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ABSTRACT OF THE DISSERTATION 

 

Mass Spectrometry-Based Chemical and Quantitative Proteomics 
 

by 
 

Haibo Qiu 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, March 2009 

Dr. Yinsheng Wang, Chairperson 

 

As one of the most powerful techniques in analytical sciences, mass spectrometry 

(MS), coupled with the techniques for sample preparation and separation, plays an 

essential role on the rise of proteomics. In this dissertation, we focused on the 

development and application of MS and chemical tools for the identification and 

quantification of several important classes of proteins, including nucleotide-binding 

proteins, nucleic acid-binding proteins and plasma membrane proteins. 

In Chapter two, we described the synthesis and application of a biotin-conjugated 

chemical probe in probing nucleotide-binding proteins. This activity-based chemical 

probe can react specifically with the lysine residue at the nucleotide-binding site. The 

strategy developed for proteomic application is relatively simple, fast, and 

straightforward. This method is useful in the activity-based functional study and in 

profiling nucleotide-binding proteins, e.g., kinases, in complex biological samples.   

In Chapter three, a strategy for the comprehensive investigation of DNA-binding 

proteins with in vivo chemical cross-linking and LC-MS/MS was developed. DNA-
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binding proteins were isolated via the isolation of DNA-protein complexes and released 

from the complexes by reversing the cross-linking. By using this method, we were able to 

identify more than one hundred DNA-binding proteins, including proteins involved in 

transcription, gene regulation, DNA replication and repair.  

In Chapter four, we described a strategy, including SILAC, cell-surface 

biotinylation, affinity purification and LC-MS/MS, for the identification and 

quantification of cell-surface membrane proteins. Integrins, cell adhesive molecules, CD 

antigens and receptors, which are essential in tumor development, were quantified in this 

work. The identification of aberrantly expressed membrane proteins of melanoma cells 

sets the stage for the future investigation of these proteins in the progression of human 

melanoma. The method held a great potential in the comprehensive identification of 

tumor progression makers, as well as in the discovery of protein-based new therapeutic 

targets. 

In Chapter five, a comparative study of protein expression in human leukemia cells 

upon 6-thioguanine treatment was performed by using a MS-based proteomic method 

together with SILAC. The biological implications of the changed expression of some 

proteins were discussed. This study may offer new insights into the molecular 

mechanisms of action of this drug. 
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CHAPTER 1  

General Overview 

1.1 Introduction 

The dream of having human genome completely sequenced has become a reality.1 

However, understanding the functions of large number of proteins and the complexity of 

biological systems still has a long way to go. Proteomics is the qualitative and 

quantitative comparison of proteomes under different conditions to further unravel 

biological processes. Mass spectrometry (MS), as one of the most powerful techniques in 

analytical sciences, coupled with sample preparation and separation techniques, plays an 

essential role on the rise of proteomics.2 

Although MS has served as a formidable tool for the current proteomics to identify 

and quantify proteins in an unprecedented scale, the proteomic samples, e.g., whole cell 

proteomes, tissues, body fluids, etc., are often complicated, and the complexity of these 

samples is far beyond the power of the state-of-the-art mass spectrometers. Many protein-

based drug targets and biomarkers have very low abundance, and cannot usually be 

covered by the general MS-based proteomic methods. For instance, plasma, serum and 

cerebrospinal fluids provide a wealth of biomolecules for proteomics studies; however, 

many of these interesting proteins are in extremely low concentrations in these fluids.3 It 

was estimated that there is a presence of > 106 different protein molecules spanning a 

concentration range of 11 orders of magnitude in human plasma, where 20 of the most 

abundant proteins constitute approximately 97-99% of the total protein mass.4, 5  
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In addition to the wide dynamic range of proteins in complex biological samples, 

another challenge for MS-based proteomics is the determination of the localization, 

interactions, and, ultimately, the function of a protein. Conventional two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) and LC-MS/MS are useful for the 

separation, identification and relative quantification of proteins at a large scale, but these 

techniques have substantial limitations in the detection of proteins in low abundance due 

to the masking effects of abundant proteins and ion suppression during electrospray 

ionization.6, 7 Hydrophobic membrane proteins are also known to be difficult to analyze 

by 2D gel electrophoresis.8  

To date, various methods have been developed to meet these challenges. In this 

chapter, we review the strategies that implement chemical tools and stable isotope 

labeling techniques for MS-based proteomics.  

 

1.2 MS-based Chemical Proteomics 

Chemical proteomics is the use of chemical probes to study protein function and 

mechanism in a large scale.9, 10 The interactions between proteins and small molecules 

are also of great interest in drug development.11-13 So far, different chemical probes have 

been developed to target specific families of proteins, mainly based on their functions 

and/or activities.14 Therefore, a subset of the chemical proteomics using activity-based 

chemical probes is known as activity-based proteomics (ABP), or activity-based protein 

profiling (ABPP).12  



3 
 

1.2.1 The general structure of a chemical probe 

A good chemical probe is critical for the success of chemical proteomics. A typical 

chemical probe usually consists of three basic elements: (1) a reactive functional group 

that covalently conjugates with the protein active site, (2) a linker region that provides 

spacing and directs binding to the target, and (3) a chemical tag or reporter used for the 

identification, purification, or direct detection of the probe-labeled proteins.11, 15 Figure 

1.1 depicts the general structure of a chemical probe for chemical proteomics.  

The reactive functional group is perhaps the most crucial component of a chemical 

probe. This specific chemical moiety has to assume the ability to recognize a conserved 

catalytic or functional motif in a family of proteins and to bind covalently to the active 

site of the targets. The reactive group is often derived from the electrophilic group of an 

irreversible enzyme inhibitor, such as an epoxide16, fluorophosphonate17 or sulfonate 

ester.18 The linker region incorporated in a chemical probe connects the reactive group to 

the tag used for the identification and/or purification. Its primary function is to supply the 

space between the reactive group and the tag to avoid steric hindrance. The common 

linkers are long-chain alkyl groups or poly(ethylene glycol). In an activity-based 

chemical probe, the linker moiety can also influence the specificity of the probe, or 

provide the specificity by using a peptide or peptide-like structure.19 In addition, the 

linkers of many chemical probes can be used to incorporate stable isotopes for MS-based 

quantitative proteomics, such as ICAT (isotope-coded affinity tag) 20, which will be 

discussed later in this chapter. Finally, the tag of a chemical probe facilitates the 
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Figure 1.1 The general structure of a chemical probe and some common tag, linker and 

reactive groups.  
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purification and identification of probe-labeled proteins. Different tags are available in 

chemical proteomics, such as biotin, fluorescent and radioactive tags, as shown in Figure 

1.1. In general, fluorescent and radioactive tags are used in gel-based screening and 

imaging assays,21 in which the labeled-proteins can be visualized by scanning the gels 

with fluorescent scanners or phosphorimagers. These fluorescent and radioactive imaging 

approaches are usually simple and sensitive, which require less time to handle the 

samples than that of the biotin-labeled chemical probes.22, 23 However, biotin is the most 

commonly used tags in chemical probes because of the availability of well-established 

techniques for both affinity purification and detection of biotinylated proteins, based on 

the strong and specific interactions between biotin and avidin/streptavidin.23 More 

importantly, a biotin tag is fully compatible with MS-based proteomics, and allows the 

affinity isolation, purification and enrichment of biotinylated proteins or peptides.20, 24-27   

     

1.2.2 Application of chemical probes in MS-based proteomics 

Chemical probes have been used to label specific protein targets, facilitate the 

isolation, purification and identification of low-abundance proteins, and address their 

activities, interactions, localizations, and functions by the combination with MS-based 

proteomic techniques.9, 11, 12, 15, 28  
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1.2.2.1 Activity-based protein profiling  

One application of chemical probes is the activity-based proteomics, or ABP.14 

Figure 1.2 depicts the general procedures of ABP. In ABP, the activity-based chemical 

probes have been used to identify classes of proteins based on their affinity toward the 

specifically designed chemical probes. For example, serine hydrolases are a family of 

large and diverse enzymes that include proteases, peptidases, lipases, esterases, and 

amidases.29 By the regulation of growth factor activation and the metabolism of small-

molecule signals, these enzymes may contribute to the malignant behavior of aggressive 

cancer cells. To facilitate the global analysis of serine hydrolase activities in complex 

proteomes, a biotinylated fluorophosphonate was synthesized by Cravatt and co-

workers17, 30 to target this family of enzymes. These studies demonstrated that this 

chemical probe can greatly facilitate the functional characterization and molecular 

identification of active enzymes in complex proteomes. Using a similar method, Jessani 

and colleagues31 profiled globally serine hydrolase activities in human breast carcinoma 

and melanoma cell lines with fluorescent fluorophosphonate probes. Following the gel-

based quantitative comparison of enzyme activities, the researchers employed 

biotinylated fluorophosphonate probes to enrich and identify these enzymes with avidin 

chromatography and LC-MS/MS, respectively.  

To improve the standard ABP method, which utilizes 1D or 2D gels to separate and 

detect probe-labeled proteins, Adam and colleagues32 described a general gel-free 

strategy utilizing activity-based chemical probes and LC-MS/MS for profiling 
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Figure 1.2 General procedures for activity-based proteomics. A proteome is first reacted 

with an activity-based chemical probe. After labeling reaction, the labeled proteome can 

be treated in two ways. (A) The labeled proteins are isolated and enriched by affinity 

purification. The purified proteins are subsequently digested with trypsin, and the 

resulting peptide mixtures are analyzed by LC-MS/MS for target identification. (B) The 

labeled proteins are digested with trypsin to peptides. The labeled peptides are isolated 

and enriched by affinity purification.  After affinity purification, the resulting labeled 

peptide mixtures are analyzed by LC-MS/MS for target identification. 
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enzyme active sites in whole proteomes. In this method, the sulfonate ester probe-labeled 

proteomes were digested in solution with trypsin and incubated with agarose beads 

conjugated with avidin or anti-rhodamine antibodies to isolate probe-labeled peptides. 

The labeled peptides were then eluted from the affinity matrix and analyzed by LC-

MS/MS to identify the protein target of the ABP probes and their labeling site. Wither 

and co-workers 22 also developed MS-based strategy for mechanism-based profiling of β-

endoglycosidases in complex proteomes. Using a biotinylated, cleavable 2-deoxy-2-

fluoroxylobioside probe, the authors isolated and identified the active-site peptides of 

target retaining β-1,4-glycanases.  

 

1.2.2.2 Membrane protein biotinylation  

In addition to ABP, chemical probes have been used for labeling and enrichment of 

low-abundance proteins. For example, plasma membrane proteins play critical biological 

functions in cell-to-cell recognition, signal transduction and material transport.33 Despite 

their important biological functions, membrane proteins are very challenging to study 

because of their high hydrophobicity and low abundances.34-36 Conventional 2D gel 

electrophoresis is widely used for proteomic analysis, but this technique does not resolve 

membrane proteins very well because of the poor solubility of membrane proteins in the 

buffers used for the separation in the first dimension.8 To study the membrane proteins, a 

group of labeling reagents for membrane protein have been developed and 

commercialized.37 These biotin-conjugated chemical probes usually contain a reactive 
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group of N-hydroxysuccinimide (NHS) ester (Figure 1.3), which can react with primary 

amines in proteins. A sulfonate-substituted NHS (i.e., N-hydroxysulfosuccinimide, or 

sulfo-NHS) is membrane-impermeable and has better water solubility than the 

underivatized counterpart. Sulfo-NHS-SS-biotin, containing an internal disulfide bond, is 

a more hydrophilic reagent than sulfo-NHS-LC-biotin.34 The disulfide bond allows for 

the cleavage of labeled proteins or peptides from avidin resin upon treatment with a 

reducing agent. Following the labeling reaction, affinity enrichment can be performed at 

either the peptide or protein level; enrichment of proteins allows for broader sequence 

coverage, whereas enrichment of peptides usually facilitates the identification of labeled 

amino acid residues and peptides.  

Cell-surface biotinylation has been widely used for membrane protein study34, 35, 38 

Recently, this method has been coupled with 1D or 2D gel electrophoresis and LC-

MS/MS for membrane proteomics.25-27, 39-48 Sostaric and co-workers46 globally profiled 

the plasma membrane proteome of oviducal epithelial cells using sulfo-NHS-LC-biotin 

for membrane biotinylation. After labeling reaction, cultured cells were lysed and the 

labeled proteins were affinity purified. The purified proteins were then analyzed by 1D 

and 2D gel electrophoresis and LC-MS/MS. Among the identified proteins, 56% of 

which were integral membrane proteins. Zhao and colleagues48 employed cell-surface 

biotinylation and affinity purification of labeled membrane proteins, along with the use of 

high-concentration salt or high-pH buffers, to minimize nonspecific bindings during 
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Figure 1.3 Amine-reactive biotinylation reagents from Pierce.37 (A) EZ-LinkTM Sulfo-

NHS-Biotin (Sulfosuccinimidobiotin) (B) EZ-LinkTM Sulfo-NHS-LC-Biotin 

[Sulfosuccinimidyl-6-(biotinamido)hexanoate] (C) EZ-LinkTM Sulfo-NHS-SS-Biotin 

[Sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate]. 
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affinity purification, and they were able to identify more than 800 proteins, 87% of which 

were plasma membrane or membrane-associated proteins. 

By perfusion or injection of biotinylation reagents, Yu and co-workers49 labeled the 

apical and basolateral plasma membranes of rat kidney inner medullary collecting ducts. 

After biotinylation, the plasma membranes were isolated by differential centrifugation. 

Labeled proteins were purified by using avidin-immobilized agarose beads, and separated 

with 1D SDS-PAGE. After in-gel tryptic digestion, proteins were identified by LC-

MS/MS analysis. A total of more than 200 plasma membrane proteins were identified in 

the basolateral and apical membranes.  Among the identified proteins, 18% were integral 

or glycosylphosphatidylinositol-linked membrane proteins. 

 

1.2.2.3 Chemical cross-linking 

MS-based chemical proteomics is useful in the interrogation of interactions between 

biomolecules, such as protein-protein or protein-nucleic acid interactions at large scale.50, 

51 The identification of the interaction partners of a protein in a cellular system is 

important to understand the protein’s function.50, 52, 53 Different chemical cross-linking 

approaches combined with MS have been developed for the study of protein-protein 

interactions.51, 54 The simplest chemical cross-linker is formaldehyde, which is highly 

reactive and widely used to generate protein-protein and protein-DNA cross-linking.55, 56  

For instance, Huang and colleagues57, 58developed an in vivo chemical cross-linking 

strategy by using formaldehyde for the quantitative study of protein-protein interactions, 
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including the identification of weak and/or transient interacting partners. This strategy, 

termed quantitative analysis of tandem-affinity purified cross-linked protein complexes 

or QTAX, was used to assess comprehensively the protein interaction network of the 

yeast 26S proteasome.57 

The formaldehyde cross-linking reaction can occur in living cells under 

physiological conditions, thereby preventing subsequent dissociation and redistribution of 

proteins during sample preparation.55, 58-60 Amino and imino groups of amino acids 

(lysine, arginine and histidine) and DNA (primarily adenine and cytosine) can react with 

formaldehyde and form cross-links.56, 61 An important feature of formaldehyde cross-

linking is that the cross-link is fully reversible when exposed to high temperature (> 67 

ºC) at low pH in aqueous solution, mainly due to the protonation of imino groups. The 

disadvantage of formaldehyde cross-linking is the lack of specificity and short cross-

linking distance (2 Å). 

To date, different chemical cross-linking reagents with long arms or specificity 

have been developed for mapping protein-protein interactions.51, 54 For example, a biotin-

conjugated cross-linker was synthesized by Chu and colleagues.62 This cross-linking 

reagent is homobifunctional and amine-reactive, containing two groups of NHS esters. A 

thiol-cleavable site was also introduced to facilitate the recovery of cross-linked peptides 

after an affinity purification step. The eluted cross-linked peptides can then be analyzed 

by MS. Other cross-linking reagents, such as heterobifunctional and trifunctional cross-

linkers, have also been used for the study of protein-protein interactions.51 
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Another important field of application of chemical probes is quantitative proteomics, 

which is discussed in the next section.  

 

1.3 MS-based Quantitative Proteomics 

MS-based proteomics has shown to be extremely powerful in the large-scale and 

high-throughput identification of proteins in complex samples.2, 63 However, quantitative 

analysis is highly demanded in the study of perturbation-induced changes in biological 

systems and in the identification of biomarkers of different diseases.64, 65 Prior to the 

development of quantitative proteomic techniques, the studies of cellular changes were 

mainly limited to the investigation of either gross morphological changes or small 

numbers of proteins. Quantitative studies were heavily dependent on antibody-based 

immunostaining for Western blotting or fluorescent analysis.66, 67 These methods are 

usually semiquantitative due to the variation in the binding affinities of antibodies. 

Although 2D-PAGE has been widely used to separate and compare the relative 

abundances of proteins in different samples, this technique is labor-intensive and often 

not compatible with specific classes of proteins, such as hydrophobic membrane proteins, 

extremely acidic or basic proteins, and very small or large proteins.8, 68  

In the past decade, different quantitative strategies, especially stable isotope 

labeling techniques together with MS, have been developed for assessing quantitatively 

and comprehensively the differential expressions of proteomes.64, 69 With these chemical 

and metabolic techniques for stable isotope labeling, MS-based quantitative proteomics is 
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now routinely used for the relative quantification of proteins. Recently, methods have 

been introduced to enable the absolute quantification of proteomes, in particular, with the 

development of strategies with isotope-labeled standard peptides.70, 71 On the other hand, 

label-free quantification methods based on the numbers of identified peptides from 

different proteomes have achieved remarkable progress.72 In this section, we summarize 

general and widely used approaches for MS-based quantitative proteomics. 

 

1.3.1 Chemical tagging strategies for quantitative proteomics 

These chemical approaches are based on the use of stable isotope-coded chemical 

reagents to differentially label proteins or peptides and to compare the relative 

abundances of the proteins or peptides in different samples.9 Once proteins or peptides 

are differentially labeled with stable isotopes, they can be distinguished in MS or MS/MS 

by characteristic mass shifts. The relative abundance of labeled peptide pairs can be 

determined by comparing the signal intensities of isotope-labeled peptides in mass 

spectrum.  

 

1.3.1.1 Isotope-coded affinity tag (ICAT) 

The isotope-coded affinity tag (ICAT), developed by Aebersold and co-workers20, 

is among the most successful chemical labeling strategies for quantitative proteomic 

analysis. The ICAT reagent consists of three elements: an affinity tag (biotin), which is 
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used to isolate and enrich ICAT-labeled peptides; a poly(ethylene glycol) linker 

containing stable isotope signatures, where the light form contains eight hydrogens and 

the heavy form carries eight deuteriums; and a reactive group with specificity toward 

thiol groups. The structure of ICAT is shown in Figure 1.4. Among the 20 natural amino 

acids, cysteine is often the target for chemical labeling owing to the available chemical 

reactions specific for thiol groups. For ICAT, the iodoacetyl group can react with the 

thiol group of cysteine side chain in a physiological pH range. In addition to stable 

isotope labeling, ICAT also allows the isolation of labeled peptides through the biotin-

avidin affinity chromatography. The affinity purification of labeled peptides significantly 

reduces the sample complexity because only a relatively small number of peptides 

contain cysteine.  

The ICAT strategy for quantifying differential protein expression is shown in 

Figure 1.4. Two protein mixtures representing two different states of a proteome under 

investigation are labeled with light and heavy ICAT reagents. Theoretically, the ICAT 

reagents can react with all cysteine residues in every protein. The two labeled protein 

mixtures are combined and enzymatically digested to peptides. The ICAT-labeled 

peptides are then purified using the biotin tag present in the ICAT reagents by avidin 

affinity chromatography.  

 



16 
 

(A) 

 

(B) 

 

Figure 1.4 (A) The structure of original ICAT reagent, (B) general procedures of ICAT 

experiment for quantitative proteomics.  
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Since its introduction, ICAT has been widely used for the MS-based quantitative 

analysis.73 However, Regnier and co-workers first found that the light (d0) and heavy (d8) 

forms of ICAT-labeled peptides can be partially resolved during reversed-phase 

chromatography, which could affect severely the accuracy of quantitation. Another 

concern is that the large moiety of biotin tag could affect the fragmentation of the labeled 

peptides. These problems have been resolved by using 13C-coded reagent in place of the 

original d8 linker, and by introducing an acid-cleavable site between biotin and the thiol-

reactive group (named cICAT) that allows the removal of biotin prior to MS analysis.24, 74 

In addition, a solid-phase ICAT was also developed to improve the original ICAT by 

using an isotope-coded tag containing a photocleavable linker immobilized on glass 

beads.75  

 

1.3.1.2 Isobaric tag for relative and absolute quantitation (iTRAQ) 

The isobaric tag for relative and absolute quantitation (iTRAQTM) strategy was 

developed by Pappin and colleagues at Applied Biosystems.76 iTRAQ has caught great 

attention of researchers, as it allows up to four different biological samples to be analyzed 

simultaneously.77 In this approach, digested peptides from different samples to be 

compared are labeled with amine-reactive isobaric tags. All peptides with the same 

sequence but from different samples carry different versions of the tag, and are 

indistinguishable during LC separation and MS. The iTRAQ quantification relies on the 

MS/MS level rather than on the MS level by comparing the peak area of the reporter 
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fragment ions found in the tandem mass spectrum. For this purpose, a group of amine-

reactive tagging reagents were designed that are available in four isotope-coded variants 

with identical overall molar mass, as shown in Figure 1.5. The multiplex isobaric tags 

generate abundant MS/MS signature ions at m/z 114.1, 115.1, 116.1, and 117.1, and the 

relative areas of these peaks are proportional to the abundances of the labeled peptides 

from different samples. 

There are several advantages of using iTRAQ over other isotope-labeling 

techniques. For instance, the isobaric tags allow quantifying multiple samples at the same 

time without increasing MS complexity at the peptide level, indicating that more MS/MS 

can be acquired for the identification and quantification. Recently, a new version of 

iTRAQ 8-plex labeling reagents was introduced by Applied Biosystems and can be used 

for the simultaneous quantification of eight samples. Besides relative quantification, 

iTRAQ can also be used for absolute quantification by using tagged standard peptides in 

the multiplex mixtures.76   

 

1.3.1.3 Other chemical labeling strategies  

In addition to ICAT and iTRAQ, there are many other chemical labeling techniques 

to introduce stable isotopes into proteins or peptides. For example, N-terminal isotope 

labeling with global internal standard technology (GIST)78 and C-terminal isotope  
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Figure 1.5 (A) The structure of iTRAQ reagents, (B) general procedures of iTRAQ 

experiment for quantitative proteomics.   
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labeling with esterification reaction79 are also important and useful techniques for MS-

based quantitative proteomic analysis.   

 

1.3.2 Metabolic labeling strategies  

Metabolic incorporation of stable isotopes has been widely used for the MS-based 

quantitative analysis.64, 80 In this approach, stable isotope-labeled nutrients are added in 

the growth media of living cells. Through cell growth, stable isotope-labeled precursors 

are incorporated into all cellular proteins. A major advantage of metabolic labeling over 

chemical labeling is that the isotopes are present in live cells. Different cells labeled with 

light and heavy stable isotopes can be mixed prior to various steps of sample 

manipulation, such as lysis, protein extraction, fractionation and digestion, thereby 

minimizing differential sample loss and facilitating improved accuracy in protein 

quantification. The major limitation of metabolic labeling lies in that the current 

metabolic labeling strategies cannot be readily extended to clinical studies.  

 

1.3.2.1 Stable isotope labeling with amino acids in cell culture (SILAC)  

Stable isotope labeling with amino acids in cell culture (SILAC) is a simple 

metabolic or in vivo labeling strategy for MS-based quantitative proteomics.81 Using 

SILAC, cells under two biological conditions can be grown in culture media that are 

identical except that one of them contains light, and the other heavy, form of particular 
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amino acids (e.g. 12C and 13C labeled L-lysine and L-arginine). The strategy of SILAC is 

shown in Figure 1.6. After a number of cell doublings, each instance of the particular 

amino acids will be replaced by their isotope-labeled analogs. If there is no chemical 

difference between the labeled amino acids and the natural amino acids, the cells should 

behave exactly like a control cell population grown in the presence of normal amino acids. 

