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Abstract 

The characterization of protein stability changes and protein-ligand interactions 

on the proteomic scale is important for understanding the biology of cellular processes. 

The identification and quantification of protein-ligand binding affinities is critical for 

disease state analyses and drug discovery. A mass spectrometry-based technique, 

Stability of Proteins from Rates of Oxidation (SPROX), has been established for the 

thermodynamic analysis of protein stability and protein-ligand interactions. In the first 

part of this dissertation, a previously published iTRAQ-SPROX protocol is improved by 

incorporating a filter assisted sample preparation (FASP) protocol to significantly reduce 

sample loss during the experiment. Also, in order to eliminate methionine as a potential 

contaminant that can cause signal suppression during LC-MS/MS analysis, TCEP•HCl is 

used to quench the H2O2 oxidation instead of methionine. This avoids the potential 

reaction between the free methionine and the iTRAQ reagents. The improved protocol, 

referred to hereafter as the iTRAQ-FASP-SPROX protocol, is shown to increase the 

peptide/protein coverages for less concentrated cell lysate samples, and it is applied here 

to study the protein-ligand interaction networks between human ARPE-19 cells lysis 

and two different iron chelators (HAPI and Exjade). Information on potential protein 

targets of these two iron chelators are reported.  
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In the second part of this dissertation, a targeted MS-based approach for protein-

ligand binding analysis is developed to analyze targeted subsets of proteins in a 

proteome. The so-called PAB-SPROX protocol is demonstrated to be applicable for the 

detection and relative quantitation of targeted methionine-containing peptides in +/- 

ligand samples by using isotopically labeled light and heavy PAB (i.e. 12C6-PAB and 13C6-

PAB). Multiple reaction monitoring (MRM) and parallel reaction monitoring (PRM) 

methods are demonstrated to be amenable to PAB-SPROX analyses. In addition to 

proof-of-principle studies involving the Cylclophilin A-Cyclosporine A binding 

interaction, the PAB-SPROX protocol was used to validate the direct interaction between 

YBX1 protein and tamoxifen using very limited amount of purified YBX1 protein. 

Applications of PAB-SPROX protocol have also included the validation of potential 

binding targets of Staurosporine, Manassatin A and Tamoxifen. The PAB-SPROX studies 

with these latter ligands facilitated the identification of false positives in previous 

proteome-wide SRPOX studies.  
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1. Introduction 

1.1 Significance of Protein Folding and Stability Measurements 

Protein folding and thermodynamic stability is fundamental to the biology of 

proteins. Thermodynamic studies of protein folding and stability involve measurements 

of the difference in folding free energy (∆Gf) between the native three-dimensional 

structure of the protein in solution and the random coil-like structure of the protein 

under denaturing conditions. This variation is tightly affected by various parameters 

including: i) mutations, ii) post-translational modifications, iii) protein-ligand binding 

interactions, and iv) protein-protein interactions. Information on changes of protein 

thermodynamic stability reflect the altered structures and functions of the protein upon 

ligand-binding interactions or in different biological states. Therefore, understanding the 

folding mechanism of proteins and protein-ligand complexes can provide crucial 

insights drug mode-of-action study and disease states characterization.  

This dissertation focuses on the thermodynamic stability changes associated with 

protein-small molecule or protein-drug binding reactions. For example, this work 

includes protein target identification studies on iron chelators, which are potential 

candidates for treating iron overload. In particular, the protein targets identified here 

may help address potential causes of the cytotoxicity of these drugs. The knowledge 
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gained in these studies may aid in the design of new drugs for iron overload treatment 

with less cytotoxicity effect.  

1.2 Conventional Techniques for Protein Thermodynamic 

Stability Measurements 

Proteins fold to their active native state when they emerge from the ribosome 

and when they repeatedly unfold and refold during their lifetime.1-2 Biological health 

depends on the success of the folding process.3 A typical protein refolds spontaneously 

with a rate much faster than that of the unfolding process. It is harder to measure the 

equilibrium between the folded and unfolded state when the unfolded proteins are not 

populated. Therefore, different types of denaturant, including lowering pH, increasing 

temperature, or increasing chemical denaturant concentration, are used to facilitate the 

unfolding process of the protein in order to measure the folding and unfolding 

equilibrium and to estimate the folding free energy of the protein. For many decades, 

conventional techniques for measuring the thermodynamic stability of proteins and 

protein-ligand complexes typically utilize calorimetric4-6 or spectroscopic7-10 methods to 

evaluate the thermodynamic parameters associated with protein folding and protein-

ligand binding reactions.  

Differential scanning calorimetry (DSC) is a powerful calorimetric technique 

which tracks the heat capacity changes (∆Cp) of proteins from the folded to unfolded 

states. Thermal denaturation is often coupled with DSC to measure protein 
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thermodynamic stabilities.11 The method has the ability to directly measure changes in 

enthalpy of unfolding and melting temperature of thermal denaturation. It can also be 

applied to measure protein thermodynamic stability at different pH and in presence of 

different mutations.12 However, a typical DSC experiment requires 1-2 mL purified 

protein solution with concentration of at least 1 mg/ml.9 Such high concentration and 

large amounts of purified protein material precludes its application in proteome-wide 

studies.  Potential issues such as aggregation and self-association caused by the high 

concentration also impairs the accuracy of the measurement.  

Circular Dichroism Spectroscopy (CD) is one of the most frequently used 

spectroscopic methods to study protein folding/unfolding equilibrium in solution. The 

protein samples are typically mixed with chemical denaturant and CD signals are 

monitored as a function of the denaturant concentrations. In the far UV (180-260 nm 

wavelengths) CD spectrum, the signal represents the asymmetric backbone carbon 

atoms on either side of the amide bond and therefore characterizes secondary structures 

of proteins. Similar to the DSC technique, CD also requires large amount of purified 

protein samples (typically from 1 to 10 mg/mL) in volumes appropriated to the sample 

holders being used.  

Fluorescence spectroscopy has also been used extensively to monitor the 

folding/unfolding equilibrium of protein due to the intrinsic fluorescence properties of 
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aromatic residues such as tryptophan and tyrosine. The fluorescence of tryptophan and 

tyrosine is sensitive to changes in their local geometry. By applying an excitation beam 

with wavelength of 280 nm (for both Tryptophan and Tyrosine) or 295 nm (for 

Tryptophan only) onto protein solutions at different denaturing conditions (i.e., different 

pH, temperature, or chemical denaturant concentrations), the change in fluorescence 

intensities induced by protein folding/unfolding can be measured. Drawbacks of the 

Fluorescence technique include the requirement of buried Tyrosine or Tryptophan 

residues in proteins sequence as well as the requirement of large amounts of purified 

protein samples.  Furthermore, the technique sometimes requires mutagenesis to 

incorporate Tryptophan or Tyrosine into the protein’s native structure, which may 

perturb the stability of the native protein.  

Unfortunately, the approaches described above are not generally amenable to 

proteome-wide analyses. In order to characterize protein thermodynamic stability in 

complex biological mixtures and analyze protein-ligand binding in a more biologically 

relevant context which allows for the detection of both direct and indirect interactions, 

there remains need for high-throughput and large-scale approaches using less amount 

of unpurified protein samples.  
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1.3 Mass Spectrometry-based Proteome-wide Approaches 

1.3.1 Basic Methodologies 

Over the past eight years, several mass spectrometry-based (MS-based) 

proteomic approaches have been developed to probe protein thermodynamic stabilities 

and characterize protein-ligand binding interactions in complex biological mixtures. The 

approaches have included the Stability of Protein from Rates of Oxidation (SPROX)13-14, 

the Pulse-Proteolysis(PP)15-17, and the Thermal Proteome Profiling (TPP).18-20 The basic 

workflow used for these energetics-based techniques is shown in Figure 1. These 

approaches generally involve the chemical denaturant or temperature dependence of a 

chemical modification (SPROX), enzymatic digestion (PP), or protein precipitation (TPP) 

to evaluate the thermodynamic stability of proteins. Increasing the denaturant 

concentration or temperature shifts the protein folding/unfolding equilibrium to the 

unfolded state and exposes globally protected reaction sites. The extent of the 

modification reaction, enzymatic digestion, or protein precipitation at these sites as a 

function of the chemical denaturant concentration or temperature is quantified with MS-

based proteomic platforms in the presence and absence of a ligand. 
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Figure 1: Denaturant dependent methods of determining protein stability report back 

on the folding free energy of a protein. These methods on the proteome 

scale include SPROX, TPP and PP. 

 

 

The work described in this dissertation involves the improvement of the SPROX 

methodology and the application of the improved SPROX methodology for proteome-

wide thermodynamic profiling studies in ligand binding interactions. The basic 

principle of the SPROX methodology is reviewed below.  
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1.3.2 General Workflow of SPROX 

SPROX is a MS- and chemical modification-based technique that utilizes the 

denaturant dependence of a hydrogen peroxide-mediated oxidation reaction of globally 

protected methionine side chains in proteins to measure the solution-phase 

thermodynamic properties of protein-folding and ligand binding interactions. The 

inherent chemical stability of the oxidized protein products in SPROX makes it 

compatible with shotgun proteomic analyses using bottom-up strategies.  

The SPROX protocol involves the dilution of a protein sample into buffers 

containing increasing concentration of chemical denaturant. A set amount of H2O2 is 

then added to each sample to initiate the selective oxidation of the thioether group in the 

side chain of the methionine residue. The reaction conditions are tuned such that the 

pseudo-first order oxidation reaction of the unprotected methionine residues is allowed 

to proceed for ~3 to 5 half-lives. The H2O2 oxidation reaction is then quenched with 6-

fold excess amount of methionine solution. The samples are then subjected to bottom-up 

shotgun proteomics sample preparation and analyzed with LC-MS/MS. The extent of 

oxidation in different denaturant containing buffers is quantified using mass 

spectrometric readouts. An increase in the oxidized methionine-containing peptide 

signal or a decrease in the wild-type methionine-containing peptide signal across the 

denaturant concentrations can be observed due to the fact that more globally protected 
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methionine residues are solvent exposed with increasing concentrations of chemical 

denaturant. Protein stability information such as ∆Gf, m-value, and transition midpoint 

(C1/2) can be extracted from the chemical denaturation curves. In ligand binding studies, 

a significant change in C1/2 value upon ligand binding indicates ligand-induced 

stabilization or destabilization. In the stabilization case, a Kd value of the protein-ligand 

complex can be calculated from the free ligand concentration and m-value.  

1.3.3 Quantitation Strategies Used in SPROX Analysis 

1.3.3.1 SPROX using Isobaric Mass Tagging Strategy 

SPROX has been interfaced with isobaric mass tags at the peptide level to achieve 

identification and quantitation of protein-ligand binding interactions using quantitative, 

bottom-up proteomics analysis.13-14, 21 In this strategy, the tryptic peptides generated 

from the SPROX reaction are labeled with isobaric mass tags such as isobaric tags for 

relative and absolute quantitation (iTRAQ) or Tandem Mass Tag (TMT) reagents and 

subjected to shotgun LC-MS/MS analysis. The multiplex capability of the isobaric mass 

tags allows the protein samples from denaturant concentrations to be combined and 

subjected into a single LC-MS/MS run. The reporter ion intensities of the wild-type and 

oxidized methionine peptides are fitted to a four-parameter sigmoidal equation as a 

function of denaturant concentration to generate peptide denaturation curves.22 The C1/2 

values generated from the final output are compared between the with and without 
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ligand samples. The peptides with a significant C1/2 difference with be identified as 

potential binding targets of the ligand. The oxidation state of the detected methionine-

containing peptides reports on the thermodynamic properties of the protein from which 

they are derived. Since the frequency of methionine residues in naturally occurring 

protein sequences is estimated to be ~2.5%,23-24 which is relatively low, a commercially 

available resin is used for selective enrichment of the wild-type methionine-containing 

peptides in SPROX samples such that the percentage of methionine peptides identified 

in the shotgun LC-MS/MS analysis is raised from ~20% to ~70%.21 

Isobaric mass tags coupled SPROX analysis has been applied in a series of 

different studies to detect and quantify protein-ligand binding interactions on the 

proteomic scale. These studies have included the identification of protein targets of 

cyclosporine A13, NAD21, resveratrol21, ATP25, Geldanamycin26, Manassantin A27, 

Tamoxifen and N-Desmethyl Tamoxifen22. Known and novel protein-ligand binding 

interactions have been successfully identified through the SPROX data analysis methods 

with statistical criteria.22, 28 However, challenges of the isobaric mass tagging strategy 

still remain including: i) precursor ions with similar masses but from different peptides 

could be selected for the acquisition of CID spectra; ii) identification and quantitation are 

based on MS/MS data while other methods rely on both full MS and fragmentation of 

precursor ions; (iii) isobaric mass tagging reagents can pose problems for certain types of 
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mass spectrometers due to the low mass cutoff and impurities;29 (iv) incompletely 

labeled peptides also contribute to inaccurate quantitation.30 vi) more importantly, the 

isobaric mass tagging reagents can react with the free methionine residues used for H2O2 

quenching such that the formed contaminant complex causes severe signal suppression 

during LC-MS/MS analysis.  

1.3.3.2 SPROX using Stable Isotope Labeling with Amino Acids (SILAC) in Cell 

Culture 

The SPROX methodology was also coupled with a SILAC quantitation strategy to 

identify the protein targets of ligands.22, 27, 31 The SILAC-SPROX samples can be prepared 

both in solution and in gel. For the solution phase protocol, the (+) and (-) ligand 

samples are labeled by light and heavy amino acid in cell culture at the protein level. 

The (+) and (-) ligand samples are then distributed into a series of buffers containing 

increasing concentrations of chemical denaturant. The H2O2 oxidation is allowed to 

proceed for 3-24 min in each sample before it was quenched with 6-fold excess of free 

methionine. The (-) and (+) samples with the same denaturant concentration are pooled 

together and precipitated with TCA. Direct comparison of the extent of oxidation of 

proteins in presence and absence of ligand can be measured by the corresponding L/H 

ratios obtained for each denaturant concentration during LC-MS/MS analysis. Assayed 

peptides with two or more consecutive and significantly altered L/H ratios in the same 

direction (either high or low) are identified as potential binding targets of the ligand. 
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The use of SILAC quantitation in SPROX experiments has the potential to overcome 

some of the drawbacks of the isobaric mass tagging quantitation described earlier. 

However, it also has notable limitations such as it requires in cell labeling of the amino 

acids. In order to fully incorporate the labeled amino acid, the cell must not be able to 

synthesize the amino acid endogenously. This prevents the use of SILAC in quantitative 

proteomic analysis of environmental samples and clinical isolates.32 

Thus, there remains a need to develop new and improved MS-based quantitation 

strategies for characterization of protein-ligand interactions to increase the scope of 

current SPROX analysis. The development of such MS-based approaches is the main 

focus of this dissertation.  

1.4 Shotgun vs. Targeted Proteomics 

The applications of MS-based techniques for discovery proteomics have achieved 

a near-complete proteome coverage for a number of organisms. A wealth of proteomic 

information has been generated and stored in databases and bioinformatics 

repositories.33-37 In discovery proteomics, which is also known as shotgun proteomics, 

the MS instrument typically operates in data dependent acquisition (DDA) mode and 

MS/MS fragmentation spectra are generated for all detected precursors. The proteins are 

identified by matching these spectra to theoretical or actual MS/MS peptide spectra 

stored in databases. Isotopic labeling strategies (e.g., iTRAQ or TMT) and SILAC have 
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been coupled with shotgun proteomics for quantitative comparison between biologically 

differentiated samples. However, DDA for peptide sequencing is nearly stochastic and is 

driven by the immediate relative intensity of a peptide, hence the peptide identification 

and quantitation results from DDA share limited reproducibility between technical 

replicates.38-40 Evidence of limited sensitivity and sequencing speed of DDA has been 

reflected by several comprehensive studies on human cell lines.41-43 Proteomic methods 

that are capable of covering a wide dynamic range of protein abundances become 

increasingly essential in the study of biological functions of specific proteins. To meet 

this demand, targeted proteomics, which was chosen as the Method of the Year in 2012, 

offers a fundamentally different way of analyzing data compared to shotgun 

proteomics.44 Selected reaction monitoring (SRM, sometimes referred to as multiple 

reaction monitoring, MRM) and parallel reaction monitoring (PRM) are the common 

methods used in targeted proteomics to generate reproducible, sensitive and selective 

protein assays.45-46  

The SRM-based targeted proteomics utilizes triple quadrupole (QqQ) mass 

spectrometer equipped with tandem quadrupole mass filters (Q1 and Q3) and a collision 

cell to provide selective, sensitive and quantitative analysis of proteins. Typically, the Q1 

is set to filter a specific precursor, which is fragmented in the collision cell through 

collision induced dissociation (CID) to generated precursor-specific product ions. The 
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product ions are subsequently filtered by Q3 and then detected (Figure 2). Typically, the 

isolation window applied to the Q1 filter varies between 0.7 and 1.2 m/z, while the Q3 

filter usually operates at unit resolution (0.7 m/z).40 The fixed isolation windows on Q1 

and Q3 in SRM mode allows for effective duty cycle as compared to scanning over an 

m/z range (~300-1500 m/z) in DDA.  

 

 

Figure 2: The general principle of SRM-based targeted proteomics using QqQ-MS 

instrument.  
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 The PRM-based targeted proteomics typically utilizes high resolution accurate 

mass (HR/AM) MS platforms such as Q-orbitrap.47-48 The PRM technique acquires a full 

MS2 product ion spectrum of each mass specific precursor of interests and allows for 

simultaneous monitoring of all detectable product ions at high accuracy and resolving 

power (Figure 3). Compared to the unit resolution of QqQ used for SRM, this higher 

specificity helps to eliminate signal interferences. The isolated precursor ion and the 

detected product ions from that precursor ion together confirm the identity of a peptide.   

 

 

Figure 3: The general principle of SRM-based targeted proteomics using Q-

Orbitrap-MS instrument. Different colors represent ions of different m/z.   
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Targeted proteomics using SRM and PRM methods has become an indispensable 

tool for protein identification and quantitation in biomedical research and clinical 

applications. Previous SPROX methodology applied in the study of protein-ligand 

binding interactions were all performed as shotgun proteomic analysis using DDA. 

