoyl-L-phenylalanyl-D-

glutamyl-adenine-N
9
-acetyl-(2-aminoethyl)glycinyl-glycine] 

Probe 3 (Glu ligand) was synthesized by the same procedure employed for the 

probe 2 (Ser ligand) except for the introduction of D-glutamic acid (159.55 mg, 2eq) 

between PNA-adenine and p-benzoyl-L-phenylalanine. The total yield of the synthesis 

(11 steps) was 36%. Analytical RP-HPLC retention time: 16.10 min. ESIMS (expected 

m/z 1042.12) m/z 1043.23 (MH
+
), 522.06 (M2H

+
/2). 

1
H-NMR (500 MHz, 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, 9×CH), 7.27 (2H, s, NH2), 6.30 (2H, m, 2×NH), 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, 2×CH2), 2.30-2.17 

(4H, m, 2×CH2), 1.82 (2H, m, CH2), 1.20-1.60 (6H, m, CH2CH2CH2). 
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Photolabeling of Lck and Western blot  

0.5 μl aliquots of purified kinases were mixed with 1 μl of a probe solution (3.67 

mM in DMSO). 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) 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 (BioRad). Gel was blotted onto PVDF membrane 

(200 mA, 2h) 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 (5 min), treated 

with streptavidin-hoarseradish peroxidase (HRP) 17 µL in 3% non-fat milk in TBS-T) for 

30 minutes, and washed with TBS-T (20 min × 3). The washed membrane was treated 

with the ImmobilonTM Western-chemiluminescent HRP (ECL) reagent for 5 min. Bands 

were observed with the BioRad ChemiDoc gel documentation system. 

 

Lck kinase assay  

The inhibitory activities of individual photoligands were determined using 

Kinase-Glo
®
 Plus Luminescent Kinase Assay (Promega). This assay utilizes luciferase to 

monitor unused ATP in kinase reactions; thus the signal is high when kinase is inhibited. 

Assays were performed per manufacturer‟s instructions. Briefly, 8 µl of 0.25 mM Src 

substrate peptide (Biomol) in a buffer (50 mM HEPES, pH 7.3, 2.5 mM DTT, 0.01% 
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Triton X-100, 10 mM MgCl2) was added to each well of 384-well plate (Greiner Bio-One 

Lumitrac plate, solid white). 0.5 µl of Lck (Invitrogen, Part# P3043, Lot# 37621F), which 

had been prediluted in the buffer above to 46 ng/µl, and 0.5 µl of ligand at different 

concentrations were then added to each well. Kinase reaction was initiated by 1 µl of 100 

lM ATP. After 1-h incubation at the room temperature, 10 µl of Kinase-Glo reagent was 

added to each well and incubated further for 10 min at room temperature. Luminescence 

of each well was measured by SpectraMax Gemini EM microplate spectrofluorometer 

(Molecular Devices). IC50 values and the 95% confidence interval (CI) of a mean were 

obtained by fitting the data from replicate trials (n = 2 or 3) to a sigmoidal dose–response 

curve using GraphPad Prism (Graph- Pad Software). 

 

Measurements of probe decomposition under UV  

The decomposition of probes under UV irradiation was monitored by RP-HPLC. 

One hundred microliters of each probe (30 µM) in the buffer was irradiated under six 

Sylvania 350 Blacklight lamps (15 W, max 350 nm), in which samples were kept on ice 

and placed approximately 5 cm below the lamps. At various time intervals (t = 0, 10, and 

30 min), aliquots were taken and examined by HPLC. Peak areas on chromatograms were 

used to estimate the intact probe concentrations. 
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Chapter III 

Target deconvolution in photoaffinity-labeling using 

benzophenone photoprobes  
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 III.1 Introduction  

Benzophenone photoprobes are widely used in photoaffinity-labeling studies, 

especially for the characterization of ligand-receptor interactions. In theory, 

photoaffinity-labeling can also be used for target identification of small molecules. In 

fact, it may be the ideal (and perhaps the only) method to identify the targets of modest 

affinity ligands: It is difficult to use affinity purification for the target identification of 

modest affinity ligands. Photocrosslinking enables the covalent modification of the target 

protein in complex proteomes. If the photoprobe contains a tag for affinity purification, 

such as biotin, the modified (tagged) protein can then be purified and identified by mass 

spectrometry. In reality, however, benzophenone photoprobes are rarely used in drug 

target identification. Although there are several papers describing the synthesis of 

photoprobes for target identification,
25, 32-39, 41, 42, 44

 only a few studies have actually 

reported successful target identification using benzophenone photoprobes.
29, 40

 The 

obvious question is why benzophenone photoligands are not widely used for drug target 

identification.  

One major problem is caused by the ability of benzophenone photoprobes to 

identify even the targets with modest binding affinity. When cellular and tissue samples 

are subjected to photoaffinity-labeling and mass spectrometric analyses, the resulting 

profiles are typically very complex, containing hundreds of potential target proteins. This 

is because photoaffinity-labeling identifies any proteins that have modest affinity to the 

photoprobe of interest. In addition, the list includes proteins that recognize structural 

motifs other than the drug of interest. For example, it is possible that some proteins 
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recognize benzophenone or tag (biotin, fluorophore, etc.). Even if the binding affinity is 

weak, those proteins will still show up on the list of potential targets.  

Another issue is the lack of experimental methods to deconvolute the complex list 

of potential target protein. Although it is possible to narrow down the list based on MS 

scores and focus only on the proteins with high scores, the list can still contain potential 

targets that could not be expected based on the biological properties of the drug. Most 

studies focus on the proteins that can be explained based on the known chemical and 

biological properties of the drug of interest.
40

 It is, however, important to characterize 

those “unanticipated” potential targets because they might constitute previously 

overlooked new targets of the drug. Even if they recognize motifs other than the drug of 

interest, such as benzophenone, the information is useful for future photoaffinity-labeling 

studies using benzophenone photoprobes. Besides, many clinical drugs, such as 

ketoprofen,
77

 contain benzophenone or analogous frameworks. Thus, identification of 

proteins that recognize benzophenone could lead to the discovery of new targets of those 

drugs. It is, therefore, important to establish an experimental method to determine which 

structural element of the photoprobe is recognized by the potential target proteins.  

To this end, my thesis study examined the utility of blocking strategy. Blocking 

strategy is a simple way to examine how a protein recognizes the benzophenone 

photoprobe of interest. The strategy is based on the assumption that photolabeling is 

blocked by the structural fragment recognized by the protein. If a protein recognizes the 

drug portion of the photoprobe, the photolabeling should be diminished in the presence of 

excess drug (Figure III.1.b). On the other hand, the photolabeling should not be affected 

when free benzophenone is used as the blocker (Figure III.1.c). Analogously, proteins 
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that recognize benzophenone or other parts of the photoprobe can be determined through 

a series of blocking experiments. Although the approach has been used in a few studies,
45, 

78
 it has not been employed to systematically classify the list of proteins identified from 

photoaffinity-labeling studies using benzophenone.  

 

 

Figure III.1. Blocking strategy. The blue circle and blue diamond 

represent benzophenone and drug portion, respectively. (a) The 

benzophenone photoprobe covalently binds to protein (yellow line 

represents the covalent bond). (b) In the presence of excess drug the 

photolabeling is diminished. (c) Photolabeling is not affected in the 

presence of excess of benzophenone.  

 

In order to test the utility of this blocking strategy, we conducted a photoaffinity-

labeling study using adenine-benzophenone photoprobe. As described in the previous 

chapter, we have been developing adenine-benzophenone probes.
61, 68, 78

 The structure of 

Bpa-Gly-PNAA-Gly was found to be a good framework for efficient photolabeling of 
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recombinant Lck protein. The finding set a stage to identify the real cellular targets in 

complex proteomes. To this end, we designed and synthesized a new generation of 

adenine-benzophenone photoligands that contain polyethylene glycol (PEG) linker 

between the benzophenone and biotin moieties (Figure III.2). The addition of PEG linker 

permits efficient affinity purification of photolabeled proteins from cell lysates by taking 

the advantage of the strong avidin-biotin interaction.
79-81

  

This chapter presents photoaffinity-labeling of cancer cell lysates with our 

PEGylated adenine-benzophenone photoprobe, followed by the examination of the 

blocking strategy to classify some of the “unexpected” potential targets.  Based on our 

previous studies as well as the structure of our photoprobe, the expected targets were 

adenine binding proteins, such as ATPase and kinases. However, some unexpected 

proteins were also identified in this study. A series of blocking experiments revealed 

previously overlooked off-targets of clinically used drugs (vide infra). Chemical and 

biomedical implications of our findings will be discussed.   

 

 

Figure III.2. Structure of PEGylated adenine-benzophenone photoligand.  
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III. 2 Probe synthesis 

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

chemistry,
67

 using SYMPHONY/Multiplex peptide synthesizer (RAININ-Instrument Co. 

Inc.), as shown in Scheme III.1. Starting with Fmoc-Gly-Wang resin, Fmoc was removed 

under basic conditions (20% piperidine in dimethylformamide (DMF)).  N-(N
6
-Bhoc-

adenine-N
9
-acetyl)-N-(2-Fmoc-aminoethyl)glycine(Fmoc-PNA-adenine(Bhoc)-OH) was 

coupled using O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate 

(HBTU) as the coupling reagent. Fmoc-Gly-OH, Fmoc-4-benzoyl-L-phenylaniline 

(Fmoc-L-Bpa), and N-biotinyl-NH-(PEG)2-COOH were then coupled in that order using 

the same chemistry. Cleavage from the solid support and simultaneous sidechain 

deprotection were carried out using a mixture of 95% trifluoroacetic acid (TFA), 2.5% 

triisopropylsilane (TIS) and 2.5% water. Crude material was then purified by reverse 

phase HPLC and their structures were confirmed by NMR and mass spectrometry. The 

newly synthesized PEGylated photoprobe enabled us to conduct the photoaffinity-

labeling studies using complex proteomes, such as cancer cell lysates.  
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Scheme III.1. Solid phase synthesis of PEGylated adenine-benzophenone 

photoligand. 
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III.3 Cellular target identification   

 

In order to identify a cancer cell line that expresses the protein targets of our 

photoprobe, we screened a panel of six different cancer cell lines, namely, Jurkat (T-

cells),
82

 THP1 (human mocytic leukemia cells),
83

 HeLa (cervical cancer),
84

 T24 (bladder 

cancer),
85

 MCF7 (breast cancer),
86

 Calu1(lung cancer)
87

 (Figure III.3). Cell lysates were 

subjected to photoaffinity labeling, followed by SDS PAGE and Western blot. 