Cells from both samples are then harvested, and because the isotopes are encoded directly 

into the amino acid sequence of each protein, the extracts can be mixed directly at certain 

ratios, usually in equal amounts. Protein mixtures can be further purified or fractionated, 

and enzymatically digested to peptides. The purified proteins and peptides will preserve 

the exact mixing ratio of the labeled to unlabeled proteins. The mixtures of light and 

heavy peptides can then be analyzed as they are analyzed in non-quantitative proteomics. 

Quantitation usually takes place at the level of the mass spectrum or tandem mass 

spectrum of peptides, similar to ICAT.20   

SILAC is an efficient and reproducible quantitative technique, as almost complete 

incorporation of the isotope labels can be readily achieved. Therefore, SILAC is very 

suitable for the comparative study of protein expression in different cell populations, and 

accurate experimental results could be obtained with minimal bias, allowing relative 

quantification of small changes in protein abundance. A ratio of greater than 1.3-2.0 has 

been widely accepted as cut-offs for a change that is of statistical and biological 

significance.82  



22 
 

 

 

 

Figure 1.6 General procedures of SILAC experiment for quantitative proteomics.  
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In addition to the global proteome quantitation, SILAC can also be used for the 

target protein quantification, as well as for the quantitation in functional and subcellular 

proteomics.64, 82 For example, SILAC is suitable for quantitative phosphoproteomics, 

which is usually difficult to study, to distinguish the differences of phosphorylation 

events.83, 84 Another valuable utility of SILAC is the membrane protein quantitattion.  It 

has been demonstrated that SILAC is suitable for the quantitative analysis of cell 

membrane proteins,85 where ICAT has been rarely employed, probably due to the poor 

compatibility of ICAT with the high concentration of detergent required for dissolving 

membrane proteins.86 

 

1.3.2.2 15N labeling for bacteria and plants 

In fact, the approach utilizing 14N and 15N minimal media for bacteria and plants 

has been well established before SILAC method.87-89 The procedures developed by Oda 

and colleagues 88 in 1999 can be generally applied to any cell systems including 

mammalian cell lines. In the case of 15N labeling, the heavy isotope is not associated with 

a specific amino acid but distributed over the whole protein, resulting in an undefined 

mass difference between the labeled and unlabeled proteins. The mass difference varies 

with the nitrogen content of an individual protein or peptide. 15N-labeling has the similar 

advantage of SILAC to label the samples at an early stage; however, the major 

disadvantage is the variable mass difference, which makes the data interpretation 

complicated.   
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1.3.3 Other quantitative strategies for MS-based quantitative proteomics 

Aside from the techniques discussed above, there are many approaches that are used 

for MS-based quantitative proteomics. These methods include 18O-labeling,90 mass-coded 

abundance tagging (MCAT),91 label-free 92 and absolute 93 quantitative strategies. 

 

1.4 Scope of This Dissertation 

As the preceding discussion has shown, many innovative and promising techniques 

have been developed for the MS-based chemical and quantitative proteomics.  These 

chemical and quantitative strategies have greatly facilitated the analysis of global protein 

expression, as well as the isolation, purification, detection and quantitative analysis of 

low-abundance proteins in complex biological samples. However, these techniques also 

have their own limitations, and are far from enough to address all challenges in the 

complicated biological and clinical questions. More efforts and advancements still need 

to be made to improve the current techniques in MS-based proteomics.  

In this dissertation, we focus on the development of chemical and quantitative 

strategies for MS-based proteomics to identify and quantify several specific classes of 

proteins, including nucleotide-binding proteins, nucleic acid-binding proteins and plasma 

membrane proteins, as well as for the proteomic study of the response of human cells 

toward anticancer drug treatment.  
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In Chapter two, we describe the application of a chemical probe, biotin-conjugated 

acyl nucleotide, for probing adenosine nucleotide-binding proteins. We demonstrate that 

this chemical probe reacts specifically with the lysine residue at the nucleotide-binding 

site of two purified adenosine nucleotide-binding proteins. This method allowed us to 

enrich and identify nucleotide-binding proteins from complex samples, e.g., whole cell 

lysates. The strategy, involving labeling reaction, enzymatic digestion, affinity 

purification, and LC-MS/MS analysis, is relatively simple, fast, and straightforward. 

In addition to nucleotide-binding proteins, we also investigated nucleic acid-binding 

proteins.  In Chapter three, we describe an approach for the comprehensive investigation 

of DNA-binding proteins with in vivo chemical cross-linking and LC-MS/MS. DNA-

binding proteins could be purified via the isolation of DNA-protein complexes and 

released from the complexes by reversing the cross-linking. By using this method, we 

were able to identify more than one hundred DNA-binding proteins, such as proteins 

involved in transcription, gene regulation, DNA replication and repair, and a large 

number of proteins that are potentially associated with DNA and DNA-binding proteins.  

In Chapter four, a strategy, including SILAC, cell surface biotinylation, affinity 

peptide purification and LC-MS/MS, for the identification and quantification of cell-

surface membrane proteins is described. With this strategy, we identified over 100 

membrane and its associated proteins from a pair of melanoma cell lines derived from the 

primary and metastatic tumor sites of the same individual. Moreover, we quantified the 

relative expression of 62 identified proteins in these two cell lines. 
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In Chapter five, a comparative study of protein expression in HL-60 human 

leukemia cells upon 6-thioguanine treatment was performed by using a MS-based 

proteomic method together with SILAC. Our results revealed that the expression levels of 

fifteen proteins, such as ferritin, and major histones H1, H2A, H2B, H3, and H4, were 

significantly altered upon treatment with 6-thioguanine. The biological implications of 

the changed expression of some proteins were discussed.  
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CHAPTER 2  

Probing Adenosine Nucleotide-binding Proteins with an Affinity Labeled-nucleotide 

Probe and Mass Spectrometry 

 

Introduction  

Mass spectrometry (MS) has progressed extremely rapidly during the past two 

decades. The application of MS to the identification of chemical compounds in a mixture, 

including determining the structural composition of large biomolecules, becomes 

increasingly popular.1 When the analysis is directed toward complex biological mixtures 

or protein functional investigations, a few challenges, such as sample complexity and 

quantitation, are encountered when MS is used alone. Fortunately, this can be overcome, 

to some extent, by combining MS with powerful separation techniques, such as two-

dimensional polyacrylamide gel electrophoresis (2D-PAGE), in which proteins are 

separated based on their isoelectric points and molecular masses, or LC-based strategies, 

e.g., the multidimensional protein identification technology (MudPIT).2, 3 

Aside from these technologies, chemical tagging methods that involve the 

modification of functional groups of amino acid residues in proteins and peptides have 

been described.4 These chemical tagging or labeling reagents target specific amino acid 

residues or post-translational modifications (PTMs), which facilitate the enrichment of 

subfractions of interest via affinity purification. When stable isotope-labeled tags are 
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employed, relative quantitation of protein expression can be readily achieved. In this 

context, the isotope-coded affinity tag (ICAT) has become widely used.5 Only those 

peptides containing certain amino acids (in this case, cysteine) can be targeted; an affinity 

tag, usually containing a biotin moiety, is attached to the functional group of interest via 

covalent linkage, which allows for reducing the sample complexity by affinity 

purification. However, these chemical tags, by measuring protein abundance, lack 

specificity for functional study of proteins, especially for various enzymes. To address 

this limitation, Cravatt and co-workers6, 7 developed a series of activity-based chemical 

tagging approaches, known as activity-based protein profiling, for functional proteomic 

studies. For instance, they reported an LC-MS strategy to identify the sites of labeling on 

several enzymes targeted by sulfonate ester probes.8 In this approach, proteomes were 

treated with a rhodamine-tagged phenyl sulfonate ester, followed by denaturation, thiol 

reduction, alkylation, and trypsin digestion. The peptide mixture was then incubated with 

an affinity capture matrix to isolate specifically the probe-labeled peptides for the 

subsequent LC-MS/MS analysis. 

 In addition to the sulfonate ester probes, a variety of nucleotide analogues, which 

are usually fluorescent, photoactive, or affinity-labeled, have been developed for different 

applications.9-11 Among these nucleotide analogues, ATP derivatives are the most widely 

used because ATP is essential for almost all living organisms and it is a substrate for 

numerous enzymes and ATP-binding proteins. For example, 5’-p-

fluorosulfonylbenzoyladenosine (FSBA), a reactive ATP analogue, has been used as an 

activity-based probe to target nucleotide-binding proteins.12 In addition, a class of acyl 
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nucleotide probes, as well as the methods for their synthesis and use in proteomic 

analysis, has been described.13 These probes, termed tagged acyl phosphate probes 

(TAPPs) or more specifically nucleotide-binding protein-directed affinity probes 

(NBAPs), were claimed to provide enhanced simplicity and accuracy in identifying 

changes in the presence, amount, or activity of target proteins in a complex protein 

mixture, preferably nucleotide-binding proteins including protein kinases. Recently, 

several hundred protein kinases were identified by using these acyl phosphate probes in 

an analysis of more than 100 proteomes including human, mouse, rat, and dog, which has 

demonstrated the ability of the acyl phosphate probes to broadly profile protein kinases in 

native proteomes.14 

In this work, we chose two adenosine nucleotide-binding proteins, Escherichia coli 

recombinase A (RecA), an ATP/ADP-binding protein, and Saccharomyces cerevisiae 

alcohol dehydrogenase-I (YADH-I), a nicotinamide adenine dinucleotide (NAD)-binding 

protein, to demonstrate the utility of the affinity-labeled acyl phosphate probe with MS in 

elucidating protein structure and probing nucleotide-binding sites. We also applied the 

probe to profile the nucleotide-binding proteins in cell lysates. The method shows the 

potential application of this probe in the purification, enrichment and identification of 

nucleotide-binding proteins from whole-cell lysates. 
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Materials and Methods 

Materials 

ATP, in disodium salt form, was from MP Biochemicals (Solon, OH). D-Biotin was 

purchased from AnaSpec Inc. (San Jose, CA), and β-alanine was from TCI America 

(Portland, OR). E. coli RecA protein was obtained from Epicentre Biotechnologies 

(Madison, WI). YADH-I and bovine serum albumin (BSA) were purchased from Sigma-

Aldrich (St. Louis, MO) and BioRad (Hercules, CA), respectively. These proteins were 

used without further purification. Streptavidin-conjugated magnetic particles and 

sequencing-grade modified trypsin were obtained from Roche Applied Science 

(Indianapolis, IN). Common reagents for synthesis were obtained from VWR. Other 

reagents, unless otherwise specified, were from Sigma-Aldrich. 

 

Preparation of the Biotinylated ATP Probe 

The general methods for the preparation of acyl nucleotide probes were described 

previously.13 Briefly, the biotinylated ATP probe was synthesized via a two-step 

procedure as outlined in Scheme 2.1. In this regard, we first prepared 3-N-d-

biotinylaminopropanoic acid following previously published procedures.15, 16 Isobutyl 

chloroformate (0.32 mL, 2.47 mmol) was added to a solution containing biotin (500 mg, 

2.05 mmol), DMF (40 mL), and tri-n-butylamine (0.64 mL, 2.69 mmol). After being 

incubated at room temperature for 10 min, the mixture was slowly added to a suspension 

of β-alanine (4.1 mmol) in DMF (40mL) at 5 °C. After stirring at 5 °C for 2 h, the solvent  
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Scheme 2.1 Synthesis of the biotin-ATP probe. Reagents: (a) (i) isobutylchloroformate, 

tri-n-butylamine, DMF; (ii) H2NCH2CH2COOH. (b) (i) ethylchloroformate, tri-n-

butylamine, CH2Cl2/DMF; (ii) ATP, CH2Cl2/DMF. 

 

 

 

 

O

HN NH

S COOH

a

b

H

O

HN NH

S

O

N
COOH

(X=NHBu3
+)

H

O

HN NH

S

O

N

O

O P

O

OX

O P O

O

OX

P O

O

OX

O

HO OH

N

N

N

N

NH2



45 
 

was removed under reduced pressure and the crude product was dissolved in a 36-mL 

water and ethanol (1:1, v/v) solution at 40 °C. The solution pH was adjusted to 2 with 2.0 

N HCl and the mixture was kept at 0 °C for 12 h. The desired 3-N-d-

biotinylaminopropanoic acid was precipitated out of solution. The precipitate was filtered, 

washed with water, and dried under vacuum. 

To make ATP soluble in organic solvent, the commercially available disodium salt 

of ATP was converted to the tributylammonium form by passing it through a cation 

exchange column packed with Spectra/Gel IE 50×8 resin (40-75 µm), in which the H+ 

was displaced by tributylammonium ion (NHBu3
+). The exchange was performed by 

passing through the column twice at 4 °C, and the collected ATP-NHBu3
+ fractions were 

lyophilized to form white solids. 

The acyl adenosine nucleotide was synthesized following the procedures described 

by Kreimeyer et al.17 with minor modifications. Briefly, 3-N-d-biotinylaminopropanoic 

acid (94.5 mg, 0.3 mmol) was dissolved in a 2.5-mL solvent mixture of dry CH2Cl2 and 

DMF (4:1, v/v). To the ice-cold solution were then added tri-n-butylamine (0.11 mL, 0.45 

mmol) and ethyl chloroformate (0.03 mL, 0.3 mmol). After stirring at 0 °C for 5 min, the 

mixture was stirred at room temperature under argon atmosphere for another 60 min. 

ATP-NHBu3
+ (0.1 mmol), dissolved in a 2.5-mL solution of CH2Cl2 and DMF (4:1, v/v), 

was then added to the above reaction mixture. The reaction was continued at room 

temperature and under argon atmosphere for 18 h, and to the reaction mixture was added 

toluene (5 mL), which produced white precipitates. The solid was collected by filtration 
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and dried under vacuum. To the filtrate was added water (2 mL), and the solution was 

extracted with toluene. The aqueous phase was collected, lyophilized, and combined with 

the precipitate.  

The resulting solid products were purified by HPLC with a YMC ODS-AQ column 

(4.8×250 mm, 120 Å in pore size, 5 µm in particle size, Waters). The flow rate was set at 

0.8 mL/min, and a 45-min linear gradient of 0―30% acetonitrile in 50 mM 

triethylammonium acetate (TEAA, pH 6.8) was used for the purification. A UV detector 

was set at 265 nm for monitoring the effluents. Appropriate HPLC fractions were 

collected, lyophilized, and stored at –20 ºC. The product was confirmed by phosphorus 

NMR and ESI-MS. 31P NMR (121 MHz, D2O, proton decoupled): δ (in ppm) −10.5 (d, 

1P, JP-P = 20.1 Hz), −19.0 (d, 1P, JP-P = 16.4 Hz), −22.6 (d, 1P, JP-P = 21.0 Hz). ESI-MS: 

m/z 803.0 ([M−H]−), 401.0 ([M−2H]2−). 

 

Reaction of the Biotin-ATP Probe with Lysine  

The biotin-ATP probe solution was prepared by dissolving the lyophilized 

compound in water and was stored in a –20 ºC freezer. To investigate the labeling 

efficiency of the biotin-ATP probe, different concentrations of lysine, ranging from 0.1 

µM to 1 mM, were incubated with the biotin-ATP probe at a concentration of 0.1 mM 

(reaction volume, 50 µL).  
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Labeling of RecA and YADH-I with the Biotin-ATP Probe 

Different concentrations of the probe, which varied from 0.1 µM to 1 mM, were 

treated with 10 µg of the protein. For the labeling reaction with protein mixtures, the 

amount of BSA was varied from 10 µg to 1 mg while the amount of RecA was kept at 10 

µg.  

For the labeling reaction, the biotin-ATP probe solution was added to a solution of 

the protein in PBS buffer (pH 7.5) and mixed by quickly flicking the tube. The labeling 

reaction was continued with gentle shaking at room temperature for 1 h or at 4 ºC for 4 h. 

At the end of the labeling reaction, the excess probes were removed by using a Microcon 

YM-10 centrifugal filter (Millipore, Billerica, MA). 

 

Cell Lysate Preparation and Labeling with the Biotin-ATP Probe  

HeLa-S3 cells were purchased from National Cell Culture Center (Minneapolis, 

MN). The WM-266-4 cell line, derived from a metastatic site of a human malignant 

melanoma, was purchased from ATCC (Manassas, VA) and cultured in Eagle's Minimum 

Essential Medium (EMEM) supplied with 10% fetal bovine serum (Invitrogen, Carlsbad, 

CA), 100 IU/mL penicillin, 100 µg /mL streptomycin and 1.5 g/L sodium bicarbonate in 

5% CO2 at 37 ºC. Cells were harvested and washed three times with cold PBS. 

Approximately 6×106 cells were lysed in 500 µL of lysis buffer, which contained 0.7% 

CHAPS, 50 mM HEPES (pH 7.4), 0.5 mM EDTA, 100 mM NaCl and a protease 

inhibitor cocktail, on ice for 30 min. The cell lysates were centrifuged at 16,000g at 4 ºC 
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for 30 min, and the resulting supernatants were collected. To remove free endogenous 

nucleotides, particularly ATP, cell lysates were subjected to gel filtration separation by 

using NAP-25 columns (Amersham Biosciences). Cell lysates were eluted into 1.5 mL of 

elution buffer, which contained 50 mM HEPES (pH 7.4), 75 mM NaCl, and 5% glycerol. 

The gel-filtered cell lysates were further concentrated by using a Microcon YM-10 

centrifugal filter. The proteins in cell lysates were quantified by using the Quick Start™ 

Bradford Protein Assay (BioRAD). Salts with divalent cations were added to the 

concentrated cell lysate until it contained 50 mM MgCl2, 5 mM MnCl2, and 5 mM CaCl2. 

The biotin-ATP probe was then added until its final concentration reached 100 µM. 

Labeling reactions were carried out with gentle shaking at room temperature for 1 h. 

After reaction, cell lysates were cleaned and the buffer was exchanged to 100 mM 

NH4HCO3 solution (pH 8.5) by using Microcon centrifugal filter, followed by the 

addition of dithiothreitol (DTT) and iodoacetamide (IAA) to reduce and block cysteines.     

      

Enzymatic Digestion and Affinity Purification 

The labeled proteins were digested by using modified sequencing-grade trypsin at 

an enzyme/substrate ratio of 1:50 in 100 mM NH4HCO3 (pH 8.5) and at 37 °C for 

overnight, and the digestion was stopped by adding trifluoroacetic acid (TFA) to a final 

concentration of 5 mM. The peptide mixture was subsequently dried in a Speedvac. 

Streptavidin-immobilized magnetic beads (MBs) were used to capture the biotin-

labeled peptides from RecA and YADH-I digests. Prior to the binding, the MBs were 
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washed with buffer A, which contained 20 mM potassium phosphate and 0.15 M NaCl 

(pH 7.5), for at least 3 times and resuspended in 50 µL buffer A. The dried tryptic 

peptides were dissolved in 25 µL of buffer A followed by the addition of the MB 

suspension. Mixing was achieved by quickly flicking the tube. The mixture was then 

incubated at 25 °C for 30 min with gentle shaking. 

After incubation, MBs were magnetically immobilized, the supernatant was 

removed, and the beads were washed with buffer A for three times and then with pure 

water for another three times. Following the washing procedures, MBs were resuspended 

in pure water (50 µL). The biotinylated peptides were eluted from the beads according to 

a modified protocol.18 In this regard, the MB suspension was incubated at 70 °C for 5 

min and the mixture was allowed to cool to room temperature. Once beads were 

magnetically captured, the supernatant, which contained eluted peptides, was transferred 

to a clean tube. This process was repeated once and the eluates were combined, dried in a 

Speedvac, and stored at –20 °C prior to LC-MS analysis. 

Affinity columns packed with avidin-agarose resin (Sigma-Aldrich) were used to 

improve the capacity for capturing biotin-labeled peptides from HeLa-S3 and WM-266-4 

cells. Briefly, the packed avidin-agarose resin was washed with 10 column volumes of 

buffer A before the tryptic digests were loaded. After a 30-min incubation, the unbound 

peptides were removed by washing the resin thoroughly with binding buffer and pure 

water. Following washing, labeled peptides were eluted with a mixture of CH3CN and 
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H2O (1:1, v/v) at 65 °C. The eluates were dried in a Speedvac and stored at –20 °C prior 

to mass spectrometric analysis. 

 

LC-MS/MS  

LC-MS/MS analysis of the affinity-purified peptides was performed in triplicate on 

an LTQ linear ion trap mass spectrometer (Thermo Electron, Waltham, MA) equipped 

with an electrospray ionization source. An Agilent 1100 capillary HPLC system (Agilent, 

Palo Alto, CA) with a Zorbax SB-C18 capillary column (5 μm in particle size, 0.5×250 

mm, Agilent Technologies) was used for the separation, and the effluent from the column 

was coupled directly to the ionization source. Peptides were eluted from the column using 

a 63-min linear gradient of 2-65% CH3CN in 0.6% aqueous solution of acetic acid, and 

the flow rate was 6 μL/min. The product ion spectra were acquired in data-dependent 

mode, where the eight most abundant ions observed in MS scan were chosen sequentially 

for collisional activation to obtain MS/MS. 

 

Data Processing 

The product ion spectra from RecA and YADH-I samples were searched against 

UniProt (Universal Protein Resource, http://www.ebi.ac.uk/trembl/index.html) using 

TurboSEQUEST in Bioworks 3.2 (Thermo Electron Corporation, San Jose, CA). 

MassAnalyzer 1.03, provided by Dr. Zhongqi Zhang at Amgen Inc., was used to further 

confirm the search results.19, 20 The product-ion spectra from the analysis of samples of 
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HeLa-S3 and WM-266-4 cell lysates were searched against the NCBI human RefSeq 

protein database. The sequences and the labeling sites of all the identified biotin-labeled 

peptides were confirmed by analyzing manually the product-ion spectra of these peptides. 

 

Results and Discussion 

Reactivity of the Biotin-ATP Probe with Lysine 

Many acyl phosphates are metabolic acylating reagents. A best-known example of 

these is acetyl coenzyme A, which is the acetyl group donor in many biological 

acetylation reactions.21 In our work, the biotin-ATP probe was used as a chemical reagent 

for the acylation of ε-amino group of lysine residues in proteins (The structure of the 

biotin-ATP probe is shown in Scheme 2.1). The reactivity of this probe relies mainly on 

the mixed carboxylic phosphoric anhydride.22 In this respect, acyl phosphates are known 

to react efficiently with amines to form amides, and the hydrolysis of acyl phosphates is 

very slow compared to the rate of amide bond formation when suitable concentrations of 

amines are used.23 

To evaluate the reactivity of the biotin-ATP probe, different concentrations of 

lysine were used. ESI-MS and tandem MS (MS/MS, Figure 2.1) results revealed that, 

with high concentrations of lysine (1 mM) and long incubation time (4 h), an acylation 

product of lysine was formed. In this respect, the product ion spectrum of the [M−H]− ion 

of the acylation product showed the formation of a fragment ion of m/z 145, which is 

attributed to the deprotonated ion of lysine (Figure 2.1B). At low lysine concentrations 
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Figure 2.1 (A) Negative-ion ESI-MS of 4-h reaction mixture of biotin-ATP probe and 

lysine after dilution. The biotin-ATP conjugate of lysine, the product of this reaction, has 

an m/z of 442 in negative-ion ESI-MS. (B) Product-ion spectrum of the ion of m/z 442 

observed in (A).  
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 (< 10 µM), the formation of the acylation product was, however, not obvious under the 

otherwise identical reaction conditions.  

 

Labeling of Adenosine Nucleotide-binding Proteins 

To investigate the reaction of biotin-ATP probe with target proteins, we chose two 

adenosine nucleotide-binding proteins, RecA and YADH-I. The former protein is a multi-

functional DNA-binding protein and a critical player in both homologous recombination 

and post-replicative DNA repair.24 The X-ray crystal structures of E. coli RecA 

complexed with ADP or AMP-PNP, a nonhydrolyzable analogue of ATP, have been 

determined.25-27 YADH-I is a member of zinc-containing alcohol dehydrogenases. It 

contains four identical subunits, and each subunit harbors an active site. The active site 

binds one NAD and a zinc atom, which is essential for the oxidation of alcohols to 

aldehydes.28, 29 The X-ray crystal structure of YADH-I has been released very recently 

(PDB entry, 2HCY). 