Therefore, it is desirable to develop experimental workflows in SPROX that are 

amenable to SRM and PRM methods.  Such methods are expected to have great utility in 

the validation of protein targets of ligands identified in proteome-wide SPROX 

experiments. 

1.5 Focus of Dissertation 

SPROX has unique advantages compared with Pulse Proteolysis and Thermal 

Proteome Profiling methods. For example, SPROX evaluates Kd values and provides 

domain-level thermodynamic stability information of the protein-ligand complexes. The 

main focus of this dissertation is the development and application of SPROX-like 

approaches using both shotgun and targeted proteomics methods to characterize 

protein-ligand binding interactions. Chapter 2 describes an improvement of the original 

iTRAQ-SPROX protocol. The improved protocol eliminates the use of free methionine to 

quench the hydrogen peroxide mediated oxidation reaction, and ultimately does not 

lead to the production of Met-iTRAQ contaminants that can compromise the LC-MS/MS 

analysis.  The improved iTRAQ-SPROX utilizes a new proteomic sample preparation 
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strategy, filter-aided sample preparation (FASP) to reduce the manipulation processes of 

SPROX experiment. A two-fold reduction in the amount of material required for SPROX 

analyses is achieved and this enables the technique to be applied to samples in which 

there is limited access to material. Chapter 3 describes the application of a TMT-SPROX 

protocol in the detection of novel protein targets of the cellular iron chelators, HAPI and 

Exjade. Chapter 4 describes the development of a targeted SPROX-like mass 

spectrometry-based technique using phenacyl bromide (PAB) modification strategy for 

the validation of ligand-binding targets. The PAB-SPROX strategy involves reaction of 

the tryptic peptide mixtures generated in proteome-wide SPROX analyses with PAB to 

specifically label non-oxidized methionine-containing peptides derived from the 

proteins in each of the denaturant containing buffers used in SPROX. As proof-of-

principle, the known binding interaction of Cyclosporine A with Cyclophilin A protein 

in a yeast cell lysate is successfully detected and quantified using a targeted SRM 

workflow. Advantages of the PAB-SPROX workflow over other SPROX protocols 

include a 20-fold reduction in the amount of total protein needed for analysis and the 

ability to work with the endogenous proteins in a given sample (e.g., stabile isotope 

labeling with amino acids in cell culture is not necessary). Chapter 5 will describe the 

use of PAB-SPROX technique in validation of potential protein-ligand binding 

interactions involving Staurosporine, Manassantin A and Tamoxifen.  
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2. Improvement of iTRAQ-SPROX Protocol 

2.1 Introduction 

The general workflow of a conventional iTRAQ-SPROX experiment is outlined in 

Figure 4. The protocol involves cell lysate sample preparation, protein chemical 

denaturation, hydrogen peroxide oxidation and quenching (SPROX reaction), protein 

precipitation and redissolution, protein tryptic digestion, iTRAQ labeling, and 

methionine-containing peptides enrichment processes. Typically, an iTRAQ-SPROX 

experiment requires ~100 μg of total protein for each chemical denaturant sample in 

order to maintain enough materials for efficient labeling and high quality (i.e., high 

peptide/protein coverage and quantitative intensities) proteomic data from LC-MS/MS 

analyses.14, 27, 31, 49 Thus, there remains a need to improve the iTRAQ-SPROX protocol to 

expand peptide and protein coverages of SPROX methodology when only small amount 

of protein materials are available.  
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Figure 4: Schematic representation of the experimental workflow used in 

previously published iTRAQ-SPROX protocol. 
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In the original workflow of SPROX (Figure 4), the H2O2 oxidation reaction was 

quenched by addition of excess methionine (H2O2 : Met = 1 : 6). The free methionine is 

supposed to be removed during protein TCA precipitation step so that it does not 

compete with peptides in the iTRAQ labelling reaction.  However, LC-MS/MS results for 

iTRAQ-SPROX samples have been shown to have very intense signals for iTRAQ 

labeled methionine (Met-iTRAQ in Figure 5b). The Met-iTRAQ signal at m/z 454. 26 

presumably results from free methionine residues in solution precipitating together with 

proteins during the TCA precipitation step. After redissolution and digestion of the 

proteins, the concentration of the remaining methionine in solution can be high, 

especially if the protein pellets are not efficiently washed. The methionine then reacts 

with the iTRAQ reagents and yields Met-iTRAQ which cannot be removed during the 

methionine-containing peptides enrichment and C18 desalting processes. In the LC-

MS/MS analysis, the presence of this intense Met-iTRAQ signal significantly suppressed 

signals from most of the peptides within that retention time window and thus the 

peptide and protein coverage of the experiment was greatly limited.  
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Figure 5: LC-MS/MS spectrum results generated for a sample from orginal 

iTRAQ-SPROX protocol. The total ion chromatogram (TIC) and the MS1 data at 25.00 

min are shown in a) and b), respectively. The vertical red lines in a) indicate that there 

are signals of m/z 454.26 Da in the chromatogram. The signal of m/z 454.26 Da in b) 

corresponds to the signal of the Met-iTRAQ complex formed from the reaction 

between methionine and 8-plex iTRAQ reagents.   

 

Described in this chapter is an improvement of the original iTRAQ-SPROX 

protocol, which eliminates the use of free methionine. In the improved protocol, H2O2 

oxidation is quenched using the reducing reagent, Tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP·HCl), instead of methionine. Thus, the production of the Met-

iTRAQ contaminants is avoided from the source. Initially, the model peptide, Substance 

P, of sequence RPKPQQFFGLM, was used to evaluate the relative quenching ability of 
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methionine and TCEP·HCl in the SPROX reaction. Ultimately, a five-fold excess of TCEP

·HCl was determined to be best for H2O2 quenching in the improved iTRAQ-SPROX 

protocol. A new proteomic sample preparation strategy, filter-aided sample preparation 

(FASP), is also adapted to reduce the manipulation processes of SPROX experiment. 

Both the original and the improved iTRAQ-SPROX protocol have been applied to 

identify potential protein targets for cellular iron chelators using a human retinal 

pigment epithelial cell lysate, APRE-19. Protein concentration lysed from the ARPE-19 

cells is relatively low and allows only ~80 μg of total protein for each chemical 

denaturant. LC-MS/MS results generated from the original iTRAQ-SPROX protocol 

showed poor quality data that cannot be applied for quantitative analyses (i.e., low 

peptide/protein coverage and iTRAQ intensities). By adapting the improved iTRAQ-

SPROX protocol, approximately 5000 peptides from more than 1200 proteins are 

identified with high quality iTRAQ intensities. The results show that the improved 

iTRAQ-SPROX protocol has largely expanded the peptide and protein coverage in 

SPROX especially when the access of materials is limited.  

2.2 Experiment 

2.2.1 Materials 

The following materials were purchased from Sigma-Aldrich (St. Louis, MO): 

hydrogen peroxide solution (30% w/w), Substance P (SubP), sodium phosphate 

monobasic, sodium phosphate dibasic, guanidine hydro-chloride (GdmCl), -cyano-4-
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hydroxycinnamic acid (HCCA), urea, methionine (Met), trifluoroacetic acid (TFA), 

sodium dodecyl sulfate (SDS), triethylammonium bicarbonate buffer (TEAB), trypsin 

from porcine pancreas (proteomic grade), S-methylmethane thiosulfonate (MMTS), and 

tris(2-carboxyethyl)phosphine hydrochloride(TCEP·HCl). Trichloroacetic acid (TCA) 

were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Dimethyl sulfoxide 

(DMSO) and acetonitrile (ACN) were purchased from Fisher Scientific (Pittsburgh, PA). 

Ethyl alcohol (completely denatured) was purchased from Avantor Performance 

Materials (Center Valley, PA). Formic acid (FA) was purchased from Thermo Scientific 

(Rockford, IL). The Amicon Ultra-0.5 mL Centrifugal Filter units with a 10,000-molecular 

weight cut-off were purchased from Millipore (Billerica, MA). The iTRAQ 8-plex 

reagents were purchased from AB Sciex (Framingham, MA).  

2.2.2 Cell Culture and Cell Lysate Preparations 

The spontaneously immortalized human retinal pigment epithelial cell line 

ARPE-19 was cultured by Dr. Qin Wang from the Franz lab. ARPE-19 cells were grown 

in 1:1 Dulbecco’s modified eagle medium (DMEM) and F12 Ham’s nutrient mix (F12) 

medium supplemented with fetal bovine serum (FBS) (10%), pencillin–streptomycin 

(pen-strep) (1%), and L-glutamine (1%). Cells were initially cultured in 75cm2 tissue 

culture flasks until confluent. The growth medium was removed and cell layer was 

briefly rinsed with 10 mL phosphate (PBS) buffer. The flasks were kept in the incubator 

at 37°C after added 2 mL of 0.25% (w/v) Trypsin- 0.53 mM EDTA solution, and 8 mL of 
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growth medium was then added to the flask when cell layer was dispersed. Cells were 

aspirated by gently pipetting and 2 mL aliquots of the cell suspension were added to 

new 15 cm petri dishes. After cells were confluent, the growth media were removed and 

cells were washed twice with ice-cold PBS buffer before scraped from the dishes. Cell 

pellets were then collected in 300 μL PBS buffer containing 1% Halt Protease and 

Phosphatase Inhibitor Cocktail and lysed with bigger acid-washed glass beads 

(diameter≈1mm). After vortexing 20 times for 20s each time with 1min on ice in between 

lyses, lysates were centrifuged at 14000 rcf for 30min and the total protein concentration 

in the supernatant was measured using a Bradford assay. 

2.2.3 Evaluation of TCEP·HCl and Methionine Reducing H2O2 

In Experiment 1, 80 μg of the model peptide SubP, of sequence RPKPQQFFGLM, 

was dissolved in 180 μL of H2O.  The peptide solution was then divided into four equal 

portions of 45 μL, each containing 20 μg of SubP. The four samples were labeled as 1 : 6 

Met, 1 : 1.5 TCEP, 1 : 3 TCEP, and 1 : 5 TCEP separately. 1 mL solution of 300 mM 

methionine was added in to the 1 : 6 Met sample. 500 μL solution of 150 mM TCEP·HCl, 

300 mM TCEP·HCl, and 500 mM TCEP·HCl was added into the 1 : 1.5 TCEP, 1 : 3 TCEP, 

and 1 : 5 TCEP sample, respectively. After well mixed, 5 μL of 30% H2O2 was added into 

each of the four samples and incubated for 3 min. The peptide samples were then run 

through a C18 column for desalination. The peptides were characterized by MALDI-

TOF mass spectrometry using -cyano-4-hydroxycinnamic acid (HCCA) as the matrix.  
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The experimental procedure in Experiment 2 was identical to that described in 

Experiment 1, except that the 5 μL of 30% H2O2 was incubated for 2 h with the peptides 

before desalting with C18 resin. The reaction products were characterized by MALDI-

TOF mass spectrometry using α-cyano-4-hydroxycinnamic acid (HCCA) as the matrix.  

2.2.4 Improved iTRAQ-SPROX Protocol Using TCEP∙HCl and a Filter 
Aided Sample Preparation (FASP) Strategy 

The original SPROX protocol and FASP protocol are essentially identical to those 

previously published.14, 50 Specific experimental details about the use of the improved 

protocol (iTRAQ-FASP-SPROX) in this work are described below.   

The general workflow of Experiment 3 is shown in Figure 6a. ARPE-19 lysate 

sample (~640 μg of total protein in 180 μL) was incubated with 20 μL of DMSO for 1 h 

before it was distributed (~80 μg of total protein in 20 μL) into eight denaturant-

containing buffers (25 μL) with increasing concentrations of GdmCl.  The final 

concentrations of the GdmCl buffers were 0.5, 1.0, 1.3, 1.7, 2.0, 2.5, 3.0 and 3.5 M. The 

samples were equilibrated in the denaturant buffers for 1 h and oxidized upon addition 

of 5 μL of 30% (w/w) H2O2. After 3 min, the oxidation reaction was quenched by 

addition of 500 μL of a 500 mM TCEP∙HCl solution. The samples were then transferred 

into 8 Amicon Ultra-0.5 mL centrifugal filter units with 10,000-molecular weight cut-off 

and centrifuged at 14,000 rcf for 30 min at room temperature. The filters were washed 

twice with 500 μL of H2O and three times with 100 μL of 8 M urea buffer freshly 

prepared in 0.1 M of Tris∙HCl (UA buffer, pH 8.5). The centrifuge speed was 14,000 rcf 
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for each washing step, which was completed in 15 min at room temperature. Disulfide 

bonds in the proteins were reduced with 100 μL of 5 mM TCEP∙HCl solution freshly 

prepared in UA at room temperature for 1 h.  The cysteine residues were then reacted 

with 100 μL of 10 mM MMTS solution freshly prepared in UA at room temperature for 

15 min before the filter units were centrifuged at 14,000 rcf for 15 min. A total of 120 μL 

of trypsin freshly prepared in 100 mM TEAB buffer was added to each of the filters for 

protein digestion over night at 37 °C (E : P = 1 : 50, w/w). Tryptic peptides were collected 

by centrifuging the filter units at 14,000 rcf for 30 min at room temperature. Another 50 

μL of H2O was used to collect the residual peptides on the filters. The tryptic peptides 

were labeled with 0.5 units of corresponding iTRAQ 8-plex reagents (AB Sciex, 

Framingham, MA) in 50 μL isopropanol for 2 h at room temperature. Samples were then 

combined and desalted using C18 column. The resulting sample was generated from the 

improved iTRAQ-SPROX protocol and was then subjected to LC-MS/MS analysis (see 

section 2.2.6).  

2.2.5 Proteomic Coverage of the Original iTRAQ-SPROX Protocol 

The general workflow of Experiment 4 is shown in Figure 6b. The same ARPE-19 

lysate sample (as used in Experiment 3) was incubated with 20 μL of DMSO for 1 h 

before it was separated into GdmCl containing buffers.  The final concentrations of the 

GdmCl buffers were identical to those used in Experiment 3. The samples were 

equilibrated in the denaturant buffers for 1 h and then oxidized by 5 μL of 30% (w/w) 
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H2O2. After 3 min, the oxidation reaction was quenched by addition of 1 mL of a 300 mM 

Met solution instead of methionine. Proteins were then precipitated with TCA overnight 

and then were centrifuged at 14,000 rcf for 30min at 4 °C. The protein pellets were 

washed with 300 μL ice-cold ethanol for three times. After removing all residual ethanol 

by a SpeedVac concentrator, samples were redissolved in 30μL 500 mM of 

triethylammonium bicarbonate (TEAB) buffer (pH=8.5) with 0.1% sodium dodecyl 

sulfate (SDS) and vortexed for 1h. The disulfide bonds of proteins were reduced with 5 

mM TCEP∙HCl freshly prepared in H2O at 60 °C for 1 h and the cysteine residues were 

modified by 10 mM MMTS freshly prepared in isopropanol at room temperature for 15 

min. Then samples were digested with trypsin at 37 °C overnight (E : P = 1 : 50, w/w) 

and labeled with 0.5 units of corresponding iTRAQ 8-plex reagents in 50 μL isopropyl 

alcohol for 2h at room temperature. Samples were then combined and desalted using 

C18 column. This sample was generated from the original iTRAQ-SPROX protocol and 

was subjected to LC-MS/MS analysis (see section 2.2.6).  
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Figure 6: Experimental workflows used in Experiment 3 and 4 are shown in a) 

and b), respectively. 
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2.2.6 LC-MS/MS Analyses 

Both the original iTRAQ-SPROX and improved iTRAQ-SPROX samples were 

analyzed on a Thermo Scientific Q-Exactive Plus high-resolution mass spectrometer 

with a nanoAcquity UPLC system (Waters Corp, Milford, MA) at Duke Proteomics Core 

Facility. This instrument utilized a nano-electrospray ionization source. Peptides were 

trapped on a column (Symmetry C18 300 mm × 180 μm) for 3 min at 5 μL/min (0.1% 

formic acid in water). The peptides were then separated using the following gradient: 

3% to 30% acetonitrile with 0.1% formic acid over 90 min. The column used for 

separation was 75 μm × 250 mm packed with 1.7 μm Acquity HSST3 C18, stationary 

phase (Waters Corp). The flow rate was 0.4 μL/min at 55 °C. This mass spectrometer 

used a full MS scan from m/z 375−1600 with a target AGC value of 1 × 106 ions in profile 

mode and a resolution of 70 000 (at m/z 200) for data-dependent acquisition. This was 

followed by 20 tandem mass spectrometry (MS/MS) scans at a resolution of 17 500 at 

m/z of 200 in centroid mode with an AGC target value of 1 × 105. The MS/MS scans also 

had a normalized collision energy of 30 V and a maximum fill time of 60 ms. Dynamic 

exclusion of 30 s was used to reduce MS/MS oversampling. 

Peak lists were extracted from the LC−MS/MS data of the improved and original 

iTRAQ-SPROX samples and were searched against the SwissProt Homo Sapiens 

database using Proteome Discoverer (version 2.2.0.388). Cysteine residue modification 

by MMTS was set as a fixed modification in the search. N-termini and lysine residues 
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modified by iTRAQ 8-plex and oxidized methionine residues and deamidation on 

asparagine and glutamine were set as variable modifications in the search. Up to three 

missed tryptic cleavages after R and K were allowed. The parameters included a 10 ppm 

mass tolerance window for precursor masses and 0.02 Da for fragment mass tolerance. 

Only peptide spectra with FDR < 1%, isolation interference of ≤30% and iTRAQ 

reporter ion intensities that summed to >1000 were considered as assayed with high 

confidence.  

2.3 Results 

2.3.1 Evaluation H2O2 Quenching Reaction using Substance P 

Initially, the reduction of H2O2 by TCEP ·HCl and methionine was evaluated 

using a model peptide, Substance P (SubP), of sequence RPKPQQFFGLM.  The goal of 

these experiments was to determine the optimal amount of TCEP·HCl to be used for H-

2O2 quenching. The MALDI results generated for Experiment 1, 3 min and 2 h H2O2 

oxidation of SubP in 6-fold excess of Met (relative to H2O2), 1.5-fold excess of TCEP·HCl, 

3-fold excess of TCEP·HCl and 5-fold excess of TCEP·HCl were shown in Figure 7 and 

Figure 8, respectively. Two most intense ion signals were observed at ~1347 Da and 

~1363 Da, which correspond to WT-SubP and SubP(Ox). Based on the relative ion signal 

intensities of WT-SubP and SubP(Ox), the quenching effect of H2O2 by 6-fold excess of 

Met is about the same as quenching by 5-fold excess of TCEP·HCl for both 3 min and 2 h 

H2O2 incubation. The MALDI results indicate that SubP(Ox) was present in both the 6-
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fold Met samples and the 5-fold TCEP·HCl samples (Figure 7a, 7d and Figure 8a, 8d).  