Biotinylated proteins were then visualized with streptavidin-HRP and 

chemiluminescence. For each cancer cell line, three experiments were carried out: (1) 

total cell lysate without photoaffinity labeling (background control), (2) total cell lysate 

with photoaffinity labeling (profile of photolabeled proteins), and (3) total cell lysate with 

photoaffinity labeling, followed by affinity purification using strepavidin-resin (profile of 

isolable photolabeled proteins). Although HeLa and MCF7 gave many photolabeled 

proteins, they could not be affinity-purified with streptavidin. On the other hand, THP1 

lysate most reproducibly expressed large amounts of isolable photolabeled proteins. We, 

therefore, proceeded to identify the target proteins of PEGylated adenine-benzophenone 

photoligand in THP1.  
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Figure III.3. Photolabeling of PEGylated photoligand with total cell 

lysate. Total lysate of different cancer cell lines were photolabeled with 

PEGylated adenine-benzophenone photoligand with and without avidin 

affinity purification. 

 

In order to identify the photolabeled proteins by MS, it was necessary to conduct 

a large scale experiment, because MS-based protein identification usually requires the 

amounts of proteins that can be visualized with Coomassie blue stain. A large quantity of 

THP1 total lysate was prepared and incubated with PEGylated photoligand. Experimental 

steps followed the scheme outlined in Figure III.4. The protein-photoligand mixture was 

irradiated under a UV-A lamp (max=350nm). The biotinylated proteins were then 

purified with strepavidin-agarose beads and separated by SDS-PAGE. Affinity-purified 

proteins were then visualized with Coomassie blue stain. The Coomassie stained bands 

were excised from the gel, digested with trypsin and the proteins were identified by 

peptide mass fingerprinting analysis, which matches the tryptic peptide masses in the 

mass spectrum to the calculated tryptic peptide masses of proteins in a database.
88
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Figure III.4. Experimental procedure for identification of cellular targets 

from total lysate of THP1 cells.  

 

 

III.4 Results and discussion  

Proteomic profiling identified a total of 211 proteins with significance threshold p 

< 0.05 (Appendix 1). Table III.1 summarizes the proteins that had the high MASCOT 

scores in this experiment. Among the highest score proteins were classical adenine 

binding proteins, such as various actin isoforms, and nucleotide binding proteins, tubulin 

isoforms. These proteins were expected targets of our adenine-benzophenone photoprobe 

because they are known to be expressed abundantly in cells and recognize nucleotides. 

The list, however, also included leukotriene A4 hydrolase (LTA4H) and Glyoxalase 1 

(Glo1), which had not been anticipated from the structure of our photoprobe.  
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Table III.1 High score target proteins identified by PEGylated photoligand 

Score GI Mass Gene 

1387 2392338 20861 glyoxalase I 

963 16359158 42078 actin beta  

893 51247429 69652 leukotriene A4 hydrolase  

791 4885049 42334 cardiac muscle alpha actin 1 preprotein 

764 4501889 42249 actin gamma 2 propeptide  

392 37492 50810 alpha-tubulin  

145 9507215 50746 tubulin, alpha 8 

138 5174735 50255 tubulin, beta2 

 

Neither Glo1 nor LTA4H possess the typical nucleotide binding sequence but 

their scores in the proteomic profile were among the highest. Glo1 is a homodimeric zinc 

metalloenzyme that catalyzes the conversion of cytotoxic methylglyoxal to nontoxic 

hemithioacetal using glutathione as a cofactor (Figure III.5).
89, 90

 Glo1 has been 

associated with various diseases including cancer,
91

 diabetes
92, 93

 and Alzheimer‟s 

disease.
94

 Specific inhibitors of Glo1 have been sought as possible anticancer agents, by 

inducing elevated levels of methylglyoxal in cancer cells.
90, 95-97

 In addition, Glo1 is 

considered as a potential target of malaria therapy.
98
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Figure III.5. Crystal structure of Glyoxalase 1 (PDB 1FR0).  Glo1 is a 

~21kDa homodimeric zinc metalloenzyme. Catalytic Zn ions are 

represented in gray color.  

 

LTA4H is also a zinc metalloenzyme with dual catalytic functions, the activities 

of epoxide hydrolase and aminopeptidase.
99-101

 As an epoxide hydrolase LTA4H is 

involved in arachidonic acid metabolism, it catalyses the hydrolysis of the epoxide LTA4 

to the diol, leukotriene B4 (LTB4), which acts as chemoattractant and activator of 

inflammatory cells.
102-105

 Therapeutic agents that selectively inhibit LTA4H can be 

potentially useful for the treatment of inflammation by blocking the formation of 

LTB4.
106
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Figure III. 6. Crystal structure of Leukotriene A4 hydrolase (PDB 1HS6). 

LTA4H is a ~70 kDa zinc metalloenzyme. Catalytic zinc ion is shown in 

gray color.  

  

In order to gain insights into the interactions between our photoprobe and its 

unexpected targets, we carried out blocking experiment using recombinant proteins. 

Photolabeling of recombinant Glo1 by our photoligand confirmed that this protein was 

indeed photolabeled directly by our photoprobe (Figure III.7.a). The calculated EC50, that 

is the ligand concentration at which 50% of the maximum labeling is observed, was 

found to be 5 M. Subsequently, the photolabeling experiment was repeated in the 

presence of excess adenine, benzophenone or biotin. As shown in Figure III.7.b, free 

benzophenone significantly reduced band intensity, whereas free adenine and biotin had 

no effect. This result indicated that Glo1 protein mainly recognized the benzophenone 

motif of our photoprobe. This is an important finding because Glo1 can come up as a 

background target in photoaffinity-labeling studies using benzophenone photoprobes. 
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Therefore, identification of benzophenone-recognizing proteins, such as Glo1, will be 

helpful for future studies.   

  

 

Figure III. 7. Photoaffinity labeling of recombinant Glo1. (a) Titration 

with different probe concentration. Based on the intensities of individual 

bands, EC50 (the ligand concentration at which 50% of the maximum 

labeling was observed) was calculated to be around 5 µM. (b) Blocking 

experiment with free adenine, benzophenone and biotin. As shown, 

benzophenone diminished the band intensity, whereas other blockers did 

not affect the intensity.  

 

But Glo1 might not be just the background target of benzophenone photoaffinity-

labeling. As mentioned earlier, benzophenone and similar frameworks are found in the 

structures of many clinical drugs, such as ketorpofen, suprofen and tiaprofenic acid 

(Figure III.8.a). The finding of Glo1 as a benzophenone-recognizing protein raised the 

possibility that Glo1 could be an off-target of such drugs. To test this hypothesis, we 

carried out the blocking experiment with ketoprofen. Ketoprofen is a nonsteroidal anti-

inflammatory drug (NSAID) widely used for the treatment of arthritis and rheumatic 

diseases.
77

 The therapeutic effects of ketoprofen are mediated by cyclooxygenases 1 and 

2 (COX1 and COX2). As shown in Figure III.8.b ketoprofen significantly reduced the 
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band intensity. This indicates that Glo1 is a previously overlooked off-target of 

ketoprofen. The finding raises a new possibility that some of the beneficial as well as 

adverse effects of ketoprofen are mediated by Glo1. 

 

(a) (b)

 

Figure III.8. (a) Structure of clinical drugs containing benzophenone or 

analogous frameworks. (b) Blocking experiment with benzophenone and 

ketoprofen. Ketoprofen significantly reduced the band intensity.  

 

Photoaffinity-labeling and blocking experiments were also attempted with 

recombinant LTA4H, another “unexpected” target of adenine-benzophenone photoprobe. 

Despite our numerous attempts, however, recombinant LTA4H was not photolabeled by 

our photoprobe. There are several possible explanations. First, the purified recombinant 

LTA4H protein may behave differently from its native form in the cellular context where 

its biochemical properties are modulated by association with other proteins and/or post-

translational modifications. Thus, it is possible that LTA4H is photolabeled only in the 

cellular context. Alternatively, LTA4H might have been photolabeled in cell lysates 

because it associates with the real target of our photoprobe and the LTA4H surface is 

within the reach of benzophenone. Another possibility is that LTA4H was not 

photolabeled but affinity purified because it binds to a photolabeled target protein. 

LTA4H is known to bind to actin related protein 2/3 complex subunit 3 (Y2H).
107
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The current study provided important clues to improve drug target identification 

using benzophenone photoligand. The study showed that blocking strategy can be used to 

classify potential targets identified from photoaffinity-labeling studies using 

benzophenone. Blocking study using recombinant proteins, however, is time consuming 

and also limited by the availability of recombinant proteins. A recombinant protein might 

behave differently from its native form in cell or tissue lysate. Blocking experiments, 

however, can be carried out using total cell lysates instead of recombinant proteins.
78

 If 

blocking experiments using cell lysates are incorporated at the early stage of a study, it 

would eliminate the false positives and help the study focus on the real targets. This 

would facilitate the subsequent MS-based identification. Another challenge we 

encountered was the affinity purification of photolabeled proteins. As shown in Figure 

III.3, many photolabeled proteins were not affinity purified in our condition. The 

recovery of labeled proteins might be improved if photolabeled proteins are denatured 

prior to the affinity purification. Collectively, these challenges we encountered in the 

study led us to propose an improved procedure for drug target identification using 

benzophenone photoprobes (Scheme III.2).  
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1. Identification of drug targets using blocking strategy experiment 

 

 

 

 

 

 

 

2. Optimization of affinity purification method 

 

 

 

 

 

 

3. Large Scale Preparation 
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↓ BP – Drug + Free drug 

↓ hν 
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↓WESTERN  
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Target 

Target 

↓ Excise 
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↓ MS Analysis 

 

Target 

 

Scheme III.2 Proposed procedure for optimization of drug target identification using 

benzophenone photoprobes.*BP-benzophenone 
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III. 5 Experimental section  

Materials  

Fmoc-Gly-Wang resin, Fmoc-Gly, Fmoc-4-benzoyl-L-phenylaniline (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-adenine-(Bhoc)-OH, was from Applied Biosystems. N-biotinyl-NH-(PEG)2-COOH 

was available from Novabiochem, Switzerland (EMD Chemicals Catalog # 851029). 