Similar to what we found for the reaction with lysine, the reaction of the acyl 

phosphate probe with proteins occurs at lysine residues as well. The difference lies in that 

the latter reaction is site-directed because the probe distinguishes many amino groups in 

the protein chain and reacts with a specific lysine residue in the two proteins. 

We identify the probe labeling site(s) by digesting the RecA and YADH-I after the 

labeling reactions, treating the digestion mixtures with streptavidin-immobilized 

magnetic beads, eluting the bound peptides from the beads, and subjecting the peptide 
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mixtures to LC-MS/MS analysis. The LC-MS/MS results showed that only one probe-

labeled peptide, IVEIYGPESSGK*TTLTLQVIAAAQR, was present in the tryptic 

digestion products of the reaction mixture of RecA (The asterisk symbol designates the 

labeled lysine residue, and MS/MS for the modified peptide is shown in Figure 2.2A. In 

this respect, the mass difference between the native and the probe-labeled peptide is 

297.1 Da, which is consistent with the monoacylation of this peptide segment. In addition, 

the amide bond on the C-terminal side of the labeled lysine residue was no longer 

susceptible to trypsin cleavage. Therefore, this peptide with one internal lysine residue, 

which is K72, can be identified. This conclusion is further substantiated by the MS/MS 

results (Figure 2.2A). 

In keeping with our observations here, studies on K72R mutant of RecA showed 

that K72 is critical for ATP hydrolysis.30, 31 The X-ray crystal structure of the RecA-

MgADP complex revealed that the phosphates of ADP form hydrogen bonds with the 

side chains of S70, K72, T73, and T74, and K72 is believed to stabilize the transition 

state of the ATP hydrolysis reaction mediated by RecA.25-27 Moreover, the crystal 

structure of the RecA-MnAMP-PNP complex from the same report showed that K72 

contacts directly with the γ phosphate of AMP-PNP, a nonhydrolyzable ATP analogue. 

Site-directed mutagenesis experiments and X-ray crystal structures of RecA also 

demonstrated that K72 is critical for ATP binding and the subsequent hydrolysis reaction. 

Different from these previous studies, our method facilitates the identification of the 

probe-labeled K72 residue, which might serve as direct evidence supporting that K72 is 

involved in ATP binding and hydrolysis. 
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Figure 2.2 The product-ion spectra of the probe-labeled peptides. (A) The identified 

peptide with the sequence of IVEIYGPESSGK*TTLTLQVIAAAQR (m/z 981.5, triply 

charged) from RecA with site-directed labeling at K72; (B) the identified peptide with the 

sequence of VLGIDGGEGK*EELFR (m/z 958.4, doubly charged) from YADH-I with 

site-directed labeling at K206. The labeled lysine is designated with “ * ”, and its 

structure is shown in (A). 
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The structure of the RecA-ADP complex (Figure 2.3A) shows that, among all 26 

lysine residues in this protein, only K72 is in proximity to the β- phosphate component of 

ADP (the distance between the ε-amino function of K72 and the β phosphate component 

of ADP is 3.6 Å). In this context, it is worth noting that the solvent accessible surface 

area of K72 is the smallest among all lysine residues (determined by using GETAREA,32 

http://www.scsb.utmb.edu/cgi-bin/get_a_form.tcl). Therefore, the specificity of the 

labeling reaction between the biotin-ATP probe and K72 is attributed to the binding of 

the acyl nucleotide probe to the ATP-binding site of the protein. 

We next asked whether adenosine nucleotide-binding proteins other than ATP-

binding proteins can also be labeled by the biotin-ATP probe. To this end, we employed 

YADH-I, an NAD-binding protein, to carry out the labeling reaction. The LC-MS/MS 

results revealed again the presence of a single, probe-labeled peptide with the sequence of 

VLGIDGGEGK*EELFR in the MB-enriched peptide mixture. In this regard, we found a 

mass difference of 425.2 Da, corresponding to the mass of the labeled lysine residue, 

between the y5 and y6 ions in the MS/MS of this peptide (Figure 2.2B), supporting that 

this lysine residue is modified. The labeled lysine was K206, which, among all the lysine 

residues, is the closest to NAD according to the X-ray crystal structure of YADH-I 

(Figure 2.3B; PDB entry, 2HCY). 

It is worth noting that short reaction time and low concentration of biotin-ATP 

probe (10 μM probe and 1-h reaction time at room temperature) were employed for the 

above labeling experiments. When the labeling reaction was carried out with a higher 

concentration of the biotin-ATP probe and a longer incubation time, e.g., 1 mM probe and  
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Figure 2.3 X-ray crystal structures of RecA and YADH-I. The bound ADP and NAD 

molecules and all lysine residues are shown in stick mode, whereas the lysine residues at 

the probe-labeling sites are shown in space-filling mode. (B) Structure of YADH-I 

complexed with NAD (PDB entry, 2HCY; only subunit A is shown). RasMol (Version 

2.7.2.1.1, http://www.openrasmol.org/) was used to display the structures.  
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4-h incubation, however, the labeling may occur at K225 as well. We again calculated the 

total solvent-accessible areas of all lysine residues in YADH-I (subunit A) and it turned 

out that, among all the lysine residues, K225 assumes the largest surface area (209.8 Å2). 

In contrast, K206 has only a small area exposed to solvent (15.3 Å2). Nevertheless, at low 

probe concentrations, the lysine residue at the nucleotide-binding site of adenosine 

nucleotide-binding proteins can be labeled specifically. In this regard, NAD and ATP 

share the same adenosine diphosphate moiety, which accounts for the reactivity between 

the acyl nucleotide probe and the NAD-binding protein, YADH-I. This result showed that, 

to achieve labeling with high specificity, the concentration of the acyl nucleotide probe 

should be kept as low as feasible. 

 

Affinity Purification and Enrichment of the Labeled Peptides 

To demonstrate the potential application of the biotin-ATP probe for more complex 

samples, we examined the reaction of the probe with a protein mixture containing both 

RecA (10 μg) and BSA (from 10 μg to 1 mg). After the labeling reaction, we again 

digested the protein mixture with trypsin, subjected the peptide mixture to enrichment 

with magnetic beads as described above, and analyzed the resulting peptide mixture by 

LC-MS/MS. The LC-MS/MS results allowed us to identify, without ambiguity, the 

labeled K72-bearing peptide with the sequence of 

IVEIYGPESSGK*TTLTLQVIAAAQR in all samples containing up to 1 mg of BSA. We, 

however, did not identify any probe-labeled peptide from BSA, demonstrating the 

specificity of the reaction of the probe with nucleotide-binding proteins. This result also 
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highlights that the affinity purification procedure allows for the enrichment of biotin-

bearing peptide from a large quantity of peptide mixture. 

To examine the effectiveness of the MBs in the enrichment of the probe-bearing 

peptides, we also analyzed directly, by LC-MS/MS, the tryptic digests of YADH-I after 

labeling reaction but without MB purification. We then evaluated the efficiency of the 

enrichment procedure by comparing the ion intensity for the probe-bearing peptide with 

respect to two other peptides which are not susceptible to reaction with the biotin-ATP 

probe, i.e., SIGGEVFIDFTK (m/z 656.8) and DIVGAVLK (m/z 814.5). Figure 2.4 

depicts the selected-ion chromatograms (SICs) for these three peptides based on the LC-

MS/MS analyses of the digestion mixture with (Figure 2.4B) or without (Figure 2.4A) 

MB enrichment.  The data revealed that the enrichment procedure leads to significant 

decrease in the ion intensity for the unmodified peptides. In this respect, we estimated 

that the enrichment procedure allows for the selective enrichment for the probe-bearing 

peptide by at least 300-fold. 

 

Identification of Biotin-ATP Probe Labeled Proteins in Whole Cell Lysates 

From the above experiments with RecA and YADH-I, we showed that the biotin-

ATP probe exhibits high specificity for adenosine nucleotide-binding proteins, and the 

affinity purification strategy can allow for the selective enrichment of the biotin-labeled 

peptides from a digestion mixture. To assess the performance of the biotin-ATP probe for 

real complex samples, we employed this strategy to the whole cell lysates of HeLa-S3  
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Figure 2.4 Selected-ion chromatograms (SICs) of ions, generated from LC-MS/MS 

analyses, corresponding to the biotinylated peptide, VLGIDGGEGK*EELFR (m/z 958.4), 

and two internal standard peptides, SIGGEVFIDFTK (m/z 656.8) and DIVGAVLK (m/z 

814.5). The internal standard peptides were chosen from the unlabeled peptides identified 

in LC-MS/MS analysis of the tryptic digestion mixture of YADH-I without (A) and with 

(B) magnetic beads purification.  
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and WM-266-4 cells. The results are summarized in Figure 2.5. Overall, we identified 

probe-labeled peptides of 58 and 77 proteins from the whole-cell lysates of HeLa-S3 and 

WM-266-4 cells, respectively, and 15 common proteins were found in both cell lines. 

The identified peptides from these two cell lines, as well as the labeling site(s), are listed 

in the Supporting Information (Table S2.1 and S2.2). 

Among these targets, 22 nucleotide-binding proteins were identified from the cell 

lysate of either HeLa-S3 or WM-266-4 cells (Figure 2.5A). Most of these identified 

nucleotide-binding proteins have clear adenosine nucleotide-binding ability. For example, 

adenylate kinase 2 is a ubiquitous enzyme that acts as a phosphotransferase catalyzing the 

production of ATP from ADP, a process involved in cellular energy homeostasis.33 We 

identified one peptide, AVLLGPPGAGK*GTQAPR, with labeling by MS/MS (Figure 

2.6A). The labeled lysine residue, K28, resides at the active site of this enzyme (Figure 

2.7A). Phosphoglycerate kinase 1 (PGK1) is a transferase enzyme involved in glycolysis. 

It employs the energy released in ATP hydrolysis to catalyze the conversion of 1,3-

bisphosphoglycerate to 3-phosphoglycerate. Recent work has revealed that PGK1 is 

overexpressed in pancreatic ductal adenocarcinoma.34 The X-ray crystal structure of the 

yeast enzyme reveals that ATP can bind to the enzyme at the active site, where lys 

residues are present (Figure 2.7B). Our MS/MS result also confirmed that K216, within 

peptide ALESPERPFLAILGGAK*VADK, at the active site reacted with the biotin-ATP 

probe (Figure 2.6B). 
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Figure 2.5 Biotin-ATP probe-labeled proteins in HeLa-S3 and WM-266-4 cells. (A) The 

identified proteins were classified according their nucleotide-binding ability. AxP: 

adenosine nucleotide; GxP: guanosine nucleotides; NAD(P): nicotinamide adenine 

dinucleotide (phosphate); RNA/DNA and others. (B) The Venn diagram shows the 

numbers of proteins and the overlap (intersection) of proteins identified from both cell 

lines. 
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Figure 2.6 Product ion spectra of the probe-labeled peptides from adenylate kinase 2, 

ALESPERPFLAILGGAK*VADK (m/z 944.1, doubly charged) with labeling site of K28 

(A) and phosphoglycerate kinase 1, ALESPERPFLAILGGAK*VADK (m/z 827.2, triply 

charged) with labeling site of K216 (B). 
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Actins and heat shock proteins are two families of abundant ATP-binding proteins. 

Some of these proteins have been identified with more than one labeling sites. The 

multiple labeling of these proteins may be attributed to the high abundances of these 

proteins, which result in the nonspecific labeling of the proteins. Alternatively, the 

labeling at multiple sites might also originate from the interactions of actins and heat 

shock proteins with other nucleotide-binding proteins. The latter might be particularly 

true for heat shock proteins, which are molecular chaperones and have many interaction 

partners.  

Our results also revealed that, other than ATP-binding proteins, some nucleotide 

analogue-binding proteins can also couple with the probe. As shown above, YADH-I 

could react with the biotin-ATP probe specifically via lysine residue at the NAD-binding 

sites. With respect to cell lysates, seven and five NAD(P)-binding proteins were 

identified in HeLa-S3 and WM-266-4 cells, respectively (Figure 2.5A). Most of these 

proteins are dehydrogenases, which oxidize the substrate by transferring one or more 

protons and a pair of electrons to an acceptor, usually NAD/NADP or a flavin coenzyme 

such as flavin adenine dinucleotide (FAD). For example, lactate dehydrogenase A was 

identified in both cell lysates. The X-ray crystal structure revealed that it was labeled at 

one of the two conserved active site lys residues (PDB entry, 1I10). Similarly, lactate 

dehydrogenase B (PDB entry, 1T2F), glyceraldehyde-3-phosphate dehydrogenase (PDB 

entry, 1ZNQ) and catalase (PDB entry, 1DGB) were identified with specific labeling of 

the lys residues at the nucleotide analogue-binding sites, which is in keeping with the 

available X-ray crystal structures. 
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Figure 2.7 The structures of adenylate kinase 2 complexed with bis(adenosine)-5’-

tetraphosphate (PDB entry, 2C9Y) and yeast phosphoglycerate kinase 1 complexed with 

ATP (PDB entry, 3PGK) are shown in (A) and (B), respectively.  In (B), K213 at the 

ATP binding site of yeast PGK1 corresponds to K216 in the human counterpart.  

K213

ATP

Bis(adenosine)-5'-
tetraphosphate

K28

(A) 

(B) 



66 
 

In addition to the identified nucleotide-binding proteins, we also detected probe-

labeled peptides from several RNA/DNA-binding proteins and proteins whose 

nucleotide-binding ability remains unknown. To the best of our knowledge, some of these 

proteins are actin binders, phosphate binders, kinase substrates, ribosomal proteins, and 

proteins without binding ability being described. Many of these proteins are abundant, 

and the surface lys residues in these proteins might be involved in the labeling reaction 

with the biotin-ATP probe. These results, therefore, indicate that the biotin-ATP probe 

may not be highly specific, especially when the sample is as complex as a whole 

proteome. Similar results were described in recent reports.12, 14 In this context, it is 

important to note that some kinase substrates could also be labeled in a “crossover” 

manner.12 Thus, some proteins that are capable of interacting with nucleotide-binding 

proteins can also be modified by the probe without binding directly to the probe. In most 

cases, however, we could not differentiate these proteins involved in the “crossover” 

labeling from those being labeled nonspecifically because of the lack of protein-protein 

interaction information. 

 

Conclusions 

In this work, we demonstrated the site-directed labeling of nucleotide-binding 

proteins using a biotin-ATP probe. Results from the study of two adenosine nucleotide-

binding proteins, RecA and YADH-I, demonstrated that the probe can allow for the 

identification of the lysine residue residing at the nucleotide-binding sites of these 

proteins. In this respect, LC-MS/MS analysis enabled us to identify the nucleotide-
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binding sites in proteins in a short period of time. K72, playing an important role in ATP 

hydrolysis for RecA , was labeled with the probe, providing direct evidence supporting 

that this residue is involved in ATP hydrolysis. K206 in YADH-I was also identified 

unambiguously by the labeling method. This strategy is relatively simple, fast, and 

straightforward, which involves labeling reaction, enzymatic digestion, affinity 

purification, and LC-MS/MS analysis. The method should be generally applicable for the 

identification of lysine residues at the binding sites of proteins that can bind to adenosine 

nucleotide and its analogues. The application of the biotin-ATP probe to cell lysates has 

shown a great potential in the activity-based functional study of other nucleotide-binding 

proteins, as well as in the profiling of nucleotide-binding proteins in complex samples. 

Quantitative analysis of the expression of nucleotide-binding proteins in cells with drug 

treatment or under different stress conditions may also be achieved by employing the acyl 

nucleotide probe and incorporating stable isotope labeling techniques.             
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Supporting Information for Chapter 2 

Table S2.1 Nucleotide-binding proteins identified with labeling from HeLa-S3 cells 

Number Protein Name 
NCBI NP 
number Labeling Peptide 

Labling 
Residue  PDB ID Binding 

AxP-binding proteins 

1 adenylate kinase 2 isoform b  NP_037543 AVLLGPPGAGK*GTQAPR K28 2C9Y  ATP 

2 
acyl-CoA synthetase long-chain family 
member 4 isoform 2  NP_075266 GDCTVLK*PTLMAAVPEIMDR K367 ATP 

3 aldolase A   NP_908930 GGVVGIK*VDK K108 4ALD  ATP 

4 alpha 2 actin NP_001604 VAPEEHPTLLTEAPLNPK*ANR K115 1RDW  ATP 
EITALAPSTMK*IK K328 
IK*IIAPPER K330 

5 
AMP-activated protein kinase beta 2 
non-catalytic subunit   NP_005390 SEGAGGHAPGK*EHK K31 ATP 

6 

ATP synthase, H+ transporting, 
mitochondrial F1 complex, alpha 
subunit NP_001001937 VGLK*APGIIPR K175 ATP 

7 

ATP synthase, H+ transporting, 
mitochondrial F1 complex, beta 
subunit NP_001677 GQK*VLDSGAPIKIPVGPETLGR K24 ATP 

  GPIK*TK K59 

8 
ATP-binding cassette, sub-family A, 
member 6   NP_525023 LGLLGPNGAGK*SSSIR K1326 ATP 

9 
ATP-binding cassette, sub-family A, 
member 9  NP_525022 QELGDLEEDFDPSVK* K1615 ATP 

10 chaperonin  NP_955472 TVIIEQSWGSPK*VTK K72 ATP 
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VTK*DGVTVAK K75 
GIIDPTK*VVR K523 

11 fms-related tyrosine kinase 1   NP_002010 YVNAFK*FMSLER K1218 ATP 

12 
heat shock 70kDa protein 5 (glucose-
regulated protein, 78kDa)  NP_005338 K*TKPYIQVDIGGGQTK K125 ATP 

QATK*DAGTIAGLNVMR K185 
VMEHFIK*LYK K268 
AK*FEELNMDLFR K326 
STMK*PVQK K340 
NK*ITITNDQNR K522 

13 heat shock 70kDa protein 9B precursor NP_004125 QATK*DAGQISGLNVLR K206 ATP 
14 inositol 1,4,5-trisphosphate 3-kinase C  NP_079470 DFEGPSIMDCK*MGSR K486 ATP 
15 phosphoglycerate kinase 1 NP_000282 ALESPERPFLAILGGAK*VADK K216 3PGK ATP 
16 PI-3-kinase-related kinase SMG-1   NP_055907 QLK*EIER K2763 ATP  
17 polyribonucleotide 

nucleotidyltransferase 1  NP_149100 K*VLQSPATTVVR K750 ATP 
18 prolyl 4-hydroxylase, beta subunit   NP_000909 LK*AEGSEIR K71 ADP 

19 
protein disulfide isomerase-associated 
3 precursor  NP_005304 K*TFSHELSDFGLESTAGEIPVVAIR K305 ATP 

20 
protein disulfide isomerase-associated 
4   NP_004902 K*LAPEYEK K211 ATP 

21 
protein kinase, DNA-activated, 
catalytic polypeptide   NP_008835 VCVNLMK*ALK K1404 ATP/DNA 

22 
Ras-GTPase-activating protein SH3-
domain-binding protein  NP_005745 LNVEEK*K K413 

ATP/DNA
/RNA 

GxP-binding proteins 

1 GDP dissociation inhibitor 2   NP_001485 EIIVQNGK*VIGVK K264 GDP 
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NAD/NADP-binding proteins 

1 
alpha glucosidase II alpha subunit 
isoform 3 NP_938149 VVIIGAGK*PAAVVLQTK K921 NAD 

2 catalase  NP_001743 FHYK*TDQGIK K237 1DGB NADP 
3 cytochrome b5 reductase isoform 2   NP_015565 FAIRPDK*K K140 1UMK NAD 

4 
glyceraldehyde-3-phosphate 
dehydrogenase   NP_002037 TVDGPSGK*LWR K194 1ZNQ 

NAD/NA
DP 

AITATQK*TVDGPSGK K186 
5 lactate dehydrogenase A   NP_005557 DLADELALVDVIEDK*LK K57 1I10  NAD 
6 lactate dehydrogenase B  NP_002291 SLADELALVDVLEDK*LK K58 1T2F NAD 

7 
mitochondrial malate dehydrogenase 
precursor  NP_005909 IQEAGTEVVK*AK K239 2DFD  NAD 
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Table S2.2 Nulceotide-binding proteins identified with labeling from WM-266-4 cells 

Number Protein Name 
NCBI NP 
number Labeling Peptide 

Labling 
Residue  

PDB 
ID  Binding 

AxP-binding proteins 
1 adenylate kinase 2 isoform b  NP_037543 AVLLGPPGAGK*GTQAPR K28 2C9Y  ATP 

2 actin, gamma 1 propeptide NP_001605 VAPEEHPVLLTEAPLNPK*ANR K113 ATP 
3 actinin, alpha 4 NP_004915 GVK*LVSIGAEEIVDGNAK K125 ATP 

4 aldolase A   NP_908930 GILAADESTGSIAK*R K42 4ALD  ATP 
GGVVGIK*VDK  K108 
ENLK*AAQEEYVK  K322 

5 alpha 2 actin  NP_001604 
HQGVMVGMGQK*DSYVGDEAQS
K K52 ATP 

VAPEEHPTLLTEAPLNPK*ANR K115 
IK*IIAPPER K330 

6 
ATP-binding cassette, sub-family A 
member 4 NP_000341 ILK*NANSTFEELEHVR K412 ATP 

7 
ATP-binding cassette, sub-family A, 
member 7 isoform b NP_150651 ILK*QVFLIFPHFCLGR K1547 ATP 

8 chaperonin NP_955472 TVIIEQSWGSPK*VTK K72 ATP 
VTK*DGVTVAK K75 

9 fructose-bisphosphate aldolase C  NP_005156 
VDK*GVVPLAGTDGETTTQGLDG
LSER K111 1XFB ATP 
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10 
heat shock 70kDa protein 5 (glucose-
regulated protein, 78kDa) NP_005338 K*SQIFSTASDNQPTVTIK K447 ATP 

11 mitogen-activated protein kinase 4 NP_002738 K*LLPEVNSEAIDFLEK K276 ATP 

12 
mitogen-activated protein kinase 
kinase kinase 3 isoform 2 NP_002392 K*YTRQILEGMSYLHSNMIVHR K468 ATP 

13 p21-activated kinase 1 NP_002567 IAKPLSSLTPLIAAAK*EATK K525 ATP 
14 p21-activated kinase 2  NP_002568 DPLSANHSLK*PLPSVPEEK K38 ATP  
15 PCTAIRE protein kinase 3 isoform a NP_997668 LGEGTYATVFK*GR K190 ATP  
16 phosphoglycerate kinase 1 NP_000282 ALESPERPFLAILGGAK*VADK K216 3PGK ATP 
17 prolyl 4-hydroxylase, beta subunit   NP_000909 LK*AEGSEIR K71 ATP 

VLVGK*NFEDVAFDEK K375 

18 
protein disulfide isomerase-
associated 3 precursor  NP_005304 EATNPPVIQEEK*PK K494 ATP 

19 protein disulfide isomerase-
associated 4   NP_004902 K*LAPEYEK K211 ATP 

20 
protein kinase, cGMP-dependent, 
type I NP_006249 K*TWTFCGTPEYVAPEIILNK  K529 ATP/cGMP 

21 serine/threonine kinase 25 NP_006365 K*TSFLTELIDR K276 ATP 
22 valosin-containing protein NP_009057  IVSQLLTLMDGLK*QR K336 ATP 

NAD(P)-binding proteins 

1 
glyceraldehyde-3-phosphate 
dehydrogenase   NP_002037 TVDGPSGK*LWR K194 1ZNQ NAD/NADP 

AITATQK*TVDGPSGK K186 

2 glutamate dehydrogenase 1 NP_005262 FGK*HGGTIPIVPTAEFQDR K480 1HWZ 
ADP/GTP/NA
D/NADP 

3 lactate dehydrogenase A   NP_005557 DLADELALVDVIEDK*LK K57 1I10  NAD 
4 lactate dehydrogenase B  NP_002291 SLADELALVDVLEDK*LK K58 1T2F NAD 
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5 
mitochondrial malate dehydrogenase 
precursor  NP_005909 IQEAGTEVVK*AK K239 2DFD  NAD 

6 thioredoxin reductase 1  NP_003321 K*IGLETVGVK  K299 2CFY NADP/FAD 
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CHAPTER 3  

 Exploring DNA-binding Proteins with In Vivo Chemical Cross-linking and Mass 

Spectrometry 

 

Introduction 

Although a number of proteins with specific or general affinity to nucleic acids 

have been identified, numerous proteins involved in gene regulation, DNA repair and 

oncogenesis are likely still unknown. Therefore, it has always been of interest to study 

proteins that interact with nucleic acids, with the motivation to understand fundamental 

biological processes such as chromatin organization, transcription, DNA replication, 

recombination and repair, which are often regulated by proteins that bind to nucleic 

acids.1-3 Given the importance of nucleic acid-binding proteins and their interactions with 

DNA, RNA, or each other, it is necessary to develop a general analytical technique to 

identify comprehensively these proteins. 