Increases in the ion signal intensity of SubP(Ox) were observed for the 1.5- and 3-fold 

TCEP·HCl samples from 3 min to 2 h of H2O2 incubation (Figure 7b compared to Figure 

8b, and Figure 7c compared to Figure 8c). However, it can be observed that the relative 

ion signal intensities of WT-SubP and SubP(Ox) remains the same for the 6-fold Met 

samples and the 5-fold TCEP·HCl samples (Figure 7a compared to Figure 8a, and Figure 

7d compared to Figure 8d). Therefore, both 6-fold Met and 5-fold TCEP ·HCl had 

successfully quenched the H2O2 oxidation after 3 min, and 5-fold excess of TCEP·HCl 

can be used for H2O2 quenching instead of 6-fold excess of Met in the improved iTRAQ-

SPROX protocol to avoid the reaction between Met and iTRAQ reagents.  
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Figure 7: MALDI-MS results for Experiment 1, 3 min H2O2 oxidation of SubP 

in the presence of 6-fold excess of Met (relative to H2O2), 1.5-fold excess of TCEP·HCl, 

3-fold excess of TCEP·HCl and 5-fold excess of TCEP·HCl are shown in a), b), c) and 

d), respectively.  
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Figure 8: MALDI-MS results for Experiment 2, 2 hour H2O2 oxidation of SubP 

in the presence of 6-fold excess of Met (relative to H2O2), 1.5-fold excess of TCEP·HCl, 

3-fold excess of TCEP·HCl and 5-fold excess of TCEP·HCl are shown in a), b), c) and 

d), respectively.  

 

2.3.2 iTRAQ-FASP-SPROX Protocol for Protein-ligand Binding 
Analyses 

The general experimental workflow used in the iTRAQ-FASP-SPROX protocol 

for proteomic analyses of protein-ligand binding is outlined in Figure 9. The improved 

SPROX protocol involves the incubation of a protein sample (e.g., cell lysate) with (+) or 

without (-) ligand for a specific time, dilution of the (−) and (+) ligand samples into a 

series of different chemical denaturant buffers, and subsequent oxidation of the 
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thioether group in solvent exposed side chains of Met residues with H2O2. The oxidation 

reaction, the conditions of which are specifically tuned to selectively oxidize the 

thioether group in exposed methionine resides, is quenched with 5-fold excess of TCEP·

HCl. The proteins in each denaturant containing buffer are digested in 10,000-molecular 

weight cut-off centrifugal filter units with FASP protocol.50 The tryptic peptides 

generated from concentrations of chemical denaturant in the (−) and (+) samples are 

labeled with isobaric mass tags (i.e., iTRAQ and TMT reagents) for quantitation 

(Supplemental Figure 1). The labeling reaction is performed according to the 

manufacturers’ protocols, with the exception that 0.5 unit instead of 1 unit of each 

iTRAQ or TMT reagent was used in each labeling reaction.  

Ultimately, the labeled tryptic peptides from different concentrations of 

denaturant are combined as (-) and (+) samples. A portion of each combined samples are 

subject to the Pi3 Methionine Selective Resins (The Nest Group, Inc., Southborough, MA) 

for unoxidized methionine-containing peptides enrichment (Supplemental Figure 2) 

according to the manufacturer’s protocol. After desalted using C18 columns, the 

samples are analyzed by LC-MS/MS for peptide and protein identification and 

quantitation.  
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Figure 9: Schematic representation of the experimental workflow used in 

improved SPROX protocol. 
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2.3.3 Proteomic Coverage Comparison 

The proteomic coverage obtained for each sample is summarized in Table 1. In 

total, the improved iTRAQ-SPROX sample data set was composed of 5429 unique 

peptide identifications from 1357 proteins in APRE-19 cell lysate and the original 

iTRAQ-SPROX sample data set was composed of 129 unique peptide identifications 

from 83 proteins. The data indicates that a significant increase in proteomic coverage can 

be realized with the Improved iTRAQ-SPROX protocol. 

 

Table 1: Summary of the proteomic coverage obtained from the original and 

improved iTRAQ-SPROX experiments. 

Sample Assayed peptides (proteins) 

Original iTRAQ-SPROX protocol 129(83) 

Improved iTRAQ-SPROX protocol 5429 (1357) 

 

 

 

2.4 Discussion 

2.4.1 Protocol Improvement 

Application of improved iTRAQ-SPROX protocol to analyze relative limited 

amounts of proteins (i.e., ~80 μg of total protein per denaturant concentration) in the 

SPROX experiment using ARPE-19 lysate has successfully increased the proteomic 

coverage compared to the original iTRAQ-SPROX protocol. The main reason for the low 

proteomic coverage obtained from the original SPROX protocol is that the free 

methionine used to quench the H2O2 oxidation reaction is not efficiently removed during 
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the TCA precipitation step.  The presence of this free methionine ultimately suppresses 

peptide ion signals in the LC-MS/MS readout of SPROX samples (Figure 5). In the 

improved SPROX protocol, the presence of free methionine residues is eliminated by 

using another reducing agent, TCEP·HCl, to quench the H2O2 oxidation. LC-MS/MS 

spectrum data from the improved SPROX samples showed no signal at m/z 454.2 during 

that retention time window. These results demonstrate the success of the new strategy 

and at the same time confirm the cause of the signal suppression in SPROX samples 

generated using the original protocol.  

As part of the original SPROX protocol, the TCA precipitation step is necessary 

to remove the denaturant and excess methionine in each of the protein samples before 

they are submitted to bottom-up proteomics analyses. However, during TCA 

precipitation, almost half of the proteins in each denaturant sample are lost because of 

inefficient precipitation. Another half of the proteins are also lost during redissolution of 

the protein pellets. In total, ~75% of the proteins in each denaturant containing sample 

were lost before they were digested into peptides. In the original SPROX protein 

digestion process, sodium dodecyl sulfate (SDS) was used to denature the proteins in 

samples. However, SDS has several disadvantages in proteomic analysis: (i) it denatures 

enzymes such as trypsin, leading to impaired digestion; (ii) it is LC incompatible; and (iii) 

it causes ion suppression.51  
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The improved SPROX protocol utilizes Amicon Ultra-0.5 mL Centrifugal Filter 

units with a 10,000-molecular weight cut-off to remove the salts (i.e., TCEP·HCl) and 

other cellular extracts from the lysate mixture instead of protein precipitation and 

redissolution. According to the manufacturer, typically greater than 90% of the total 

starting materials can be recovered from the filter units. Protein recovery in SPROX 

experiment is increased by 260% using FASP method instead of TCA precipitation and 

tedious protein pellets redissolution. The FASP method also does not require the use of 

SDS for protein denaturation such that the interference of SDS in proteomic analyses is 

avoided.  

2.4.2 Starting Protein Amount and Proteomic Coverage 

Given the same amount of starting proteins in each sample (protein 

concentration measured from Bradford assay), the improve SPROX protocol provides a 

much larger proteomic coverage compared to the original SPROX protocol (Table 1). 

With a total of 129 unique peptides from 83 proteins, the original iTRAQ-SPROX 

experiment in this study failed to provide any quantitative data that can be used for 

protein stability analyses. Therefore, it is essential to use the improved SPROX protocol 

for future protein-ligand binding studies with limited access of protein materials.  

According to the manufacturer’s recommendation, ~20-100 μg of peptides or 

proteins are required for efficient iTRAQ labeling reaction.  Typically, an iTRAQ-SPROX 

experiment utilizing the original iTRAQ-SPROX protocol requires at least 100 μg of total 
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protein for each chemical denaturant sample.14, 27, 31, 49 Demonstrated here is that the total 

amount of protein required in an iTRAQ-SPROX experiment can be reduced to ~50 μg 

by using the improved iTRAQ-SPROX protocol. This two-fold reduction in the amount 

material required for SPROX analyses enables the technique to be applied to samples in 

which there is limited access to material.  

2.5 Conclusions 

The improved iTRAQ-SPROX protocol developed in this chapter solves the 

problem of obtaining very low proteomic coverages in some of the ligand-binding 

studies using the previous published SPROX protocol.14 It is fundamentally identical to 

the previous SPROX methodology, but it involves less manipulation processes such that 

sample loss during the experiment is reduced by ~65%. The total experiment time is 

shortened by almost 12 hours. And by substituting TCEP·HCl for methionine to quench 

the H2O2 oxidation in SPROX, formation of the iTRAQ-Met contaminant which causes 

signal suppression during LC-MS/MS analysis is avoided. Results from application of 

the improve protocol on ARPE-19 cell lysates proved that a much larger proteomic 

coverage and quantitative data are achieved. Thus, the improved SPROX protocol is 

applicable for the analysis of protein-ligand binding interactions even with relatively 

small amount of materials.  
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3. Identification of Potential Protein Targets for Cellular 
Iron Chelators Using Improve SPROX protocol 

The work in this chapter was done in collaboration with Dr. Qin Wang of the 

Franz Lab at Duke University Chemistry Department.  

3.1 Introduction 

3.1.1 The Differential Biological Profiles of Iron Chelators HAPI and 
Deferasirox 

Iron plays an essential role in a wide range of physiological processes due to its 

ability to accept and donate electrons while redox cycling between the Fe2+ and Fe3+ 

oxidation states; however, excess labile iron can also catalyze the formation of highly 

toxic hydroxyl radicals through the Fenton reaction. Iron chelation has been 

demonstrated as an effective therapy for disease states of iron overload, which may be 

caused by routine blood transfusion required by patients with anemia. Recent efforts are 

made to expand the application of iron chelating agents for treating other diseases, such 

as cardiovascular disease, associated with localized iron-catalyzed oxidative stress 

instead of systemic iron overload. Previous studies have been focused on evaluating the 

ability of clinically used iron chelators as well as potential drug candidates to protect cell 

and animal models from damage induced by exogenous or endogenous oxidative 

stressors.52-59 Lipophilicity determines the rate of the chelating agents access to the 

cellular labile iron pool and is probably the most important determinant of the 

corresponding cytoprotective effect.60 However, this protective potential is counteracted 
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by the inherent cytotoxicity of the chelator. It is speculated that this cytotoxic effect may 

derive from the undesirable iron binding or iron withholding from essential 

metalloproteins. Previous results suggest that different chelators exhibit different 

degrees of cytotoxicity and distinct efficiency in protecting cells from oxidative stress.60-61 

Among others, the tridentate iron chelators deferasirox (Exjade) and HAPI (Figure 10) 

have shown potent cytoprotective effects. Furthermore, HAPI provides an even wider 

window of protective efficiency than the approved drug Exjade in cultured cardiac 

cells.60-61 This phenomenon is probably attributed to the fact that Exjade itself is toxic to 

several cell lines, whereas HAPI displays a very favorable toxicological profile both in 

vivo and in cultured cells.58, 62-65  

 

Figure 10: Structures of iron chelating agents (a) Exjade and (b) HAPI. 
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The lipophilicity and strong iron affinity of Exjade contribute to its oral 

availability and its accessibility to cardiac iron for treating transfusional iron overload.55 

Nevertheless, these properties may also increase the risks of undesirable metal binding 

or extraction from key metalloproteins, which is speculated to cause cytotoxicity in 

several cell lines.62, 65-66 By masking one of its phenol groups, the prochelator version of 

Exjade, TIP, indeed shows peroxide-induced iron chelation activity in vitro. 

Unfortunately, this property did not translate to improved activity in cell culture, and 

TIP itself was found to be cytotoxic on its own.66-67 These results imply that the inherent 

toxicity of Exjade may not derive exclusively from its iron withholding properties. As a 

ketone-derived aroylhydrazone chelator, HAPI exhibits very high hydrolytic stability in 

plasma.68-69 The membrane-permeable property of HAPI allows for more rapid access to 

intracellular Fe3+ than most types of chelators.70 Compared with the clinically approved 

drug Exjade, HAPI shows promising therapeutic ratio of low inherent toxicity to 

profound cytoprotective efficiency.60-61 These significant properties suggest that HAPI-

derived analogues merit further investigation as non-toxic chelating agents with 

favorable protective action against oxidative stress. To further investigate the cellular 

mechanisms and molecular basis underlying the cytoprotective vs. cytotoxic effects of 

HAPI, attempts were made to search for potential intracellular targets of iron chelators 

in mammalian cells by Dr. Qin Wang from the Franz Lab using the biotinylated ligand 

probe. The biotin-labeled chelator, Bio-AHAPI were synthesized and characterized with 
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regard to its cytoprotective effect from H2O2 and metal binding property. Unfortunately, 

the attachment of biotin label significantly reduced the solubility and cytoprotective 

activity of the parent chelator HAPI. 

3.1.2 Protein Targets Identification using SPROX 

The mechanisms underlying the distinct cytotoxicity and cytoprotection effects 

of different iron chelators remain elusive. The conventional opinion is that the biological 

activities of the two chelators are attributed to binding of labile metal in the cell. 

However, whether there could be other cellular targets of the chelators has also been a 

concern.  Therefore, the remaining question is whether there could be potential protein 

targets that are responsible for the cytotoxic effect of Exjade, or the favorable bioactivity 

of HAPI.  

In this work, the improved SPROX methodology (described in chapter 2) was 

utilized to measure the ligand-induced protein stability changes (Figure 11). Novel 

potential protein targets of HAPI and Exjade in APRE-19 cells were identified. Further 

study of these potential protein targets can provide useful insights for investigation on 

the underlying mechanisms and molecular basis of differential cytotoxicities and 

cytoprotections of the two chelators. The work described in this chapter is achieved by 

collaborating with Dr. Qin Wang of the Franz Lab. APRE-19 was chosen as a model 

system due to the different cytotoxic effects observed between HAPI and Exjade in 
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ARPE-19 cells. The iron chelators, HAPI and Exjade, were synthesized by Dr. Wang 

according to previously published protocols.  

 

Figure 11: Schematic representation of the SPROX strategy applied in the 

detection of protein targets of cellular iron chelators. 
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3.2 Experiment 

3.2.1 Materials 

The following materials were purchased from Sigma-Aldrich (St. Louis, MO): 

hydrogen peroxide solution (30% w/w), Substance P (SubP), sodium phosphate 

monobasic, sodium phosphate dibasic, guanidine hydro-chloride (GdmCl), -cyano-4-

hydroxycinnamic acid (HCCA), urea, methionine (Met), trifluoroacetic acid (TFA), 

sodium dodecyl sulfate (SDS), triethylammonium bicarbonate buffer (TEAB), trypsin 

from porcine pancreas (proteomic grade), S-methylmethane thiosulfonate (MMTS), and 

tris(2-carboxyethyl)phosphine hydrochloride(TCEP·HCl). Trichloroacetic acid (TCA) 

were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Dimethyl sulfoxide 

(DMSO) and acetonitrile (ACN) were purchased from Fisher Scientific (Pittsburgh, PA). 

Ethyl alcohol (completely denatured) was purchased from Avantor Performance 

Materials (Center Valley, PA). Formic acid (FA) was purchased from Thermo Scientific 

(Rockford, IL). The Amicon Ultra-0.5 mL Centrifugal Filter units with a 10,000-molecular 

weight cut-off were purchased from Millipore (Billerica, MA). The iTRAQ 8-plex 

reagents were purchased from AB Sciex (Framingham, MA).  

3.2.2 ARPE-19 Cell Lysate Preparation 

The spontaneously immortalized human retinal pigment epithelial cell line (ARPE-19) 

was cultured by Dr. Qin Wang from the Franz lab. ARPE-19 cells were grown in 1:1 

Dulbecco’s modified eagle medium (DMEM) and F12 Ham’s nutrient mix (F12) medium 
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supplemented with fetal bovine serum (FBS) (10%), pencillin–streptomycin (pen-strep) 

(1%), and L-glutamine (1%). Cells were initially cultured in 75cm2 tissue culture flasks 

until confluent. The growth medium was removed and cell layer was briefly rinsed with 

10 mL phosphate (PBS) buffer. The flasks were kept in the incubator at 37°C after added 

3 mL of HyQTase Cell Detachment solution, and 7 mL of phosphate buffered saline (PBS) 

was then added to the flask when cell layer was dispersed. Cells were aspirated by 

gently pipetting and 2 mL aliquots of the cell suspension were added to new 15 cm petri 

dishes. After cells were confluent, the growth media were removed and cells were 

washed twice with ice-cold PBS buffer before scraped from the dishes. Cell pellets were 

then collected by centrifugation at 115 rcf for 6 min and resuspended in 300 μL PBS 

buffer containing 1% Halt Protease and Phosphatase Inhibitor Cocktail and lysed with 

1.0 mm dia. ZIRCONIA/SILICA beads (BioSpec Products). After vortexing 20 times for 

20s each time with 1 min on ice in between lyses, lysates were centrifuged at 14000 rcf 

for 30min and the total protein concentration in the supernatant was measured using a 

Bradford assay. 