Laemmli Sample Buffer, Tris-Glycine-SDS 10× buffer and Tris-Glycine 10× buffer were 

purchased from BioRad. Millipore ImmobilonTM Western-chemiluminescent HRP (ECL) 

substrate was obtained through Fisher Scientific. Recombinant human Glyoxalase 1 was 

purchased from B&D Systems. Leukotriene A4 hydrolase (human recombinant) and 

ketoprofen from Cayman Chemical were obtained through Fisher Scientific.  All other 

chemicals and solvents were obtained through Fisher Scientific and used without further 

purification.  

 

Physico-Chemical analytical methods 

Reversed phase (RP)-HPLC was performed on Agilent 1100 HPLC system 

equipped with 1100 Diode-Array Detector. Analytical RP-HPLC was performed using a 

Zorbax, Eclipse XDB-C8 (4.6 × 150mm) column (5 μm bead size). Semi-preparative 

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

using a linear gradient at a flow rate of 1 ml/min (Analytical HPLC) or 3ml/min (Semi-
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preperative HPLC) of Buffer A (20% ACN) and buffer B (100% ACN). 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 = 25 min A = 0, t = 30 min A = 

100%. 

 

Probes synthesis 

The PEGylated adenine-benzophenone photoprobe was synthesized using 

SYMPHONY/Multiplex peptide synthesizer (RAININ-Instrument Co. Inc.) at 

Rockefeller University with the help of Dr. Mouli Chandramouli. 

SYMPHONY/Multiplex includes a vented solvent cabinet which is used for the storage 

of appropriate solvents. Up to six different solvents may be used automatically. Typically 

the primary solvent is DMF or NMP, deprotectant is piperidine/DMF solution. The 

activator solution is HBTU (O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-

hexafluoro-phosphate). When a coupling step is specified in the program, 

SYMPHONY/Multiplex automatically transfers the specified number of aliquots of the 

amino acid solution to the reaction vessel followed by the same volume of activator 

solution.  

 

PEGylated adenine-benzophenone photoligand: Biotinyl-polyethyleneglycol-p-

benzoyl-L-phenylalanyl-glycinyl-N
9
-acetyl-(2-aminoethyl)glycinyl-glycine  

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

was swollen in N-methyl-pyrolidone for 1 h at room temperature. The resin was washed 3 
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times with NMP. In order to remove the Fmoc group the resin was washed with a 20% 

piperidine in DMF solution for 10 min and again with the same solution for another 10 

min. Next, the resin was washed 3 times with NMP, 5 min each. In the next step Fmoc-

PNA-adenine(Bhoc) OH (151 mg, 0.30 mmol, 2 eq) was coupled to the resin using an 

equimolar HBTU activation. The Fmoc group was then removed and Fmoc-Gly-OH (90 

mg, 0.30 mmol, 2 eq) was coupled using the same HBTU as a coupling reagent. Fmoc-L-

Bpa (148 mg, 0.30 mmol, 2 eq) and N-biotinyl-NH-(PEG)2-COOH (210 mg, 0.30 mmol, 

2 eq) were coupled using the same HBTU methodology. The product was 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 

TFA was reduced using N2. The product was precipitated using cold petroleum ether. The 

total yield of the synthesis was 30%. The crude product was purified using semi-

preparative HPLC, and relevant fractions were lyophilized to give a white solid. 

Analytical RP-HPLC retention time: 15.81 min. ESIMS (expected m/z 1201.4) m/z 

1203.27 (MH
+
). 

1
H-NMR (500MHz, DMSO) 8.65 (1H, t, NH), 8.45 (1H, t, NH), 8.4 (1H, 

m, NH), 8.35 (1H, t, NH), 8.30 (1H, s, NH), 8.25 (1H, t, CH), 8.06 (1H, t, CH), 7.84 (1H, 

t, CH), 7.70-7.65 (9H, m, 9×CH), 7.57-7.37 (9H, m, 9×CH), 6.37 (2H, m, 2xNH), 5.30 

(1H, s, CH), 5.20 (1H, s, CH), 4.30 (1H, m, CH), 4.13 (1H, m, CH), 4.03 (1H, s, CH), 

3.88 (2H, d, CH2), 3.84 (1H, m, CH), 3.80 (2H, m, CH2), 3.76 (2H, m, CH2), 3.65 (2H, 

m, CH2), 3.50 (2H, m, CH2), 3.45 (2H, m, CH2), 3.37 (2H, m, CH2), 3.23 (2H, m, CH2), 

3.15 (2H, m, CH2), 3.06 (2H, m, CH2), 2.85 (2H, m, CH2), 2.05 (1H, t, OH), 1.93 (1H, t, 

CH), 1.76 (1H, s, CH), 1.60-1.43 (4H, m, 2xCH2), 1.35-1.20 (6H, m, CH2CH2CH2). 
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Cell culture and preparation of total lysate 

THP1 cells were maintained in RPMI-1640 medium with 25 mM HEPES and L-

Glutamine containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin 

amphotericin B (PSA) and 0.005µM β-mercaptoethanol, in a 37 ºC, 5% CO2 incubator.  

For each labeling experiment, cells were harvested at the log phase (50-70% confluency). 

Preparation of the cell lysate was carried out using M-Per


 Mammalian Protein 

Extraction Reagent, which is formulated to retain the native structures of proteins. Cells 

were pelleted by centrifugation and then suspended in the M-Per
 

Reagent, 1ml reagent 

for ~100µL of wet cell pellet. Cell suspension was incubated at room temperature for 10 

min, with gently shaking. The swelled cells were lysed by gentle pipetting. The lysates 

were centrifuged (10,000 rpm, 4 °C) and the supernatant (total lysate) was carefully 

transferred into a new Eppendorf tube on ice. Protein concentration was quantified with 

Promega Commassie Plus™ Protein Assay Reagent (Promega). Prior to photolabeling 

experiment, the final protein concentration was adjusted to 2 µg/µl with 1× TBS. The 

best result was obtained when protein solutions were kept on ice or in a refrigerator (4 

°C) and used for photolabeling studies on the same day.  

MCF7, HeLa, T24 and Calu1 cells, which are adherent cells, were maintained in 

RPMI-1640 medium with 25 mM HEPES and L-Glutamine containing 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin amphotericin B (PSA), in a 37 ºC, 5% CO2 

incubator.  For each labeling experiment, cells were harvested at the log phase (50-70% 

confluency). Preparation of the cell lysate was carried out using M-Per


 Mammalian 

Protein Extraction Reagent, which is formulated to retain the native structures of proteins. 

Briefly, the cell monolayer is rinse once with PBS (1×). Cells were directly lysed on the 
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tissue culture plate with 500µL of M-Per


 Reagent. Cell lysate were scraped off from the 

plates and transferred into Eppendorfs tubes. The lysates were centrifuged (10,000 rpm, 4 

°C) and the supernatant (total lysate) was carefully transferred into a new Eppendorf tube 

on ice. Protein concentration was quantified with Promega Commassie Plus™ Protein 

Assay Reagent (Promega). Prior to photolabeling experiment, the final protein 

concentration was adjusted to 2 µg/µl with Tris-buffered saline (TBS) (1×)  The best 

result was obtained when protein solutions were kept on ice or in a refrigerator (4 °C) and 

used for photolabeling studies on the same day.  

Photoaffinity purification, cell lines screening  

40 μl aliquots of total lysate were mixed with 1 μl of a probe solution (3.67 mM 

in DMSO). Photocrosslinking was carried out under six Sylvania 350 Blacklight lamps 

(15 W, λmax 350 nm) for 1h, in which samples were kept on ice and placed 

approximately 5 cm below the lamps. ImmunoPure immobilized tetrameric Avidin was 

washed with TBS (1×) solution containing 1% Tween 20 (TBS-T) (1 minx5, 1000 rpm) 

and used for affinity purification. Following the photocrosslinking, sample was mixed 

with the avidin beads and incubated 30 min at 4 ºC. The supernatant was removed and the 

gel was vigorously washed with TBS (1×) solution containing 2% Tween 20. In the 

subsequent steps, protein solutions were always kept on ice or in a chromatography 

refrigerator (4 ºC). The sample was then mixed with Laemmli Sample Buffer (BioRad) 

5%(v/v) 2- mercaptoethanol, denatured at 80 ºC for 5 min and separated on SDS-PAGE 

(10% Tris-HCl gel, 200 V, 1 h) in 1× Tris-Glycine-SDS buffer (BioRad). Gel was blotted 

onto PVDF membrane (200 mA, 2h) in a cold transfer buffer (20% methanol in 1×Tris-

Glycine buffer). Blotted membrane was blocked with 5% non-fat milk in 50 mL TBS-T 
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for 1 h. Blocked membrane was rinsed with TBS-T (5 min), treated with avidin- hoarse 

radish peroxidase (HRP) (BioRad, 1:3000 dilution in 5% non-fat milk in TBS-T, 50 ml 

for 30 minutes), and washed with TBS-T (20 min×4). The washed membrane was treated 

with the ImmobilonTM Western-chemiluminescent HRP substrate for 5 min. Bands were 

observed with the BioRad ChemiDoc gel documentation system. 

Identification of cellular targets of PEGylated photoligand, affinity purification 

6 ml of THP1 total lysate proteins (2 µg/µl) were mixed with 60 µl of PEGylated 

probe (3.7 mM in DMSO). 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. ImmunoPure immobilized tetrameric 

Avidin was washed with TBS-T solution (1 minx5, 1000 rpm) and used for affinity 

purification. Following the photocrosslinking, sample was mixed with the avidin beads 

and incubated 30 min at 4 ºC. The supernatant was removed and the gel was vigorously   

washed with TBS (1×) solution containing 2% Tween 20. In the subsequent steps, protein 

solutions were always kept on ice or in a chromatography refrigerator (4 ºC). The sample 

was then mixed with Laemmli Sample Buffer (BioRad) 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 (BioRad). Gel was stained for 15 minutes with 0.5% 

Coomassie blue G-250 in a solution of 50% methanol/10% acetic acid. Stain was 

discarded and the gel was then destained with repeating washes with a solution of 40% 

methanol/10% acetic acid for 15-30 minutes until faint bands are observed. Gel was 

further destained using high purity water after which bands were excised and submitted 

for MS analysis. 
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Photolabeling of Glo1 and Western blot  

30 µl aliquots of recombinant human Glo1 (0.05 µg/µl) are mixed with 3.7 mM 

photoprobe solution (Final probe dilutions are 1:50, 1:100, 1:200, 1:500 and 1:1000). For 

the blocking experiment the protein were mixed first with 20× blocking solution in 

DMSO (adenine, benzophenone, biotin and ketoprofen) and then with the probe solution 

in DMSO. The mixtures were incubated at 4 ºC for 1h. 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) 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 (BioRad). Gel was 

blotted onto PVDF membrane (200 mA, 2h) 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 (5 min), treated with avidin- hoarse radish peroxidase (HRP) 17µL in 3% 

non-fat milk in TBS-T) for 30 minutes, and washed with TBS-T (20 min×3). The washed 

membrane was treated with the ImmobilonTM Western-chemiluminescent HRP (ECL) 

reagent for 5 min. Bands were observed with the BioRad ChemiDoc gel documentation 

system. 