A classical technique used to detect nucleic acid-protein complexes is the 

electrophoretic mobility shift assay (EMSA), which is based on the principle that the 

electrophoretic mobility of a protein-nucleic acid complex is typically less than that of 

the free nucleic acid.4 It is a core technology underlying a wide range of qualitative and 

quantitative assays for the characterization of protein-nucleic acid interactions.4-6 

Although EMSA is commonly used to detect nucleic acid-interacting factors, this assay is 

usually limited to evaluate in vitro interactions, by incubating a purified protein or a 
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protein mixture with a radioactively labeled DNA probe. Another widely used technique 

for characterizing DNA-binding proteins and their associated factors is chromatin 

immunoprecipitation (ChIP), which is employed to study the binding and interaction of 

modified histones or transcription factors with specific DNA sequences.7, 8 ChIP assay 

allows the detection of in vivo interactions of specific proteins with particular genomic 

regions in living cells with formaldehyde cross-linking.9, 10 However, both ChIP and 

EMSA are mainly restricted to known biological targets and have low throughput, 

making these two methods not suitable for identifying unknown nucleic acid-interacting 

factors or for studying the dynamics of gene regulation, a complex process requiring the 

interaction of numerous factors. 

Recent advances in mass spectrometry (MS) have greatly facilitated protein 

identification and quantification.11, 12 In the past several years, hundreds of previously 

unknown proteins have been identified as nuclear proteins that are potentially involved in 

the regulation of gene expression, DNA replication and repair.13 The new field of nuclear 

proteomics has made some promising advances in elucidating the composition and 

dynamics of protein expression in nucleus and its subcompartments.14-19 For example, 

nucleolar proteomic studies facilitated the identification of up to approximately 700 

proteins from isolated nucleoli in HeLa cells.20-24 However, most of these previous 

investigations were based on either crude nuclear pellets or purified subcellular 

compartments. Recently, the nuclear proteome from human Raji lymphoma cells was 

investigated by using 2D gel and MS.25 In addition, DNA-binding proteins were isolated 

from the nuclear extracts by using agarose immobilized with calf thymus DNA, where 
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the in vitro interaction between the immobilized DNA and proteins constitutes the 

principle for the isolation. So far, very few studies have focused on the function-based 

comprehensive investigation of nucleic acid-binding proteins,26, 27 probably owing to the 

difficulty in capturing the in vivo DNA-protein interactions at a large scale.  

Formaldehyde is a highly reactive reagent, which can freeze the DNA-protein 

interactions occurring in living cells under physiological conditions in situ, thereby 

preventing subsequent dissociation and redistribution of proteins while working on 

sample preparation.10, 27, 28 Formaldehyde cross-linking has been extensively used to 

study DNA-protein and protein-protein interactions.28-31 Amino and imino groups of 

amino acids (lysine, arginine and histidine) and DNA (primarily adenine and cytosine) 

react readily with formaldehyde, leading to the formation of cross-links.10, 32, 33 An 

attractive feature of formaldehyde cross-linking is that the cross-linking is fully reversible 

at high temperature (> 67 ºC) in aqueous solution. 

In this work, we describe an approach for the comprehensive investigation of DNA-

binding proteins with in vivo formaldehyde cross-linking. After the cross-linking reaction, 

cell nuclei were isolated, and the covalently bound DNA-protein complexes were 

subsequently purified. After purification, the DNA-protein cross-linking was reversed to 

release the DNA-binding proteins and the liberated DNA was removed by DNase 

digestion and centrifugal filtration. The purified DNA-binding proteins were resolved by 

SDS-PAGE, digested in-gel with trypsin, and the digestion mixtures were interrogated by 

LC-MS/MS. By using this method, we were able to identify more than one hundred 
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DNA-binding proteins according to the Gene Ontology (GO) annotations. In principle, 

this approach is not limited to the identification of DNA-binding proteins; it is also 

applicable to the investigation of proteins that bind to RNA. 

 

Materials and Methods 

Cell Culture 

HL-60 Human acute promyelocytic leukemia cells (ATCC, Manassas, VA) were 

cultured in Iscove’s modified minimal essential medium (IMEM) supplemented with 20% 

fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 100 IU/mL of penicillin and 100 

µg/mL of streptomycin in 75 cm2 culture flasks.  Cells were maintained in a humidified 

atmosphere with 5% CO2 at 37 ºC, with medium renewal of 2-3 times a week depending 

on cell density. 

 

In Vivo Formaldehyde Cross-linking 

HL-60 cells were collected by centrifugation at 300 g for 5 min at 4 ºC, and washed 

with ice-cold PBS to remove culture medium and FBS. In vivo cross-linking was 

achieved by adding 11% (w/v) formaldehyde to 5 mL of cell suspension in PBS to obtain 

a final concentration of 1% (w/v). After incubating at room temperature for 10 min, 

formaldehyde was quenched by the addition of 2.5 M glycine to a final concentration of 

125 mM and incubated at room temperature for 5 min. The cross-linked cells were  
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collected by centrifugation (300 g at 4 ºC for 5 min) and the cell pellet was washed twice 

with cold PBS.  

 

Isolation of Nuclei 

Nuclei isolation was carried out using a protocol adapted from that reported by 

Henrich et al.25 The cross-linked HL-60 cell pellet (~ 4×107 cells) was resuspended in 10 

volumes of ice-cold hypotonic lysis buffer A containing 10 mM HEPES (pH 7.4), 10 mM 

KCl, 1.5 mM MgCl2, 1 mM DTT, 1 mM NaF, 1 mM Na3VO4, 1 mM PMSF, and a 

protease inhibitor cocktail. After incubation on ice for 30 min, NP-40 was added to the 

lysis buffer until its final concentration reached 0.5% (v/v), and the mixture was 

incubated on ice for 5-min. Cells were then gently lysed with a Dounce homogenizer 

with B type pestle (clearance ~ 0.7 mm) for 10 strokes on ice. The nuclear fraction was 

collected by centrifugation at 800 g at 4 ºC for 5 min, and the resulting crude nuclear 

pellet was resuspended in buffer B, which contained 250 mM sucrose, 10 mM MgCl2, 20 

mM Tris-HCl (pH 7.4) and 1mM DTT. The nuclei suspension was layered over a two-

step sucrose gradient cushion [1.3 M sucrose, 6.25 mM MgCl2, 20 mM Tris-HCl (pH 7.4), 

0.5 mM DTT above 2.3 M sucrose in 2.5 mM MgCl2 and 20 mM Tris-HCl (pH 7.4)], and 

centrifuged subsequently at 5000 g at 4 °C for 45 min. The isolated nuclei were washed 

with buffer A and collected by centrifugation at 1000 g. 

 

Isolation of DNA-protein Complexes 

DNA-binding proteins were isolated and copurified with genomic DNA as cross-
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linked DNA-protein complexes. The purification of DNA-protein cross-links was carried 

out by using a method described by Baker et al. 34, 35 with modifications. The isolated 

nuclei were lysed in 500 μL DNAzol (Invitrogen) by repeated pipetting with a wide-bore 

pipette tip. DNA was precipitated by using a half volume of ice-cold 100% ethanol, and 

incubated at –20 °C for 1 h. The precipitates were pelletted by centrifugation at 5,000 g at 

4 °C for 5 min. The pellet was washed with ice-cold 75% ethanol and resuspended in 50 

mM Tris-HCl buffer (pH 7.4).  Urea and SDS were added to the suspension until their 

final concentrations reached 8 M and 2% (w/v), respectively, to denature proteins and to 

dissociate the non-cross-linked proteins from DNA-protein complexes. The sample was 

incubated at 37 °C for 30 min with gentle shaking. To the sample solution, an equal 

volume of 5 M NaCl was added and the resulting mixture was incubated at 37 °C for 30 

min. The DNA was precipitated again by the addition of 0.1 volume of 3 M sodium 

acetate and 3 volumes of ice-cold ethanol. Precipitated DNA was collected by 

centrifugation at 5,000 g at 4 °C for 5 min and washed thrice with ice-cold 75% ethanol 

to remove salts and detergents.  

 

Cross-linking Reversal and DNA Removal 

The purified DNA-protein complexes were resuspended in 0.5 M sodium acetate, 

and incubated at 68 °C overnight to reverse the DNA-protein cross-linking. After 

incubation, DNA was digested with 5 units of DNase I (Worthington Biochemical, 

Lakewood, NJ) and 5 units of S1 nuclease (Invitrogen) in a solution bearing 0.1 M 

sodium acetate (pH 5.5), 10 mM MgCl2 and 10 mM ZnCl2 at 37 °C for 1 h. The digested 
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nucleotides were removed by using a Microcon YM-10 centrifugal filter (Millipore, 

Billerica, MA). The purified DNA-binding proteins were quantified with Bradford 

Protein Assay kit (Bio-Rad, Hercules, CA).  

 

SDS-PAGE Separation and Enzymatic Digestion 

The purified DNA-binding proteins were separated by 1D SDS-PAGE using a 12% 

resolving gel with a 4% stacking gel, and stained with Coomassie blue. The gel was cut 

into 10 bands, in-gel reduced with dithiothreitol (DTT), alkylated with iodoacetamide 

(IAA) and digested with trypsin (Promega, Madison, WI). The digested peptides were 

collected, dried in a Speed-vac, and stored at –20 °C until further analysis. 

 

Western Blotting 

For Western blotting analysis, proteins were denatured and reduced by boiling in 

Laemmli loading buffer containing 80 mM DTT. After SDS-PAGE separation, proteins 

were transferred to a nitrocellulose membrane under standard conditions. The membrane 

was blocked with 2% non-fat milk ECL Advance blocking reagent (GE Healthcare, UK) 

and incubated with primary antibodies at 4 °C overnight. The rabbit polyclonal primary 

antibodies for MCM2 (Mini chromosome maintenance protein 2, a.k.a. DNA replication 

licensing factor MCM2) and actin were from Abcam (Cambridge, MA). The membrane 

was rinsed briefly with two changes of PBS-T washing buffer [PBS with 0.1% (v/v) 

Tween-20, pH 7.5] and washed with a large amount of washing buffer for 15 min, 

followed by 3 × 5 min wash with fresh changes of washing buffer at room temperature. 
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After washing, primary antibodies were recognized by incubating with horse radish 

peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Abcam) at room 

temperature for 1 h.  The membrane was washed thoroughly with PBS-T (1× 15 min, 

then 3 × 5 min). The antibody binding was detected by using ECL Advance Western 

Blotting Detection Kit (GE Healthcare), and visualized with HyBlot CL Autoradiography 

Film (Denville Scientific Inc., Metuchen, NJ). 

 

Extraction and Enzymatic Digestion of Nucleic Acids 

 After the above in-vivo chemical cross-linking, nucleic acids and nucleic acid-

protein complexes were isolated from HL-60 cells using a standard phenol extraction 

protocol36 or the above-described DNAzol method. For phenol extraction, the RNase 

digestion step was omitted so that both RNA and DNA could be isolated, and this sample 

was used as a control to estimate the relative amounts of RNA and DNA in the extract. 

Proteins present in the cross-linked complexes were removed by proteinase K digestion, 

and the remaining nucleic acids were precipitated by ethanol and digested to 

mononucleosides by using nuclease P1 (NP1, Sigma-Aldrich, St. Louis, MO) and calf 

intestinal phosphatase (CIP, Sigma-Aldrich). In this respect, 2 units of NP1 was added to 

a solution containing 30 μg of DNA, 50 mM sodium acetate and 1.0 mM ZnCl2 (pH 5.5), 

and the digestion was continued at 37 °C for 12 h. The resulting sample was treated with 

20 units of CIP in 50 mM Tris-HCl (pH 8.5) at 37 °C for 3 h. The digestion mixtures 

were passed through Microcon YM-10 centrifugal filter to remove enzymes and the 

resulting aliquots were subjected to HPLC analysis. 
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HPLC Separation 

Off-line HPLC separation of nucleoside mixtures was performed on an Agilent 

1100 HPLC pump with a 4.6 × 250 mm Grace Apollo C18 column (5 μm in particle size 

and 300 Å in pore size). A solution of 10 mM ammonium formate (solution A) and a 10 

mM ammonium formate/acetonitrile mixture (70/30, v/v, solution B) were used as the 

mobile phases, and the flow rate was 0.8 mL/min. A gradient (0–5 min, 0–5% B; 5–45 

min, 5–30% B, 45–50 min, 30–60% B) was used for the separation of the above 

nucleoside mixtures. The effluents were monitored by UV detection at 260 nm. 

 

Nanoflow LC-MS/MS Analysis 

Online LC-MS/MS analysis was performed on an Agilent 6510 Q-TOF system 

coupled with an Agilent HPLC-Chip Cube MS interface (Agilent Technologies, Santa 

Clara, CA). The sample enrichment, desalting, and HPLC separation were carried out 

automatically on the Agilent HPLC-Chip with an integrated trapping column (40 nL) and 

a separation column (Zorbax 300SB-C18, 75 μm × 150 mm, 5 μm in particle size). The 

peptide mixtures for LC-MS/MS analysis were first loaded onto the enrichment column 

and desalted with a solvent mixture of 0.1% formic acid in CH3CN/H2O (2:98, v/v) at a 

flow rate of 4 μL/min by using an Agilent 1200 capillary pump. After desalting, the 

peptide mixture was separated by using an Agilent 1200 nanoflow pump at a flow rate of 

300 nL/min with the following gradient: 0-2min, 2% B; 2-10 min, 2-10% B; 10-90 min, 

10-30% B; 90-120 min, 30-40% B; 120-130 min, 40-90% B. The gradient was held at 90% 

B for 5 min, and then changed to 2% B for equilibration for 15 min before the next 



88 
 

sample injection. The mobile phases were 0.1% formic acid in H2O (A) and 0.1% formic 

acid in CH3CN (B). 

To maintain a stable nanospray during the whole analysis process, the capillary 

voltage (Vcap) applied to the HPLC-Chip capillary tip was 1900 V. For data collection, 

the Agilent Q-TOF was operated in an auto (data-dependent) MS/MS mode, where a full 

MS scan was followed by maximum of eight MS/MS scans (abundance-only precursor 

selection), with m/z ranges of 350-2000, and 60-2000 for MS and MS/MS scans, 

respectively. The active (dynamic) exclusion feature was enabled to discriminate against 

ions previously selected for MS/MS in two sequential scans. The acquisition rates were 6 

and 3 spectra/s in MS and MS/MS modes, respectively. For collision-induced 

dissociation (CID), the collision energy was set at a slope of 3 V/100 Da and an offset of 

2.5 V to fragment the selected precursor ions and give MS/MS.  

 

Data Processing 

Agilent MassHunter workstation software (Version B.01.03, Agilent Technologies) 

was used to extract the MS and MS/MS data from the LC-MS/MS results. The extracted 

LC-MS/MS data were converted to mzData files with MassHunter Qualitative Analysis. 

Mascot Server 2.2 with Mascot Daemon 2.2.2 (Matrix Science, London, UK) was used 

for protein and peptide identifications by searching LC-MS/MS data against 

UniProtKB/Swiss-Prot database (updated weekly). Carbamidomethylation of cysteine 

residues was used as a fixed modification. Methionine oxidation, serine, threonine and 

tyrosine phosphorylation were set as variable modifications. Stringent criteria were 
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employed for protein identification. The allowed maximum miscleavages per peptide was 

one, with a precursor tolerance of 20 ppm and a MS/MS tolerance of 0.6 Da (The average 

of absolute mass accuracy for all the identified peptides was calculated to be 7.9 ppm). 

Peptides identified with individual scores at or above the Mascot assigned homology 

score (p < 0.01 and individual peptide score > 40) were considered as specific peptide 

sequences. The false discovery rates (FDR, number of random matches divided by the 

total number of identified peptides) with homology or identity threshold, determined by 

using decoy database search, were less than 0.95%.   

The cellular localization and function of identified proteins were assessed using 

Gene Ontology database (http://www.geneontology.org), Generic GO Term Mapper 

(http://go.princeton.edu) and GORetriever (http://www.agbase.msstate.edu).37  

 

Results and Discussion  

Strategy for the Identification of DNA-binding Proteins 

DNA-binding proteins have a general or specific affinity for either single- or 

double-stranded DNA. Although a number of DNA-binding proteins have been identified, 

many proteins involved in gene regulation and DNA repair are likely still unknown 

because of their dynamic and/or weak interactions with DNA. DNA-protein cross-linking 

induced by ionizing radiation and chemotherapeutic agents such as aldehydes, cisplatin 

and other metal complexes has been studied as cytotoxic lesions.38 Instead of studying the 

toxicity of cross-linking between DNA and proteins, we employed the in vivo DNA-

protein cross-linking as a strategy to fix the DNA-protein interactions, and used a 



90 
 

standard DNA purification method to isolate DNA-binding proteins from complex 

biological samples. The idea of using immobilized oligodeoxyribonuleotides as probes 

has been demonstrated for purifying specific DNA-binding proteins, followed by protein 

identification with MS-based techniques.39, 40 However, the previous methods, such as 

affinity-DNA probes and EMSA, usually depend on in vitro interactions with specific 

DNA sequences; therefore, they lack the ability to identify DNA-binding proteins at large 

scale and with high throughput.  

To identify proteins with potential interactions with DNA, in this work, we 

described an approach for the comprehensive identification of DNA-binding proteins 

with formaldehyde cross-linking, which can fix DNA-protein interactions in situ and has 

been widely used in ChIP assays for probing in vivo chromatin structures and dynamics. 

As depicted in Figure 3.1, after the cross-linking reaction, cell nuclei were isolated, 

followed by the purification of cross-linked DNA-protein complexes. After DNA-binding 

proteins were copurified with genomic DNA, the DNA-protein cross-linking was 

reversed to release the DNA-binding proteins from DNA. The DNA was removed by 

using DNase digestion and centrifugation with Microcon centrifugal filters; the released 

DNA-binding proteins were further fractionated with SDS-PAGE and digested in-gel 

with trypsin. The extracted peptide mixtures from different gel bands were analyzed 

using LC-MS/MS, and the LC-MS/MS data were searched against a protein database for 

protein identification (Figure 3.1).  
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Figure 3.1 Strategy for the identification of DNA-binding proteins with chemical cross-

linking and LC-MS/MS. 
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In Vivo DNA-protein Cross-linking 

Formaldehyde-mediated DNA-protein cross-linking has been used for probing in 

vivo chromatin structures for more than two decades.33 Formaldehyde is a tight and 

reactive reagent, which can lead to efficient cross-linking between nucleic acids and 

proteins within short distance in vivo. The formation of covalent DNA-protein complexes 

prevents the subsequent dissociation and redistribution of proteins due to changes in 

physiological condition and/or in the process of sample handling.27 It has been found that 

formaldehyde is incapable of inducing protein-DNA cross-links in vitro even at 

extremely high concentrations.33 This suggests that formaldehyde-mediated in vivo DNA-

protein cross-linking is due to physiological DNA-protein interactions.  

Aside from nucleic acid-protein cross-linking, protein-protein cross-linking can be 

generated by formaldehyde in vivo, especially upon long-term incubation and/or with 

high concentrations of cross-linking reagent. It is well-documented that nucleosomal 

proteins are normally analyzed following a cross-linking time within 10 min.10 Longer 

exposure to formaldehyde favors the binding of nucleosome-associated proteins and 

protein-protein interactions, and most proteins are readily cross-linked following a 20-60 

min cross-linking reaction with 1% formaldehyde, based on the study of specific targets 

of interest.10, 31 However, in our experiment, it is unrealistic to optimize the cross-linking 

conditions for all DNA-interacting proteins based on specific DNA sequences and protein 

targets. We tested with different cross-linking reaction time with HL-60 cells and found 

that longer cross-linking time leads to low yield and poor solubility of DNA-protein 
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complexes. Therefore, we incubated HL-60 cells in 1% formaldehyde for 10 min to 

generate the DNA-protein cross-links.  

 

Isolation of DNA-binding Proteins 

The enrichment of DNA-binding proteins was achieved through the isolation of 

DNA-protein complexes after in vivo chemical cross-linking.  To evaluate the enrichment 

of DNA-binding proteins, we performed Western blotting experiments to assess the 

amounts of two identified proteins, MCM2 and actin, in whole cell lysates, nuclear 

fractions, and the enriched fraction of DNA-binding proteins.  

DNA replication licensing factor MCM2 belongs to the MCM family proteins, 

which are DNA-dependent ATPases required for the initiation of eukaryotic DNA 

replication.41 MCM2 is a component of the prereplicative complex; it is essential for 

eukaryotic DNA replication and is expressed only in proliferating cells.42 Our Western 

blotting results revealed that MCM2, a DNA-binding protein, can be enriched by at least 

17 fold after the isolation of DNA-protein complexes formed by in vivo chemical cross-

linking compared to actin, which was used as an internal standard for this comparison 

(Figure 3.2).  However, the nuclear fraction showed no significant enrichment of MCM2 

with respect to actin. This could be attributed to the fact that a relatively high 

concentration of actin is present in the nuclear fraction.43 The background signals of 

MCM2 in high mass ranges in DNA-binding protein fraction could emanate from the 

undissociated cross-linked nucleotides/or proteins to MCM2. The presence of residual 

DNA-protein cross-links may lead to the failure in identifying some DNA-binding  
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Figure 3.2 Western blotting of MCM2 was performed in whole cell lysate (whole), 

nuclear fraction (nuclear), and the DNA-binding protein fraction (DBP) of HL-60 cells. 

Actin was used as the internal standard for quantitative comparison. 
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proteins. In this context, because of the heterogeneity of the cross-linking, i.e., different 

nucleobases and amino acid residues may participate in the formaldehyde-mediated 

cross-linking,10, 32, 33 it is difficult to incorporate the protein side-chain modifications, 

arising from the incomplete cross-linking reversal, into the database search for protein 

identification.  

It is interesting to observe that actin can also be detected in the isolated DNA-

binding protein fraction, which cannot be simply attributed to the contaminations from 

cytoplasmic or nuclear actin. In fact, it has been reported that actin could be associated 

with DNA and RNA during transcription.43-45 An alternative explanation is that actin 

could cross-link to other proteins that can bind to DNA. In a separate experiment, we 

followed the identical protocol for DNA-protein complex purification and isolated the 

genomic DNA without chemical cross-linking reaction. The result showed that a 

relatively small amount of MCM2 can be detected in the DNA fraction (Supporting 

Information, Figure S3.1). By contrast, no obvious actin band was visible in the same 

DNA fraction. This result indicates that the DNA-bound actin might be lost during DNA 

isolation without cross-linking, or the amount of actin directly associated with DNA, if 

any, could be very small.  

 

The Selectivity of the Method toward the Isolation of DNA-binding Proteins 

Several precautions were exerted to improve the selectivity of the above-described 

method toward the isolation of DNA-binding proteins. First, we began with isolated 

nuclei rather than the whole lysate of the formaldehyde-treated cells, which minimizes 
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the contamination of cytosolic proteins. Second, we incubated the isolated protein-DNA 

complexes in a solution containing high concentrations of urea and SDS to dissociate and 

remove the non-cross-linked proteins from DNA-protein complexes. Third, we adopted a 

DNAzol-based protocol for the selective isolation of DNA and DNA-protein cross-

links.34 The basis of the DNAzol procedure lies in the use of a novel guanidine-detergent 

lysis solution that hydrolyzes RNA and allows the selective precipitation of DNA and 

DNA-protein cross-links from a cell lysate.  