3.2.3 The TMT-SPROX Protocol 

  The improved SPROX protocol used in this work is essentially identical to that 

previously described in Chapter 2. Specific experimental details about the use of TMT-

SPROX protocol in this work are given below.   
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180 μL portions of a ~4 μg/μL of ARPE-19 cell lysate were used to create the (–) 

control, (+) HAPI and (+) Exjade samples that were subjected to SPROX analysis. A 20 

μL aliquot of DMSO was added to the (-) control samples, and 20 μL of 10 mM HAPI or 

Exjade was added to the (+) HAPI or (+) Exjade samples, respectively. The (-) control and 

(+) ligand samples were incubated at RT for 1 h before 20 μL aliquots of each sample 

were diluted into 25 μL of 20 mM phosphate buffers (pH 7.4) containing different 

concentrations of GdmCl. The final GdmCl concentration in each sample was 0.5, 1.0, 

1.3, 1.5, 1.8, 2.0, 2.3, 2.5, 2.8, 3.1 M. The final concentration of the chelators was about 400 

μM. The samples were equilibrated in the denaturant buffers for 1 h before the H2O2 

oxidation reaction were initiated addition with 5 μL of 30% H2O2 (w/w). The reaction 

was allowed to proceed for 3 min before 500 μL of a 500 mM TCEP·HCl solution was 

added to quench the oxidation reaction. The proteins aliquots were then prepared and 

digested with FASP protocol as previously describe in section 2. 2. 4. The generated (-) 

control (+) HAPI and (+) Exjade peptide samples in the 10 GdmCl buffers were labeled 

with 0.5 unit of 10-plex TMT tags, 126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C 

and 131, respectively, according to the manufacturer’s instruction. The labeling reaction 

was allowed to proceed for 1 h at RT. The non- enriched samples were generated by 

combining 10 μL aliquots of the 10 different TMT labeled samples within a set, (–) or (+), 

and each of the combined samples were desalted using a C18 column. The methionine-

containing peptide enriched samples were generated by combining 40 μL aliquots of the 
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10 different TMT labeled samples within a set, (–) control or (+), and each of the 

combined samples were desalted with a C18 column before the methionine-containing 

peptide enrichment procedure was performed using the Pi3 Methionine Selective Resins 

according to the manufacturer’s protocol. The six prepared samples were then subjected 

to LC-MS/MS analyses. 

3.2.4 LC-MS/MS Analyses 

LC-MS/MS analyses of the three non-enriched (NonM) and the three methionine-

containing peptides enriched (Met) samples were performed on a Thermo Scientific Q-

Exactive Plus high-resolution mass spectrometer with a nanoAcquity UPLC system 

(Waters Corp, Milford, MA) at Duke Proteomic Facility. This instrument utilized a nano-

electrospray ionization source. Approximately 200-400 ng of peptides were injected and 

trapped on a column (Symmetry C18 300 mm × 180 μm) for 3 min at 5 μL/min (0.1% 

formic acid in water) for each sample. The peptides were then separated using the 

following gradient: 3% to 30% acetonitrile with 0.1% formic acid over 90 min. The 

column used for separation was 75 μm × 250 mm packed with 1.7 μm Acquity HSST3 

C18, stationary phase (Waters Corp). The flow rate was 0.4 μL/min at 55 °C. This mass 

spectrometer used a full MS scan from m/z 375−1600 with a target AGC value of 1 × 106 

ions in profile mode and a resolution of 70 000 (at m/z 200) for data-dependent 

acquisition. This was followed by 20 tandem mass spectrometry (MS/MS) scans at a 

resolution of 17 500 at m/z of 200 in centroid mode with an AGC target value of 1 × 105. 
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The MS/MS scans also had a normalized collision energy of 30 V and a maximum fill 

time of 60 ms. Dynamic exclusion of 30 s was used to reduce MS/MS oversampling. 

Total analysis time for each sample injection was approximately 125 minutes. 

Peak lists were extracted from the LC−MS/MS data for all the six samples and 

were searched against the SwissProt Homo Sapiens database (Version 2017-06-07) using 

Proteome Discoverer (Version 2.2.0.388). Cysteine residue modification by MMTS was 

set as a fixed modification in the search. N-termini and lysine residues modified by 10-

plex TMT reagents and oxidation on methionine and deamidation on asparagine and 

glutamine were set as variable modifications in the search. Up to three missed tryptic 

cleavages after R and K were allowed. The parameters included a 10 ppm mass tolerance 

window for precursor masses and 0.02 Da for fragment mass tolerance. Only peptide 

spectra with FDR < 1%, isolation interference of ≤30% and TMT reporter ion intensities 

that summed to >1000 were used in subsequent analyses of the data. The LC−MS/MS 

analyses of the TMT-SPROX samples analyzed here included two replicate LC−MS/MS 

runs of each methionine-containing peptide enriched sample and one LC− MS/MS run of 

each non-enriched sample generated for (-) control, (+) HAPI and (+) Exjade. The 

number of replicates was chosen to maximize peptide and protein coverage.  

3.2.5 TMT-SPROX Data Analysis 

The SPROX data analysis was performed as previously described.22, 28 Briefly, the 

10 TMT reporter ion intensities were normalized and used to generate chemical 
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denaturation data sets for methionine-containing peptides from the (–) control, (+) HAPI 

and (+) Exjade SPROX experiments. Hit peptides were identified as those with 

significant transition midpoint shifts in the (–) control and (+) HAPI, (–) control and (+) 

Exjade, or (+) HAPI and (+) Exjade samples. Transition midpoints were assigned using a 

set of criteria that we have previously established for the analysis of SPROX data.71 

Only peptides with raw TMT intensities that summed to greater than 1000 were 

included in the analysis. The 10 TMT reporter ion intensities in each product ion mass 

spectra were averaged and the raw intensity of each reporter ion in the product ion mass 

spectra was divided by the average value. This process is referred to as N1 

normalization. Then the N1-normalized values for all the non-methionine containing 

peptides in the non-enriched samples generated in each experiment were averaged 

within each of the 10 reporter ions. Summarized in Table 2 are the set of 10 average 

values (so-called N2-normalization factors) with corresponding GdmCl concentration in 

each SPROX analysis.  
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Table 2: Summary of the N2-normalization factors and the corresponding GdmCL 

concentration for each TMT report ion. 

 

 

Ultimately, the N2-normalization factors were used in a second so-called N2 

normalization, where the N1-normalized values for each Met-containing peptide were 

divided by the corresponding N2-normalization factors to obtain the final N2-

normalized reporter ion intensity in this work. If multiple PSMs were obtained for a 

given peptide (e.g., it was identified multiple times in a single LC-MS/MS run) the 

normalized reporter ion intensity values were averaged. In the end, for either 

methionine probes, 6 different data sets containing peptides with their averaged 

reporter ion intensities were obtained in each experiment: one data set contained the 

peptides identified in the (-) control group, one contained peptides identified in the (+) 

HAPI group, one contained peptides identified in the (+) Exjade group, and another 

three contained the peptides identified in both (-) control and (+) HAPI, (-) control and 
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(+) Exjade or (+) HPAI and (+) Exjade groups. The chemical denaturation data of the 

peptides identified in the latter three groups were used to identify potential protein 

targets of HAPI and Exjade.  

The chemical denaturation data sets were fitted to a four-parameter sigmoidal 

equation, Equation 1, using a JAVA-based program (developed in house) that utilized 

the Nelder and Mead Simplex method for regression analysis.72  

        Equation 1 

In Equation 1, A is the pre-transition baseline, B is the post-transition baseline, 

C1/2 is the transition midpoint, and b is a measure of the steepness of the transition. The 

program fits each set of data 11 times, once with all 10 points and then ten more times, 

each time leaving out a different on of the 10 data points. The fit with the highest R2 was 

chosen as the final output. The C1/2 values and the averaged N2-normalized reporter ion 

intensities in the final output were utilized for hit selection. Peptide (and the 

corresponding protein) hits in TMT-SPROX experiments were selected based on the 

magnitude of the ΔC1/2 value determined between the (−) and (+) ligand and the 

magnitude of the N2 normalization value differences at or between the transition 

regions of the chemical denaturation curves generated for the (−) and (+) ligand samples. 

Statistically significant ΔC1/2 values were taken to be those greater than or equal to 2 

times the pooled standard deviation (or “s-pooled” value) of all the C1/2 values generated 

from all the PSMs. The s-pooled values were calculated using Equation 2. In Equation 2, 
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i, j, and k refer to the data in each subset, N1, N2, N3, …, Nn are the numbers of results in 

each subset, and nt is the number of the subsets. 

    Equation 2 

Statistically significant N2 reporter ion differences were taken as those with 

−log10(Diffprob) > 1, where Diffprob corresponds to the probability that the measured N2 

reporter ion difference would randomly occur in the data sets.  The specific hit selection 

criteria used for the experiment was summarized in Table 3.  

 

Table 3: Summary of the hit criteria used in the TMT-SPROX experiment. 

Comparison S-pooled*2 −log10(Diffprob) 

(+) HAPI vs. (-) 0.4 1.0 

(+) Exjade vs. (-) 0.4 1.0 

(+) HAPI vs. (+) Exjade 0.4 1.0 

 

3.3 Results and Discussion 

3.3.1 TMT-SPROX Proteomic Coverage 

This study is the first large-scale, unbiased analysis of protein-binding 

interactions with HAPI and Exjade. The TMT-SPROX experiment enabled over 1100 

different proteins to be assayed for the binding analysis using over 2100 methionine-

containing peptides. The general workflows employed in the TMT-SPROX experiment 

for iron chelator binding analyses are summarized in Figure 12. The number of total 
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unique peptides and proteins identified from each of the six samples were summarized 

in Table 4. The percentage of methionine-containing peptides in the methionine enriched 

samples is ~ 90%, which is much greater than ~20% in the non-methionine enriched 

samples.  

 

Table 4: The proteomic coverages obtained in the TMT-SPROX experiment. 

 Total Unique  

Peptides(Proteins) 

Unique Met-containing 

Peptides(proteins) 

(-) Control  

Non-methionine Enriched  
3389(1176) 867(433) 

(-) Control  

Methionine Enriched 
2585(1144) 2316(1103) 

(+) HAPI 

Non-methionine Enriched 
4627(1312) 822(428) 

(+) HAPI 

Methionine Enriched 
2345(1242) 2137(1186) 

(+) Exjade 

Non-methionine Enriched 
3389(1176) 867(433) 

(+) Exjade 

Methionine Enriched 
2215(1002) 2069(979) 
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Figure 12: General workflow employed in the TMT-SPROX experiment for the 

detection of protein targets of HAPI and Exjade using APRE-19 lysates. 

 

The number of unique methionine-containing peptides that were probed for 

stability changes with HAPI and Exjade incubation in the TMT-SPROX experiments are 
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summarized in Table 5. In total, about 300-500 proteins were probed for HAPI and 

Exjade induced stability changes. A total of 66 unique peptides from 58 unique proteins 

and 62 unique peptides from 53 unique proteins were identified as potential binding 

targets for HAPI and Exjade, respectively, and 27 proteins were identified with 

significant ΔC1/2 and Diffprob values between the (+) HAPI and (+) Exjade samples. The 

hit rate is between 5% to 10%.  

 

Table 5: The number of potential hit peptides and proteins identified for each 

chelator in the TMT-SPROX experiment. 

 
(-) and (+)HAPI (-) and (+)Exjade 

(+)HAPI and 

(+)Exjade 

Matched Met-containing 

Peptides(Proteins) 
1030(580) 717(317) 593(362) 

Hit Peptides(Proteins) 

66(58) 

(Supplemental 

Table 1) 

62(53) 

(Supplemental 

Table 2) 

33(27) (Supplemental 

Table 3) 

Hit Rate 6.4% 8.6% 5.6% 

 

3.3.2 Ligand-induced Protein Stability Changes 

The number of peptide and protein hits identified between each two treatment 

groups are summarized in Table 6. For instance, 10 peptides and 9 proteins were 

identified as potential hits for both Hapi and Exjade binding. Additionally, 6 unique 

peptides from 5 unique proteins have shown ΔC1/2 and Diffprob values between the HAPI 

and Exjade groups. In total, 16 unique peptides mapping to 14 proteins were identified 

as potential hits for HAPI, but non-hits for Exjade, while another 27 unique peptides 
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from 25 unique proteins were found potential his for Exjade but non-hits for HAPI. 13 

peptides from 10 proteins were identified with significant ΔC1/2 and Diffprob values 

between the HAPI and Exjade groups but there were non-hits for either HAPI or Exjade. 

 

Table 6: Potential peptide and protein hits identified between different 

groups. 

H-binding E-binding HE differences Peptide(Protein) Hits 

√ X X 16(14) 

√ √ X 10(9) 

√ X √ 6(5) 

X √ X 27(25) 

X √ √ 11(8) 

X X √ 13(10) 

√ √ √ 1(1) 

 

Shown in Figure 13 is a volcano plot of the TMT-SPROX data for A) comparison 

between the (+) HAPI sample and the (-) control sample, B) comparison between the (+) 

Exjade sample and the (-) control sample, and C) comparison between the (+) HAPI 

sample and the (+) Exjade sample. Peptide and protein hits that are identified for both 

HAPI and Exjade binding studies are listed in Table 7. Peptide and protein hits that are 

identified for HAPI binding but non-hit for Exjade binding are listed in Table 8, while 

peptide and protein hits that are identified for Exjade binding but non-hit for HAPI 

binding are listed in Table 9. Positive and negative ΔC1/2 value indicates ligand-induced 

destabilization and stabilization, respectively. The peptide and proteins hits listed in 
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Table 7-9 are expected to be responsible for the cytotoxic effect of Exjade, or the 

favorable bioactivity of HAPI.  

 

Figure 13: Volcano plots showing the thermodynamic stability measurements 

and hits in the A) HAPI binding study, B) Exjade binding study, and C) comparison 

between HAPI and Exjade. The vertical lines represent the s-pooled hit criteria, and 

the horizontal lines represent the Diffprob hit criteria listed. The orange and blue 

shaded points represent the data for non-hit and hit peptides, respectively. 
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Table 7: Peptide and protein hits identified for both HAPI and Exjade binding 

in the TMT-SPROX experiment. A positive ΔC1/2 value indicates ligand-induced 

destabilization and a negative ΔC1/2 value indicates ligand-induced stabilization. 

 

 

Table 8: Peptide and protein identified for HAPI binding but for Exade. A 

positive ΔC1/2 value indicates ligand-induced destabilization and a negative ΔC1/2 

value indicates ligand-induced stabilization. 

 



 

59 

Table 9: Peptide and protein identified for Exjade binding but not for HAPI. A 

positive ΔC1/2 value indicates ligand-induced destabilization and a negative ΔC1/2 

value indicates ligand-induced stabilization. 

 

 

For example, the TMT-SPROX data generated for the peptide hit, of sequence 

lMATLR, from Non-muscle myosin heavy chain 9 protein were shown in Figure 14. The 

solid lines represent the best fit of the data to Equation 1 and the data points indicated 

with an “X” were not included in the fit. ΔC1/2 values of - 0.6 M and - 1.2 M in GdmCl are 

observed for both HAPI- and Exjade-induced stabilization to the protein stability. In 

theory, one methionine-containing peptide probe can report on the protein folding 

thermodynamics of the entire protein folding domain to which it maps. The TMT-

SPROX experiment detected multiple methionine-containing peptides from different 
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structural domains of the non-muscle myosin heavy chain 9, and this allows multiple 

domains of the protein to be included in the screen. The peptide of sequence, 

nkHEAMITDLEER, from the non-muscle myosin heavy chain 9 protein is identified as a 

potential hit for HAPI-induced stabilization (ΔC1/2 of -0.5 M).  The peptide of sequence, 

ADEWLMk, from the non-muscle myosin heavy chain 9 protein is identified as a 

potential hit for Exjade-induced destabilization (ΔC1/2 of 0.4 M). These results make the 

non-muscle myosin heavy chain 9 a high-confidence protein hit for both HAPI and 

Exjade binding, while the specific binding sites and ligand-induced stability changes of 

the two chelators are likely to be different.  
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Figure 14: Peptides of sequence lMATLR from Myosin-9 protein, a high 

confidence hit with both HAPI- and Exjade-induced stabilization. TMT-SPROX data 

for A) (-) without ligand sample, B) (+) HAPI sample, and C) (+) Exjade sample. The 

dashed line indicates the C1/2 value of each sample set and an ‘X’ represents a data 

point that was overlooked during fitting. Error bars are the standard deviation 

normalized TMT intensities from multiple PSMs. 
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3.3.3 Protein Targets of Interests 

The non-chelating property yet potent inherent toxicity of the Exjdade 

prochelator and the remained chelating property yet toxicity of the biotin-labeled HAPI 

suggest that the inherent toxicity of iron chelator Exjade might be associated with other 

unknown off-target effects that are irrelevant to their iron chelation properties.73 

Therefore, it is necessary to further investigate the intracellular mechanisms that 

contribute to the inherent toxicity and protective effects of the chelating agents. Target 

protein identification of the iron chelators would provide valuable insights into their 

distinct modes of action and more importantly, future direction for structure 

optimization.  

The limitation of structural modification in the biotin-based affinity 

chromatography encourages the use of the SPROX technique without further 

derivatization of the chelator frameworks. Coupled with the TMT labeling strategy, the 

SPROX experiment is readily amenable to the thermodynamic determination of protein-

ligand binding reaction in whole cell lysates. The SPROX experiment provides adequate 

proteomic coverage with over 1000 unique proteins identified in each treatment group. 

58 and 53 proteins were identified to have HAPI- or Exjade-induced protein stability 

changes through statistical criteria, and 9 proteins (Table 7) were found to have both 

HAPI- and Exjade-induced stability changes. Additionally, 14 proteins (Table 8) were 

identified as potential binding targets only for HAPI but not for Exjade; while 25 (Table 
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9) proteins were identified as potential binding targets only for Exjade but not for HAPI. 

Approximately 66% of the hit proteins were identified with HAPI- or Exjade-induced 

stabilization. Interestingly, all the protein hits identified with both HAPI- and Exjade-

induced stability changes (Table 7) shown the same sign of ΔC1/2 values upon HAPI and 

Exjade binding, which means that the binding of both chelators stabilizes or destabilizes 

these proteins consistently. Protein hits that were identified to bind only one of the two 

chelators in the TMT-SPROX experiment (Table 8 and 9) have shown both positive and 

negative ΔC1/2 values, and a relatively larger fraction (~70%) of protein hits showed 

ligand-induced stabilization (negative ΔC1/2 values). The STRING analysis of the 

interaction network of the 38 unique protein hits covered in Table 7-9 is shown in Figure 

15.   

Among the 38 proteins, 6 unique proteins have been shown to selectively and 

non-covalently interact with metal ions.74-75 The proteins containing metal cofactors may 

merit further investigation due to the possible interactions between the chelators and 

metal ions. For example, Alpha-enolase requires Mg2+ for catalysis and stabilizing the 

dimer structure. It was identified with HAPI-induced stabilization with ΔC1/2 value of -

0.8 M GdmCl, but it was not identified as a protein target for Exjade. The sequences of 

the peptides identified in the TMT-SPROX experiment from the 6 metal ion binding 

proteins are summarized in Table 10. Further investigations may include probing for 
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direct interactions between the identified potential hit proteins and the relative chelating 

agent using targeted proteomic method, such as PAB-SPROX, with the purified proteins.  