Photolabeling of LTA4H and Western blot  

Photolabeling of LTA4H and Western blot was conducted using the same 

procedure as described above for Glo1.  
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Chapter IV 

Profiling of heat shock proteins with monomeric avidin 
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IV.1 Introduction  

 Heat shock proteins (Hsps) have long been considered as cytosolic proteins 

involved in the maintenance of protein folding.
108-111 

When proteins are partially 

denatured in the cell, patches of hydrophobic surfaces are exposed and trigger protein 

aggregation, which can cause serious damages to the cell. Hsps bind to the exposed 

hydrophobic surfaces so as to prevent the aggregation and enable proteins to refold into 

their native structures.
112-114

 A large number of Hsp homologs and isoforms, such as 

Hsp27s, Hsp40s, Hsp60s, Hsp70s, and Hsp90s, are known to exist and play vital roles in 

cell maintenance. This well-known group of “maintenance crews” in the cell, however, 

has recently been found in the extracellular milieus, such as cell surface and blood 

circulation.
48, 115-119

 These circulating Hsps appear to be associated with various diseases 

including cancer and cardiovascular diseases.
46-52

 However, minuscule quantities of 

circulating Hsps make it difficult to identify and characterize circulating Hsp species in a 

reproducible manner. 

The most widely used method for studying circulating Hsps is enzyme-linked 

immunosorbent assay (ELISA). However, several weaknesses have been recognized for 

this method. Its performance largely depends on the quality of antibody as well as 

operator skills and experience. Also the method is limited by its ability to measure only a 

single protein at a time in a given sample aliquot.
120, 121

  Another potential shortcoming of 

ELISA is that the method depends on the availability of antibodies:  There is no 

guarantee that high quality antibodies are available for all different variants of the protein 

of interest, such as polymorphism and posttranslational modifications. For example, Hsp 

90 is one of the major phosphorylated proteins found in cells.
122-124

 While 
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phosphorylation of Hsp90 is relatively slow at 37 C, the rate rapidly increases at heat 

shock temperatures.
125, 126

 Another posttranslational modification that has been reported 

for Hsp70 and Hsp90 is acetylation.
127, 128

 ELISA cannot be used to probe many of these 

post-translationally modified proteins because of the lack of suitable antibodies. One 

powerful approach that can complement the shortcomings of ELISA is proteomic 

profiling based on mass spectrometry (MS). However, direct MS analysis of minute 

serum proteins is difficult because predominant serum proteins, such as albumin and 

immunoglobulins, would mask the signals of minor constituents. In order to analyze Hsps 

in serum by MS, therefore, it is necessary to either remove the predominant proteins or 

selectively enrich Hsps from serum sample.  

A simple chemical approach to selectively enrich Hsps from complex proteomes, 

such as cell lysates and serum samples is presented in this chapter. This approach is based 

on our serendipitous finding that monomeric avidin, which is a commercially available 

avidin resin for affinity purification, binds selectively to a variety of Hsp species in cell 

lysates. Monomeric and tetrameric avidin affinity columns are widely used in biological 

systems for purification and detection of various biomolecules.
129-131

 Avidin is a 

homotetramer with a high degree of affinity and specificity to biotin (Kd = 10
-15

 M).
79, 81

 

The non-reversible nature of the tetrameric avidin-biotin complex can be a problem when 

release of the captured ligand is desirable without using harsh denaturing conditions. 

Monomeric avidin resin, which is obtained by partially denaturing tetrameric avidin on 

agarose, has a reduced affinity for biotin (Kd = 10
-7

 M) and is widely used in applications 

that require capture and release biotinylated proteins under mild conditions.
129, 132-134

 As 

presented in this chapter, however, our recent study revealed that monomeric avidin is 



59 

 

also able to enrich Hsps from complex proteomes in a reproducible manner. Monomeric 

avidin, therefore, can serve as a simple and powerful tool to reproducibly analyze 

circulating Hsps to define their potential roles in various diseases.  

 

IV.2 Discovery of monomeric avidin as a new tool for the enrichment of Hsps from 

complex proteomes 

The ability of monomeric avidin to enrich Hsps was discovered when we were 

conducting affinity purification of photochemically biotinylated proteins from a cytosolic 

lysate of Jurkat cells, a cell line derived from human T-cell leukemia.
82

 During this study, 

background protein-binding to monomeric avidin was assessed with Jurkat lysate without 

chemically biotinylated proteins (negative control). Jurkat lysate was incubated with 

monomeric avidin resin and washed with Tris-buffered saline (TBS) buffer containing 

0.1% Tween, which removed non-specifically bound proteins on the surface of 

monomeric avidin. When background proteins were resolved by SDS-PAGE and 

visualized by Coomassie blue staining, it was found that monomeric avidin resin gave 

background Coomassie-stained bands distinctly different from Jurkat cytosol bands 

(Figure IV.1, lane 2). Tetrameric avidin resin, on the other hand, did not give any visible 

background bands (Figure IV.1, lane 3). The proteins bound to the monomeric avidin 

resin did not appear to be non-specific bindings of abundant proteins, because many of 

the strongest bands in the original lysate were not observed in the proteins enriched by 

monomeric avidin. Instead, the distinct profile suggested some specific enrichment of 

certain proteins by monomeric avidin. We, therefore, decided to conduct the 

identification of those enriched proteins by mass spectrometry.  Mass spectrometric 
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analyses revealed that the distinct Coomassie-stained  bands contained 14 different Hsps, 

namely four chaperonin containing TCP1 isoforms (Hsp60s), six Hsp70 isoforms, and 

four Hsp90 isoforms (Table IV.1). A complete list of proteins enriched by monomeric 

avidin is shown in Appendix 2.  

 

 

Figure IV.1. Avidin affinity purification of Jurkat cytosolic lysate. Jurkat 

cytosolic lysate (2µg/µL) was incubated with monomeric and tetrameric 

avidin respectively, separated by SDS-PAGE and visualized by 

Coomassie staining. Lane 1: Jurkat cytosolic lysate; lane 2: Jurkat 

cytosolic lysate after avidin affinity purification using monomeric avidin; 

lane 3: Jurkat cytosolic lysate after avidin affinity purification using 

tetrameric avidin. 
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  Table IV.1. Jurkat cytosolic proteins enriched monomeric avidin affinity resin. 

Band 
Gene 

identifier  
Mass  Gene 

220 12667788 227646 myosin, heavy polypeptide 9, non-muscle 135 

90 306891 83584 90kDa heat shock protein 

90 4503483 96246 
eukaryotic translation elongation factor 2 [Homo 

sapiens] 

90 15010550 90309 heat shock protein gp96 precursor [Homo sapiens] 

90 67477458 80345 
heat shock protein 75kDa, mitochondrial 

precursor [Homo sapiens] 

90 83699649 98652 heat shock 90 kDa protein 1, alpha [Homo sapiens] 

70 3522 71209 
heat shock 70kDa protein 6 (HSP70B') [Homo 

sapiens] 

70 188488 70294 heat shock-induces protein  

70 4204880 70237 heat shock protein [Homo sapiens] 

70 4504965 70851 L-plastin [Homo sapiens] 

70 4505257 67892 moesin [Homo sapiens] 

70 5729877 71082 
heat shock 70kDa protein 8 isoform 1 [Homo 

sapiens] 

70 21753703 75551 WD repeat domain 67 [Homo sapiens] 

70 21759781 70748 heat shock 70kDa protein 1-like [Homo sapiens] 

70 62089222 78018 
heat shock 70kDa protein 1A variant [Homo 

sapiens] 

60 35505 58411 pyruvate kinase [Homo sapiens] 

60 189238 63377 neuroleukin  

60 1136741 59035 
chaperonin containing TCP1, subunit 8 (theta) 

[Homo sapiens] 

60 4502643 58444 
chaperonin containing TCP1, subunit 6A isoform a 

[Homo sapiens] 

60 5453607 59842 
chaperonin containing TCP1, subunit 7 isoform a 

[Homo sapiens] 

60 1200184 58316 
chaperonin containing TCP1, subunit 4 (delta) 

[Homo sapiens] 

50 223486 49830 tubulin beta 

50 1002923 51722 coronin, actin binding protein, 1A [Homo sapiens] 

50 4507729 50274 tubulin, beta 2 [Homo sapiens] 

50 9507215 50746 tubulin, alpha 8 [Homo sapiens] 

50 14389309 50548 tubulin, alpha 6 [Homo sapiens] 

50 57209813 48135 tubulin beta polypeptide [Homo sapiens] 

45 927065 43139 
eukaryotic translation elongation factor 1 alpha 1-like 

14 [Homo sapiens] 

45 109071712 48181 
eukaryotic translation elongation factor 1 alpha 1 

[Homo sapiens] 

45 4503571 47481 enolase 1 [Homo sapiens] 

45 4503573 47271 enolase 3 [Homo sapiens] 

45 5803011 47581 enolase 2 [Homo sapiens] 
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IV.3 Reproducible enrichment of Hsps from serum samples with monomeric avidin 

 The observed selectivity of monomeric avidin towards Hsps opened the 

possibility that monomeric avidin resin might serve as a general tool to enrich circulating 

Hsps, which, as mentioned earlier, are difficult to analyze due to their minute quantities 

in blood circulation. To test this, human serum samples from donors with and without 

colorectal cancer were incubated with monomeric avidin resin. This time, samples were 

washed under more stringent conditions (ten times with TBS containing 2% Tween) to 

completely remove weakly bound proteins. Tightly bound proteins were then separated 

by SDS-PAGE and visualized with Coomassie blue stain (Figure IV.2.a). This analysis 

reproducibly showed a number of distinct Coomassie stained bands in the serum of the 

donor with colorectal cancer but not in the control sample.  We also compared the blood 

serum profiles by using silver staining, which is one to two orders of magnitudes more 

sensitive than Coomassie stain,
136, 137

 to visualize bands that are overlooked in the 

Coomassie stain. The silver staining suggested that the difference between the two 

samples might be smaller than Coomassie staining. However, there were a few notable 

differences, such as the band around 60 kDa (Figure IV.2 b).  
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Figure IV.2. Affinity purification of serum samples using monomeric 

avidin. Serum samples from a healthy donor and a donor with colon 

cancer (2 µg/µL) were incubated with monomeric avidin, separated by 

SDS-PAGE and visualized by (a) Coomassie staining and (b) silver 

staining. (a) Lane 1: normal serum; lane 2: normal serum proteins enriched 

by monomeric avidin; lane 3: colon cancer serum; lane 4: colon cancer 

serum proteins enriched by monomeric avidin. (b) Lane 1: normal serum 

proteins enriched by monomeric avidin; lane 2: colon cancer serum 

proteins enriched by monomeric avidin. Triplicate experiments were 

conducted and a representative gel image is shown. 