While it is difficult to evaluate directly the selectivity of this method because many 

proteins can bind both DNA and RNA, we chose to use an indirect method to assess how 

selective the method is toward the isolation of DNA- over RNA-binding proteins. In this 

respect, we isolated DNA and DNA-protein cross-links from HL-60 cells after 

formaldehyde-induced cross-linking reaction by using two different protocols, i.e., 

phenol extraction and the DNAzol method. We then removed the proteins by using 

proteinase K treatment, digested the remaining nucleic acids to nucleosides with two 

enzymes and analyzed the resulting nucleosides by HPLC analysis (See Materials and 

Methods).  As depicted in Figure 3.3, the amount of ribonucleosides present in the 

nucleoside mixture emanating from the DNAzol method is much less than that of 2’-

deoxynucleosides (<5%, Figure 3.3B), whereas ribonucleosides are present at a much 

higher level in the nucleoside mixture arising from the phenol extraction method (Figure 

3.3A).  This result, therefore, suggests that the DNAzol method is more selective toward 

the isolation of DNA and its associated proteins than RNA and its binding proteins.  
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Figure 3.3 HPLC traces for the separation of nucleoside mixtures arising from the 

enzymatic digestion of nucleic acids that were isolated from the in-vivo chemically cross-

linked DNA-protein complexes by the standard phenol extraction method (A) and the 

DNAzol method (B). The identities of nucleosides were confirmed by HPLC analysis of 

authentic compounds. “A”, “C”, “G”, “U” designate the four natural ribonucleosides, and 

“dA”, “dC”, “dG”, and “dT” represent the four natural 2’-deoxyribonucleosides. 
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Identification and Characterization of Proteins with In Vivo DNA-Protein Cross-linking 

The current protocol with in vivo DNA-protein chemical cross-linking enabled us to 

enrich the DNA-binding proteins through the isolation of DNA-protein complexes. The 

cross-linking generated by formaldehyde stabilizes DNA-protein complexes and allows 

the capture of transient interactions between DNA and proteins. Based on this protocol, 

we were able to identify 780 proteins with Mascot database search.  

To further understand the distribution and function of the identified proteins, we 

investigated the GO annotations of the identified proteins using Gene Ontology database 

(http://www.geneontology.org), Generic GO Term Mapper (http://go.princeton.edu) and 

GORetriever (http://www.agbase.msstate.edu).37 Among the proteins with GO 

annotations, 305 unique proteins were classified as nuclear proteins (GO: 0005634), 

which represented 39.1% of the total proteins identified (Figure 3.4A). The presence of a 

relatively high percentage of nuclear proteins in the purified fraction could be attributed 

to the isolation of the DNA-protein complexes. In addition to the nuclear localization, 

40.8% of the identified proteins were annotated as cytoplasmic proteins (GO: 0005737), 

followed by membrane (GO: 0016020, 15.4%), mitochondrial (GO: 0005739, 7.4%), 

ribosomal (GO: 0005840, 7.2%) proteins, etc. Because of the lack of annotation 

information, more than 10% of the identified proteins cannot be classified based on GO 

slim terms. On the other hand, many proteins can be grouped into multiple GO categories, 

which can cause overlaps. Therefore, the sum of percentages of GO categories is over 

100%. It is also worth noting that many proteins were only annotated with their major 

cellular localizations and functions. For instance, actin is also localized in the nucleus and 
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is associated with gene regulation (Figure 3.2)43-45; however, the current GO databases 

classify actin only as a cytoplasmic protein.    

Apart from the classification of the cellular distribution of the identified proteins, 

we also organized the identified proteins, according to their biological functions (Figure 

3.4B).  Among the identified proteins with GO molecular function annotation, 111 

proteins (14.2% of the identified proteins) were clearly annotated as DNA-binding 

proteins (GO: 0003677), including double-stranded/single-stranded DNA binding, 

damaged DNA binding, sequence-specific/structure-specific DNA binding, transcription 

regulation, DNA helicase/ligase activity, etc. More functional categories were shown as 

nucleotide binding (GO: 0000166, 23.8%), RNA-binding (GO: 0003723, 20.0%), 

hydrolase activity (GO: 0016787, 9.0%), etc. The identification of proteins without 

known DNA-binding activity could arise from the cross-linking of these proteins with 

DNA-binding proteins through protein-protein interactions. Additionally, some of these 

proteins may bear DNA binding capabilities that have yet been characterized. 

Furthermore, formaldehyde may also give rise to non-specific protein-protein cross-links, 

thereby resulting in the isolation and identification of proteins that are not capable of 

binding to DNA or its associated proteins. Guisan et al.46 showed that the addition of 

dextran could improve the specificity of aldehyde-induced cross-linking of purified 

proteins. In addition, it was found that weakly bound protein-protein complexes could be 

selectively adsorbed on lowly activated anionic exchange support, thereby preserving the 

weak protein-protein interactions.47 These methods are, however, not applicable for the 

formaldehyde-induced in-vivo cross-linking discussed in the current paper. 
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Figure 3.4 The identified proteins were classified using GO annotations. (A) Distribution 

of proteins in major cellular localizations; (B) Classification of proteins according to their 

function. Percentages indicate the identified proteins in each category relative to the total 

number of identified proteins. 
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To gain further knowledge about the identified DNA-binding proteins, we extracted 

the comprehensive GO annotations including the molecular function and biological 

process. According to the GO annotations, at least 67 identified proteins are involved in 

gene transcription, and 20 identified proteins are involved in DNA replication. For 

instance, 23 transcription factors were identified in our experiment (Table 3.1). In 

addition, almost a complete family of DNA replication licensing factors was identified in 

our experiments, which include all six subunits of the MCM protein complex, i.e., 

MCM2 through MCM7.  These six subunits form a ring-shaped heterohexameric ATPase 

involved in DNA replication.42, 48 

Besides the proteins involved in transcription and replication, we were able to 

identify at least 26 proteins involved in DNA damage and repair processes, such as base-

excision repair, nucleotide-excision repair and double-strand break repair, as shown in 

Table 3.2. It is worth noting that some of identified proteins involved in DNA damage 

response and repair, however, are not annotated as DNA-binding proteins in the current 

GO databases. These proteins include MMS19 nucleotide excision repair protein 

homolog (MMS19), FACT complex subunit SPT16 (SUPT16H), transitional 

endoplasmic reticulum ATPase (VCP), etc. Because of the lack of proper GO annotations, 

these proteins were not counted as DNA-binding proteins depicted in Figure 3.4B. 

 



  
 

Table 3.1 A list of transcription factors identified in the present study. 

Uniprot ID Protein Name Gene Name MW (Da) Function 
ENOA_HUMAN Alpha-enolase ENO1 47169 transcription factor activity, transcription 

repressor activity, transcription 
corepressor activity 

   
ARNT_HUMAN Aryl hydrocarbon receptor nuclear 

translocator 
ARNT 86636 transcription factor activity, transcription 

coactivator activity, signal transduction 

   
CREB1_HUMAN cAMP response element-binding 

protein 
CREB1 36688 transcription factor activity, sequence-

specific DNA binding, signal 
transduction 

   
CNBP_HUMAN Cellular nucleic acid-binding protein CNBP 19463 single-stranded DNA binding, single-

stranded RNA binding, transcription 
activity 

   
DBPA_HUMAN DNA-binding protein A CSDA 40090 double-stranded DNA binding, 

transcription factor activity, transcription 
corepressor activity 

   
EDF1_HUMAN Endothelial differentiation-related 

factor 1 
EDF1 16369 regulation of transcription, transcription 

factor activity, transcription coactivator 
activity 

   
ELF1_HUMAN ETS-related transcription factor Elf-1 ELF1 67456 sequence-specific DNA binding, 

transcription activator activity, 
transcription factor activity, transcription 
repressor activity 
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FUBP1_HUMAN Far upstream element-binding protein 1 FUBP1 67560 single-stranded DNA binding, 

transcription factor activity 
   

HCLS1_HUMAN Hematopoietic lineage cell-specific 
protein 

HCLS1 53998 transcription factor activity, regulation of 
transcription 

   
ROAA_HUMAN Heterogeneous nuclear 

ribonucleoprotein A/B 
HNRPAB 36225 transcription factor activity, positive 

regulation of gene-specific transcription 

   
HMGB2_HUMAN High mobility group protein B2 HMGB2 24034 DNA bending activity, base-excision 

repair, DNA replication, transcription 
factor activity 

   
HMGA1_HUMAN High mobility group protein HMG-

I/HMG-Y 
HMGA1 11676 AT DNA binding, transcription factor 

binding, transcription factor activity 

   
HCFC1_HUMAN Host cell factor HCFC1 208732 transcription factor activity, transcription 

coactivator activity, regulation of 
transcription 

   
MEF2D_HUMAN Myocyte-specific enhancer factor 2D MEF2D 55938 transcription factor activity, regulation of 

transcription 
   

YBOX1_HUMAN Nuclease-sensitive element-binding 
protein 1 

YBX1 35924 transcription factor activity, regulation of 
transcription, transcription repressor 
activity 

   
NDKB_HUMAN Nucleoside diphosphate kinase B NME2 17298 transcription factor activity, regulation of 

transcription 
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PA2G4_HUMAN Proliferation-associated protein 2G4 PA2G4 43787 transcription factor activity, regulation of 
transcription 

   
MAX_HUMAN Protein max MAX 18275 transcription regulator activity, 

transcription factor activity, transcription 
cofactor activity 

   
STAT3_HUMAN Signal transducer and activator of 

transcription 3 
STAT3 88068 transcription factor activity, regulation of 

transcription, transcription factor binding

   
TADBP_HUMAN TAR DNA-binding protein 43 TARDBP 44740 transcription factor activity, regulation of 

transcription 
   

SPT6H_HUMAN Transcription elongation factor SPT6 SUPT6H 199073 transcription factor activity, regulation of 
transcription 

   
TIF1B_HUMAN Transcription intermediary factor 1-beta TRIM28 88550 transcription factor activity, regulation of 

transcription, transcription corepressor 
activity 

   
ZN207_HUMAN Zinc finger protein 207 ZNF207 50751 transcription factor activity, regulation of 

transcription 
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Table 3.2  A list of identified proteins involved in DNA repair. 

Uniprot ID Protein Name Gene Name MW (Da) Function 
KU70_HUMAN ATP-dependent DNA helicase 2 

subunit 1 
XRCC6 69843 DNA ligation, double-strand break 

repair, DNA recombination 
   

KU86_HUMAN ATP-dependent DNA helicase 2 
subunit 2 

XRCC5 82705 DNA recombination, double-strand 
break repair 

   
DDB1_HUMAN DNA damage-binding protein 1 DDB1 126968 damaged DNA binding, nucleotide-

excision repair, DNA damage removal 

   
DNL1_HUMAN DNA ligase 1 LIG1 101736 ligase activity, DNA replication, DNA 

repair 
   

MCM7_HUMAN DNA replication licensing factor 
MCM7 

MCM7 81308 DNA replication, transcription, response 
to DNA damage stimulus 

   
TOP2A_HUMAN DNA topoisomerase 2-alpha TOP2A 174385 DNA topoisomerase activity, DNA-

dependent ATPase activity, DNA repair 

   
APEX1_HUMAN DNA-(apurinic or apyrimidinic site) 

lyase 
APEX1 35555 lyase activity, base-excision repair, 

transcription coactivator activity  

   
PRKDC_HUMAN DNA-dependent protein kinase 

catalytic subunit 
PRKDC 469089 DNA-dependent protein kinase activity, 

DNA recombination, DNA repair 

   
SP16H_HUMAN FACT complex subunit SPT16 SUPT16H 119914 DNA replication, DNA repair, 

nucleosome disassembly 
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HMG1X_HUMAN High mobility group protein 1-like 10 HMG1L10 24218  protein binding, base-excision repair, 

regulation of transcription  
   

HMGB1_HUMAN High mobility group protein B1 HMGB1 24894 base-excision repair, signal transduction, 
transcription factor binding 

   
HMGB2_HUMAN High mobility group protein B2 HMGB2 24034 DNA bending activity, base-excision 

repair, DNA replication, transcription 
factor activity 

   
MMS19_HUMAN MMS19 nucleotide excision repair 

protein homolog 
MMS19 113290 nucleotide-excision repair, transcription 

   
NONO_HUMAN Non-POU domain-containing octamer-

binding protein 
NONO 54232 RNA splicing, DNA replication, DNA 

repair 
   

PARP1_HUMAN Poly [ADP-ribose] polymerase 1 PARP1 113084 transferase activity, DNA repair, 
response to DNA damage stimulus 

   
PCNA_HUMAN Proliferating cell nuclear antigen PCNA 28769 DNA binding, nucleotide-excision 

repair, DNA replication 
   

RENT1_HUMAN Regulator of nonsense transcripts 1 UPF1 124345 helicase activity, hydrolase activity, 
DNA replication, DNA repair 

   
RBM14_HUMAN RNA-binding protein 14 RBM14 69492  RNA binding, DNA recombination, 

DNA repair, transcription 

   
RUVB2_HUMAN RuvB-like 2 RUVBL2 51157 damaged DNA binding, DNA 

recombination, DNA repair 
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SFPQ_HUMAN Splicing factor, proline- and glutamine-

rich 
SFPQ 76149 RNA splicing, DNA recombination, 

DNA repair, response to DNA damage 
stimulus 

   
SMC1A_HUMAN Structural maintenance of 

chromosomes protein 1A 
SMC1A 143233 DNA repair, DNA damage response, 

signal transduction 
   

SMC3_HUMAN Structural maintenance of 
chromosomes protein 3 

SMC3 141542 protein binding, ATPase activity, DNA 
repair, signal transduction 

   
SODC_HUMAN Superoxide dismutase [Cu-Zn] SOD1 15936 double-strand break repair, DNA 

fragmentation during apoptosis 
   

TERA_HUMAN Transitional endoplasmic reticulum 
ATPase 

VCP 89322 ATPase activity, double-strand break 
repair, response to DNA damage 
stimulus 

   
TP53B_HUMAN Tumor suppressor p53-binding protein 

1 
TP53BP1 213574 transcription activator activity, damaged 

DNA binding, DNA repair 

   
RD23B_HUMAN UV excision repair protein RAD23 

homolog B 
RAD23B 43171 damaged DNA binding, single-stranded 

DNA binding, nucleotide-excision repair
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Conclusions 

We described an approach for the comprehensive investigation of DNA-binding 

proteins with in vivo formaldehyde cross-linking. DNA-binding proteins can be purified 

via the isolation of DNA-protein complexes and released from the complexes by 

reversing the DNA-protein cross-linking. By using this method, we were able to identify 

more than one hundred DNA-binding proteins, including those involved in transcription, 

gene regulation, DNA replication and repair, and a large number of proteins which are 

potentially associated with DNA and DNA-binding proteins. This method should be 

generally applicable to the investigation of other nucleic acid-binding proteins, and hold 

great potential in the comprehensive study of gene regulation, DNA damage response and 

repair, as well as many other important biological processes at proteomic level. We 

believe that this function-oriented protein purification strategy may serve as a valuable 

tool for studying in vivo DNA-protein interaction and dynamic cellular responses to 

perturbations and stress, not only by identifying potential protein targets, transcription 

factors or DNA repair enzymes, but also by determining protein modifications and 

differential expression by incorporating other techniques, e.g., stable isotope labeling.  
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Supporting Information for Chapter 3 

 

 

Figure S3.1 Western blotting of MCM2 in whole cell lysates (whole), nuclear fractions 

(nuclear), and DNA fractions of HL-60 cells. Actin was used as the internal standard for 

the quantitative comparison.  
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CHAPTER 4   

Quantitative Analysis of Surface Plasma Membrane Proteins of Primary and 

Metastatic Melanoma Cells 

 

Introduction 

Membrane proteins represent about one-third of the proteins encoded by the human 

genome and assume a variety of key biological functions, such as cell-to-cell recognition, 

signal relay, and transport of ions and solutes.1 Because of their accessibility, membrane 

proteins also constitute more than two-thirds of the current protein-based drug targets.2 

Despite their importance in biological processes and drug discovery, membrane proteins 

are usually challenging to study because of the difficulty in preparing clean plasma 

membrane (PM) fractions. In this context, PM proteins are hydrophobic and they have to 

be transferred into aqueous solution to be available for subsequent analysis. In addition, 

the relatively low abundances of most membrane proteins impose further challenges for 

determining their identities and functions. 

Traditional two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is 

useful for the separation and relative quantification of proteins at large scale, but this 

technique does not resolve membrane proteins very well, mainly because of their poor 

solubility in the buffers used for protein separation in the first dimension.3 Recently, 

advances in MS-based proteomics have facilitated the identification of a large number of 
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membrane proteins and their post-translational modifications by using multidimensional 

LC coupled with MS/MS, which could overcome the disadvantages associated with 

conventional 2D-PAGE.4-9 These multidimensional LC-based techniques improved the 

separation power and could facilitate the identification of more proteins from complex 

mixtures. However, it is difficult to isolate and enrich PMs to reduce the sample 

complexity, and the majority of the proteins identified are not membrane-related. In 

addition, the PM protein fractions prepared by the typical ultracentrifugation method are 

usually contaminated with other cellular components.10 Therefore, selective enrichment is 

frequently essential for the study of low-abundance membrane and membrane-associated 

proteins. 

Biotinylation and affinity purification of cell-surface proteins, when coupled with 

MS, can improve the throughput and selectivity for the detection of membrane proteins in 

low abundance.11-23 For example, relative enrichments of 1600- and 400-folds of PM 

proteins versus mitochondria and endoplasmic reticulum (ER), two major sources of 

contaminations in PM fractions prepared by ultracentrifugation methods, were achieved 

by using a commercial biotinylation reagent followed by 1D-SDS-PAGE separation and 

LC-MS/MS analysis.11 In previous studies, the biotin-conjugated proteins were 

frequently purified and enriched after the biotinylation reaction and cell lysis. The 

affinity-enriched membrane fractions, however, are still a complex mixture and contain 

significant contamination of cytoplasmic proteins. Further separation of the enriched 

membrane proteins by using SDS-PAGE, 2-D gel or HPLC is often necessary to reduce 

sample complexity.14, 19, 24 
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Different MS-based strategies have been developed for the quantitative profiling of 

proteins.25 However, quantification of membrane proteins at large scale seems to be more 

challenging than that of soluble proteins. For instance, isotope-coded affinity tag 

(ICAT),26 a widely used chemical tagging reagent for protein quantification, has been 

rarely employed for interrogating membrane proteins, probably as a result of the poor 

compatibility of ICAT with the high concentration of detergent required for dissolving 

membrane proteins.27 Recently, an optimized strategy for ICAT was published, and it 

was demonstrated that ICAT could be used for the quantitative analysis of hydrophobic 

proteins.28 Nevertheless, a relatively small number of papers have been published for the 

quantitative assessment of membrane proteins.19, 29-33 Among the various isotope-labeling 

approaches, stable isotope labeling by amino acids in cell culture (SILAC) is simple and 

accurate,34 and SILAC has been demonstrated to be suitable for the quantitative analysis 

of cell membrane proteins using SDS-PAGE and LC-MS/MS.29 

To improve the purification efficiency and to minimize contamination, in this 

Chapter, we describe an approach for the selective quantification of surface membrane 

proteins. In our strategy, intact cells cultured in SILAC light and heavy media were 

labeled in situ with a membrane impermeable biotin reagent, sulfo-NHS-LC-biotin, 

which can conjugate with the N-terminus or the side chain amino group of lysine residues 

in a protein to afford an amide linkage. The light and heavy cell lysates were mixed and 

digested with trypsin. The biotinylated peptides of membrane proteins were subsequently 

enriched via affinity purification and subjected to LC-MS/MS analysis.  
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We employed the above strategy and assessed the expression of cell surface 

membrane proteins in two human melanoma cell lines, WM-115 and WM-266-4. We 

were able to identify more than 100 membrane and membrane-associated proteins and 

quantified the relative expression of 62 identified proteins in these two cell lines. To the 

best of our knowledge, this is the first characterization of the differential expression of 

cell surface membrane proteins of primary and metastatic tumor cells using MS-based 

quantitative proteomic techniques. 

 

Materials and Methods 

Cell Culture  

A pair of human malignant melanoma cell lines, WM-115 and WM-266-4, which 

were derived from the primary and metastatic tumor tissues of the same patient, were 

obtained from the American type Culture Collection (ATCC, Manassas, VA). The cells 

were cultured under ATCC-recommended conditions in Eagle's Minimum Essential 

Medium (EMEM) supplied with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, 

CA), 100 IU/mL of penicillin, 100 µg/mL of streptomycin and 1.5 g/L of sodium 

bicarbonate. For SILAC experiments, the EMEM medium in the absence of L-lysine was 

custom prepared by AthenaES (Baltimore, MD).  [13C6,15N2]-L-lysine (heavy lysine) and 

unlabeled L-lysine (light lysine) were purchased from Cambridge Isotope Laboratories 

(Andover, MA) and Sigma (St. Louis, MO), respectively. Light and heavy EMEM media 

containing either light or heavy lysine were prepared according to the standard 
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formulation of EMEM except with the supplement of dialyzed FBS (Invitrogen). The 

WM-115 cells were grown in light medium, and the metastatic WM-266-4 cells were 

cultured in heavy medium for at least 6 days to allow the complete incorporation of the 

isotope-labeled amino acid. 

 

Biotinylation of Cell-surface Membrane Proteins  

 Cells, which were attached to the culturing flasks, were washed gently with 

prewarmed PBS (pH 7.4) at 37 ºC three times to remove amine-containing culture media 

and FBS. A 1-mL solution of 0.5 mg/mL sulfo-NHS-LC-biotin (Pierce, Rockford, IL) in 

PBS was added to each flask and the cells were incubated at 37 ºC for 10 min.  Following 

biotinylation, 1 mL of 100 mM Tris-HCl (pH 7.4) was added to each flask to quench the 

reaction by incubation at room temperature for 5 min, and the cells were washed three 

times with ice-cold PBS to remove excess reagent and byproducts.  

 

Preparation of Cell-Surface Membrane Proteins  

After a 10-min labeling reaction, biotinylated WM-115 and WM-266-4 cells from 

four 75-cm2 culturing flasks (~1×107 cells in total) were harvested into ice-cold PBS by 

scraping and pelleted by centrifugation at 800 g at 4 ºC for 5 min. The WM-115 and 

WM-266-4 cells were lysed separately in lysis buffer on ice for 30 min with gentle 

shaking. The lysis buffer contained 50 mM HEPES (pH 7.4), 2% NP-40 (v/v), 0.5% SDS 
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(w/v), 100 mM NaCl, 0.5 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1.5 mM MgCl2, 1 mM 

PMSF and a protease inhibitor cocktail. Cell lysates were centrifuged at 16,000 g and at 4 

ºC for 30 min, and the resulting supernatants were collected. The cell lysates were diluted 

by at least 30-fold,and the protein concentrations of these diluted lysates were determined 

by using Quick StartTM Bradford Protein Assay (BioRad, Hercules, CA). The WM-115 

and WM-266-4 cell lysates were then combined at a ratio of 1/1 (w/w).  

To remove large amounts of salts and detergent, proteins were precipitated by 

adding trichloroacetic acid (TCA) to a final concentration of 20% and incubated on ice 

for at least 1 h. After incubation, the precipitates were pelleted by centrifugation at 

10,000 g for 5 min  and washed with an ice-cold solution of 10 mM HCl/90% acetone 

three times. The resultant protein pellets were dried under vacuum. 

 

Enzymatic Digestion  

The TCA precipitates were resuspended in a 100-mM NH4HCO3 solution (pH 8.5) 

containing 0.2% SDS at room temperature for 30 min, and then heated at 95 ºC for 10 

min. Urea was then added to the solution to a final concentration of 8 M to improve 

further the solubility of membrane proteins. These procedures were adapted from 

previously published procedures for enhancing the solubility of membrane proteins.19, 35 

It is worth noting that heating protein in the presence of urea may lead to the 

carbamylation of proteins.36 Nevertheless, database search based on the LC-MS/MS 
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results revealed the absence of peptides with the N-terminus or the side chain of lysine 

residues being carbamylated. 

The solution was cooled to room temperature, and the proteins were reduced with 

dithiothreitol (DTT) at a final concentration of 10 mM and alkylated in dark with 

iodoacetamide (IAA) at a final concentration of 50 mM for 30 min. The resulting protein 

solutions were diluted 4 times with 100 mM NH4HCO3 (pH 8.5) and digested with mass 

spectrometry-grade trypsin (Promega, Madison, WI) at an enzyme-to-substrate ratio of 

1/100 (w/w) at 37 °C overnight. The peptide mixtures were dried in a SpeedVac. 