 

Figure 15: STRING analysis of the 38 potential protein hits for HAPI and 

Exjade binding (combined protein hits in Table 5-7). The STRING analysis was 

conducted using medium confidence data from experimental evidence. The red lines 

indicate interaction evidence. 
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Table 10: Protein hits with metal ion binding affinities. N/A means the protein 

is not identified as a hit for HAPI or Exjade. 

 

3.4 Conclusions 

The use of SPROX technique for identifying target proteins of chelators HAPI 

and Exjade overcomes the limitation of structural modification in the biotin-labeling 

method. The TMT-SPROX experiment in this work provided adequate proteomic 

coverage and identified a series of potential protein hits for the two chelators. The 

results of this study provide important implications for a list of proteins that merit 

further research for understanding the mechanisms underlying the distinct cytotoxicity 

and cytoprotection effects of different iron chelators. For future directions, more 

biological replicates or targeted proteomic identification and quantitation strategies can 

be applied for the validation of the protein-ligand interactions identified in the TMT-

SPROX experiment. 
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4. Development of a SPROX-Like Protocol for Targeted 
Mass Spectrometry-Based Analyses of Protein Ligand 
Binding 

Reproduced with permission from Anal. Chem. 2016, 88 (22), 10987-10993. 

Copyright 2016 American Chemical Society.76 

4.1 Introduction 

This chapter comes largely from the research paper titled “Targeted Mass 

Spectrometry-Based Approach for Protein-Ligand Binding Analyses in Complex 

Biological Mixtures Using a Phenacyl Bromide Modification Strategy”.76 The ability to 

characterize protein-ligand binding reactions in complex biological mixtures is 

experimentally convenient because it eliminates the need for protein purification. It is 

also of great fundamental importance because it enables analysis of protein-ligand 

binding reactions to be made in a more biologically relevant context. Recent mass 

spectrometry-based proteomic approaches have included the SPROX technique,13-14, 31, 49, 

77 the pulse-proteolysis technique,15, 17 and the cellular thermal shift assay.18-20 The relative 

merits of these different strategies will not be reviewed here, but have been recently 

summarized by Li and co-workers.78 

One drawback to all of the mass spectrometry-based proteomics approaches 

reported-to-date for the large-scale and unbiased analysis of protein-ligand binding 

interactions in complex mixtures is that they require relatively large amounts of protein. 

For example, the previously reported iTRAQ-(and TMT)-SPROX and SILAC-SRPOX 
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protocols typically require ∼2−3 mg of total protein for a single protein-target discovery 

experiment.14, 31, 49 This amount of protein is easily accessible in the case of some samples 

(e.g., cell lysates derived from cultured cell lines). However, it can be problematic for 

other samples. For example, a major hurdle in the application of the above mass 

spectrometry-based proteomics methods to clinical samples is the amount of material 

required for an analysis. 

With the goal of generating reproducible proteomic results with limited amount 

of materials, demonstrated in this chapter is a targeted SPROX-like mass spectrometry-

based technique using phenacyl bromide (PAB) modification strategy (Figure 16). This 

so-called, PAB-SPROX strategy involves reaction of the tryptic peptide mixtures 

generated in proteome-wide SPROX analyses with PAB to specifically label non-

oxidized methionine-containing peptides derived from the proteins in each of the 

denaturant containing buffers used in SPROX. In the LC-MS/MS analysis, the PAB-

labeled methionine side chain undergoes gas-phase fragmentation during collision 

induced dissociation (CID) and produces a fixed mass neutral loss and a specific 

product ion. Thus, it is possible to use targeted MS methods to detect the transition 

between the sulfonium precursor ion and the post-fragmentation product ion. The use of 

light and heavy-labeled PAB makes it possible to identify ligand-induced stability 

changes observed in SPROX, in an analogous fashion to that previously described for 

SILAC-SPROX.14, 31 The PAB-SPROX strategy takes of advantage of the high selectivity 
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and sensitivity of selected reaction monitoring (SRM) method. Thus, it is especially 

useful for targeted SPROX analyses. 

 

Figure 16: Schematic representation of PAB labeling reaction and gas phase 

fragmentation behavior of resulting PAB-labeled methionine-containing peptides. 

 

As proof-of-principle, the known binding interaction of Cyclosporine A with 

Cyclophilin A protein in a yeast cell lysate is successfully detected and quantified using 

a targeted SRM workflow. CsA is a powerful immunosuppressive agent that is known 

to directly bind CypA.79-83 The binding affinity of CsA to Cpy-A has been previously 
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established using traditional techniques,79-80 and using SPROX.13, 31, 84-85 Advantages of the 

PAB-SPROX workflow over other SPROX protocols include a 20-fold reduction in the 

amount of total protein needed for analysis and the ability to work with the endogenous 

proteins in a given sample (e.g., stabile isotope labeling with amino acids in cell culture 

is not necessary).  

4.2 Experiment 

4.2.1 Materials 

The following materials were purchased from Sigma-Aldrich (St. Louis, MO): 

phenacyl bromide (PAB), hydrogen peroxide solution (30% w/w), sodium phosphate 

monobasic, sodium phosphate dibasic, guanidine hydro- chloride, methionine, sodium 

lauryl sulfate (SDS), triethylammonium bicarbonate buffer (TEAB), DL-Dithiothreitol 

(DTT), Iodoacetamide (IDA), trifluoroacetic acid (TFA), tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP· HCl), S-methylmethane thiosulfonate (MMTS), and trypsin from 

porcine pancreas (proteomic grade). CsA was purchased from Santa Cruz 

Biotechnology, Inc. (Dallas, TX). Trichloroacetic acid (TCA) and acetic acid (Glacial) 

were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Dimethyl sulfoxide 

(DMSO) and acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA). Ethyl 

alcohol (completely denatured) was purchased from Avantor Performance Materials 

(Center Valley, PA). Formic acid (FA) was purchased from Thermo Scientific (Rockford, 

IL). The reagents used in the 13C6−PAB synthesis (including aluminum chloride, 
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magnesium sulfate,13C6-benzene, bromoacetyl bromide, carbon disulfide, 

dichloromethane) were purchased from Sigma-Aldrich (St. Louis, MO). 

4.2.2 Cell Culture and Cell Lysate Preparations 

The Saccharomyces cerevisiae cells were cultured as previously described. Cell 

pellets were lysed by mechanical disruption using glass beads (400−600 μm in diameter) 

and a Disruptor Genie (Scientific Industries Inc., Bohemia, NY). The cell lysis buffer (pH 

7.4) included 20 mM phosphate and a cocktail of protease inhibitors including: 1 mM 

AEBSF, 500 μM Bestatin, 15 μM E-64, 20 μM Leupeptin, and 10 μM Pepstatin A (Thermo 

Scientific, Rockford, IL). The sample was centrifuged at 15000 × g for 15 min at 4 °C, and 

the supernatant was used in the PAB-SPROX experiments. The total protein concen- 

trations in the cell lysates used in these studies were typically 5−10 mg/mL. 

4.2.3 Synthesis for Heavy PAB (13C6-PAB) 

13C6H5-phenacyl bromide (13C6-PAB) was synthesized according to a previously 

established procedure by Duke Small Molecule Synthesis Faccility.86 Briefly, anhydrous 

AlCl3 (11.8 g, 89.3 mmol) was added in small portions to a stirred solution of 13C6-

benzene (500 mg, 6.0 mmol) and bromoacetyl bromide (646 μL, 7.4 mmol) in CS2 (60 

mL). The reaction was refluxed for 30 min at 45 °C and then cooled to room 

temperature. The product was poured onto ice, extracted into dichloromethane (once 

with 75 mL and three times with 25 mL), and washed with water (once with 45 mL and 

three times with 15 mL). The organic layer was extracted, dried over anhydrous MgSO4, 
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filtered, and evaporated under reduced pressure to give the product 13C6− PAB 

(BrCH2CO13C6H5) as light yellow solid. 

4.2.4 PAB Modification on Model Peptide 

The specificity and yield of PAB modification was evaluated using a model 

methionine-containing peptide, Substance P (SubP), of sequence RPKPQQFFGLM. SubP 

(~50 μg) was dissolved in solution containing 20% HOAc and 30% ACN, and was then 

modified with 12C6-PAB for 24 hours. Identical conditions were used for the reaction 

between 12C6-PAB and oxidized SubP (SubP(ox) of sequence RPKPQQFFGLM(OX)). The 

reaction products were characterized by MALDI-TOF mass spectrometry using -cyano-

4-hydroxycinnamic acid (HCCA) as the matrix.  The 12C6-PAB labeled SubP sample was 

also desalted using C18 resin and analyzed by LC−MS/MS using an Agilent 6520 Q-TOF 

equipped with a Chip Cube interface. (Agilent Technologies, Inc., Santa Clara, CA). A 

short-chip (43 mm x 75 µm) was used. The gradient was: 3−70% B in 7min, 70-3% B in 

0.1 min, and 3% B for 1.9 min.  Solvent A contained 0.1% formic acid (v/v) in H2O; and 

solvent B contained 0.1% formic acid in acetonitrile. The flow rate was set at 0.40 

µL/min. 

4.2.5 Heavy and Light PAB Modification Comparison 

The protein concentration in the Saccharomyces Cerevisiae cell lysate, as 

determined by the Bradford assay, was ~ 13 mg/mL. A 25 μL aliquot of the cell lysate 

was combined with 55 μL of 0.1% RapiGest solution in ammonium bicarbonate (AmBic). 
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After reduced and alkylated by 10 μL of 50 mM solution of DTT and 10 μL of 150 mM 

solution of IDA, the lysate was digested with trypsin (Trypsin : Protein = 1:50, w/w). 

After the addition of 40 μl glacial acetic acid (HOAc) and 60 μl acetonitrile (ACN), the 

digested lysate was then divided into two equal portions (i.e., same concentration and 

volume). The modification reaction was initiated by adding 10 μL of 1 M solution of 

12C6-PAB (in ACN) to one sample and 13C6- PAB (in ACN) to the other. After 24 hour-

incubation in dark, the 12C6-PAB and 13C6- PAB (light and heavy) labeled peptide 

samples were pooled together. The combined sample was desalted with C18 resin and 

analyzed by LC-MS/MS (Figure 17). 
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Figure 17: Schematic representation of the light and heavy PAB modification 

on yeast cell lysate. 

 

4.2.6 PAB-SPROX Protocol for Protein-ligand Binding Analysis 

In Experiment 1, the Saccharomyces Cerevisiae cell lysate (5 μg/μL) was divided 

into two 180 μL portions. A 20 μL aliquot of a 10 mM CsA solution prepared in DMSO 

was added to one portion of the cell lysate to generate the (+) ligand sample, and 20 μL 

of DMSO was added to the other portion of the cell lysate to generate the (−) ligand 
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sample. The (+) and (−) ligand samples were equilibrated for 1 h at room temperature 

before 20 μL aliquots of the (+) and (−) ligand samples were each combined with 25 μL 

of a series of GdmCl- containing buffer solutions (pH 7.4) containing 20 mM phosphate 

and concentrations of GdmCl ranging from 0 to 8 M. The final GdmCl concentrations in 

the 9 GdmCl buffers used in Experiment 1 were 0, 0.5, 1.0, 1.4, 1.8, 2.0, 2.5, 3.0, and 3.5 M. 

The final concentration of CsA in each GdmCl-containing buffer was 400 μM. The 

protein samples in the GdmCl-containing buffers were equilibrated for 1 h at room 

temperature before the methionine oxidation reaction in SPROX was initiated with the 

addition of 5 μL of 9.8 M H2O2. The oxidation reactions were quenched with 1 mL of 300 

mM methionine solution after 3 min. The proteins in each GdmCl containing buffer 

were precipitated upon addition of 250 μL of TCA and overnight incubation on ice. The 

samples were centrifuged at 8000 rcf for 30 min at 4 °C, and each supernatant was 

decanted. The protein pellets were each washed three times with 300 μL of ice-cold 

ethanol. The protein pellets were each dissolved in 35 μL of 0.5 M TEAB with 0.1% final 

concentration of SDS. The samples were vortexed, heated at 60 °C, and sonicated for 10 

min at a time, for 2−3 cycles. The disulfide bonds were reduced with a final 

concentration of 5 mM TCEP for 1 h at 60 °C. Cysteine residues were reacted in the 

presence of 10 mM MMTS for 10 min at RT. 

The protein samples were digested overnight with 1.0 μL of 1 mg/ mL trypsin at 

37 °C. After addition of 20 μL of HOAc and 30 μL of ACN, the tryptic peptides 
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generated in the (−) and (+) ligand samples were derivatized with light and heavy PAB, 

respectively, by adding 10 μL of 1 M solutions of 12C6- PAB or 13C6- PAB to (−) and (+) 

ligand samples, respectively. The 12C6- PAB or 13C6- PAB solutions were freshly prepared 

in ACN. After 24 h, the (−) and (+) ligand samples at the same denaturant concentration 

were pooled together (Figure 18).  

 

Figure 18: Schematic representation of experimental workflow used in the 

PAB-SPROX protocol developed in this work. 
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The PAB-SPROX protocol used in Experiment 2 (i.e., the control experiment) was 

identical to that described above for Experiment 1, except that 20 μL of DMSO was 

added to both 180 μL portions of lysate. The PAB-SRPOX protocol used in Experiment 3 

(i.e., the high sensitivity analysis) was also the same as that described in Experiment 1, 

with the following exceptions. The initial concentration of the cell lysate was 0.5 mg/mL 

instead of 5 mg/mL. The final GdmCl concentrations in the denaturant-containing 

buffers were 0, 1.4, 1.8, and 3.5 M. After the H2O2 oxidation reaction was quenched by 

methionine, 90 μg of an MCF-7 cell lysate was spiked in each sample to facilitate the 

TCA precipitation. 

4.2.7 LC-MS/MS Analysis 

The PAB-labeled tryptic peptides in PAB-SPROX experiment were desalted 

using C18 resin according to the manufacturer’s protocol and analyzed by LC−MS/MS 

using an Agilent 6460 series triple quadrupole mass spectrometer (QQQ-MS) equipped 

with a ChipCube (Agilent Technologies, Inc., Santa Clara, CA). Peptides were 

concentrated and desalted on a trapping column (100 μm ID × 20 mm) and ultimately 

separated on an analytical column (75 μm ID × 150 mm) using the following nano flow 

pump gradient: 3−35% B in 52 min, 35−85% B in 3 min, and 85% B for 2 min. Solvent A 

contained 0.1% formic acid (v/v) in H2O; and solvent B contained 0.1% formic acid in 

CH3CN. The flow rate used for the separation was 0.40 μL/min. The QQQ-MS was 

operated in a targeted SRM mode using 4−6 selected transitions (Table 11) depending on 
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the experiment. The dwell time of each transition was 40 ms. The fragmentor and cell 

acceleration voltages were set at 135 and 7 V, respectively. Tandem MS was performed 

by CID fragmentation using a collision energy of 5 V. For each LC-MS/MS run, 

approximately 200−500 ng of material were injected. 

 

Table 11: Summary of SRM transitions used in the experiments. 

protein 

name 
peptide sequence 

precursor 

z 

precursor 

m/z 

product 

m/z 

CPR1 VIPDFM(12C6−PAB) LQGGDFTAGNGTGGK 2 1101.0 1018.0 

CPR1 VIPDFM(13C6−PAB) LQGGDFTAGNGTGGK 2 1104.0 1018.0 

CPR1 VIPDFM(12C6−PAB) LQGGDFTAGNGTGGK 3 734.4 679.0 

CPR1 VIPDFM(13C6−PAB) LQGGDFTAGNGTGGK 3 736.4 679.0 

TEF1 VETGVIKPGM(12C6−PAB) VVTFAPAGVTTEVK 3 850.1 794.8 

TEF1 VETGVIKPGM(13C6−PAB) VVTFAPAGVTTEVK 3 852.1 794.8 

 

4.2.8 Proteomic Data Analysis 

SRM transitions of targeted methionine-containing peptides were determined by 

adding the mass of the tag, 119.1 and 125.1 Da for 12C6- PAB and 13C6- PAB, respectively, 

and subtracting the mass of the neutral loss fragment, 166.0 and 172.0 Da for 12C6- PAB 

and 13C6- PAB, respectively. Also, the PAB modification incorporates a preformed 

positive charge on the peptide (Figure 16), which was taken into consideration for the 

m/z calculations of the sulfonium precursor ion. For the SRM transitions determined in 

each experiment (Table 11), an extracted ion chromatogram was generated using Agilent 

Mass Hunter Quantitative Analysis Software Version B. 06.00 (Agilent Technologies, 

Inc., Santa Clara, CA). Ultimately, the areas under the extracted ion chromatogram (EIC) 
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peaks were used to generate L/H ratios. Hits were selected (i.e., ligand binding was 

detected) based on the evaluation of L/H ratios that were significantly departed from 1 

(Figure 19). The L/H ratios with significant departures from 1 were taken to be those that 

were changed by greater than 1.7-fold. This 1.7-fold threshold was the same as that 

previously utilized in our SILAC-SPROX and SILAC-pulse proteolysis protocols for 

protein folding and ligand binding analysis.17, 31, 49 In those protocols, the selection of a 

1.7-fold cutoff values was based on global analyses of all the L/ H values recorded in 

each experiment where greater than 90% of all the measured L/H ratios were typically 

within 1.7-fold of the median.  

 

Figure 19: Schematic representation of PAB-SPROX data expected for 

methionine-containing peptides in a ligand binding experiment using PAB-SPROX. 

Shown are the SPROX data (top panels) and the corresponding PAB-SPROX data 

(bottom panels) of a targeted methionine-containing peptide probe from a 

noninteracting protein (A), a protein displaying a ligand-induced stabilization (B), 

and a protein displaying a ligand-induced destabilization (C). 
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4.3 Results 

4.3.1 Specificity and Yield of PAB Modification 

Initially, the yield of PAB modification on a model peptide, Substance P, of 

sequence RPKPQQFFGLM, was analyzed using MALDI-TOF MS instrument. The goal 

of the experiment was to evaluate the specificity of PAB modification on un-oxidized 

methionine and the yield of PAB labeled methionine. MALDI mass spectrum for the 

products from SubP(Ox) and PAB incubation showed only a peak at 1404.7 Da (Figure 

20a), which corresponds to the signal of SubP(Ox). This suggested that PAB does not 

react with SubP(Ox). Figure 20b shows the MALDI-TOF MS result of the product from 

wildtype SubP and PAB incubation.  Three most intense ion signals were observed, 

1316.1 Da, 1365.1 Da, and 1484.7 Da. These three signals correspond to product ion of 

PAB-labelled SubP after gas-phase fragmentation, wildtype SubP, and PAB-labelled 

SubP.  The wild-type SubP ions were apparently due to unreacted SubP in the reaction.  