 

Since one of the most distinctively different bands between the two samples was 

around 60 kDa, the expression levels of Hsp60 in these samples were analyzed with 

Western blot with anti-human Hsp60 antibody (Figure IV.3). The analysis revealed that 

one of the enriched proteins was indeed Hsp60 and its level was consistently higher (p < 

0.05) in the sample from the donor with colorectal cancer than in the control. Although 
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further studies are needed to examine the correlation between extracellular Hsp60 and 

colon cancer, our current study suggests that monomeric avidin can be employed to 

reproducibly enrich extracellular Hsps from serum samples.  

 

 

Figure IV.3. Expression levels of Hsp60 in serum samples using anti-

human Hsp60 antibody. (a) Western blot of serum samples. (b) 

Quantification of the labeling signals for normal and cancer serum 

samples. Results are the average values ± standard errors for four 

independent experiments (p < 0.05). 

 

 

IV.4 Discussion 

Enrichment of low-abundance proteins is becoming an increasingly important 

concept in proteomic research because the presence of abundant proteins, such as 

albumin and immunoglobulin, obscure the analyses of low abundance proteins.
138-141

 

Although there are a number of commercial kits that deplete 80-95% of albumin and 

immunoglobulin, the large dynamic range of serum protein concentration (i.e., 10 orders 
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of magnitude or higher)
138

 suggests that many low abundance proteins can still be 

obscured by the residual albumin and immunoglobulin.  

Several new technologies have been developed recently for the enrichment and 

detection of low-abundance proteins in complex proteomes. For example, one approach 

uses peptide library beads, in which immobilized peptide ligands are used to enrich their 

target proteins. In this way, the method successfully reduces the concentration of most 

abundant proteins, while simultaneously enhancing the concentration of low abundance 

proteins.
135, 142-144

 In a similar approach Kodadek et al. used peptoid library beads to 

enrich ligand proteins in complex proteomes. Peptoids, which are peptide analogous with 

the side chain attached to amino nitrogens rather than the alpha-carbons, exhibit similar 

binding characteristics as peptide ligands. The advantage of peoptoids over peptides, 

however, is that peptoids are not susceptible to cleavage by proteases which exist in cell 

and tissue samples and can degrade the peptide ligands and alter their binding 

characteristic.
145-149

  

The monomeric avidin method, which was discovered in our study, is 

conceptually similar to peptide and peptoid bead approaches. The mechanism of selective 

Hsp enrichment can be understood when we consider how monomeric avidin is prepared.  

Preparation of monomeric avidin is a multistep denaturation-renaturation procedure. First 

tetrameric streptavidin is immobilized to cyanogen bromide-activated agarose. Second, 

immobilized tetrameric avidin is subjected to chemical denaturation, in which avidin 

proteins dissociate into individual monomers. Any non-immobilized subunits are 

removed from the resin at this stage. Finally, the immobilized avidin subunits are 

renatured to generate the monomeric avidin matrix. The monomers are partially 
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denatured proteins with lower affinity to biotin, but the diminished affinity to biotin make 

it suitable for certain affinity chromatography applications.
129, 132, 134

 The selective 

binding of Hsps to monomeric avidin can be explained based on the partially denatured 

structure of monomeric avidin on the solid resin. Immobilized avidin monomers expose 

various partially unfolded hydrophobic peptides which serve as recognition motifs for 

Hsps (Figure IV.4). The chemical denaturation of tetrameric avidin, followed by 

renaturation of immobilized avidins, however, is not a uniform process. Thus, the process 

of monomeric avidin production inadvertently creates various hydrophobic motifs that 

can serve as baits for Hsps.  

Importantly, the development of simple and reproducible method for Hsp 

enrichment opens a new opportunity to define the roles of circulating Hsps in various 

diseases. As mentioned in the Introduction section, circulating Hsps have been associated 

with cancer, and cardiovascular diseases. 
46-52

 Our preliminary study indeed indicates that 

Hsp60 level might correlate with colon cancer, although much more comprehensive 

studies are needed to test this hypothesis.  
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Figure IV.4. Breakage of tetrameric avidin results in the exposure of 

interior surfaces. (a) Tetrameric streptavidin (PDB 3MG5). Avidin-avidin 

interfaces, which are mostly composed of hydrophobic residues, are 

shown in red, whereas hydrophilic surfaces are shown in blue. (b) 

Monomeric avidin exposes the internal hydrophobic surfaces which serve 

as the baits for Hsps. (c) Schematic diagram of chemical denaturation of 

tetrameric avidin, which results in the exposure of hydrophobic surfaces.   

 

 

There is a clear and urgent need for new serum biomarkers of cancer and other 

serious diseases. Most of the existing serum biomarkers suffer from poor specificity and 

sensitivity.
150

 For example, cancer antigen 125 (CA125) is the most widely used 

biomarker for ovarian cancer but it detects only 50% of the early stage ovarian cancer.
151, 



68 

 

152
 The prostate-specific antigen (PSA) test is used in prostate cancer screening. 

However, the test can not differentiate between early stages and the more aggressive 

cancers.
150, 153

 The monomeric avidin method presented in this chapter provides a unique 

opportunity to characterize the distribution and abundance of circulating Hsps in a 

quantitative manner, which may result in the discovery of new diagnostic and prognostic 

biomarkers of various diseases.  
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IV. 4 Experimental section  

Materials  

 Laemmli Sample Buffer, Tris-Glycine-SDS 10× buffer, Tris-Glycine 10× buffer and 

Criterion Tris-HCl Gel, 10% polyacrylamide gel, 12+2 well, 45 μl, 13.3 × 8.7 cm were 

purchased from BioRad. ImmobilonTM Western-chemiluminescent HRP substrate and 

Millipore Immobilon-P polyvinylidene fluoride (PVDF) membrane were obtained from 

Millipore. Pierce
®

 Avidin Agarose and Pierce
®

 Monomeric Avidin Agarose were 

purchased through Fisher Scientific. Blood serum samples were obtained from Asterand, 

XpressBANK. Purified Mouse-Anti-Hsp60 was purchased from BD Biosciences. All 

other chemicals and solvents were obtained through Fisher Scientific and used without 

further purification.  

 

Cell culture and lysate preparation 

Jurkat cells were maintained in RPMI-1640 medium with 25 mM HEPES and L-

Glutamine containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

amphotericin B (PSA), in a 37 ºC, 5% CO2 incubator.  For each labeling experiment, cells 

were harvested at the log phase (50-70% confluency). To obtain the cytosolic lysates of 

Jurkat cells, cells were pelleted by centrifugation and then suspended in the 1× hypotonic 

lysing buffer (pH 7.3, 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.1mM EDTA, and 

1 mM phenylmethanesulfonylfluoride (PMSF)) (1 mL). Cell suspension was incubated at 

room temperature for 10 min. The swelled cells were lysed by gentle pipetting. The 

lysates were centrifuged (10,000 rpm, 4 °C) and the supernatant (cytosolic lysate) was 
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carefully transferred into a new Eppendorf tube on ice. Protein concentration is quantified 

with Promega Commassie Plus™ Protein Assay Reagent (Promega). The final protein 

concentration was adjusted to 2 µg/µl with 1× TBS. The best result was obtained when 

protein solutions were kept on ice or in a refrigerator (4 °C) and used for photolabeling 

studies on the same day.  

Identification of cellular targets, avidin affinity purification 

Avidin and monomeric avidin beads were washed with TBS (1×) solution 

containing 0.1% Tween 20 (TBS-T) solution (1 min×5, 1000 rpm) and used for affinity 

purification. 3 ml of Jurkat cytosolic lysate proteins (2 µg/µl) were mixed with 150 µl 

avidin and monomeric avidin, respectively, and incubated for 2 hours at 4 ºC. The 

supernatant was removed and the gel was vigorously washed with TBS-T. In the 

subsequent steps, protein solutions were always kept on ice or in a chromatography 

refrigerator (4 ºC). The sample was then mixed with Laemmli Sample Buffer (BioRad) 

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 (BioRad). Gel was 

stained for 15 minutes with 0.5% Coomassie blue G-250 in a solution of 50% 

methanol/10% acetic acid. Stain was discarded and the gel was then destained with 

repeating washes with a solution of 40% methanol/10% acetic acid for 15-30 minutes 

until faint bands are observed. Gel was further destained using high purity water after 

which bands were excised and submitted for MS analysis.  
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Coomassie staining of human serum sample 

Human serum samples from donors with (D1) and without colorectal cancer (A3) 

were incubated with monomeric avidin resin. Serum concentration was quantified with 

Promega Commassie Plus™ Protein Assay Reagent (Promega). The final serum 

concentration was adjusted to 2 µg/µl with 1× TBS. Monomeric avidin beads were 

washed with TBS-T solution (1 min×5, 1000 rpm) and used for affinity purification. 2 ml 

of serum samples (2 µg/µl) were mixed with 150 µl monomeric avidin resin and 

incubated for 2 hours at 4 ºC. The supernatant was removed and the gel was vigorously 

washed with TBS (1×) solution containing 2% Tween 20. In the subsequent steps, serum 

solutions were always kept on ice or in a chromatography refrigerator (4 ºC). The sample 

was then mixed with Laemmli Sample Buffer (BioRad) 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 (BioRad). Gel was stained for 15 minutes with 0.5% 

Coomassie blue G-250 in a solution of 50% methanol/10% acetic acid. Stain was 

discarded and the gel was then destained with repeating washes with a solution of 40% 

methanol/10% acetic acid for 15-30 minutes until faint bands are observed. Gel was 

further destained using high purity water.  