 

Affinity Purification  

Biotinylated peptides were purified and enriched by using an affinity column 

packed with avidin-agarose resin (Sigma-Aldrich) as previously described.37 Briefly, the 

packed avidin-agarose resin was washed with 10 column volumes of binding buffer (20 

mM potassium phosphate, 0.15 M NaCl, pH 7.5) prior to loading the tryptic digests. 

After a 30-min incubation, unbound peptides were removed by washing the resin 

thoroughly with the binding buffer and pure water. The bound peptides were eluted with 

an equi-volume mixture of CH3CN and H2O at 65 °C. The elution process was repeated, 

the eluates were combined, dried in a Speedvac, and stored at –20 °C for further analysis. 
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LC-MS/MS 

The affinity-purified peptide mixtures were analyzed by LC-MS/MS in triplicate on 

an LTQ linear ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) 

equipped with an electrospray ionization (ESI) source. An Agilent 1100 capillary HPLC 

system with a Zorbax SB-C18 capillary column (5 μm in particle size, 0.5×250 mm, 

Agilent Technologies, Santa Clara, CA) was employed for peptide separation. The 

chromatographic separation was performed with a linear gradient of 2-15% CH3CN in 

0.6% aqueous solution of acetic acid in the first 13 min, followed by a 70-min gradient of 

15-50% CH3CN in 0.6% acetic acid; the flow rate was 6 μL/min.  

The capillary temperature for the electrospray source was maintained at 275 °C and 

the source voltage was set at 4 kV. The maximum ion injection time was 50 ms with 

automatic gain control (AGC) values of 3×103, 1×103 and 1×103 ions for full-scan MS, 

MS in selected ion monitoring (SIM) mode, and MS/MS, respectively. The product-ion 

spectra were acquired in a data-dependent scan mode, where the eight most abundant ions 

observed in MS were chosen for collision-induced dissociation (CID). The normalized 

collision energy was 35% and the activation Q was 0.25. In addition, the dynamic 

exclusion feature was activated to maximize the detection of peptide ions of low 

abundance.  
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Quantitative Analysis and Data Processing  

Raw data of product-ion spectra from the LC-MS/MS analysis were searched 

against NCBI human RefSeq protein database using TurboSEQUEST in Bioworks 3.2 

(Thermo Electron, San Jose, CA).  Variable modifications on lysine residues were 

allowed with a mass increase of 8.01 Da to recognize heavy lysine residues, and increases 

of 339.14 and 347.15 Da for biotinylated light and heavy lysine residues, respectively. 

The static carbamidomethylation (CAM) of cysteine residues was used with a mass 

increase of 57.01 Da. Peptide filters with cross-correlation (Xcorr) via charge states (≥ 1.9, 

≥ 2.2, ≥ 3.5 for peptide ions that are singly, doubly, and triply charged) and delta 

correlation (ΔCn ≥ 0.1) were used to sort the search results. All the tandem mass spectra 

of the identified peptides with biotin labeling were manually inspected. The cellular 

localization and function of each identified protein were further investigated based on 

NCBI Gene Ontology (GO) annotation and Gene Ontology Annotation (GOA) database 

(http://www.ebi.ac.uk/GOA).    

Protein quantification was based on the biotinylated peptides by comparing 

manually the relative ion abundances of unlabeled and isotope-labeled peptides with the 

average of at least three MS scans with a mass tolerance of ± 0.5 Da and an S/N ratio 

greater than 3. We also quantified some of the identified proteins by monitoring 

selectively the fragmentations of the precursor ions for the biotinylated peptides carrying 

either light- or heavy-lysine residue(s). The ratios of the unlabeled and isotope-labeled 

proteins were determined using the peak areas found in the corresponding selected-ion 
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chromatograms (SICs) of the monitored peptide pairs. For those ions of low relative 

abundance, SICs for monitoring the formation of the three most abundant fragment ions 

in MS/MS were employed for the quantification. All the quantification results were based 

on LC-MS/MS measurements of samples from three independent mixings of the cell 

lysates.  

 

Immunocytochemistry and Confocal Microscopy  

Four identified proteins, including histone H2B and three membrane proteins, 

MCAM (melanoma cell adhesion molecule, or CD146), ALCAM (activated leukocyte 

cell adhesion molecule, or CD166), and ITGA3 (integrin alpha 3, or CD49C), were 

assessed by immunofluorescence staining using confocal microscopy. To stain the three 

membrane proteins, WM-115 and WM-266-4 cells grown on coverslips were washed 

with PBS and fixed with 4% paraformaldehyde in PBS for 12 min. The fixed cells were 

treated with a blocking buffer (3% BSA in PBS) at room temperature for 30 min.  After 

blocking, cells were stained with primary mouse monoclonal antibodies (mAbs) 

recognizing human MCAM, ALCAM, and ITGA3, respectively (Abcam, Cambridge, 

MA). After incubation in a humidified chamber at 37 °C for 1 h, cells were washed with 

PBS and blocking buffer, and then stained with an Alexa Fluor 488-conjugated rabbit 

secondary antibody to mouse IgG (Invitrogen) at 37 °C for 30 min. For histone H2B, 

cells were stained without fixation. In this case, all operations were performed on ice, and 

ice-cold PBS and blocking buffers were also used. Briefly, cells were first stained with 
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mouse monoclonal anti-human H2B antibody (MBL International, Woburn, MA) on ice 

and then with the same secondary antibody described above. Control experiments were 

also carried out for unfixed WM-115 and WM-266-4 cells stained with the secondary 

antibody alone. After staining, cells were fixed with 4% paraformaldehyde.  

Following washing with PBS, coverslips with the antibody-stained WM-115 and 

WM-266-4 cells were mounted onto microscope slides with 10 µL of Vectashield 

mounting medium (Vector Laboratories, Burlingame, CA) containing DAPI (4',6-

diamidino-2-phenylindole). Images were collected with a Leica TCS SP2/UV confocal 

microscope (Heidelberg, Germany) at a magnification factor of 63×. Images of WM-115 

and WM-266-4 cells stained with the same antibody were captured with the same 

parameters to compare the staining of these two types of cells. Relative intensities of 

fluorescence staining were analyzed using ImageJ (http://rsb.info.nih.gov/ij/). 

 

Flow Cytometric Analysis  

After the biotinylation reaction, the WM-115 and WM-266-4 cells were detached 

from culturing flasks into trypsin-EDTA solution and collected by centrifugation at 800 g 

at 4 ºC for 5 min. The cells were washed with ice-cold PBS (Ca2+/Mg2+-free, 5 mM 

EDTA) and binding buffer (Ca2+/Mg2+-free PBS, 2% FBS, 1% sodium azide, 5 mM 

EDTA, 20 mM HEPES, pH 7.4). Before staining, the number of cells in each sample was 

determined by using a hemocytometer. An excess amount of streptavidin-R-

phycoerythrin conjugate (SAPE, Invitrogen) was added to each cell sample (5×105 cells), 
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followed by incubation at 4 ºC in the dark for 30 min. The cells were subsequently 

washed twice with binding buffer and three times with PBS to remove the free SAPE. 

The cells were then fixed with 2% paraformaldehyde and kept at 4 ºC. Flow cytometric 

measurements were carried out on a BD FACSAria Cell Sorting System (BD Biosciences) 

and the data were analyzed using FlowJo (Tree Star, Inc.)  

 

Results and Discussion 

General Strategy for the Comparative Studies of Cell Surface Proteins 

Our general strategy encompassed SILAC for the metabolic incorporation of 

isotope-labeled amino acids, in situ biotinylation of surface proteins of intact cells using 

the membrane-impermeable sulfo-NHS-LC-biotin, cell lysis, enzymatic digestion, 

affinity purification of biotinylated peptides, and LC-MS/MS for protein identification 

and quantification (Schemes 4.1 and 4.2). Since its first introduction, SILAC has been 

widely used for MS-based protein quantification and it has also been employed to 

quantify membrane and membrane-bound proteins.29, 38, 39  

The strategy of labeling and selective enrichment of membrane proteins by 

biotinylation and subsequent affinity purification has been employed to improve the 

selectivity and throughput for profiling membrane proteins.11, 12, 14-23 After affinity 

enrichment and purification, the resultant membrane fractions, however, are still 

contaminated with cytoplasmic proteins. The contamination could arise from the 

nonspecific binding of the cytoplasmic proteins to avidin resin, from noncovalent protein- 
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Scheme 4.1  Strategy for the relative quantification of surface membrane proteins in 

primary and metastatic human melanoma cells. 
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Scheme 4.2 Cell surface protein biotinylation with sulfo-NHS-LC-biotin. The chemical 

reaction between the sulfo-NHS-LC-biotin and amino groups in proteins is also shown.  
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protein interactions and/or from the biotinylation of proteins in nonviable cells.18, 24 

Washing with buffers at high-salt concentration and high pH during affinity purification 

could reduce contaminations to some extent. However, cytosolic proteins could still 

account for up to 15% of all the identified proteins.11 In addition, the affinity-enriched 

membrane protein fractions from cell lysates are still a complex mixture. Further 

separation of the enriched membrane proteins by using 1-D SDS-PAGE, 2-D gel, or 

HPLC, is usually necessary to reduce the sample complexity prior to enzymatic 

digestion.14, 19, 24  

To improve the efficiency of purification and to minimize contamination, we 

decided to digest the protein mixtures and enrich the biotinylated peptides using 

biotin/avidin-based affinity purification. After a single step of affinity purification, the 

biotinylated peptides of membrane proteins are subjected to LC-MS/MS analysis. 

Because biotinylation occurs only at lysine residues exposed on the cell surface and only 

the labeled peptides are selectively enriched, the sample complexity is markedly reduced. 

A potential drawback for the purification of biotinylated peptides rather than 

biotinylated proteins is that the protein representation of the peptides is only limited to 

the biotinylated peptides.13, 18, 21 However, our previous work,37 together with the 

successful implementation of a similar approach for the selective enrichment of ICAT-

conjugated cysteine-containing peptides,26 revealed that protein identification and 

quantification based on the biotinylated peptides are reliable.  
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SILAC with [13C6,15N2]-L-lysine will render each lysine residue in the proteins 

from WM-266-4 cells being replaced with a heavy lysine, which results in a mass 

increase of 8.01 Da. After biotinylation, the lysine residues are no longer susceptible to 

trypsin cleavage. Therefore, these biotinylated peptides contain at least one internal 

lysine residue. As a result, the biotinylated light- and heavy-lysine residues exhibit mass 

increases of 339.14 and 347.15 Da, respectively. Relative quantification could be readily 

achieved by using the relative abundances of ions corresponding to the biotinylated light- 

and heavy-lysine-bearing peptide pairs.  

To evaluate the accuracy of quantification based on SILAC and LC-MS/MS 

analysis of biotinylated peptides, we carried out control experiments by mixing the light 

and heavy cell lysates from WM-266-4 cells at ratios of 1/1, 3/1 and 10/1 (w/w). The 

SICs for monitoring the biotinylated peptides from five proteins identified in WM-266-4 

cells were plotted, and the resulting ratios for these five proteins recovered from LC-MS 

analysis are shown in Table 4.1. These results demonstrated that the relative ratios of 

light and heavy peptides are consistent with the expected ratios (Table 4.1). The ratios of 

multiple isotopic peptide pairs from the same protein were also in good agreement with 

each other and with the expected ratios (Figure 4.1).  Moreover, we mixed the light and 

heavy cell lysates at 1/1 (w/w) ratio and analyzed, for three times, the resulting tryptic 

digestion mixtures by using LC-MS/MS in data-dependent scan mode. The LC-MS/MS 

results allowed us to quantify 20 proteins, and the average ratio determined by LC-

MS/MS was 1.01 with a relative standard deviation of 11% (Table S4.1). 
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Table 4.1 A list of biotinylated proteins and their peptides identified from WM-266-4 

cells used to evaluate the quantification strategy based on cell surface biotinylation and 

affinity-enriched peptides.     

 Note: # biotinylated light (L) lysine; @ biotinylated heavy (H) lysine; cysteine is CAM-modified. 

 

NCBI Accession 
Protein 
Name 

Peptide Used for 
Quantification Charge m/z 

Ratio 
(L/H) 
1:1 

Ratio 
(L/H)  

3:1 

Ratio 
(L/H) 
10:1 

NP_006491  melanoma cell adhesion molecule        

  R.IFLCQGK@R.P 2  684.9 1.12  3.14  10.35  

  R.IFLCQGK#R.P 2  680.9       

  R.LPSGNHMK@ESR.E 3  534.9 0.99  3.18  9.91  

  R.LPSGNHMK#ESR.E 3  532.3    

NP_001001390 CD44 antigen isoform 3 precursor        

  R.YVQK@GEYR.T 2  695.3 0.75  2.35  8.85  

  R.YVQK#GEYR.T 2  691.3    

NP_002194  integrin alpha 2 precursor      

    R.K@YAYSAASGGR.R 2 739.3 0.98  2.95  10.02  

  R.K#YAYSAASGGR.R 2 735.3    

NP_001670  Na+/K+ -ATPase beta 3 subunit        

  R.IIGLK@PEGVPR.I 2  763.4 1.04  3.07  10.11  

  R.IIGLK#PEGVPR.I 2  759.4    

NP_005492  integrin alpha 3 isoform b precursor        

  
R.TGAVYLCPLTAHK@DDC
ER.M 3  818.4 1.18  2.91  10.67  

  
R.TGAVYLCPLTAHK#DDC
ER.M 3  815.7    

    Mean 1.01  2.93  9.99  

   SD 0.15  0.30  0.62  

       RSD% 14.74  10.38  6.20  
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Figure 4.1 Evaluation of the quality of quantification based on SILAC and biotinylated 

peptides. Selected-ion chromatograms (SICs) of two pairs of light (L) and heavy (H) 

biotinylated peptides of MCAM from WM-266-4 cells. The expected ratios of peak area 

of light and heavy peptides are 1:1, 3:1 and 10:1 from top panel to bottom panel. The 

biotinylated light lysine ([12C6,14N2]-L-lysine) and heavy lysine ([13C6,15N2]-L-lysine) are 

labeled with “#” and “@”, respectively. (A) SICs of the [M+3H]3+ ions of 

LPSGNHMK#ESR (m/z 532.4) and LPSGNHMK@ESR (m/z 535.1); (B) SICs of the 

[M+2H]2+ ions of IFLCQGK#R (m/z 681.0) and IFLCQGK@R (m/z 684.9), in which the 

cysteine residue is CAM-modified. The calculated ratios of peak area of these peptides 

are listed in Table 4.1.  
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A typical pair of peptides, which were used for quantification based on MS, as well 

as their product-ion spectra acquired in data-dependant scan mode, are depicted in Figure 

4.2. The ratios of isotopic peptide pairs of different charge states (in this case, 2+ and 3+) 

were also examined, and they gave consistent results (data not shown). On the basis of 

the results from the above-mentioned control quantification experiments, we concluded 

that our strategy, which included SILAC, biotinylation reaction, one-step affinity 

purification of biotinylated peptides and LC-MS/MS analysis, can afford accurate and 

reliable quantification of protein expression. 

It is worth noting that not all identified biotinylated peptides can be employed for 

quantifying the expression of their corresponding proteins. For instance, some peptides 

were identified based on their tandem mass spectra, but their molecular ions exhibit 

relatively low abundances or the backgrounds of the full-scan MS were relatively high. 

Under such circumstances, we cannot quantify these isotopic peptide pairs based on the 

intensities of peaks found in ESI-MS. Instead we acquired MS/MS for these peptide ions 

in the SIM mode, which offered improved selectivity, sensitivity and accuracy for the 

quantification. However, even with the SIM mode, a small portion of identified peptides, 

because of their low abundances, still could not be quantified (data not shown). 

 

Proteomic Analysis of Membrane Proteins of Primary and Metastatic Melanoma Cells 

To examine the differential expression of surface membrane proteins of melanoma 

cells at different tumor progression stages, we first labeled the cell-surface proteins of the  
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Figure 4.2  A typical isotopic pair of biotinylated peptides from WM-115 (light, “L”) and 

WM-266-4 cells (heavy, “H”) used for quantification by ESI-MS. The identities of 

peptides were confirmed by MS/MS acquired in data-dependant scan mode. (A) ESI 

mass spectra of an isotopic peptide pair, IGDLQAFQGHGAGNLAGLK#GR ([M+3H]3+ 

ion, m/z 807.2) and IGDLQAFQGHGAGNLAGLK@GR ([M+3H]3+ ion, m/z 810.0) of 

the solute carrier family 3 protein from WM-115 and WM-266-4 cells; (B) and (C) are 

the product-ion spectra of the biotinylated peptides carrying a light and heavy lysine, 

respectively. 
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WM-115 and WM-266-4 cells, which were cultured in media containing light and heavy 

lysines, respectively, with sulfo-NHS-LC-biotin in situ. After removing the excess 

labeling reagent, we lysed the cells, mixed the light and heavy cell lysates at a ratio of 1/1 

(w/w), digested the proteins in the lysates with trypsin, and subjected the digestion 

mixture to LC-MS/MS analysis. From the LC-MS/MS results acquired in the data-

dependant scan mode, we were able to identify 109 proteins (Figure 4.3). A majority 

(78%, Figure 4.3) of these proteins were localized on the cell surface and PM, as 

classified by GO database annotations. These include integral membrane, transmembrane 

and peripheral membrane proteins, such as a large set of integrins, cell adhesive 

molecules, CD antigens and receptors. All the identified proteins carry at least one 

peptide with internal lysine residue(s) tagged with a biotin moiety. 

The rest (22%) of the identified proteins were not classified as cell surface and PM 

proteins by the GO database annotations. However, the membrane localization of the 

majority of these proteins was reported previously. These proteins contributed to 16.5% 

of all the identified proteins. For instance, several proteins with chaperone functions, 

including heat shock proteins (HSPs) and protein disulfide isomerases (PDIs), were 

identified.  

HSPs and PDIs are generally considered to be cytoplasmic or ER proteins and the 

majority of them do not contain transmembrane domains. Several recent studies, however, 

revealed the cell membrane localization of these proteins.15, 20, 21, 40, 41 In this respect, a 

previous comprehensive profiling of cell surface proteins revealed that HSPs have  
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Figure 4.3  Pie chart of subcellular classification of the 109 proteins identified from 

WM-115 and WM-266-4 cells, based on GO database annotations and previous 

publications.  
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relatively high abundance, compared with other cell surface proteins.15, 20, 21 Little is 

known about the cellular pathways through which the HSPs reach the cell surface, and it 

remains unclear what the functions are for these proteins to be present on the cell surface. 

In this context, it was suggested that the HSPs might be associated with misfolded 

proteins or peptide fragments and are transferred out of the cytosol via a nonclassic 

pathway.20 In addition, the presence of these proteins on the cell surface may help 

maintain the structural integrity of various receptor complexes.20  

Other than the chaperone proteins, histones H1, H2A, H2B, H3 and H4 were also 

found to be present on the surface of melanoma cells in our experiments. Histones are the 

major protein components of chromatin and play important roles in DNA packaging, 

chromosome stabilization and gene expression.42, 43 However, histones were also shown 

to exist on the cell surface.44-49  

As discussed above, a majority of the proteins identified were determined to be 

membrane and membrane-associated proteins by GO database annotations and recent 

publications. However, we also observed a few peptides arising from nonmembrane-

related proteins, including those from cytosol, nucleus, ER and ribosome, which in total 

accounted for only 5.5% of all the proteins identified. It remains unexplored whether 

these proteins are also localized on the cell surface or membrane. Nevertheless, compared 

with the classical membrane enrichment techniques, such as ultracentrifugation and 

fractionation,50 the proportion of nonmembrane-related proteins identified in our 

experiments is relatively small.  
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 Because of the low abundances, some identified proteins were not quantified. In 

this regard, we were able to quantify the relative expression of 62 proteins in these two 

melanoma cell lines (Table 4.2). Among the quantified proteins, the majority of them 

exhibited only slight differences in expression between these two cell lines. Only about 

one-third of the proteins (22 out of 62, as diagramed in Figure 4.4) are down- or up-

regulated in the metastatic melanoma cells, relative to the primary melanoma cells, if the 

ratio of 2 or above is considered as a significant change. With this criterion, the number 

of proteins that are up-regulated in WM-266-4 cells is comparable to the number of 

proteins that are down-regulated. For instance, several proteins, such as ALCAM, CD9, 

EphA2, erbB-2, histone H4, histone H2B and immunoglobulin superfamily member 4D 

isoform 1 (IGSF4), are down-regulated. On the other hand, butyrophilin, CD109, major 

histocompatibility complex class II DR alpha precursor (HLA-DRA), ITGB3, MCAM 

and several other proteins are up-regulated in WM-266-4 cells.  

 

Immunocytochemistry for the Validation of Surface Localization and Quantification 

 A potential pitfall of the above quantification strategy lies in that the biotinylation 

step involves two different types of cells, which may result in different labeling 

efficiency with sulfo-NHS-LC-biotin, thereby giving rise to the observation of different 

levels of membrane proteins. Thus, it is important to assess the relative expression of 

some membrane proteins in these two cell lines by using an independent method. 

  



 

Table 4.2 A list of quantified proteins and their corresponding ratios of expression in WM-266-4 cells with respect to WM-115 

cells. 

NCBI 
Accession Protein Name 

Surface/ 
Membrane

GOa 

Ratio            
WM-266-4/115 
Mean ± SD (n=3) 

WM266-4 
Hitsb (H)c 

WM115
Hits (L)d 

Up-regulated proteins 

NP_853509 butyrophilin, subfamily 3, member A1   Y 2.37 ± 0.59 3 3 

NP_598000 CD109 Y 3.65 ± 0.04  4 1 

NP_000102 down-regulated in adenoma protein  Y 5.97 ± 0.55 2 0 

NP_000203 integrin beta chain, beta 3 precursor  Y 2.38 ± 0.07 19 9 

NP_061984 major histocompatibility complex, class II, DR alpha precursor   Y >5 2 0 

NP_004986 matrix metalloproteinase 14 preproprotein   Y 2.18 ± 0.48 6 0 

NP_006491 melanoma cell adhesion molecule  Y 3.13 ± 0.69 19 6 

NP_005920 melanoma-associated antigen p97 isoform 1, precursor   Y 3.60 ± 1.05 2 0 

XP_933500 PREDICTED: similar to immunoglobulin superfamily, member 3 isoform 1 Y 2.62 ± 0.10  2 0 

NP_005496 scavenger receptor class B, member 1 isoform 1   Y 3.25 ± 0.35  6 0 

NP_001143 solute carrier family 25, member 5  Y >20 3 0 

NP_001012679 solute carrier family 3  Y 2.53 ± 0.18 9 6 

      

Down-regulated proteins     

NP_001618 activated leukocyte cell adhesion molecule  Y 0.07 ± 0.03 0 15 
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NP_001760 CD9 antigen    Y 0.31 ± 0.02  1 4 

NP_004422 ephrin receptor EphA2  Y 0.36 ± 0.06 0 9 

NP_001005862 erbB-2 isoform b  Y 0.29 ± 0.07 0 3 

NP_003536 H4 histone family, member J  R 0.45 ± 0.26 19 20 

NP_001019770 histone 2, H2bf  R 0.38 ± 0.19 1 9 

NP_055148 immunoglobulin superfamily, member 4D isoform 1  Y 0.47 ± 0.11 3 4 

NP_005388 podocalyxin-like precursor isoform 2 Y <0.05  0 2 

NP_543006 signal-regulatory protein beta 2 isoform 2 Y 0.29 ± 0.07 1 2 

NP_003371 vimentin  R 0.43 ± 0.03 1 4 

 

Note: a GO database annotations, Y, cell surface/membrane protein; R, membrane-associated protein based on previous publications (see Supporting 

Information for details). b Hits: total number of peptides (including same peptides with multiple identification and different m/z) identified with 

SEQUEST search based on LC-MS/MS data acquired in data-dependant scan mode.  Although no peptides were identified for some of the listed 

proteins from LC-MS/MS data acquired in the data-dependent scan mode, biotinylated peptide(s) was (were) identified from LC-MS/MS results 

obtained in the SIM mode. c H, heavy. d L, light. 
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Figure 4.4  A summary of the quantified proteins, which were up-(black bar) and down-

(gray bar) regulated in WM-266-4 with respect to WM-115 cells.    
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To evaluate the reliability of the above MS-based quantification results and to 

confirm the surface localization of the identified membrane proteins, we carried out 

immunocytochemistry experiments for four identified proteins, including H2B, MCAM, 

ALCAM, and ITGA3. As depicted in Figure 4.5, the confocal microscopic images 

confirmed the cell surface localization of these proteins (The unfixed WM-115 and WM-

266-4 cells were also stained with the secondary antibody alone to serve as negative 

control, see Figure S4.1). Particularly, the expression of histone H2B, an abundant 

nuclear protein, was detected on the surface of most WM-115 cells with a punctuate 

distribution (Figure 4.5A, left panel). However, H2B showed a lower level of expression 

on the surface of most WM-266-4 cells (Figure 4.5A, right panel). It is worth noting that, 

to visualize the cell-surface distribution of histone H2B, we stained the WM-115 and 

WM-266-4 cells without fixation so that the integrity of PM can be maintained. 