Based on the relative signal intensities of the MALDI ion signals, the reaction yield of 

PAB-labelled material was ~67%.  However, the MALDI ionization efficiencies of wild-

type and PAB-labelled SubP are probably not equivalent. LC-MS/MS analysis of the 

reaction products suggested that the reaction yield of PAB-labelled material was 99.9% 

based on the relative intensities of the extracted ion chromatograms observed for the 

most intense ion signals detected for wild-type and PAB-labelled SubP (Figure 21). 



 

80 

Again, the ESI ionization efficiencies of wild-type and PAB-labelled SubP are probably 

not equivalent.   

 

Figure 20: MALDI mass spectrum of reaction products generated in the PAB-

labelling reaction with oxidized SubP in A) and SubP in B). SubP* represents the 

product ion of SubP-PAB after the gas-phase fragmentation highlighted in Figure 1. 

The ion signal labelled PepA is from pepstatin A, which was used as an internal mass 

calibrant. 
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Figure 21: Extracted ion chromatograms (EIC) generated in the LC-MS analysis 

of the reaction products generated in the PAB-labelling reaction with SubP.  The 

EIC’s generated for the singly, doubly, and triply charged states of PAB-labelled SubP 

at m/z 1465.7800, 733.3911, and 489.2600 (respectively) are shown in the green, brown, 

and blue traces (respectively).  The EIC’s generated for the doubly and triply charged 

states of SubP are also shown in pink and black; however, the relative intensities of 

these ion signals appearing around 5-6 min at m/z   674.3677 and 449.9100 were very 

low (~103). 

 

Together, the MALDI and ESI mass spectral analyses suggest that PAB 

modification is specific to wild-type (un-oxidized) methionine side chains and the 

overall reaction yield in PAB-labelling reaction is likely somewhere between ~70-100% 

based on the relative signal intensities of SubP-PAB and non-labeled SubP. 

4.3.2 12C6-PAB and 13C6-PAB Modification on Proteins in a Yeast 
Lysate 

The detection of 12C6-PAB and 13C6-PAB (light and heavy) labeled methionine-

containing peptides in the digested yeast lysate was achieved by extracting precursor 
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neutral loss chromatogram (pNLC) of 166.0 and 172.0 Da, respectively, from a single LC-

MS/MS analysis using lower collision energy on Q-TOF MS instrument. The goal of the 

experiment was to evaluate the yield of light and heavy PAB modification on the same 

peptide under the same reaction condition. The integrated area under the peak 

represented the relative abundance of each detected peptide. In total, 16 12C6-PAB and 

13C6-PAB labeled methionine-containing peptides were identified. Quantitative results of 

each peptide were summarized in Table 12. The average L/H area ratio for all the 

methionine-containing peptides was calculated to be 1.00, with a standard deviation of 

0.38. After eliminating the two outliers, the average L/H ratio was 1.00 and the standard 

deviation was 0.10. This result suggested that 12C6-PAB and 13C6-PAB show equal 

modification efficiency in peptides mixture under the same reaction condition and they 

can be used for quantitative analysis. 
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Table 12: Summary of the charge state, mass/charge (m/z), and relative 

abundance of the detected 12C6-PAB and 13C6-PAB labeled methionine-containing 

peptides (Area (L) and Area (H)). 

Charge 

state 
m/z(L) m/z(H) Area(L) Area(H) L/H ratio 

 

2 744.3805 747.3918 207125 209224 0.99  

3 511.6159 513.6212 1596539 1823138 0.88  

3 898.4619 900.4549 217888 253298 0.86  

4 674.092 675.6201 1818132 1517205 1.2  

3 632.669 634.673 1350006 1488402 0.91  

3 693.6986 695.709 305833 284195 1.08  

3 917.1151 919.1134 225313 235473 0.96  

3 651.6794 653.6806 677890 677193 1  

3 891.8242 893.8244 410968 499269 0.82  

4 861.2188 862.7235 769148 873538 0.88  

5 689.3719 863.2233 3589389 1591867 2.25  

4 875.4885 876.9801 372065 342063 1.09  

5 676.9763 678.1815 1200864 1075639 1.12  

5 688.3788 689.591 1109959 1194883 0.93  

5 651.3632 652.5634 1227468 1201393 1.02  

4 813.9473 815.4521 553404 5509783 0.1  

4 828.2185 829.6693 134174 133462 1.01 Averaged L/H 

4 710.638 712.1293 171632 179686 0.96 1.00 

 

4.3.3 PAB-SPROX Experimental Workflow 

The PAB-SPROX protocol developed here (Figure 18) involves incubation of a 

protein sample (e.g., cell lysate) with and without ligand, dilution of the (−) and (+) 

ligand samples into a series of different chemical denaturant buffers, and subsequent 

reaction of the thioether group in solvent exposed side chains of methionine (Met) 

residues with hydrogen peroxide. The oxidation reaction, the conditions of which are 

specifically tuned to selectively oxidize the thioether group in exposed methionine 

resides, is quenched with excess methionine. The proteins in each denaturant containing 

buffer are precipitated and digested with trypsin. The tryptic peptides generated in the 
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(−) and (+) samples are reacted with light and heavy labeled PAB to incorporate a fixed-

charge sulfonium ion into the thioether side chain of unoxidized methionine residues in 

peptides (Figure 16). 24, 87The tryptic peptide mixtures generated from the (−) and (+) 

ligand samples at the same denaturant concentrations are combined, and each of the 

combined samples are submitted to quantitative LC-MS/MS analysis using a SRM 

method. 

In the LC-MS/MS analysis the PAB-labeled methionine side chain undergoes gas-

phase fragmentation during CID and produces a fixed mass neutral loss and a specific 

product ion (Figure 16). Thus, it is possible to use an SRM method to detect the 

transition between the sulfonium precursor ion and the post-fragmentation product ion. 

Ideally, the collision energy is tuned to optimize the yield of the product ion (Figure 16) 

and minimize cleavage of the peptide backbone. The same transitions are scheduled for 

the light- and heavy-PAB- labeled-methionine-containing peptides of interest. This 

enables the resulting light to heavy ratios to report on the relative extent to which the 

target methionine-containing peptide was oxidized in the SPROX analysis of the (−) and 

(+) ligand samples (Figure 19). Methionine-containing peptides from proteins with 

ligand-induced changes in their chemical denaturation behavior will yield L/H ratios 

that depart from 1, whereas proteins not effected by the ligand will yield L/H ratios that 

are 1 at each denaturant concentration (Figure 19). As in iTRAQ- and SILAC-SPROX 

experiment, a methionine-containing peptide probe used in PAB-SPROX need not map 
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to back to the specific ligand binding site in a protein to be useful for the detection of 

protein−ligand binding. This is because one methionine-containing peptide probe can 

report on the stability and ligand binding properties of the entire protein folding domain 

to which it maps. 

4.3.4 CsA Binding Experiment 

The PAB-SPROX protocol (Figure 18) was initially evaluated in a SPROX 

experiment (Experiment 1) that involved the use of nine denaturant concentrations and 

1.8 mg of total protein from a yeast cell lysate (i.e., ∼100 μg of total protein at each 

denaturant concentration in the (−) and (+) ligand samples). This amount of protein was 

comparable to that typically utilized in the iTRAQ-SPROX and SILAC-SPROX protocols 

on which we have previously reported. The +2 and +3 charge states of the 

VIPDFMLQGGDFTAGNGTGGK peptide from CypA and the +3 charge state of the 

VETGVIKPGMVVTFAPAGVTTEVK peptide from translation elongation factor protein 

were targeted in the LC-MS/MS analysis. 

The L/H ratios evaluated in Experiment 1 for the methionine containing peptide 

from CypA showed significantly altered L/H ratios (>1.7-fold change) at five consecutive 

GdmCl concentrations, 1.0, 1.4, 1.8, 2.0, and 2.5 M (Figure 22a). The data are consistent 

with a CsA-induced stabilization of CypA. In contrast, the L/H ratios evaluated in 

Experiment 1 for the methionine containing peptide from TEF1 were not significantly 
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changed at any two consecutive denaturant concentrations (Figure 22a). The data are 

consistent with TEF1 not interacting with CsA. 

 

Figure 22: PAB-SPROX data generated in Experiments 1, 2, and 3. Denaturant 

dependence of the L/H ratios measured in Experiment 1, 2, and 3 are shown in (A), (B), 

and (C), respectively. The filled circles represent data from the +2 charge state of the 

VETGVIKPGMVVTFAPAGVTTEVK peptide from TEF1. The open and filled 

squares represent data from the +2 and +3 charge state, respectively, of the 

VIPDFMLQGGDFTAGNGTGGK peptide from CypA. The horizontal dotted lines 

indicate the 1.7-fold cut-off values used for hit selection. 
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4.3.5 Quantitation of Ligand Binding 

In the case of ligand- induced stabilization reactions detected by PAB-SPROX, a 

dissociation constant (Kd value) can be calculated from the observed denaturant 

dependence of the measured L/H ratios. The calculation of Kd values from PAB-SPROX 

data is directly analogous to that which we have previously described for SILAC-

SPROX. It involves the calculation of a binding free energy (ΔΔGf) using Equation 3. 

       Equation 3 

In eq 1, m is the δΔGf/δ[GdmCl] and ΔC1/2 SPROX is the SPROX transition midpoint shift 

upon ligand binding. The m value used for Cyclophilin in these calculations was 3.7 kcal 

mol−1 M−1, which was previously determined by experiment.88 The ΔC1/2 SPROX from the 

experiment was 1.5 M (1.0−2.5 M; Figure 22a). 

The dissociation constant (Kd value) is ultimately calculated using Equation 4. 

        Equation 4 

In eq 4, [L] is the molar concentration of the free ligand, n is the number of independent 

binding sites (in all cases, it was assumed that n = 1), R is the universal gas constant, and 

T is the reaction temperature in Kelvin (K). The CsA concentration in this experiment, 

400 μM, was assumed to be in large excess over the CypA concentration in the protein 

samples. Therefore, the free ligand concentration was estimated to be 400 μM. The Kd 
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value calculated from the PAB-SPROX data in Figure 22a was 34 nM, which is within the 

range of Kd values (30−200 nM) previously reported for the CsA−CypA complex. 

4.3.6 Control Experiment 

A control experiment (Experiment 2) was also performed in which two identical 

protein samples from a yeast cell lysate were subjected to the protocol outlined in Figure 

18. In the control experiment, approximately 100 μg of total protein was distributed into 

each of nine chemical denaturant-containing buffers. Two charge states of the 

VIPDFMLQGGDFTAGNGTGGK peptide from CypA (the known target of CsA) were 

targeted in the LC-MS/MS readout. Also targeted was the VETGVIKPGMVVTFAP- 

AGVTTEVK peptide from TEF1, which (based on the above results) was not found to be 

a target of CsA. The L/H ratios observed for both of the targeted peptides were relatively 

constant and close to 1 (Figure 22b), as would be expected for the control (i.e., no 

differential stability changes were detected). 

4.3.7 High Sensitivity Analysis 

The primary motivation for developing the PAB-SPROX protocol was to reduce 

the amount of protein material required for SPROX. To this end, we investigated the 

minimal amount of yeast lysate that could be used in the CsA−CypA binding 

experiment. The total amount of yeast cell lysate protein per denaturant concentration 

was reduced from 100 μg in Experiment 1 to 10 μg in Experiment 3. In Experiment 3, a 

minimum number of denaturant concentrations was also used. The PAB-SPROX 
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protocol described here is meant to be used in validation studies of protein hits 

identified in protein-target discovery experiments using the iTRAQ-SPROX protocol. 

Thus, the specific methionine-containing peptide(s) and the specific denaturant 

concentrations at which there are significant differences between the (−) and (+) ligand 

samples in the SPROX experiment will generally be known for most PAB- SPROX 

applications. For example, previous SPROX analyses of CypA in the presence and in the 

absence of CsA revealed that the SPROX transition midpoints shift from ∼1 to 2.5 M 

GdmCl in the presence of ligand. Thus, in Experiment 3, we performed the PAB-SPROX 

experiment using only four denaturant concentrations, 0, 1.4, 1.8, and 3 M GdmCl. In 

theory, one carefully chosen denaturant concentration that is between the SPROX 

transition midpoints of the (−) and (+) ligand samples could be used to detect ligand 

binding in the PAB-SPROX experiment. In practice, it is advantageous to use at least two 

denaturant concentrations, including one that is and one that is not between the SPROX 

transition midpoints of the (−) and (+) ligand samples. This helps confirm that there is a 

denaturant dependence to the altered L/H ratio. Such a denaturant dependence is 

important to establish, as any endogenous oxidation or oxidation due to sample 

handling could also produce altered L/H ratios, but such oxidation is not expected to be 

denaturant dependent. The results obtained from targeting the +2 charge state of the 

VIPDFMLQGGDFTAGNGTGGK peptide from CypA in Experiment 3 are shown in 
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Figure 22c. The decreased L/H ratios observed at 1.4 and 1.8 M GdmCl are consistent 

with the CsA-induced stabilization expected for CypA. 

4.4 Discussion 

4.4.1 Protocol Development 

The successful application of the PAB-SPROX protocol to the analysis of small 

amounts of protein (i.e., 10 μg of total protein per denaturant concentration) in 

Experiment 3, required addition of ∼90 μg of total protein from an MCF 7 cell lysate to 

the yeast cell lysate samples in the denaturant-containing buffers after they were reacted 

with H2O2 and quenched with excess methionine. Addition of the MCF-7 cell lysate 

proteins was necessary to enhance the yield of yeast cell lysate proteins in the TCA 

precipitation step. The TCA precipitation step in SPROX is necessary to remove the 

denaturant and excess methionine in each of the protein samples before they are 

submitted to a bottom-up proteomics analysis. Using 10 μg of total protein in each 

denaturant- containing buffer, we found that the yield of precipitated protein was low, 

as judged by our inability to detect target peptides (such as the VIPDFMLQGGDFTAG-

NGTGGK peptide from Cyclophilin A) in the SRM experiment. Addition of the MCF-7 

lysate made it possible to detect the VIPDFMLQGGDFTAGNGTGGK peptide starting 

from as little as 10 μg of total protein from our yeast cell lysates. 

Addition of the MCF7 cell lysate to the yeast cell lysate samples increases the 

complexity of the mixture to be analyzed by LC-MS/MS. However, at least in the 
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example highlighted in this proof-of-principle study, it did not compromise our ability 

to detect and quantify the VIPDFMLQGGDFTAGNGTGGK peptide in the SRM 

experiment. Clearly, an important consideration in the selection of the cell lysate used to 

facilitate the protein precipitation step in high sensitivity PAB-SPROX experiments is 

that the methionine-containing peptide targeted in PAB-SPROX must be unique to the 

test lysate (i.e., not found in the lysate that is spiked into the test lysate). This was indeed 

the case for the yeast CsA binding experiment described here. The human CypA protein 

in the MCF-7 lysate does not have the tryptic peptide VIPDFMLQGGDFTAGNGTGGK 

in its sequence. 

4.4.2 Characteristics of PAB-modified Peptides 

In the course of these studies, we found that PAB-modified peptides have a 

range of different retention times compared to the unmodified peptides. This makes it 

difficult to utilize scheduled SRM in the PAB-SRPOX experiment unless the retention 

times of the PAB-modified peptides are predetermined. One disadvantage of not being 

able to predict the retention time of PAB-modified peptides is that there can be a 

background of peaks in the EIC. However, use of the light and heavy-labeled PAB in the 

described protocol makes it relatively straightforward to select the appropriate peaks in 

the EIC, as the correct peaks will have nearly identical retention times (Figure 23). 

The neutral loss observed with PAB-labeled methionine- containing peptides is 

generated using a lower collision energy than is typically utilized for CID fragmentation 
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of the peptide backbone. On the one hand, this means that only one transition per 

peptide per charge state can be probed. On the other hand, this is advantageous because 

it significantly reduces the noise in the SRM experiment. Another attractive feature of 

the PAB modification is that the sulfonium ion remaining after the neutral loss holds a 

positive charge (Figure 16). This charged modification has the potential to increase the 

ionization efficiency of methionine containing peptides.  

 

Figure 23: Representative extracted ion chromatograms (EICs) used to generate 

the PAB-SPROX data shown in Figure 24A and C for the +3 charge state of the 

VIPDFMLQGGDFTAGNGTGGK peptide from CypA. The EICs used to generate the 

0 and 1.4 M GdmCl data points in Figure 24A are shown in (A) and (B), respectively. 

The EICs used to generate the 0 and 1.4 M GdmCl data points in Figure 24C are 

shown in (C) and (D), respectively. The shaded regions were included in the area 

under the curve calculations. The peaks marked with a “*” are likely due to the 

presence a deamidated forms of the targeted peptide 

VIPDFMLQGGDFTAGNGTGGK. 
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4.5 Conclusions 

The results of the proof-of-principle study demonstrate the utility of a new PAB-

SPROX protocol for detection and quantitation of protein−ligand binding interactions in 

complex biological mixtures. The described protocol, which involves the PAB-

derivatization of methionine-containing peptides for their targeted detection and 

quantitation in SPROX experiments, has important advantages over previously reported 

iTRAQ- and SILAC-SPROX protocols. Unlike SILAC-SPROX, the PAB-SPROX protocol 

can be directly applied to the endogenous proteins in a sample (i.e., cell culturing 

methods to generated isotopically labeled material are not required). Compared to 

iTRAQ-SPROX, the PAB-SPROX protocol requires significantly less protein material. 