Silver staining of human serum sample 

Human serum samples from donors with (D1) and without colorectal cancer (A3) 

were incubated with monomeric avidin resin. Serum concentration was quantified with 

Promega Commassie Plus™ Protein Assay Reagent (Promega). The final serum 

concentration was adjusted to 2 µg/µl with 1× TBS. Monomeric avidin beads were 
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washed with TBS-T solution (1 min×5, 1000 rpm) and used for affinity purification. 2 ml 

of serum samples (2 µg/µl) were mixed with 150 µl monomeric avidin resin and 

incubated for 2 hours at 4 ºC. The supernatant was removed and the gel was vigorously 

washed with TBS (1×) solution containing 2% Tween 20. In the subsequent steps, serum 

solutions were always kept on ice or in a chromatography refrigerator (4 ºC). The sample 

was then mixed with Laemmli Sample Buffer (BioRad) 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 (BioRad). Gel was fixed in 150 ml solution of 50% 

methanol/45% distilled water/5% acetic acid for 20 minutes and washed in 150 ml 50% 

methanol aq. for 10 minutes followed by washing in 150 ml distilled water for another 10 

minutes. The gel was sensitized in 150 ml 0.02% sodium thiosulfate for 1 minute and 

rinsed with 150 ml distilled water (1 minute ×2). The sensitized gel was submerged in 

150 ml 0.1% silver nitrate with 0.08% formaldehyde for 20 minutes and rinsed with 

distilled water (1 minute ×2).   A fresh developing solution must be prepared every time 

just before adding. The gel was incubated with 150 ml 2% sodium carbonate containing 

0.04% formaldehyde until the desired intensity of staining occurs. If developer turns 

yellow within 30 seconds, discard and replace with fresh 150 ml developer. Developing 

reaction was stopped by adding 150 ml 5% acetic acid for 10 minutes.  

Western blot of human serum sample 

Human serum samples from donors with (D1) and without colorectal cancer (A3) 

were incubated with monomeric avidin resin. Serum concentration was quantified with 

Promega Commassie Plus™ Protein Assay Reagent (Promega). The final serum 

concentration was adjusted to 2 µg/µl with 1× TBS. Monomeric avidin beads were 
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washed with TBS-T solution (1 min×5, 1000 rpm) and used for affinity purification. 250 

µl of serum samples (2 µg/µl) were mixed with 50 µl monomeric avidin resin and 

incubated for 2 hours at 4 ºC. The supernatant was removed and the gel was vigorously 

washed with TBS (1×) solution containing 2% Tween 20. In the subsequent steps, serum 

solutions were always kept on ice or in a chromatography refrigerator (4 ºC). The sample 

was then mixed with Laemmli Sample Buffer (BioRad) 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 (BioRad). Gel was blotted onto PVDF membrane (200 

mA, 2h) in a cold transfer buffer (20% methanol in 1×Tris-Glycine buffer). Blotted 

membrane was blocked with 5% non-fat milk in 50 mL TBS-T for 1 h. Blocked 

membrane was rinsed with TBS-T (5 min) and incubated overnight with primary 

antibody (mouse anti-Hsps60) (1:5000 dilution in 3% non-fat milk in TBS-T 5ml). After 

primary antibody incubation the membrane was washed with TBS-T for 10 min. The 

washed membrane was incubated 1h with secondary antibody (goat anti-mouse IgG HRP 

conjugate) (1:5000 dilution in 5% non-fat milk in TBS-T 10 ml). The membrane was 

washed with TBS-T (20 min×3). The washed membrane was treated with the 

ImmobilonTM Western-chemiluminescent HRP substrate for 5 min. Bands were observed 

with the BioRad ChemiDoc gel documentation system. 
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Appendix 1 
   

GI Name Mass Score 

gi|51247429  Chain A, Structure Of [r563a] Leukotriene A4 Hydrolase 69652 893 

gi|2392338 
 Chain A, Human Glyoxalase I With Benzyl-Glutathione 
Inhibitor 

20861 198 

gi|28592  serum albumin [Homo sapiens] 71316 175 

gi|28317  unnamed protein product [Homo sapiens] 59720 128 

gi|62897409  beta actin variant [Homo sapiens] 42038 100 

gi|16359158  Actin, beta [Homo sapiens] 42078 80 

gi|160013026 
 ANKRD26-like family C member 1B (Chimeric POTE-
actin protein) 

122946 80 

gi|134133226 
 protein expressed in prostate, ovary, testis, and placenta 
2 [Homo sapiens] 

122882 80 

gi|3891517 
 Chain A, Human Glyoxalase I Q33e, E172q Double 
Mutant 

20861 75 

gi|4501881  alpha 1 actin precursor [Homo sapiens] 42366 73 

gi|4501883  alpha 2 actin [Homo sapiens] 42381 73 

gi|553734  putative [Homo sapiens] 2269 69 

gi|62896585 
 adenylyl cyclase-associated protein variant [Homo 
sapiens] 

51899 62 

gi|16751921  dermcidin preproprotein [Homo sapiens] 11391 56 

gi|148271063  dermcidin isoform 2 [Homo sapiens] 12520 56 

gi|12276066 
 3-methylcrotonyl-CoA carboxylase alpha subunit [Homo 
sapiens] 

80895 55 

gi|51476873  hypothetical protein [Homo sapiens] 64269 55 

gi|62898171  L-plastin variant [Homo sapiens] 70785 52 

gi|46411195  PIG48 [Homo sapiens] 61110 50 

gi|671527  gamma subunit of CCT chaperonin [Homo sapiens] 60862 50 

gi|34526448  unnamed protein product [Homo sapiens] 53733 46 

gi|16040977  Rb1-inducible coiled coil protein [Homo sapiens] 185051 38 

gi|30293  unnamed protein product [Homo sapiens] 67347 38 

gi|119575046  hCG2025155 [Homo sapiens] 9767 37 

gi|51316478 
 GTP-binding protein REM 2 (Rad and Gem-like GTP-
binding protein 2) 

36170 37 

gi|4506675  ribophorin I precursor [Homo sapiens] 68641 36 

gi|119581184  ATP citrate lyase, isoform CRA_c [Homo sapiens] 69678 35 

gi|38569423  ATP citrate lyase isoform 2 [Homo sapiens] 120608 35 

gi|68533125  ACLY variant protein [Homo sapiens] 125389 35 

gi|28935  ATP-citrate (pro-S-)-lyase [Homo sapiens] 122197 35 

gi|703118  thyroid receptor interactor 35892 35 

gi|119590696 
 membrane protein, palmitoylated 4 (MAGUK p55 
subfamily member 4), isoform CRA_f [Homo sapiens] 

51236 34 

gi|34529517  unnamed protein product [Homo sapiens] 21366 34 
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gi|11139299 
 membrane-spanning 4-domains, subfamily A, member 7 
isoform 1 [Homo sapiens] 

26399 34 

gi|37492  alpha-tubulin [Homo sapiens] 50810 34 

gi|340021  alpha-tubulin 50804 34 

gi|14389309  tubulin alpha 6 [Homo sapiens] 50548 34 

gi|119600189  ribosomal protein L24, isoform CRA_d [Homo sapiens] 19569 34 

gi|55960095  dystonin [Homo sapiens] 861913 34 

gi|18157651  bullous pemphigoid antigen 1 eA [Homo sapiens] 593646 34 

gi|34577047  dystonin isoform 1 [Homo sapiens] 632532 34 

gi|169163653  PREDICTED: hypothetical protein [Homo sapiens] N/A 34 

gi|49227854  mediator complex subunit 10 [Homo sapiens] N/A 33 

gi|112181294  ELMO/CED-12 domain containing 1 [Homo sapiens] N/A 33 

gi|51247429  Chain A, Structure Of [r563a] Leukotriene A4 Hydrolase 69652 893 

gi|2392338 
 Chain A, Human Glyoxalase I With Benzyl-Glutathione 
Inhibitor 

20861 198 

gi|28592  serum albumin [Homo sapiens] 71316 175 

gi|28317  unnamed protein product [Homo sapiens] 59720 128 

gi|62897409  beta actin variant [Homo sapiens] 42038 100 

gi|16359158  Actin, beta [Homo sapiens] 42078 80 

gi|160013026 
 ANKRD26-like family C member 1B (Chimeric POTE-
actin protein) 

122946 80 

gi|134133226 
 protein expressed in prostate, ovary, testis, and placenta 
2 [Homo sapiens] 

122882 80 

gi|3891517 
 Chain A, Human Glyoxalase I Q33e, E172q Double 
Mutant 

20861 75 

gi|4501881  alpha 1 actin precursor [Homo sapiens] 42366 73 

gi|4501883  alpha 2 actin [Homo sapiens] 42381 73 

gi|553734  putative [Homo sapiens] 2269 69 

gi|62896585 
 adenylyl cyclase-associated protein variant [Homo 
sapiens] 

51899 62 

gi|16751921  dermcidin preproprotein [Homo sapiens] 11391 56 

gi|148271063  dermcidin isoform 2 [Homo sapiens] 12520 56 

gi|12276066 
 3-methylcrotonyl-CoA carboxylase alpha subunit [Homo 
sapiens] 

80895 55 

gi|51476873  hypothetical protein [Homo sapiens] 64269 55 

gi|62898171  L-plastin variant [Homo sapiens] 70785 52 

gi|46411195  PIG48 [Homo sapiens] 61110 50 

gi|671527  gamma subunit of CCT chaperonin [Homo sapiens] 60862 50 

gi|34526448  unnamed protein product [Homo sapiens] 53733 46 

gi|16040977  Rb1-inducible coiled coil protein [Homo sapiens] 185051 38 

gi|30293  unnamed protein product [Homo sapiens] 67347 38 

gi|119575046  hCG2025155 [Homo sapiens] 9767 37 

gi|51316478 
 GTP-binding protein REM 2 (Rad and Gem-like GTP-
binding protein 2) 