To date, the mechanism by which the histone proteins are expressed on PM has not 

been elucidated. A recent study showed that histone proteins are able to transverse 

directly PMs and mediate penetration of macromolecules covalently attached to them.47 

This process was believed to occur by direct translocation and not by typical endocytic 

pathways. It has also been shown that all major histone proteins, including H2A, H2B, 

H3, H4 and H1, could be located on the PM of activated T-cells.45, 46 All these cell-

surface histones are in the form of nucleosomes, which appear to be anchored to the cell 

surface through an interaction with sulfated polysaccharides; however, the function of the 

cell surface nucleosomes remains unclear. Considering the identification of almost all  
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Figure 4.5 Immunocytochemical detection of cell surface proteins. The left and right 

panels represent the staining of WM-115 and WM-266-4 cells, respectively. Cells were 

stained with primary mAbs to (A) H2B, (B) MCAM, (C) ALCAM and (D) ITAG3 

followed by staining with Alexa Fluor 488-labeled secondary antibody (green). Cells 

were also stained with DAPI (blue) to identify nuclei. Images of WM-115 and WM-266-

4 cells stained with same primary mAbs were captured with identical parameters to 

compare the staining of the two cell lines.  
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major histones and their nonuniform distribution on the cell membrane (Figure 4.5A), our 

MS and immunofluorescence results are in line with a previous report.45 

We next compared the relative intensities of immunofluorescence for these two cell 

lines and correlated these findings with the MS-based quantitative data (Table 4.3).  The 

ratios calculated from the immunofluorescence measurements are generally in keeping 

with the quantification results obtained from the MS-based analysis.  Therefore, wse may 

conclude that the WM-115 and WM-266-4 cells exhibit similar efficiency in the labeling 

of the amino group of surface proteins with the sulfo-NHS-LC-biotin. 

To gain further insights into the labeling of the two types of cells, we stained the 

biotin-labeled cells with strepta-vidin-R-phycoerythrin and followed the labeling reaction 

by flow cytometric analysis.  While it is difficult to calculate the labeling efficiency 

based on this assay, the results showed that the two cell lines exhibit similar kinetics in 

the labeling reaction (Figure S4.2).  In this respect, we normalized the fluorescent 

intensities found at other time intervals against the highest fluorescent intensity observed.  

It is worth noting that the fluorescent intensity does not reach a plateau at 10 min; we, 

however, chose to label the cells for a relatively short period of time (i.e., 10 min) to 

minimize the potential effects of biotinylation on damaging the integrity of plasma 

membrane. 
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Table 4.3  Comparison of quantitative results from immunofluorescence staining and 

MS-based proteomics. 

 

 

 

 

 

 

 

 

 

 

 

Protein 
Name 

  

Immunofluorescence 

Ratio (WM266-4/115) 

Mean ± SD (n=5) 

MS 

Ratio (WM266-4/115) 

Mean ± SD (n=3) 

H2B 0.29 ± 0.06 0.38 ± 0.19 

MCAM 5.08 ± 1.23 3.13 ± 0.69 

ALCAM 0.04 ± 0.01 0.07 ± 0.03 

ITGA3 1.19 ± 0.35 0.96 ± 0.11 
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Characterization of the Differential Expression of Cell Surface Proteins 

The identification and characterization of the differential expression of cell surface 

proteins are potentially useful for screening candidates for biomarkers. Membrane 

proteins account for more than two-thirds of protein-based drug targets.2 The above MS-

based quantitative analysis facilitates the analysis of differential protein expression at 

large scale and holds great potential for screening purpose. In addition, understanding the 

difference of primary and metastatic cancers at proteomic level may potentially benefit 

cancer treatment. Next we will discuss the membrane and membrane-associated proteins 

that we quantified in this study. 

CD (Cluster of Differentiation) molecules are protein or carbohydrate antigens 

recognized by specific antibodies, which are used to distinguish particular cell types. CD 

molecules often serve as receptors or ligands that are important to a cell. For example, 

MCAM (CD146), previously known as MUC18 or Mel-CAM, is an integral membrane 

glycoprotein functioning as Ca2+-independent cell adhesive molecule involved in 

heterophilic cell-cell interactions.51 Although an earlier study found no direct correlation 

between its expression and metastatic behavior of melanoma,52 an increasing body of 

work has shed light on the functions of MCAM, particularly about its role in tumor 

growth and the progression of human malignant melanoma.51, 53-55 Our MS-based 

quantitative proteomic data and immunostaining results (Figure 4.5B) consistently 

demonstrated the overexpression of MCAM in the metastatic over the primary melanoma 
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cells. These results support that MCAM may serve as a diagnostic marker for monitoring 

the progression of melanoma.  

 ALCAM (CD166) was found to be significantly down-regulated in WM-266-4 

cells. ALCAM is a type-I transmembrane glycoprotein of the immunoglobin superfamily. 

56, 57 It has been well-documented that ALCAM is the ligand for the lymphocyte cell-

surface receptor CD6.58 Several reports have claimed that ALCAM is associated with 

cancer development.59-65 However, the expression pattern of ALCAM does not exhibit 

simple correlation with tumor development.60, 62, 64 Although up-regulation of ALCAM 

was found in metastatic melanoma,64 our MS data revealed a significant down-regulation 

of ALCAM in WM-266-4 cells, which was also confirmed by the immunofluorecence 

measurements (Figure 4.5C). Other CD molecules, such as lymphocyte function-

associated antigen 3 (CD58), CD59 antigen p18-20 and CD9, were expressed at a slightly 

lower level in WM-266-4 cells (Table 4.2 and Table S4.2).  

The CD9 antigen was described originally as a surface protein of non-T acute 

lymphoblastic leukemia cells and developing B-lymphocytes. 66 It plays a pivotal role in 

regulating cell adhesion, motility, and proliferation, and has been considered as an 

important inhibitory factor for metastasis of various human cancers. It has been reported 

that CD9 is expressed predominantly on primary rather than on metastatic tumors, and 

the down-regulation of CD9 in metastatic melanoma might have prognostic significance 

with respect to the potential for metastasis.67 Recent studies showed that CD9 may reduce 

the metastatic spread of human small-cell lung carcinoma via the inhibition of cell 
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proliferation and motility,68 and that it could also be a potential cell membrane marker in 

human breast cancer cell lines.69  

In this study, several integrins, such as ITGAV (integrin alpha V or CD51) and 

ITGB3 (integrin beta chain beta 3, or CD61), were shown to be up-regulated in metastatic 

melanoma cells. In this context, the expression of these integrins (CD51/CD61) was 

found to be associated with tumor progression and metastasis formation in human 

malignant melanoma.70, 71 They are well-recognized as molecular markers correlating 

with the change from radial to vertical growth in primary melanoma.70 Changes in the 

expression or function of these cell adhesion molecules can therefore contribute to tumor 

progression by altering the adhesion status of cells and modulating cell signaling 

pathways.72, 73 

We were also able to quantify several proteins that have potential roles in a variety 

of cell signaling pathways, i.e., erbB-2 (HER2), ephrin receptor (EPHA2), and signal-

regulatory protein beta 2 (SIRPG). In this respect, erbB-2, a transmembrane tyrosine 

kinase receptor, is known to be associated with aggressive breast cancers, making this 

receptor an attractive therapeutic target.74 However, conflicting results have been 

published regarding the expression pattern of erbB-2 in primary and metastatic 

melanoma.75-78 Our proteomic data supported the down-regulation of this receptor in 

WM-266-4 cells. Other molecules, such as melanoma-associated antigen p97, scavenger 

receptor and several solute carrier family proteins, also displayed different expression 
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between these two cell lines. Further assessment of the roles of these proteins in 

melanoma progression is necessary.  

 

Conclusions 

We demonstrated that combining SILAC, cell surface biotinylation, affinity peptide 

purification and LC-MS/MS is very useful for the large-scale quantitative analysis of 

surface membrane proteins. Contaminations from cytoplasm and other nonmembrane 

related sources were greatly reduced by using in situ cell surface biotinylation and the 

subsequent affinity purification of biotinylated peptides; therefore, high selectivity and 

specificity were achieved for the identification of membrane proteins. Additionally, 

metabolic labeling with SILAC, together with LC-MS/MS, facilitates the reliable 

quantification of surface membrane proteins expressed on two human melanoma cell 

lines derived from the same individual at different stages of tumor development. Integrins, 

cell adhesive molecules, CD antigens and receptors, which are essential for tumor 

development, were quantified in our study. Other proteins, such as histones, were also 

detected on the surface of WM-115 and WM-266-4 cells, and the cell surface localization 

of histone H2B was further confirmed by immunocytochemistry. The identification of 

aberrantly expressed proteins on the surface of metastatic melanoma cells sets the stage 

for the future investigation on the implications of these proteins in the progression of 

human melanoma. Moreover, the application to quantitative analysis of membrane 

proteins of primary and metastatic melanoma cells using this strategy has demonstrated 
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its great potential in the comprehensive identification of tumor progression biomarkers in 

pathology and in the discovery of new protein-based drug targets.  
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Figure S4.1  Control images of WM-115 and WM-266-4 cells stained with Alexa Fluor 

488-conjugated rabbit secondary antibody before fixation. Cells were also stained with 

DAPI (blue) to identify nuclei. The left and right panels represent the staining of WM-

115 and WM-266-4 cells, respectively. (A) Fluorescent image (B) transmitted light image. 

Images of WM-115 and WM-266-4 cells were captured Leica TCS SP2/UV confocal 

microscope with identical parameters to compare the staining of the two cell lines.  

 

 

WM ‐115 WM‐266‐4

A
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Figure S4.2 Flow cytometic analysis of cell surface biotinylation. (A) Histograms of 

WM-115 (left panel) and WM-266-4 (right panel) cells with 1, 3, 5, 10, 20 and 30 

minutes of biotinylation reaction. After reaction, the cells were stained with SAPE. The 

cells without labeling reaction were stained with SAPE as control (Con). (B) The 

fluorescent intensities of SAPE were normalized as relative intensities by using the 

highest signal as “1” within a serial labeling reaction of same cells. The average relative 

intensities of three individual measurements were plotted with the different reaction time.   
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Table S4.1 Control list of proteins from light and heavy lysates (1:1 ratio) of WM-266-4 cells 

NCBI accession Protein name Peptide used for quantification 
charge 
state m/z 

L/H 
Ratio 

SD 
(n=3) 

NP_002517 5' nucleotidase, ecto   0.94  0.03  
R.LFTK#VQQIR.R 2 736.41  
R.LFTK@VQQIR.R 2 740.42  

NP_853509 
butyrophilin, subfamily 3, 
member A1  0.79  0.04  

R.DGITAGK#AALR.I 2 706.38  
R.DGITAGK@AALR.I 2 710.38  

NP_598000 CD109  1.14  0.04  
R.K@YQPNIDVQESIHFLESEFSR.G 3 971.80  
R.K#YQPNIDVQESIHFLESEFSR.G 3 969.13  

NP_001001390 
CD44 antigen isoform 3 
precursor   0.87  0.11  

R.YVQK#GEYR.T 2 691.34  
R.YVQK@GEYR.T 2 695.34  

NP_976076 CD59 antigen p18-20   0.85  0.06  
K.AGLQVYNK#CWK.F 2 853.42  
K.AGLQVYNK@CWK*.F 2 861.36  

NP_000328 
delta-sarcoglycan isoform 1 

1.12  0.10  
K.LDAAK#IR.L 2 563.31  
K.LDAAK@IR.L 2 567.32  

NP_003527 H3 histone family, member K   1.05  0.14  
R.YQK#STELLIR.K 2 795.43  
R.YQK@STELLIR.K 2 799.40  
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NP_003536 H4 histone family, member J  1.02  0.10  
K.TVTAMDVVYALK#R.Q 3 602.65  
K.TVTAMDVVYALK@R.Q 3 605.32  

NP_001019770 histone 2, H2bf  1.07  0.09  
R.LLLPGELAK#HAVSEGTK.A 2 1051.57  
R.LLLPGELAK@HAVSEGTK*.A 2 1055.65  

NP_002194 integrin alpha 2 precursor   0.98  0.02  
R.K#YAYSAASGGR.R 2 735.35  
R.K@YAYSAASGGR.R 2 739.32  

NP_005492 
integrin alpha 3 isoform b, 
precursor  1.21  0.11  

R.TGAVYLCPLTAHK#DDCER.M 3 815.70  
R.TGAVYLCPLTAHK@DDCER.M 3 818.35  

NP_000201 
integrin alpha chain, alpha 6 
isoform b precursor 0.92  0.04  

R.GLDSK#ASLILR.S 2 756.42  
R.GLDSK@ASLILR.S 2 760.39  

NP_002201 integrin alpha-V precursor   1.12  0.13  
R.QVVCDLGNPMK#AGTQLLAGLR.F 3 860.77  
R.QVVCDLGNPMK@AGTQLLAGLR.F 3 863.44  

NP_596867 
integrin beta 1 isoform 1A 
precursor   0.98  0.05  

K.LK#PEDITQIQPQQLVLR.L 3 786.77  
K.LK@PEDITQIQPQQLVLR.L 3 789.44  

NP_852478 integrin, alpha 1 precursor  0.90  0.11  
R.K#EYAQR.I 2 567.28  
R.K@EYAQR.I 2 571.35  
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NP_006491 
melanoma cell adhesion 
molecule  1.01  0.10  

R.IFLCQGK#R.P 2 684.86  
R.IFLCQGK@R.P 2 680.85  

NP_001670 
Na+/K+ -ATPase beta 3 
subunit   1.09  0.17  

R.IIGLK#PEGVPR.I 2 759.43  
R.IIGLK@PEGVPR.I 2 763.44  

XP_950238 

PREDICTED: similar to HLA 
class I histocompatibility 
antigen, A-29 alp 0.98  0.04  

R.YTCHVQHEGLPK#PLTLR.W 3 796.74  
R.YTCHVQHEGLPK@PLTLR.W 3 799.41  

NP_065173 
prostaglandin F2 receptor 
negative regulator   1.01  0.09  

R.K#GIVTTSR.R 2 600.83  
R.K@GIVTTSR.R 2 604.83  

NP_001012679 

solute carrier family 3 
(activators of dibasic and 
neutral amino ac) 1.04  0.21  

R.IGDLQAFQGHGAGNLAGLK#GR.L 3 807.08  

    R.IGDLQAFQGHGAGNLAGLK@GR.L 3 809.75      
 

Note: @ biotinylated heavy lysine; # biotinylated light lysine; all cysteine residues are CAM-modifed with a mass increase of 57.01 Da.  
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Table S4.2 A list of quantified proteins from WM-115 and WM-266-4 cells 

      
cell 

surface/membrane 
WM266-

4/115 H/L WM266-4 WM115 
  NCBI Accession Protein Name GO Ratio   SD  Hits(H)  Hits(L) 

1 NP_002517 5' nucleotidase, ecto  Y 0.52  0.03  12 18 

2 NP_006661 5T4 oncofetal trophoblast glycoprotein   Y 0.72  0.06  0 2 

3 NP_001618 activated leukocyte cell adhesion molecule   Y 0.07  0.03  0 15 
4 NP_004039 beta-2-microglobulin precursor  Y 1.31  0.05  3 1 
5 NP_853509 butyrophilin, subfamily 3, member A1   Y 2.37  0.59  3 3 
6 NP_598000 CD109  Y 3.65  0.04  4 1 
7 NP_001001390 CD44 antigen isoform 3 precursor  Y 1.84  0.09  3 3 

8 NP_001770 
CD58 antigen, (lymphocyte function-
associated antigen 3)   Y 0.50  0.06  1 3 

9 NP_976076 CD59 antigen p18-20   Y 0.52  0.10  14 20 
10 NP_001760 CD9 antigen    Y 0.31  0.02  1 4 
11 NP_015565 cytochrome b5 reductase isoform 2  Y 0.97  0.04  2 4 
12 NP_000328 delta-sarcoglycan isoform 1  Y 1.18  0.04  2 1 
13 NP_758447 delta-sarcoglycan isoform 2  Y 1.08  0.32  4 5 
14 NP_006721 deoxyribonuclease I-like 1 precursor   N 1.12  0.08  1 1 
15 NP_000102 down-regulated in adenoma protein  Y 5.97  0.55  2 0 
16 NP_000109 endoglin precursor   Y 0.65  0.03  2 9 
17 NP_004422 ephrin receptor EphA2  Y 0.36  0.06  0 9 
18 NP_001005862 erbB-2 isoform b  Y 0.29  0.07  0 3 

19 NP_001393 
eukaryotic translation elongation factor 1 
alpha 1   R 1.30  0.06  2 1 

20 NP_066390 H2A histone family, member A  R 0.53  0.07  3 4 
21 NP_003527 H3 histone family, member K   R 0.79  0.06  16 19 
22 NP_003536 H4 histone family, member J  R 0.45  0.26  19 20 

23 NP_005338 
heat shock 70kDa protein 5 (glucose-
regulated protein, 78kDa)   R 1.38  0.09  1 2 
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24 NP_066409 histone 1, H2ad   R 1.00  0.08  3 4 
25 NP_001019770 histone 2, H2bf  R 0.38  0.19  1 9 
26 NP_778235 histone H2A   R 0.55  0.01  3 5 

27 NP_055148 
immunoglobulin superfamily, member 4D 
isoform 1   Y 0.47  0.11  3 4 

28 NP_002194 integrin alpha 2 precursor   Y 0.57  0.20  7 10 
29 NP_005492 integrin alpha 3 isoform b, precursor  Y 0.96  0.11  16 16 
30 NP_002196 integrin alpha 5 precursor   Y 1.11  0.32  1 3 

31 NP_000201 
integrin alpha chain, alpha 6 isoform b 
precursor   Y 0.99  0.11  16 15 

32 NP_002201 integrin alpha-V precursor   Y 1.89  0.26  23 6 
33 NP_596867 integrin beta 1 isoform 1A precursor   Y 1.04  0.07  8 5 
34 NP_000203 integrin beta chain, beta 3 precursor   Y 2.38  0.07  19 9 
35 NP_852478 integrin, alpha 1 precursor    Y 0.96  0.13  2 2 
36 NP_002204 integrin, beta 5  Y 0.58  0.13  3 5 

37 NP_085046 
inter-alpha trypsin inhibitor heavy chain 
precursor 5 isoform 1  R 1.17  0.16  2 2 

38 NP_061984 
major histocompatibility complex, class II, 
DR alpha precursor   Y >5 X 2 0 

39 NP_004986 matrix metalloproteinase 14 preproprotein   Y 2.18  0.48  6 0 
40 NP_006491 melanoma cell adhesion molecule  Y 3.13  0.69  19 6 

41 NP_005920 
melanoma-associated antigen p97 isoform 1, 
precursor   Y 3.60  1.05  2 0 

42 NP_001888 
melanoma-associated chondroitin sulfate 
proteoglycan 4  Y 1.46  0.18  7 2 

43 NP_056344 monooxygenase, DBH-like 1 isoform 1  N 0.99  0.04  3 1 

44 NP_001001586 
Na+/K+ -ATPase alpha 1 subunit isoform b 
proprotein    Y 1.33  0.49  7 3 

45 NP_001670 Na+/K+ -ATPase beta 3 subunit   Y 1.88  0.14  8 3 
46 NP_055747 neuroligin 1   Y 1.08  0.06  1 1 
47 NP_000933 peptidylprolyl isomerase B precursor   R 1.05  0.07  2 2 
48 NP_036533 plexin B2  Y 0.84  0.03  1 3 
49 NP_005388 podocalyxin-like precursor isoform 2   Y <0.05 X 
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50 XP_950238 
PREDICTED: similar to HLA class I 
histocompatibility antigen, A-29 alp Y 0.84  0.03  8 7 

51 XP_933500 
PREDICTED: similar to immunoglobulin 
superfamily, member 3 isoform 1  Y 2.62  0.10  2 0 

52 NP_065173 prostaglandin F2 receptor negative regulator   Y 1.65  0.35  17 10 

53 NP_005304 
protein disulfide isomerase-associated 3 
precursor   R 0.65  0.23  1 2 

54 NP_002834 
protein tyrosine phosphatase, receptor type, J 
isoform 1 precursor   Y 1.18  0.01  1 1 

55 NP_005496 
scavenger receptor class B, member 1 
isoform 1   Y 3.25  0.35  6 0 

56 NP_543006 signal-regulatory protein beta 2 isoform 2  Y 0.29  0.07  1 2 
57 NP_001143 solute carrier family 25, member 5  Y >20 X 3 0 
58 

NP_001012679 
solute carrier family 3 (activators of dibasic 
and neutral amino ac)  Y 2.53  0.18  9 6 

59 NP_065075 
solute carrier family 39 (zinc transporter), 
member 10  Y 1.71  0.08  3 1 

60 NP_055205 staphylococcal nuclease domain containing 1  N 1.23  0.12  2 1 
61 NP_037522 transmembrane protein 2   Y 0.78  0.08  1 3 
62 NP_003371 vimentin  R 0.43  0.03  1 4 

 

Note.Y: Cell surface/membrane proteins based on GO annotation; R: Membrane-associated proteins based on previous publications; N: Non-membrane 
related membrane protein; Hits: Total number of peptides (including same peptides with multiple identification and different m/z) identified with 
SEQUEST search based on LC-MS/MS data acquired in data-dependant scan mode; H: heavy; L: light 
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CHAPTER 5   

Quantitative Proteomic Analysis of HL-60 Human Leukemia Cells upon Treatment 

with 6-Thioguanine 

 

Introduction 

Thiopurine drugs, including azathioprine (Aza), 6-mercaptopurine (6-MP) and 6-

thioguanine (6-TG), are widely used as cancer therapeutic and immunosuppressive 

agents.1-4 For example, 6-MP and 6-TG are the most commonly prescribed drugs for 

acute lymphoblastic leukemia (ALL) and acute myelogenous leukemia (AML).3, 5-7 The 

cytotoxicity of thiopurines involves changes in purine metabolism and the formation of 

thioguanine nucleotide and its subsequent incorporation into DNA.1 For the latter process, 

the precise molecular mechanisms underlying the therapeutic activity remain unclear.8, 9 

Microarray has been used for the quantitative evaluation of transcriptional 

responses in cancer cells that are treated with anticancer agents, and generates a large 

amount of mRNA expression data for different cancers.10, 11 However, microarray 

analysis does not provide information for translational regulation of gene expression, 

which often exhibits a poor correlation with transcript levels due to the different kinetics 

of protein translation and turnover, and post-translational modifications.12 

 Recently, mass spectrometry (MS)-based proteomics and its related techniques have 

allowed the identification and quantification of a large number of proteins in complex 
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samples, which have shown a great potential in the identification of therapeutic target and 

in the development of anti-cancer therapies.13-16 So far, numerous proteomic studies 

underlying the effect of treatments with different anti-cancer drugs, such as cisplatin,17, 18 

etoposide,19, 20 ATRA,21 have been performed by using MS-based proteomics and two-

dimensional gel electrophoresis (2-DE).13  

Other than 2-DE, several stable isotope labeling strategies, such as isotope-coded 

affinity tag (ICAT),22 isobaric tags for relative and absolute quantitation (iTRAQ)23 and 

stable isotope labeling with amino acids in cell culture (SILAC)24, have been developed 

for the MS-based comparative analysis of differential protein expression between normal 

and cancer or drug-treated and untreated cancer cells. Among these isotope-labeling 

strategies, SILAC is a metabolic labeling method, which is very simple, efficient, and can 

facilitate almost complete heavy isotope incorporation. In addition, SILAC introduces 

heavy isotopes during cell culture; light and heavy samples are mixed prior to various 

steps of sample manipulation, thereby minimizing differential sample loss during protein 

extraction, fractionation and digestion. Therefore, SILAC is very suitable for the 

comparative study of protein expression in cells with and without drug treatments; 

accurate experimental results could be obtained with minimal bias, allowing relative 

quantitation of small changes in protein abundance.24, 25 

In this work, we employed MS, together with metabolic labeling using SILAC, to 

examine the effect of 6-TG treatment on protein expression in HL-60 human leukemia 

cells. We were able to quantify a total of 299 proteins by using LC-MS/MS. Among these 
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quantified proteins, fifteen were differentially expressed upon 6-TG treatment. The MS-

based proteomic results were further validated by using Western blot analysis of several 

proteins. This represents the first study of the proteomic response of human cells toward 

6-TG treatment, which could facilitate the understanding of novel molecular pathways for 

the anti-cancer effects of the thiopurine drugs.  