Demonstrated in this chapter is the successful detection of the CsA binding to CypA in a 

yeast cell lysate using just 80 μg of total yeast cell lysate protein. This amount of material 

is ∼20-fold less than that required in a typical iTRAQ-SPROX experiment. The PAB-

SPROX protocol relies on an SRM workflow. The ultimate sensitivity gains realized in 

any given application will largely depend on the relative abundance of targeted 

methionine-containing peptide and the sensitivity of the mass spectrometry employed 

for the analysis.  
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5. Application of PAB-SPROX Protocol for Targeted 
Mass Spectrometry-based Analyses of Protein Ligand 
Binding 

Part of the work is reproduced with permission from Journal of Proteome 

Research, DOI: 0.1021/acs.jproteome.7b00442. Copyright 2017 American Chemical 

Society.22  

5.1 Introduction 

Proteome-wide SPROX analysis has been applied in a series of different studies 

to detect and quantify protein-ligand binding interactions on the proteomic scale. These 

studies have included the identification of protein targets of cyclosporine A13, NAD21, 

resveratrol21, ATP25, Geldanamycin26, Manassantin A27, Tamoxifen and N-Desmethyl 

Tamoxifen22. Known and novel protein-ligand binding interactions have been 

successfully identified through the SPROX data analysis methods with statistical 

criteria.22, 28 The ability to characterize protein-ligand binding reactions in complex 

biological mixtures is experimentally convenient because it eliminates the need for 

protein purification and it enables analysis of protein-ligand binding reactions to be 

made in a more biologically relevant context. However, protein-ligand binding reactions 

probed in complex biological mixtures are not necessary to be direct interactions 

between the protein and the ligand, since protein-protein interactions may also alter 

protein stability. Direct interactions between the protein and the ligand need to be 

probed in purified protein samples. One drawback to all of the mass spectrometry-based 
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proteomics approaches reported-to-date for the analysis of protein-ligand binding 

interactions is that they require relatively large amounts of protein. For example, the 

previously reported iTRAQ-(and TMT)-SPROX and SILAC-SRPOX protocols typically 

require ∼2−3 mg of total protein for a single protein-target discovery experiment.14, 31, 49 

This amount of protein will be problematic for clinical samples as well as purified 

protein samples. 

With the goal of validating the potential protein hits generated from previous 

SPROX experiments, demonstrated in this chapter is the applications of PAB-SPROX 

technique to acquire reproducible proteomic results with limited amount of materials. 

The PAB-SPROX strategy used in this chapter takes of advantage of the high selectivity 

and sensitivity of both selected reaction monitoring (SRM) method and parallel reaction 

monitoring (PRM) method. The PAB-SPROX strategy is proved to be especially useful 

for targeted SPROX analyses.76 

5.1.1 Validation of STK3 as a Binding Target for Staurosporine 

Staurosporine is a microbial alkaloid which has demonstrated antiproliferative 

activity in several human cancer cell lines.89 It inhibits tumor cell growth by inducing 

cell death via intrinsic apoptotic pathways.90 The predominant effect of Staurosporine on 

cancer cells makes it a promising anticancer agent. As a promiscuous kinase inhibitor, 

Staurosporine has a large number of known high-affinity binding protein targets.91 

Previously, the thermal proteome profiling (TPP) method has been applied for the 
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detection of Staurosporine-protein interactions in human K562 cells by Savitski and 

coworkers.19-20 Recently, the SPROX method was also used to identify potential protein 

targets of Staurosporine by probing protein thermodynamic stability changes upon 

ligand binding. The iTRAQ-SPROX experiment was carried out by Dr. Yingrong Xu 

from the Fitzgerald Lab using human K562 cell lysate. In both TPP and iTRAQ-SPROX 

experiments, the serine/threonine-protein kinase 3 (STK3) was detected in LC-MS/MS 

analysis. However, STK3 is identified as a binding target for Staurosporine in the TPP 

experiment, whereas it didn’t show thermodynamic stability changes with the presence 

of Staurosporine in the iTRAQ-SPROX experiment. One hypothesis for the cause of this 

false-negative result is that the iTRAQ quantitation method failed to provide the correct 

quantitative information for the STK3 peptides due to the drawbacks of iTRAQ 

quantitation, such as peptides co-elution or incomplete labeling of iTRAQ tags.92-93  

To prove this hypothesis, part of the work described in this chapter is the 

application of PAB-SPROX protocol for Staurosporine binding analysis using human 

K562 cell lysates and SRM quantitation strategy.  

5.1.2 Validation of Potential Binding Targets for Manassantin A 

Manassantin A is a natural product that has been shown to possess therapeutic 

potential for the treatment of diseases involving melanin production94-95, 

atherosclerosis,96-98 and cancer.99-102 Manassantin A exhibits cytotoxicity against a wide 

range of cancer cell lines (e.g., MDA-MB-231), but weak cytotoxicity against non-cancer 
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cell lines.99-101 This cytotoxic specificity makes Manassantin A an attractive anticancer 

drug candidate. In order to understand the drug mode-of-action for Manassantin A, 

both iTRAQ-SPROX and pulse proteolysis techniques (SILAC-PP) were used to identify 

potential protein targets of Manassantin A in MDA-MB-231 cell lysates by Dr. M. Ariel 

Geer Wallace from the Fitzgerald Lab.27 Only 2 of the 28 potential protein hits were 

identified using both approaches. Over 90% of the hits were only assayed in either the 

iTRAQ-SPROX or the SILAC-PP experiment. Therefore, there is need to validate the 

protein hits with reproducible peptide quantitation results.  

The second application of PAB-SPROX technique demonstrated in this work is to 

validate selected protein hits for Manassantin A binding analysis with MDA-MB-231 cell 

lysates.  PAB-SPROX experiment was also performed on a purified HSP 90β1 protein 

(prepared by Dr. Julia Roberts) from pig heart in the presence and absence of 

Manassantin A to probe for direct interactions between the protein and the ligand.  

5.1.3 Validation of YBX1 as a Direct Binding Target for Tamoxifen 

Tamoxifen (TAM) is a known therapeutic drug that is used for the prevention 

and treatment of estrogen receptor (ER) positive breast cancer.103-104 The drug mode-of-

action of TAM is well understood, however, potential causes of  the side effects of TAM 

remain unknown. In order to uncover this, the proteins in an MCF-7 cell line were 

probed for TAM-induced stability changes using both SILAC- and iTRAQ-SPROX 

technique by Dr. Ryenne Ogburn from the Fitzgerald Lab.22 Functionally relevant 
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protein targets of TAM can be identified through the thermodynamic stability profiling 

technique due to the close link between protein folding stability and protein function. 

Among the potential TAM-binding protein hits generated from the SILAC-SPROX 

experiment, Y-box binding protein 1 (YBX1) is of particular interests. In a previous 

study, the expression of YBX1 in breast cancer tissues was monitored by 

immunostaining, and the upregulation of this protein was linked to poor outcomes and 

drug resistance.105 Overexpression of YBX1 in MCF-7 cell line was also shown to 

decrease ERα expression and increase ERBB2 expression.106 This earlier study also 

reported that the overexpression of YBX1 in MCF-7 cell line inhibited TAM-induced 

apoptosis based on data collected in a DNA fragmentation assay.106 More recently, it was 

shown that YBX1 directly binds to the estrogen receptor, and TAM treatment disrupts 

this binding.107 It was also reported in this study that TAM treatment induces the 

binding of YBX1 to the ERBB2 response element.107 Moreover, YBX1 and ER deletion 

mutants revealed that the cold shock domain of YBX1 binds to the ligand binding 

domain of the estrogen receptor and that increased YBX1 levels are correlated to 

increased ubiquitination and degradation of ER.107  

In order to validate the direct binding of TAM to YBX1, PAB-SPROX technique 

was applied to probe for direct interactions with TAM using limited amount of purified 

YBX1 protein (~10 μg in each denaturant-containing sample).  
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5.2 Experiment 

5.2.1 Materials 

The following materials were purchased from Sigma-Aldrich (St. Louis, MO): 

phenacyl bromide (PAB), hydrogen peroxide solution (30% w/w), sodium phosphate 

monobasic, sodium phosphate dibasic, guanidine hydro- chloride, methionine, sodium 

lauryl sulfate (SDS), triethylammonium bicarbonate buffer (TEAB), DL-Dithiothreitol 

(DTT), Iodoacetamide (IDA), trifluoroacetic acid (TFA), tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP· HCl), S-methylmethane thiosulfonate (MMTS), and trypsin from 

porcine pancreas (proteomic grade). CsA was purchased from Santa Cruz 

Biotechnology, Inc. (Dallas, TX). Trichloroacetic acid (TCA) and acetic acid (Glacial) 

were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Dimethyl sulfoxide 

(DMSO) and acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA). Ethyl 

alcohol (completely denatured) was purchased from Avantor Performance Materials 

(Center Valley, PA). Formic acid (FA) was purchased from Thermo Scientific (Rockford, 

IL). The reagents used in the 13C6−PAB synthesis (including aluminum chloride, 

magnesium sulfate,13C6-benzene, bromoacetyl bromide, carbon disulfide, 

dichloromethane) were purchased from Sigma-Aldrich (St. Louis, MO). 
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5.2.2 Cell Culture and Cell Lysate Preparations 

5.2.2.1 Yeast Cell Culture 

The Saccharomyces cerevisiae cells were cultured as previously described.14 Cell 

pellets were lysed by mechanical disruption using glass beads (400−600 μm in diameter) 

and a Disruptor Genie (Scientific Industries Inc., Bohemia, NY). The cell lysis buffer (pH 

7.4) included 20 mM phosphate and a cocktail of protease inhibitors including: 1 mM 

AEBSF, 500 μM Bestatin, 15 μM E-64, 20 μM Leupeptin, and 10 μM Pepstatin A (Thermo 

Scientific, Rockford, IL). The sample was centrifuged at 14,000 rcf for 15 min at 4 °C, and 

the total protein concentration in the supernatant was measured using a Bradford assay.  

5.2.2.2 Mammalian Cell Culture 

The human K562 cells were cultured in a humidified 37°C incubator with 5% 

CO2 according to American Type Culture Collection (ATCC) guidelines. The base 

medium for this cell line is ATCCformulated Iscove's Modified Dulbecco's Medium 

(IMDM) (Catalog No. 30 2005). Fetal bovine serum was added to a final concentration 

of 10% for complete growth medium. The K562 cell pellets were lysed with 1.0 mm dia. 

ZIRCONIA/SILICA beads (BioSpec Products) and a Disruptor Genie. The cell lysis 

buffer (pH 7.4) included 20 mM phosphate and a cocktail of protease inhibitors 

including: 1 mM AEBSF, 500 μM Bestatin, 15 μM E-64, 20 μM Leupeptin, and 10 μM 

Pepstatin A (Thermo Scientific, Rockford, IL). The sample was centrifuged at 14,000 rcf 



 

101 

for 15 min at 4 °C, and the total protein concentration in the supernatant was determined 

by a Bradford assay.  

The MDA-MB-231 cells were cultured under hypoxia (0.5% Oxygen) by Dr. Kelly 

Lee. The MDA-MB-231 cell pellets were lysed by mechanical disruption using a 

Disruptor Genie and 1.0 mm dia. ZIRCONIA/SILICA beads in 20 mM Tris-HCl buffer 

(pH 7.4) containing 50 mM NaCl, 10 mM CaCl2, and a protease inhibitor cocktail that 

contained Pepstatin A, Leupeptin, E-64, Bestatin, and AEBSF at concentrations of 0.2 

mM, 0.4 mM, 0.3 mM, 1 mM, and 20 mM, respectively. The resulting cell lysates were 

centrifuged at 14,000 rcf for 15 min at 4 °C, and the supernatents were used PAB-SPROX 

analysis. The total protein concentration of the cell lysate was determined by a Bradford 

assay. 

5.2.3 PAB-SPROX Protocol for Staurosporine Binding Analysis 

In Experiment 1, the K562 cell lysate (~5 μg/μL) was divided into two 198 μL 

portions. A 2 μL aliquot of a 25 mM Staurosporine solution prepared in DMSO was 

added to one portion of the cell lysate to generate the (+) Staurosporine sample, and 2 μL 

of DMSO was added to the other portion of the cell lysate to generate the (−) control 

sample. The (+) and (−) ligand samples were equilibrated for 1 h at room temperature 

before 20 μL aliquots of the (+) and (−) ligand samples were each combined with 75 μL  

of a series of Urea-containing buffer solutions (pH 7.4) containing 20 mM phosphate and 

concentrations of Urea ranging from 0 to 6.7 M. The final Urea concentrations in the 8 
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GdmCl buffers used in Experiment 1 were 0, 1.0, 2.1, 2.7, 3.3, 4.0, 4.9, and 6.7 M. The 

final concentration of Staurosporine in each GdmCl-containing buffer was ~50 μM. The 

protein samples in the GdmCl-containing buffers were equilibrated for 1 h at room 

temperature before the methionine oxidation reaction in SPROX was initiated with the 

addition of 5 μL of 9.8 M H2O2. The oxidation reactions were quenched with 1 mL of 300 

mM methionine solution after 6 min. The proteins in each GdmCl containing buffer 

were precipitated upon addition of 250 μL of TCA and overnight incubation on ice. The 

samples were centrifuged at 8000 rcf for 30 min at 4 °C, and each supernatant was 

decanted. The protein pellets were each washed three times with 300 μL of ice-cold 

ethanol. The protein pellets were each dissolved in 35 μL of 0.5 M TEAB with 0.1% final 

concentration of SDS. The samples were vortexed, heated at 60 °C, and sonicated for 10 

min at a time, for 2−3 cycles. The disulfide bonds were reduced with a final 

concentration of 5 mM TCEP for 1 h at 60 °C. Cysteine residues were reacted in the 

presence of 10 mM MMTS for 10 min at RT. 

The protein samples were digested overnight with 1.0 μL of 1 mg/ mL trypsin at 

37 °C. After addition of 20 μL of HOAc and 30 μL of ACN, the tryptic peptides 

generated in the (−) and (+) ligand samples were derivatized with light and heavy PAB, 

respectively, by adding 10 μL of 1 M solutions of 12C6-PAB or 13C6-PAB to (−) and (+) 

ligand samples, respectively. The 12C6- PAB or 13C6- PAB solutions were freshly prepared 

in ACN. After 24 h, the (−) and (+) ligand samples at the same denaturant concentration 



 

103 

were pooled together (Figure 24) and subjected to LC-MS/MS analysis using SRM 

method on triple quadrupole mass spectrometer.  

 

Figure 24: Schematic representation of experimental workflow used in the 

PAB-SPROX protocol used for Staurosporine binding analysis. 
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5.2.4 PAB-SPROX Protocol for Manassantin A Binding Analysis 

In Experiment 2, the MDA-MB-231 cell lysate (2.5 μg/μL) was divided into two 

180 μL portions. A 20 μL aliquot of a 3 mM Manassantin A (ManaA) solution prepared 

in DMSO was added to one portion of the cell lysate to generate the (+) ManaA sample, 

and 20 μL of DMSO was added to the other portion of the cell lysate to generate the (−) 

control sample. The Manassantin A was prepared by the Hong Lab. The (+) and (−) 

ligand samples were equilibrated for 1.5 h at room temperature before 20 μL aliquots of 

the (+) and (−) ligand samples were each combined with 25 μL of a series of GdmCl- 

containing buffer solutions (pH 7.4) containing 20 mM phosphate and concentrations of 

GdmCl ranging from 0 to 3 M. The final GdmCl concentrations in the 8 GdmCl buffers 

used in Experiment 1 were 0.5, 1.0, 1.4, 1.6, 1.8, 2.0, 2.5, and 3.0 M. The final 

concentration of ManaA in each GdmCl-containing buffer was ~133 μM. The protein 

samples in the GdmCl-containing buffers were equilibrated for 1.5 h at room 

temperature before the methionine oxidation reaction in SPROX was initiated with the 

addition of 5 μL of 9.8 M H2O2. The oxidation reactions were quenched with 1 mL of 300 

mM methionine solution after 3 min. The proteins in each GdmCl containing buffer 

were precipitated upon addition of 250 μL of TCA and overnight incubation on ice. Due 

to the low protein concentration, ~50 μg of a yeast cell lysate was spiked in each sample 

to facilitate the TCA precipitation. The samples were centrifuged at 8000 rcf for 30 min at 

4 °C, and each supernatant was decanted. The protein pellets were each washed three 
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times with 300 μL of ice-cold ethanol. The protein pellets were each dissolved in 35 μL 

of 0.5 M TEAB with 0.1% final concentration of SDS. The samples were vortexed, heated 

at 60 °C, and sonicated for 10 min at a time, for 2−3 cycles. The disulfide bonds were 

reduced with a final concentration of 5 mM TCEP for 1 h at 60 °C. Cysteine residues 

were reacted in the presence of 10 mM MMTS for 10 min at RT. 

The protein samples were digested overnight with 1.0 μL of 1 mg/ mL trypsin at 

37 °C. After addition of 20 μL of HOAc and 30 μL of ACN, the tryptic peptides 

generated in the (−) and (+) ligand samples were derivatized with light and heavy PAB,  

respectively, by adding 10 μL of 1 M solutions of 12C6- PAB or 13C6- PAB to (−) and (+) 

ligand samples, respectively. The 12C6- PAB or 13C6- PAB solutions were freshly prepared 

in ACN. After 24 h, the (−) and (+) ligand samples at the same denaturant concentration 

were pooled together (Figure 25).  