36170 37 
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gi|4506675  ribophorin I precursor [Homo sapiens] 68641 36 

gi|119581184  ATP citrate lyase, isoform CRA_c [Homo sapiens] 69678 35 

gi|38569423  ATP citrate lyase isoform 2 [Homo sapiens] 120608 35 

gi|68533125  ACLY variant protein [Homo sapiens] 125389 35 

gi|28935  ATP-citrate (pro-S-)-lyase [Homo sapiens] 122197 35 

gi|703118  thyroid receptor interactor 35892 35 

gi|119590696 
 membrane protein, palmitoylated 4 (MAGUK p55 
subfamily member 4), isoform CRA_f [Homo sapiens] 

51236 34 

gi|34529517  unnamed protein product [Homo sapiens] 21366 34 

gi|11139299 
 membrane-spanning 4-domains, subfamily A, member 7 
isoform 1 [Homo sapiens] 

26399 34 

gi|37492  alpha-tubulin [Homo sapiens] 50810 34 

gi|340021  alpha-tubulin 50804 34 

gi|14389309  tubulin alpha 6 [Homo sapiens] 50548 34 

gi|119600189  ribosomal protein L24, isoform CRA_d [Homo sapiens] 19569 34 

gi|55960095  dystonin [Homo sapiens] 861913 34 

gi|18157651  bullous pemphigoid antigen 1 eA [Homo sapiens] 593646 34 

gi|34577047  dystonin isoform 1 [Homo sapiens] 632532 34 

gi|169163653  PREDICTED: hypothetical protein [Homo sapiens] N/A 34 

gi|49227854  mediator complex subunit 10 [Homo sapiens] N/A 33 

gi|112181294  ELMO/CED-12 domain containing 1 [Homo sapiens] N/A 33 

gi|4689262  sorting nexin 11 [Homo sapiens] N/A 33 

gi|119607690  hCG1642689, isoform CRA_a [Homo sapiens] N/A 33 

gi|32479364 
 outer dense fiber of sperm tails 2 isoform 3 [Homo 
sapiens] 

76140 33 

gi|119568930 
 MDN1, midasin homolog (yeast), isoform CRA_a [Homo 
sapiens] 

638034 32 

gi|10434275  unnamed protein product [Homo sapiens] 64050 32 

gi|159162689 
 Chain A, Human Protein Disulfide Isomerase, Nmr, 40 
Structures 

13363 32 

gi|183769  3-alkyladenine DNA glycosylase 33268 32 

gi|4503031 
 CASP2 and RIPK1 domain containing adaptor with 
death domain [Homo sapiens] 

22788 31 

gi|119631362 
 NCK-associated protein 1, isoform CRA_f [Homo 
sapiens] 

43731 31 

gi|119607257  hCG1988300, isoform CRA_b [Homo sapiens] 47891 31 

gi|119591067  hCG15580 [Homo sapiens] 17550 31 

gi|4503979  glial fibrillary acidic protein [Homo sapiens] 49907 31 

gi|119567960  hCG1643231, isoform CRA_a [Homo sapiens] 19005 31 

gi|31873640  hypothetical protein [Homo sapiens] 54655 31 

gi|34526058  unnamed protein product [Homo sapiens] 13550 31 

gi|168985723 
 major histocompatibility complex, class I, B [Homo 
sapiens] 

27831 31 

gi|12667788  myosin, heavy polypeptide 9, non-muscle [Homo 227646 31 
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sapiens] 

gi|119592244 
 myosin, heavy polypeptide 14, isoform CRA_a [Homo 
sapiens] 

N/A 31 

gi|189030  nonmuscle myosin heavy chain-A 82322 31 

gi|18916806  KIAA1962 protein [Homo sapiens] 87198 30 

gi|2392338 
 Chain A, Human Glyoxalase I With Benzyl-Glutathione 
Inhibitor 

20861 198 

gi|3891517 
 Chain A, Human Glyoxalase I Q33e, E172q Double 
Mutant 

20861 75 

gi|34740335  tubulin, alpha 1B [Mus musculus] 50804 408 

gi|37492  alpha-tubulin [Homo sapiens] 50810 34 

gi|158259731  unnamed protein product [Homo sapiens] 50788 364 

gi|2843123  alpha tubulin [Homo sapiens] 50481 258 

gi|32015  alpha-tubulin [Homo sapiens] 50503 204 

gi|7106439  tubulin, beta 5 [Mus musculus] 50095 182 

gi|9507215  tubulin, alpha 8 [Homo sapiens] 50746 145 

gi|31873439  hypothetical protein [Homo sapiens] 54619 145 

gi|5174735  tubulin, beta, 2 [Homo sapiens] 50255 138 

gi|27754056  tubulin, beta 6 [Mus musculus] 50514 122 

gi|30582781  tubulin, beta, 4 [Homo sapiens] 89693 121 

gi|89574029 
 mitochondrial ATP synthase, H+ transporting F1 
complex beta subunit [Homo sapiens] 

48083 107 

gi|28940  unnamed protein product [Homo sapiens] 57976 107 

gi|28317  unnamed protein product [Homo sapiens] 59720 128 

gi|4501885  beta actin [Homo sapiens] 42052 86 

gi|119587277  hCG19802, isoform CRA_b [Homo sapiens] 41841 82 

gi|62896585 
 adenylyl cyclase-associated protein variant [Homo 
sapiens] 

51899 62 

gi|134133226 
 protein expressed in prostate, ovary, testis, and placenta 
2 [Homo sapiens] 

122882 80 

gi|4501881  alpha 1 actin precursor [Homo sapiens] 42366 73 

gi|113413200 
 PREDICTED: similar to protein expressed in prostate, 
ovary, testis, and placenta 2 [Homo sapiens] 

118740 71 

gi|169162260  PREDICTED: similar to hornerin [Homo sapiens] 191082 64 

gi|1710248 
 protein disulfide isomerase-related protein 5 [Homo 
sapiens] 

46512 64 

gi|35959  tubulin 5-beta [Homo sapiens] 50055 62 

gi|119625004  tubulin, beta polypeptide 4, member Q [Homo sapiens] 50698 52 

gi|1857526  beta-tubulin [Homo sapiens] 48860 52 

gi|223486  tubulin beta 49830 50 

gi|169167253 
 PREDICTED: similar to tubulin, beta polypeptide 4, 
member Q [Homo sapiens] 

51277 48 

gi|21749301  unnamed protein product [Homo sapiens] 21359 46 

gi|13562114  beta tubulin 1, class VI [Homo sapiens] 50865 45 
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gi|10433717  unnamed protein product [Homo sapiens] 50267 45 

gi|113423449 
 PREDICTED: similar to hCG1791842 isoform 1 [Homo 
sapiens] 

56600 43 

gi|703118  thyroid receptor interactor 35892 35 

gi|74739412  Kappa-actin 42331 41 

gi|62420929  actin-like protein [Homo sapiens] 11517 41 

gi|62421029  actin-like protein [Homo sapiens] 11601 41 

gi|119586206  hCG1814159 [Homo sapiens] 7393 41 

gi|55960095  dystonin [Homo sapiens] 861913 34 

gi|34577047  dystonin isoform 1 [Homo sapiens] 632532 34 

gi|553734  putative [Homo sapiens] 2269 69 

gi|21361091  ubiquitin carboxyl-terminal esterase L1 [Homo sapiens] 25151 40 

gi|6808064  hypothetical protein [Homo sapiens] 119391 39 

gi|5616074  prostate derived STE20-like kinase PSK [Homo sapiens] 138945 39 

gi|7012700 
 immunoglobulin heavy chain variable region [Homo 
sapiens] 

14134 38 

gi|35655  unnamed protein product [Homo sapiens] 57458 38 

gi|4506221 
 proteasome 26S non-ATPase subunit 12 [Homo 
sapiens] 

53270 36 

gi|119590696 
 membrane protein, palmitoylated 4 (MAGUK p55 
subfamily member 4), isoform CRA_f [Homo sapiens] 

51236 34 

gi|119589109  hCG1992890, isoform CRA_b [Homo sapiens] 37492 36 

gi|153792148  threonine synthase-like 1 [Homo sapiens] N/A 36 

gi|134254710  tubulin beta 2C [Homo sapiens] 10100 35 

gi|89036703  PREDICTED: similar to tubulin, beta 5 [Homo sapiens] 12210 35 

gi|119587055  hCG1983510, isoform CRA_a [Homo sapiens] 28083 35 

gi|162416245  HEAT repeat-containing protein 5A N/A 35 

gi|55957939 
 cytoplasmic polyadenylation element binding protein 3 
[Homo sapiens] 

75021 35 

gi|22209060 
 Cytoplasmic polyadenylation element binding protein 3 
[Homo sapiens] 

76522 35 

gi|113414234  PREDICTED: hypothetical protein [Homo sapiens] 22772 34 

gi|312812  propionyl-CoA carboxylase [Homo sapiens] 58796 34 

gi|10441899  unknown [Homo sapiens] 33312 34 

gi|5822326 
 Chain A, Human Mitochondrial Nad(P)-Dependent Malic 
Enzyme 

65748 34 

gi|93102389  KIAA1712 [Homo sapiens] 44625 34 

gi|4759254  TNF receptor-associated factor 6 [Homo sapiens] 61244 34 

gi|20987288 
 GLE1 RNA export mediator homolog (yeast) [Homo 
sapiens] 

N/A 34 

gi|23097308 
 spectrin repeat containing, nuclear envelope 1 isoform 2 
[Homo sapiens] 

1011226 34 

gi|27884034  HZGJ [Homo sapiens] N/A 34 

gi|52630837 
 immunoglobulin heavy chain variable region [Homo 
sapiens] 

10598 34 
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gi|115583679 
 CCR4-NOT transcription complex, subunit 6-like [Homo 
sapiens] 

63474 33 

gi|119720 
 Coagulation factor XIII A chain precursor (Coagulation 
factor XIIIa) (Protein-glutamine gamma-
glutamyltransferase A chain) (Transglutaminase A chain) 