 

Materials and Methods 

Cell Culture  

Human promyelocytic leukemia (HL-60) cells (ATCC, Manassas, VA) were 

cultured in Iscove’s modified minimal essential medium (IMEM) supplied with 20% fetal 

bovine serum (FBS, Invitrogen, Carlsbad, CA), 100 IU/mL of penicillin and 100 µg/mL 

of streptomycin in 75 cm2 culture flasks.  Cells were maintained in a humidified 

atmosphere with 5% CO2 at 37 ºC, with medium renewal of 2-3 times a week depending 

on cell density. For SILAC experiments, the IMEM medium lacking L-lysine and L-

arginine was prepared according to the ATCC formulation. Heavy lysine and arginine 

([13C6,15N2]-L-lysine and [13C6,15N4]-L-arginine) were purchased from Cambridge Isotope 

Laboratories (Andover, MA), and light (unlabeled) lysine and arginine were obtained 

from Sigma (St. Louis, MO). Light and heavy IMEM media were prepared by the 

addition of either light or heavy lysine and arginine, with the supplement of dialyzed FBS 

(Invitrogen), to the above lysine, arginine-deficient medium. The HL-60 cells were 
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cultured in heavy IMEM medium for at least one week to achieve complete isotope 

incorporation. 

 

6-TG Treatment and Sample Preparation  

HL-60 cells, at a density of ~ 5×105 cells per mL in heavy IMEM medium, were 

treated with 3 μM 6-TG (Sigma) for 24 h. The mock-treated cells cultured in light IMEM 

medium were used as the internal standard. After treatment, the light and heavy cells 

were collected by centrifugation at 300 g at 4 ºC for 5 min, and washed three times with 

ice-cold PBS to remove culture medium and FBS. For cell lysis, CelLyticTM M lysis 

buffer (Sigma) was used with the supplement of 1 mM NaF, 1 mM Na3VO4, 1 mM PMSF 

and a protease inhibitor cocktail (Sigma). Cell lysates were centrifuged at 16 000 g at 

4 °C for 30 min, and the resulting supernatants were collected. The cell lysates were 

diluted by at least 30-fold, and the protein concentrations of these diluted lysates were 

determined by using Quick Start Bradford Protein Assay (Bio-Rad, Hercules, CA). The 

light and heavy cell lysates were then combined at a ratio of 1/1 (w/w).  Heavy HL-60 

cells without treatment were used as an external mixing control, and the light and heavy 

lysates were prepared and mixed equally, following the identical protocol as the treated 

cells in parallel.   

 

SDS-PAGE Separation and In-gel Digestion 

The control and treated protein samples were denatured by boiling in Laemmli 
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loading buffer and separated by a 12% SDS-PAGE with 4% stacking gel. The gel was 

stained with Coomassie blue. After destaining, each gel lane was cut into 10 bands, in-gel 

reduced with dithiothreitol (DTT) and alkylated with iodoacetamide (IAA). The proteins 

were digested with trypsin (Promega, Madison, WI) for overnight. Following digestion, 

peptides were extracted into 0.1% trifluoroacetic acid in CH3CN/H2O (1:1, v/v) and dried 

in a Speed-vac. The resulting peptide mixtures were stored at –20 °C until further analysis. 

 

Western Blotting 

For Western blot analysis, 6-TG-treated and untreated HL-60 cells were harvested 

and the proteins were prepared following the same protocol as described above. After 

SDS-PAGE separation, proteins were transferred to a nitrocellulose membrane under 

standard conditions. A basic transfer buffer containing 10 mM NaHCO3, and 3 mM 

Na2CO3 (pH 9.9) was used for immunoblotting histones. After protein transfer, the 

membranes were blocked with 2% non-fat milk ECL Advance blocking reagent (GE 

Healthcare, UK) and incubated with primary antibodies under optimized conditions. The 

membranes were rinsed briefly with two changes of PBS-T wash buffer [PBS solution 

containing 0.1% (v/v) Tween-20, pH 7.5] and washed with a large amount of wash buffer 

for 15 min, followed by 3 × 5-min wash with fresh changes of wash buffer at room 

temperature. After washing, primary antibodies were recognized by incubating with horse 

radish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 h. 

The membranes were washed thoroughly with PBS-T (1× 15 min, then 3 × 5 min). The 

antibody binding was detected by using ECL Advance Western Blotting Detection Kit 
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(GE Healthcare), and visualized with HyBlot CL autoradiography film (Denville 

Scientific Inc., Metuchen, NJ). Standard histones, which were purified from untreated 

HL-60 cells with HPLC and confirmed by MALDI-MS analysis on a QSTAR oMALDI 

system (Applied Biosystems), were used as positive controls. The rabbit anti-human 

ferritin antibody was purchased from Bethyl Laboratories (Montgomery, TX). The rabbit 

anti-histone H2A, H3, actin and mouse anti-histone H4 antibodies were purchased from 

Abcam (Cambridge, MA). The mouse anti-histone H2B was from MBL International 

(Woburn, MA). HRP-conjugated goat anti-rabbit and anti-mouse IgG secondary 

antibodies were obtained from Abcam and Santa Cruz Biotechnology (Santa Cruz, CA), 

respectively.  

 

LC-MS/MS for Protein Identification and Quantification 

Online LC-MS/MS analysis for protein identification was performed on an LTQ 

linear ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped 

with an electrospray ionization (ESI) source. An Agilent 1100 capillary HPLC system 

with a Zorbax SB-C18 capillary column (5 μm in particle size, 0.5 × 250 mm, Agilent 

Technologies, Santa Clara, CA) was employed for peptide separation. The 

chromatographic separation was performed with a linear gradient of 2-15% CH3CN in 

0.1% aqueous solution of formic acid in the first 13 min, followed by a 105-min gradient 

of 15-50% CH3CN in 0.1% formic acid; the flow rate was 6 μL/min. The capillary 

temperature for the ESI source was maintained at 275 °C and the source voltage was set 

at 4 kV. The maximum ion injection time was 50 ms with automatic gain control (AGC) 
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values of 3×103 and 1×103 ions for full-scan MS and MS/MS, respectively. The product-

ion spectra were acquired in a data-dependent scan mode, where the eight most abundant 

ions observed in MS were chosen for collision-induced dissociation (CID). The 

normalized collision energy was 35% and the activation Q was 0.25. In addition, the 

dynamic exclusion feature was activated to maximize the detection of low-abundance 

peptide ions.  

For protein quantification, same samples analyzed on LTQ were analyzed in 

triplicate on an Agilent 6510 Q-TOF LC/MS system (Agilent Technologies) by using the 

same Zorbax SB-C18 capillary column and identical gradients. The Agilent Q-TOF was 

operated in an auto (data-dependent) MS/MS mode, where a full MS scan was followed 

by maximum of eight MS/MS scans (abundance-only precursor selection), with m/z 

ranges of 350-2000, and 60-2000 in MS and MS/MS modes, respectively. The active 

(dynamic) exclusion feature was enabled to discriminate against ions previously selected 

for MS/MS analyses in two sequential scans. The acquisition rates were 6 spectra/s and 3 

spectra/s in MS and MS/MS modes, respectively. For CID, the collision energy was set to 

use a slope of 3 V per 100 m/z units with an offset of 2.5 V to fragment the selected 

precursor ions for MS/MS. The third analysis of the sample was performed in MS mode 

to improve the quality of protein quantitation. 

 

Data Processing 

The LC-MS/MS raw data acquired on LTQ were searched against NCBI human 

RefSeq protein database using TurboSEQUEST with Bioworks 3.2 for protein 
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identification. Variable modifications on lysine and arginine residues were allowed with 

mass increases of 8.01 Da and 10.0 to recognize heavy lysine and arginine residues, 

respectively. Methionine oxidation was set as a variable modification. The static 

carbamidomethylation (CAM) of cysteine residues was used with a mass increase of 

57.01 Da. Peptide filters with cross-correlation (Xcorr  ≥ 1.9, ≥ 2.4, ≥ 3.5 for peptide ions 

that are singly, doubly, and triply charged) and delta correlation (ΔCn ≥ 0.1) scores were 

used to sort the search results. In addition, the probability score was set as ≤ 0.1 to further 

filter the identified proteins. 

Protein quantification was achieved by averaging manually the relative areas of 

peaks found in the extracted-ion chromatograms of precursor ions of light and heavy 

peptides based on Q-TOF data, and the data were processed using Agilent MassHunter 

workstation software (Version B.01.03). The retention times of peptides used for protein 

quantitation in Q-TOF data were checked to be consistent with the LTQ data. Some 

proteins that were identified by LTQ, but not by Q-TOF, were also quantified based on 

LC-MS results acquired on Q-TOF, where the accurate mass of peptide ions, retention 

time, and the numbers of isotope-labeled lysine and/or arginine in the peptide were 

employed to locate the light/heavy peptide pairs for the quantification. 

 

Results and Discussion  

6-MP and 6-TG have been widely used as anticancer drugs for the treatment of 

ALL and AML.3, 5-7 Although the exact mechanisms for the cytotoxicity of these drugs 

remain unclear, it has been known that the conversions of these drugs to 6-TG 
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nucleotides and their subsequent incorporation into nucleic acids are important for the 

drugs to be effective.1 It was estimated that during DNA replication approximately 0.01-

0.1% of DNA guanines, corresponding to 105 to 106 per cell, may be substituted by the 

thionucleobase.4, 26 The extensive substitution could be associated with chromosomal 

damage and cell death. It was also proposed that the covalent modifications of DNA 6-

TG and the triggering of DNA mismatch repair (MMR) pathway may be implicated in the 

cytotoxicity of the thiopurine drugs.2  

MS-based proteomics has already been applied for the identification of targets 

involved in cellular responses at the proteome level upon treatment with different drugs.13, 

17-21 Most of these studies identified the differential expression of proteins involved in the 

cellular stress response, metabolism, cell cycle, signal transduction, as well as many other 

biological processes. However, to the best of our knowledge, no study has been carried 

out for the quantitative evaluation of the effect of 6-TG treatment on protein expression 

in human leukemia cells. We hope that the current work could facilitate the understanding 

of novel molecular pathways for the anti-cancer effects of the thiopurine drugs. 

 

Protein Identification and Quantification 

We employed SILAC, SDS-PAGE and LC-MS/MS to assess the perturbation of 

protein expression in HL-60 human leukemia cells induced by 6-TG treatment. As 

depicted in Figure 5.1, the HL-60 cells cultured in light medium were used as internal  
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Figure 5.1 A schematic illustration of comparative analysis of protein expression in HL-

60 cells upon 6-TG treatment.   
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standard, and cultured in parallel with HL-60 cells in heavy medium. After cell lysis, the 

lysate of light cells was mixed equally (by weight) with heavy lysate of untreated or  

6-TG-treated cells. The use of both internal standard and control cells allows the 

minimization of systematic errors, which could emanate from Bradford assay for protein 

quantification and mixing steps. In addition, by using internal standard, the effects of 

potentially incomplete incorporation of heavy isotopes and the metabolic conversion of 

arginine to proline could be eliminated, though stable isotope-labeled arginine has been 

widely used for SILAC experiments.27-30 Therefore, more accurate quantitative results 

could be obtained and subtle protein expression difference between the treated and 

untreated cells could be determined.  

We identified a total of 635 proteins by using LC-MS/MS in data-dependant scan 

mode on an LTQ linear ion trap mass spectrometer. Among the identified proteins, ~ 300 

were quantified based on peak areas found in the extracted-ion chromatograms of 

precursor ions of light/heavy peptide pairs detected by Q-TOF LC-MS. The other half of 

the identified proteins cannot be quantified, mainly because of the weak MS signal 

associated with the identified peptides, which made the manual inspection of retention 

time and quantitation difficult. The majority of the quantified proteins have similar 

expression levels in the treated and untreated cells. To make it easy to compare, the log1.5 

values of relative abundance ratios were plotted against the number of proteins 

quantified. As depicted in Figure 5.2, the expression of a small number of proteins was 

significantly changed upon 6-TG treatment with fold changes >1.5 or <1.5,  



185 
 

 

 

 

Figure 5.2 A summary of the quantitation results. The log1.5 ratios were plotted against 

protein numbers.  
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corresponding to ± 1 at y-axis. Nine proteins were up-regulated and six were down-

regulated in HL-60 cells treated with 6-TG. These differentially expressed proteins and 

the quantification results are summarized in Table 5.1. 

 

Western Blot Analysis 

The quantification results were further validated by using Western blot analysis of 

the whole lysates of untreated and treated cells, and we chose to assess the expression of 

ferritin light polypeptide and histone proteins including H2A, H2B, H3 and H4. 

Consistent with what we found from SILAC and LC-MS/MS analysis, Western blot 

analysis also revealed that histones and ferritin were expressed at higher levels in 6-TG-

treated HL-60 cells than in untreated cells (Figure 5.3).  

 

Characterization of Differentially Expressed Proteins 

Among the differentially expressed proteins, almost all histone proteins, including 

H2A, H2B, H4 and linker histone H1, were up-regulated in 6-TG-treated cells. We were 

not able to quantify histone H3, but we identified three unique heavy isotope-labeled 

peptides from H3, whereas the corresponding light peptides were not identified, 

indicating that H3 was also expressed at a greater level in 6-TG-treated HL-60 cells.  

Histones are the major protein constituents of chromatin and play important roles in DNA 

packaging, chromosome stabilization and gene expression.31, 32 All four core histones 

H2A, H2B, H3 and H4 share a similar structure with a fold domain and terminal 
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Table 5.1 Proteins quantified with changes > 1.5 or < 1.5. 

NCBI accession Protein Name 
Treated/ 

Untreated SD 

Up-regulated 

NP_001677 
ATP synthase, H+ transporting, mitochondrial F1 
complex, beta subunit 1.59  0.07 

NP_001012679 
solute carrier family 3 (activators of dibasic and 
neutral amino acid transport), member 2 isoform a 1.73  0.03 

NP_002942 ribophorin II precursor 2.00  0.01 

NP_002955 S100 calcium-binding protein A8 2.60  0.09 

NP_000137 ferritin, light polypeptide 3.05  0.10 

NP_005312 H1 histone family, member 4 4.94  0.78 

NP_066390 H2A histone family, member A 6.61  0.16 

NP_001019770 histone 2, H2Bf 8.25  0.90 

NP_003536 histone H4 9.63  3.13 

Down-regulated 

NP_057667 
palate, lung and nasal epithelium carcinoma 
associated protein precursor 0.20  0.02 

NP_001087227   similar to ribosomal protein L23A 0.23  0.02 

NP_780294 trifunctional purine biosynthetic protein adenosine-3 0.42  0.12 

NP_004238 U5 snRNP-specific protein, 116 kD 0.48  0.14 

NP_006392 
acidic (leucine-rich) nuclear phosphoprotein 32 
family, member B 0.52  0.03 

NP_005817 heterogeneous nuclear ribonucleoprotein R 0.56  0.02 
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Figure 5.3 Western blot analysis of histones H2A, H2B, H3, H4 and ferritin light 

polypeptide with lysates of 6-TG-treated “6-TG” and untreated “Con” HL-60 cells. Actin 

was used as the loading control. The black arrows indicate the histone bands confirmed 

with purified histones. 
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tails.31 Linker histone H1 binds nucleosomes together and maintains a condensed higher-

order compaction of chromatin.33 The major known functions of histones are associated  

with their nucleosomal localization.  However, increasing lines of evidence has shown 

that histone proteins bear additional activities and novel functions, and are not confined 

within their normal nucleosomal context.34-45 For instance, a recent study showed that a 

histone H2A variant, H2AX is overexpressed upon DNA replication stress and its 

overexpression is associated with increased apoptosis.41 Another report from the same 

group showed that Imatinib, a selective small-molecule protein kinase inhibitor clinically 

used to treat chronic myelogenous leukemia (CML)46, can trigger the apoptosis of 

gastrointestinal stromal tumor cells in part through the up-regulation of soluble histone 

H2AX.42 Overexpression of histone H3 variant was also reported in a defect in 

kinetochore biorientation in Saccharomyces cerevisiae.43 Besides these reports, our recent 

study demonstrated the differential expression of histones H2A, H2B, H3 and H4 on 

plasma membranes of human primary and metastatic melanoma cells.47 

The aberrant expression of histone H1 and its variants has also been recognized in 

other studies.39, 40, 44, 45, 48 It was found that high levels of non-chromatin-bound histones 

are cytotoxic and can lead to an increase in DNA damage sensitivity.48 Because histone 

H1 has long been recognized as a major constituent of chromatin, it is difficult to believe 

that this protein could play roles other than packaging nucleosomes into chromatin.   

Nevertheless, a previous report has shown that non-nuclear histone H1 is upregulated in 

neurons and astrocytes in patients suffering from prion and Alzheimer’s diseases but not 

in acute neurodegeneration, indicating that histone H1 may be involved in the 
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progression of neurodegenerative diseases.44 In the present study, we found that the 

expression levels of major histones in human leukemia cells could be altered upon 6-TG 

treatment. Although the mechanisms through which the histone proteins are up-regulated 

upon 6-TG treatment remain unknown, a recent study showed that 6-thioguanine 

treatment can lead to a decrease in global DNA cytosine methylation in cultured human 

cells.49 Therefore, we speculate that the treatment with 6-thioguanine may result in the 

alteration of global chromatin structure, and the increased expression of histone proteins 

might be reflective of the chromatin structure change.  

In addition to histones, we found that ferritin was significantly upregulated upon 6-

TG treatment. Ferritin is a ubiquitous and highly conserved intracellular iron storage 

protein, which contains 24 polypeptide subunits. In vertebrates, these subunits constitute 

both light and heavy forms.50-52 It has been known that the expression of ferritin is 

regulated by iron, cytokines, hormones, oxidative stress and second messengers.51 The 

altered ferritin levels have been implicated in the pathogenesis of many diseases 

including Parkinson’s53 and Alzheimer’s diseases.54 Previous studies revealed the 

accumulation of heavy form of ferritin protein and mRNA in HL-60 cells upon 

differentiation induced by phorbol ester PMA or dimethylsulfoxide.55, 56 Another study 

showed that the induction of light ferritin subunit could be observed during monocytic 

differentiation.57 However, the altered expression of ferritin in leukemia cells with 6-TG 

treatment has not been previously reported. Recently, a study showed that ferritin could 

also be upregulated in murine bone marrow upon exposure to ionizing radiation.58 

Although the exact mechanism underlying the cellular responses with altered ferritin 
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levels remains elusive, it was suggested that the elevated expression of ferritin could be 

mediated by different cytokines, which play a pivotal role in the cellular responses and 

communication.51, 58 

Other proteins that were up- or down-regulated by 6-TG treatment included S100 

calcium-binding protein A8 (S100A8),59 and palate, lung and nasal epithelium 

carcinoma-associated protein precursor (PLUNC),60, 61 etc. (Table 5.1).  

 

Conclusions 

Thiopurine drugs are among the most successful chemotherapeutic agents for 

treating leukemia and other human diseases. We reason that the assessment of the 

alteration of the whole proteome upon treatment with 6-thioguanine may offer new 

insights into the molecular mechanisms of action of these drugs. In the present study, we 

employed SILAC, together with LC-MS/MS, and assessed quantitatively the 

perturbations of protein expression in HL-60 leukemic cells upon treatment with 6-

thioguanine. Our results revealed that the drug treatment led to elevated expression of 

major histones H2A, H2B, H3, H4 and H1. Other proteins, such as ferritin and S100A8, 

may also be involved in the cellular responses toward 6-thioguanine treatment. We 

believe that the outcome of this study may lead to a better understanding of the 

therapeutic activities of this drug. The pharmacoproteomic profiling could be a valuable 

tool for the identification of drug-response biomarkers and eventually lead to the 

discovery of new molecular pathways associated with the cytotoxic effects of the drug. 
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CHAPTER 6  

Summary and Future Directions 

In this dissertation, we developed several mass spectrometry-based chemical and 

quantitative proteomic methods for the identification and/or quantification of several 

specific classes of proteins, including nucleotide-binding proteins, nucleic acid-binding 

proteins and plasma membrane proteins, as well as for the proteomic analysis of the 

response of cells toward anticancer drug treatment.  

In Chapter two, we described the synthesis and application of a biotin-conjugated 

acyl nucleotide probe for assessing adenosine nucleotide-binding proteins. This activity-

based chemical probe can react specifically with the lysine residue at the nucleotide-

binding site of purified adenosine nucleotide-binding proteins. The strategy, involving 

labeling reaction, enzymatic digestion, affinity purification and LC-MS/MS analysis, is 

relatively simple, fast, and straightforward. The method is useful for the enrichment and 

identification of nucleotide-binding proteins from complex biological samples. 

Quantitative analysis can be readily achieved by synthesizing stable isotope-coded 

chemical probes or by incorporating existing stable isotope labeling techniques, such as 

SILAC and iTRAQ.  

In Chapter three, a strategy for the comprehensive investigation of DNA-binding 

proteins with in vivo chemical cross-linking and LC-MS/MS was developed. DNA-

binding proteins can be isolated via the isolation of DNA-protein complexes and released 

from the complexes by reversing the cross-linking. By using this method, we were able to 



202 
 

identify more than one hundred DNA-binding proteins, including proteins involved in 

transcription, gene regulation, DNA replication and repair, and a large number of proteins 

potentially associated with DNA and DNA-binding proteins. This method should be 

generally applicable to the investigation of RNA-binding proteins, and hold great 

potential in the comprehensive study of gene regulation, DNA damage response and 

repair, as well as many other important biological processes at proteomic level.  

In Chapter four, we described a strategy, including SILAC, cell-surface 

biotinylation, affinity peptide purification and LC-MS/MS, for the identification and 

quantification of cell-surface membrane proteins. Contaminations from cytoplasm and 

other nonmembrane related sources were greatly reduced by using in situ cell surface 

biotinylation and the subsequent affinity purification of biotinylated peptides. Metabolic 

labeling with SILAC, together with LC-MS/MS, facilitates the reliable quantification of 

surface membrane proteins expressed on two human melanoma cell lines derived from 

the same individual at different stages of tumor development. Integrins, cell adhesive 

molecules, CD antigens and receptors, which are essential for tumor development, were 

quantified in this work. Other proteins, such as histones, were also detected on the 

surface of WM-115 and WM-266-4 cells, and the cell surface localization of histone H2B 

and three other proteins was further confirmed by immunocytochemistry. The 

identification of aberrantly expressed proteins on the surface of metastatic melanoma 

cells sets the stage for the future investigation on the implications of these proteins in the 

progression of human melanoma.  
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In Chapter five, a comparative study of protein expression in human leukemia cells 

upon 6-thioguanine treatment was performed by using a MS-based proteomic method 

together with SILAC. The results revealed that the drug treatment led to elevated 

expression of major histones H2A, H2B, H3, H4 and H1. Other proteins, such as ferritin 

and S100A8, may also be involved in the cellular responses toward 6-thioguanine 

treatment. This study may offer new insights into the molecular mechanisms of action of 

this drug.  

 

 

 

 

 

 