N/A 33 

gi|113413444  PREDICTED: hypothetical protein [Homo sapiens] 22799 33 

gi|4689262  sorting nexin 11 [Homo sapiens] N/A 33 

gi|119607690  hCG1642689, isoform CRA_a [Homo sapiens] N/A 33 

gi|17511753  PH-4 protein [Homo sapiens] 19870 32 

gi|2246416  methyl-CpG-binding protein 2 [Homo sapiens] 52508 32 

gi|23451218 
 testis spermatogenesis apoptosis-related protein 3 
[Homo sapiens] 

17100 32 

gi|187240  leukocyte surface protein 83310 31 

gi|34226  laminin A chain [Homo sapiens] 297083 30 

gi|28606  unnamed protein product [Homo sapiens] 56582 30 

gi|41147168  PREDICTED: similar to hCG1989915 [Homo sapiens] 22112 30 

gi|28336  mutant beta-actin (beta'-actin) [Homo sapiens] 42128 1183 

gi|16359158  Actin, beta [Homo sapiens] 42078 80 

gi|4501881  alpha 1 actin precursor [Homo sapiens] 42366 73 

gi|4885049  cardiac muscle alpha actin 1 proprotein [Homo sapiens] 42334 791 

gi|158254664  unnamed protein product [Homo sapiens] 42362 780 

gi|119612724 
 actin, alpha, cardiac muscle, isoform CRA_c [Homo 
sapiens] 

30498 774 

gi|4501889  actin, gamma 2 propeptide [Homo sapiens] 42249 764 

gi|153791352 
 prostate, ovary, testis expressed protein on chromosome 
2 [Homo sapiens] 

123020 684 

gi|119607748  hCG15971, isoform CRA_b [Homo sapiens] 13907 673 

gi|134133226 
 protein expressed in prostate, ovary, testis, and placenta 
2 [Homo sapiens] 

122882 80 

gi|55957587  actin, alpha 2, smooth muscle, aorta [Homo sapiens] 16919 437 

gi|74739412  Kappa-actin 42331 41 

gi|63055057  actin, beta-like 2 [Homo sapiens] 42318 360 

gi|88953571 
 PREDICTED: similar to protein expressed in prostate, 
ovary, testis, and placenta 2 isoform 2 [Homo sapiens] 

122858 343 

gi|62421140  actin-like protein [Homo sapiens] 11861 274 

gi|62421128  actin-like protein [Homo sapiens] 11479 267 

gi|62420995  actin-like protein [Homo sapiens] 11481 246 

gi|2392338 
 Chain A, Human Glyoxalase I With Benzyl-Glutathione 
Inhibitor 

20861 198 

gi|169213772 
 PREDICTED: similar to actin alpha 1 skeletal muscle 
protein [Homo sapiens] 

51513 139 

gi|169161796  PREDICTED: similar to Hornerin [Homo sapiens] 190911 66 

gi|62421091  actin-like protein [Homo sapiens] 11509 59 

gi|62421089  actin-like protein [Homo sapiens] 11524 59 

gi|62420963  actin-like protein [Homo sapiens] 11546 59 



80 

 

gi|62421075  actin-like protein [Homo sapiens] 11519 59 

gi|62420949  actin-like protein [Homo sapiens] 11568 58 

gi|114147469 
 immunoglobulin heavy chain variable region [Homo 
sapiens] 

12608 52 

gi|88942898  PREDICTED: similar to beta-actin [Homo sapiens] 17467 48 

gi|7023699  unnamed protein product [Homo sapiens] 39666 47 

gi|10433974  unnamed protein product [Homo sapiens] 114263 47 

gi|5031753 
 heterogeneous nuclear ribonucleoprotein H1 [Homo 
sapiens] 

49484 42 

gi|55962124 
 interleukin enhancer binding factor 2, 45kDa [Homo 
sapiens] 

12375 41 

gi|30025501  KIF27B [Homo sapiens] 153360 40 

gi|12751452  PDZ domain-containing protein AIPC [Homo sapiens] N/A 39 

gi|6754020 
 guanine nucleotide binding protein (G protein), gamma 2 
subunit [Mus musculus] 

7959 38 

gi|158261511  unnamed protein product [Homo sapiens] 49828 38 

gi|119627366 
 coiled-coil domain containing 17, isoform CRA_a [Homo 
sapiens] 

62148 38 

gi|22761216  unnamed protein product [Homo sapiens] 69927 37 

gi|21749301  unnamed protein product [Homo sapiens] 21359 46 

gi|56405460  citron [Homo sapiens] 238511 37 

gi|34526448  unnamed protein product [Homo sapiens] 53733 46 

gi|71891729  KIAA1503 protein [Homo sapiens] 514649 35 

gi|62421077  actin-like protein [Homo sapiens] 11603 35 

gi|111306451 
 Heterogeneous nuclear ribonucleoprotein A1 [Homo 
sapiens] 

34245 35 

gi|16751921  dermcidin preproprotein [Homo sapiens] 11391 56 

gi|19421557 
 chromodomain helicase DNA binding protein 5 [Homo 
sapiens] 

307754 35 

gi|24415828  RIGB [Homo sapiens] N/A 35 

gi|169213053 
 PREDICTED: hypothetical LOC100131655 [Homo 
sapiens] 

169808 34 

gi|10946096 
 immunoglobulin lambda light chain variable region 
[Homo sapiens] 

9192 34 

gi|34534054  unnamed protein product [Homo sapiens] 23821 34 

gi|119574495  hCG1990709 [Homo sapiens] 19954 34 

gi|39753961 
 IQ motif containing GTPase activating protein 3 [Homo 
sapiens] 

185169 34 

gi|34527841  unnamed protein product [Homo sapiens] 117393 34 

gi|119624933  hCG1797215 [Homo sapiens] 10756 34 

gi|188684  modulator recognition factor I 66591 33 

gi|729833 

 Interleukin-6 receptor subunit beta precursor (IL-6R-
beta) (Interleukin-6 signal transducer) (Membrane 
glycoprotein 130) (gp130) (Oncostatin-M receptor alpha 
subunit) (CD130 antigen) (CDw130) 

104484 33 

gi|553734  putative [Homo sapiens] 2269 69 
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gi|16553829  unnamed protein product [Homo sapiens] N/A 33 

gi|34039  unnamed protein product [Homo sapiens] 44079 33 

gi|5802182  PPAR gamma coactivator-1 [Homo sapiens] 92141 32 

gi|16579885  ribosomal protein L4 [Homo sapiens] 47953 32 

gi|1841430  heavy neurofilament subunit [Homo sapiens] 111941 32 

gi|2661079  similar to beta tubulin [Homo sapiens] 38945 32 

gi|30582781  tubulin, beta, 4 [Homo sapiens] 89693 121 

gi|18088719  Tubulin, beta [Homo sapiens] 50096 32 

gi|223429  tubulin beta 50223 32 

gi|119568443 
 A kinase (PRKA) anchor protein 7, isoform CRA_b 
[Homo sapiens] 

37234 31 

gi|7106802  HSPC206 [Homo sapiens] N/A 31 

gi|14017783  KIAA1783 protein [Homo sapiens] 171295 30 

gi|119604338  hCG2042381, isoform CRA_b [Homo sapiens] 19607 30 
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Appendix 2 
   GI Gene Mass Score 

12667788 myosin, heavy polypeptide 9, non-muscle 227646 76 

113412358 PREDICTED: similar to Hornerin 188565 56 

24638295 Ubiquitin conjugation factor E4 B 147460 53 

113413194 POTE ankyrin domain family member F 123020 633 

83699649 heat shock 90kDa protein 1, alpha 98652 319 

4503483 eukaryotic translation elongation factor 2 96246 197 

15010550 heat shock protein gp96 precursor 90309 51 

306891 90kDa heat shock protein 83584 424 

67477458 Heat shock protein 75 kDa, mitochondrial 80345 87 

62089222 heat shock 70kDa protein 1A variant 78018 62 

28590 unnamed protein product 71246 148 

35222 heat-shock protein HSP70B 71209 99 

5729877 heat shock 70kDa protein 8 isoform 1 71082 273 

4504965 L-plastin 70815 101 

21759781 Heat shock 70kDa protein 1-like 70748 62 

188488 heat shock-induced protein 70294 99 

4204880 heat shock protein 70237 118 

4505257 moesin 67892 106 

189238 neuroleukin 63377 77 

5453607 chaperonin containing TCP1, subunit 7 isoform a 59842 92 

61104915 heat shock protein 90Bd 58855 78 

4502643 chaperonin containing TCP1, subunit 6A isoform a 58444 51 

35505 pyruvate kinase 58411 433 

1200184 stimulator of TAR RNA binding 58316 82 

1002923 coronin-like protein 51722 75 

9507215 tubulin alpha-8 chain isoform 1 50746 351 

14389309 tubulin alpha-1C chain 50548 874 

4503471 eukaryotic translation elongation factor 1 alpha 1 50451 234 

4507729 tubulin, beta 2 50274 91 

223486 tubulin beta 49830 91 

34536332 unnamed protein product 49533 57 

61104911 heat shock protein 90Bb 49377 105 

28557150 hornerin 48797 68 

57209813 tubulin, beta polypeptide 48135 134 

5803011 enolase 2 47581 330 

4503571 alpha-enolase 47481 998 

62896593 enolase 1 variant 47453 998 

4503573 enolase 3 47271 464 
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89037243 PREDICTED: similar to actin-like protein 46576 312 

12803339 SERPINE1 mRNA binding protein 1 44291 111 

927065 
eukaryotic translation elongation factor 1 alpha 1-
like 14 43139 204 

28422655 ENO1P protein 42657 71 

4501881 actin, alpha skeletal muscle 42366 1133 

62990121 actin-like protein 42331 399 

63055057 beta-actin-like protein 2 42318 549 

4501885 actin, cytoplasmic 1 42052 1608 

10437873 unnamed protein product 41929 209 

47078295 adenosine deaminase 41024 55 

224877 deaminase a,adenosine 41009 55 

5729953 nuclear distribution gene C homolog 38276 59 

2521981 alpha2-HS glycoprotein 36268 99 

181914 DNA-binding protein 36086 59 

10436240 unnamed protein product 27757 149 

178045 gamma-actin 26147 774 

62420949 actin-like protein 11568 84 

62421162 actin-like protein 11529 94 

16751921 dermcidin preproprotein 11391 76 
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