The PAB-SRPOX protocol used in Experiment 3 was the same as that described 

in Experiment 2, with the following exceptions. Instead of MDA-MB-231 cell lysate, 20 

μL (~50 μg) of purified HSP 90B 1 protein was used to generate (+) and (-) sample for 

each GdmCl-containing buffer. The final GdmCl concentrations in the denaturant-

containing buffers were 0, 1.3, 1.8, and 3.0 M. After the H2O2 oxidation reaction was 

quenched by methionine, 1 μg of Cytochrome C protein was spiked in each sample.  
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Figure 25: Schematic representation of experimental workflow used in the 

PAB-SPROX protocol used for Manassantin A binding analysis. 
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5.2.5 PAB-SPROX Protocol for Tamoxifen Binding Analysis 

In Experiment 4, the PAB-SPROX protocol was performed on a purified 

recombinant human YBX1 construct (Novus Biologicals, #NBP2-30101) both in the 

presence and absence of TAM. 70 uL aliquots of a 1 mg/mL solution of recombinant 

YBX1 in 20mM phosphate buffer (pH 7.4) were combined with either 7.7 μL of a 3 mM 

TAM solution prepared in DMSO or 7.7 μL of DMSO to generate the (+) and (-) ligand 

samples, respectively. The (+) and (-) ligand samples were equilibrated for 1 hr at room 

temperature before 10 µL aliquots of the (+) and (-) ligand samples were each combined 

with 12.5 µL of a series of solutions containing 20 mM phosphate buffer (pH 7.4) and 

concentrations of GdmCl ranging from 0 to 2 M. The final GdmCl concentrations in the 7 

GdmCl buffers used in the experiment were 0, 0.3, 0.5, 0.7, 1.0, 1.5 and 2.0 M. The YBX1 

protein samples in the GdmCl-containing buffers were equilibrated for 1 hr at room 

temperature before the methionine oxidation reaction in SPROX was initiated with the 

addition of 2.5 μL of 9.8 M H2O2.  The oxidation reactions were quenched with 500 μL 

of solution of methionine (300 mM).  After 3 min, the proteins in each GdmCl containing 

buffer were precipitated upon addition of 125 µL of TCA and overnight incubation on 

ice. Approximately, ~90 µg of cell lysate proteins was added into each sample to 

enhance the yield of YBX1 protein in the TCA precipitation step. The samples were 

centrifuged at 14000 rcf for 30 min at 4 °C, and each supernatant was decanted. The 

protein pellets were each washed three times with 300 µL of ice-cold ethanol. The 
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protein pellets were each dissolved in 30 µL of 0.5 M TEAB with 0.1 % final 

concentration of SDS. The samples were vortexed, heated at 60 °C, and sonicated for 10 

min at a time, for 2-3 cycles. The disulfide bonds were reduced with a final concentration 

of 5 mM TCEP for 1 hr at 60 °C. Cysteine residues were reacted in the presence of 10 mM 

MMTS for 10 min at RT.  

The protein samples were digested overnight with 1.0 μL of 1 mg/ mL trypsin at 

37 °C. After addition of 20 μL of HOAc and 30 μL of ACN, the tryptic peptides 

generated in the (−) and (+) ligand samples were derivatized with light and heavy PAB, 

respectively, by adding 10 μL of 1 M solutions of 12C6- PAB or 13C6- PAB to (+) and (-) 

ligand samples, respectively. The 12C6- PAB or 13C6- PAB solutions were freshly prepared 

in ACN. After 24 h, the (+) and (−) ligand samples at the same denaturant concentration 

were pooled; each of the pooled samples was desalted using C18 resin and submitted to 

LC−MS/MS analysis. 

5.2.6 LC-MS/MS Analysis 

For the Staurosporine and Manassantin A binding studies (Experiment 1 to 3), 

the PAB-labeled tryptic peptides in the PAB-SPROX experiments described above were 

desalted using C18 resin according to the manufacturer’s protocol and analyzed by 

LC−MS/MS using an Agilent 6460 series triple quadrupole mass spectrometer (QQQ-

MS) equipped with a ChipCube (Agilent Technologies, Inc., Santa Clara, CA). Peptides 

were concentrated and desalted on a trapping column (100 μm ID × 20 mm) and 
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ultimately separated on an analytical column (75 μm ID × 150 mm for lysate sample 

analysis and 45 μm ID × 150 mm for purified protein sample analysis) using the 

following nano flow pump gradient: for lysate samples, 3−35% B in 52 min, 35−85% B in 

3 min, and 85% B for 2 min (1 hr gradient); for purified protein samples, 3−100% B in 7.1 

min, and 100% B for 0.1 min (10 min gradient). Solvent A contained 0.1% formic acid 

(v/v) in H2O; and solvent B contained 0.1% formic acid in CH3CN. The flow rate used 

for the separation was 0.40 μL/min. The QQQ-MS was operated in a targeted SRM mode 

using selected transitions (Table 13) depending on the experiment. The dwell time of 

each transition was 20 ms. The fragmentor and cell acceleration voltages were set at 135 

and 7 V, respectively. Tandem MS was performed by CID fragmentation using a 

collision energy of 5 V. For each LC-MS/MS run, approximately 200−500 ng of material 

were injected. 

For the Tamoxifen binding study (Experiment 4), the PAB-SPROX samples were 

analyzed on a Q-Exactive Plus HF MS instrument using parallel reaction monitoring 

(PRM) method. Targeted precursors were summarized in Table 14. The method was 

based on a 30 min 5−40% ACN gradient, and a CE of 30 V was used. Selected precursors 

for the light and heavy PAB labeled YBX1 peptide, RPQYSNPPVQGEVMEG-

ADNQGAGEQGRPVR, and a control peptide, VIPDFMLQGGDFTAGNGTGGK, from a 

yeast protein (Cyclophilin A) were targeted. Approximately 200 ng of total material was 

loaded on column for each LC−MS/MS run in the PAB-SPROX analysis. 
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Table 13: Summary of all SRM transitions targeted in Experiment 1 to 

Experiment 3 (Staurosporine and Manassantin A binding analyses). Bolded and 

underlined entries were proteins which were spiked-in after the SPROX reaction to 

serve as control peptides for the quantitation of the hit peptides. 

Experiment

Ligand

Peptide

Sequence

Protein

Name

Gene

Name
z

Precursor

Light m/z

Product

m/z

Precursor

Heavy m/z

1

Staurosporine
EEPIYIITEYMAK

Tyrosine-protein kinase 

Lyn
LYN 2 859.4 776.4 862.4

3 573.3 518.0 575.3

GLEYHFMR
Serine/threonine-protein 

kinase 3
STK3 2 652.3 559.3 654.3

3 428.6 373.2 430.6

FLSAEAIGIMR
Serine/threonine-protein 

kinase N1
PKN1 2 663.4 580.4 666.4

3 442.6 387.3 444.6

2

Manassantin A
SVEFEEMDILDQGALQR UDP-galactose 4-

epimerase

GALE 3 700.0 644.7 702.0

GDMVTLPAGIYHR Acireductone

dioxygenase 

ADI1 3 516.6 461.3 518.6

DLMPHDLAR Trifunctional enzyme 

subunit β

HADHB 3 395.9 340.5 397.9

VIPDFMLQGGDFTAGNGTGGK Cyclophilin (Yeast) CPR1 3 734.4 679.0 736.4

3

Manassantin A
EFEPLLNWMK Endoplasmin HSP90B1 2 712.9 629.9 715.9

TLDMIK Endoplasmin HSP90B1 2 419.7 336.7 422.7

EETLMEYLENPK Cytochrome C CYCS 2 807.4 724.4 810.4
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Table 14: Summary of the PRM precursors targeted in Experiment 4 

(Tamoxifen binding analysis). Bolded and underlined entries were from proteins that 

were spiked-in after the SPROX reaction to serve as a control peptide for the 

quantitation of the hit peptide. 

Experiment

Ligand

Peptide

Sequence

Protein

Name

Gene

Name
z Precursor

4

Tamoxifen

RPQYSNPPVQGEVMEGADNQG

AGEQGRPVR
Y-box binding protein 1 YBX1 3 1114.5287 (Light)

3 1116.5354 (Heavy)

VIPDFMLQGGDFTAGNGTGGK Cyclophilin (Yeast) CPR1 3 734.0175 (Light)

3 736.0242 (Heavy)
 

5.2.7 Proteomic Data Analysis 

LC-MS/MS analyses for the Staurosporine and Manassantin A binding study 

were performed on QQQ-MS instrument using selected reaction monitoring (SRM) 

method. SRM transitions of targeted methionine-containing peptides were determined 

by adding the mass of the tag, 119.1 and 125.1 Da for 12C6- PAB and 13C6- PAB, 

respectively, and subtracting the mass of the neutral loss fragment, 166.0 and 172.0 Da 

for 12C6- PAB and 13C6- PAB, respectively. For each SRM transition targeted in the 

experiments (Table 13), an extracted ion chromatogram (EIC) was generated using 

Agilent Mass Hunter Quantitative Analysis Software Version B. 06.00 (Agilent 

Technologies, Inc., Santa Clara, CA). Ultimately, the areas under the extracted ion 

chromatogram (EIC) peaks were used to generate L/H ratios for the targeted peptides 

from each GdmCl buffer.  
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LC-MS/MS analysis for the Tamoxifen binding study was performed on a Q-

Exactive Plus HF MS instrument using parallel reaction monitoring (PRM) method. The 

raw MS Data files were imported into Skyline 3.7.1.11271 (MacCoss Lab, Department of 

Genome Sciences, UW). An extracted ion chromatogram (EIC) was generated from the 

ion signals of the targeted PRM precursors determined in each experiment (Table 14). 

Both the post neutral loss production ion and fragmented production ions were used to 

identify the targeted peptide. The areas under EIC peaks for each targeted peptide were 

used to generate H/L ratios for the targeted peptides from each GdmCl buffer.   

Hits were selected (i.e., ligand binding was detected) based on the evaluation of 

L/H ratios that were significantly departed from 1 (Figure 19).76 The L/H ratios with 

significant departures from 1 were taken to be those that were changed by greater than 

1.7-fold. This 1.7-fold threshold was the same as that previously utilized in our SILAC-

SPROX and SILAC-pulse proteolysis protocols for protein folding and ligand binding 

analysis.17, 31, 49 In those protocols, the selection of a 1.7-fold cutoff values was based on 

global analyses of all the L/ H values recorded in each experiment where greater than 

90% of all the measured L/H ratios were typically within 1.7-fold of the median.  
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5.3 Results and Discussion 

5.3.1 Staurosporine Binding Analysis 

The PAB-SPROX protocol for Staurosporine binding analysis performed in 

Experiment 1 involved the use of eight urea concentrations and 1.6 mg of total protein 

from a human K562 cell lysate (i.e., ~100 μg of total protein at each urea concentration in 

the (+) and (-) Staurosporine samples). Urea was used as the chemical denaturant instead 

of GdmCl in the PAB-SPROX experiment in case that the Staurosporine-protein binding 

interactions may be stabilized by electrostatic interactions. The proteins of interests were 

not identified as Staurosporine bindng hits in the previous iTRAQ-SPROX experiments 

performed by Dr. Yingrong Xu using GdmCl/Urea as denaturant. The +2 and +3 charge 

states of the EEPIYIITEYMAK peptide from Tyrosine-protein kinase Lyn (LYN), the 

GLEYHFMR peptide from Serine/threonine-protein kinase 3 (STK3), and the 

FLSAEAIGIMR peptide from Serine/threonine-protein kinase N1 (PKN1) were targeted 

in the LC-MS/MS analysis (Table 13). The light and heavy PAB labeled methionine-

containing peptides generated from the PAB-SPROX experiment were analyzed on 

QQQ-MS instrument using SRM method. The goal of the experiment was to validate the 

binding reaction between the selected proteins and Staurosporine by evaluating the 

relative abundance of the light and heavy PAB labeled methionine-containing peptides 

across the eight urea concentrations.  
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The L/H ratios generated in Experiment 1 for the three methionine-containing 

peptides were not significantly changed (>1.7-fold change) at any two consecutive 

denaturant concentrations (Figure 26). This data showed no Staurosporine-induced 

stability changes for the selected proteins at the peptide regions. This result is consistent 

with the data from previous iTRAQ-SPROX experiment, in which no Staurosporine-

induced stability changes were observed for the LYN, STK3, and PKN1 protein at the 

peptide regions (Figure 27). No shifts in C1/2 values were shown for the STK3 and LYN 

peptides and the PKN1 peptide was only identified in the (-) Staurosporine sample.  
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Figure 26: PAB-SPROX data generated in Experiment 1. Denaturant 

dependence of the L/H ratios measured in Experiment 1 for the EEPIYIITEYMAK 

peptide fromLYN, the GLEYHFMR peptide from STK3, and the FLSAEAIGIMR 

peptide from PKN1 are shown in (A), (B), and (C), respectively. The filled squares 

represent data from the +2 charge state of each peptide. The open circles represent 

data from the +3 charge state of each peptide. The horizontal dotted lines indicate the 

1.7-fold cut-off values used for hit selection. 
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Figure 27: iTRAQ-SPROX data for (A) the GLEYHFMR peptide from STK3 in 

the with (closed red circle) and without (close green square) Staurosporine sample; (B) 

the EEPIYIITEYMAK peptide from LYN, in the with (closed red circle) and without 

(close green square) Staurosporine sample. An ‘X’ represents a data point that was 

overlooked during fitting. 
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In fact, these three proteins all have reported Staurosporine binding afiinities and 

they were detected as Staurosporine binding targets in the thermal proteome profiling 

(TPP) experiment performed by Savitski and coworkers.18-20 Based on the data generated 

from the PAB-SPROX and iTRAQ-SPROX experiments, it seems that the false-negative 

identification is due to the fundamental principle of SPROX methodology but not 

caused by the quantitation strategy. One possible explanation for this result is that the 

use of chemical denaturant in the SPROX experiments perturbed the protein-

Staurosporine interaction, whereas no chemical denaturant was applied in the TPP 

experiment since the proteins were denatured by increasing temperature.  

By applying the PAB-SPROX protocol, identification and quantitation of the 

targeted peptides are very reproducible. This covers the shortage of shotgun proteomics 

in which the stochastic nature of fragmentation of precursor ions in data dependent 

acquisition (DDA) leads to a bias towards the identification of more abundant species.108 

5.3.2 Manassantin A Binding Analysis 

The PAB-SPROX protocol for Manassantin A binding analysis performed in 

Experiment 2 involved the use of eight GdmCl concentrations and 0.8 mg of total 

protein from a human MDA-MB-231 cell lysate (i.e., ~50 μg of total protein at each 

GdmCl concentration in the (+) and (-) Manassantin A samples). After the SPROX 

reaction, 50 μg of proteins from a yeast cell lysate were spiked into each sample to 

facilitate the TCA precipitation. The +3 charge states of the VIPDFMLQGGDFT-



 

118 

AGNGTGGK peptide from Cyclophilin, the SVEFEEMDILDQGALQR peptide from 

UDP-galactose 4-epimerase, the GDMVTLPAGIYHR peptide from Acireductone 

dioxygenase, and the DLMPHDLAR peptide from Trifunctional enzyme subunit β were 

targeted in the LC-MS/MS analysis (Table 13).  

The light and heavy PAB labeled methionine-containing peptides generated from 

the PAB-SPROX experiment were analyzed on QQQ-MS instrument using SRM method. 

The goal of the experiment was to validate the binding reaction between the selected 

proteins and Manassantin A by evaluating the relative abundance of the light and heavy 

PAB labeled methionine-containing peptides across the eight GdmCl concentrations. 

The L/H ratios generated in Experiment 2 for the three methionine-containing peptides 

from human proteins were normalized to the L/H ratios of the methionine-containing 

peptide from Cyclophilin. No significant changes (>1.7-fold) were observed at any two 

consecutive denaturant concentrations (Figure 28). The PAB-SPROX data showed no 

Manassantin A-induced stability changes for the selected proteins.  

The PAB-SPROX protocol for Manassantin A binding analysis performed in 

Experiment 3 involved the use of four GdmCl concentrations and total of 0.4 mg 

purified HSP 90B 1 protein (i.e., ~50 μg of HSP 90B 1 protein at each GdmCl 

concentration in the (+) and (-) Manassanatin A samples). 1 μg of purified Cytochrome C 

protein from horse heart were spiked into each sample to serve as a control peptide. The 

+2 state of the EFEPLLNWMK peptide from HSP 90B1, the TLDMIK peptide from HSP 
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90B1 and the EETLMEYLENPK peptide from Cytochrome C were targeted in the LC-

MS/MS analysis (Table 13). The light and heavy PAB labeled methionine-containing 

peptides generated from the PAB-SPROX experiment were analyzed on QQQ-MS 

instrument using SRM method. The goal of the experiment was to probe for direct 

interactions between HSP 90B 1 and Manassantin A.  

The L/H ratios evaluated in Experiment 3 for the EFEPLLNWMK peptide from 

HSP 90B1 showed significantly altered L/H ratios (>1.7-fold change) at two consecutive 

GdmCl concentrations, 1.3 and 1.8 M (Figure 29a). This result is consistent with the 

previous iTRAQ-SPROX experiment, in which a Manassantin A-induced stabilization of 

HSP 90B 1 was reported.27 In contrast, the L/H ratios evaluated in Experiment 3 for the 

TLDMIK peptide (non-hit peptide) from HSP 90B1 and the EETLMEYLENPK peptide 

(control peptide) from Cytochrome C were not significantly changed at any two 

consecutive denaturant concentrations (Figure 29b and 29c).  

Application of the PAB-SPROX protocol for Manassantin A binding analysis in 

MDA-MB-231 cell lysate successfully eliminated some of the false-positive protein hits 

reported in the previous iTRAQ-SPROX experiment.27 Manassantin A was shown to 

directly interact with HSP 90B1 protein in the PAB-SPROX experiment for Manassantin 

A binding analysis using small amount of purified HSP 90B1 protein.  
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Figure 28: PAB-SPROX data generated in Experiment 2. Denaturant 

dependence of the L/H ratios measured in Experiment 2 for the 

SVEFEEMDILDQGALQR peptide from UDP-galactose 4-epimerase, the DLMPHDLA 

peptide from trifunctional enzyme subunit β, and the GDMVTLPAGIYHR peptide 

from cireductone dioxygenase are shown in (A), (B), and (C), respectively. The 

horizontal dotted lines indicate the 1.7-fold cut-off values used for hit selection. 
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Figure 29: PAB-SPROX data generated in Experiment 3. Denaturant 

dependence of the L/H ratios measured in Experiment 3 for the EFEPLLNWMK 

peptide from HSP 90B1 (hit peptide), the TLDMIK peptide from HSP 90B1 (non-hit 

peptide), and the EETLMEYLENPK peptide from Cytochrome C (control peptide) are 

shown in (A), (B), and (C), respectively. The horizontal dotted lines indicate the 1.7-

fold cut-off values used for hit selection. 
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5.3.3 Tamoxifen Binding Analysis 

The PAB-SPROX protocol for Tamoxifen (TAM) binding analysis performed in 

Experiment 4 involved the use of seven GdmCl concentrations and 140 μg of YBX1 

protein (i.e., ~10 μg of total YBX protein at each GdmCl concentration in the (+) and (-) 

TAM samples). After the SPROX reaction, 90 μg of total protein from a yeast cell lysate 

were spiked into each sample to facilitate the TCA precipitation. The +3 charge states of 

the RPQYSNPPVQGEVMEGADNQ-GAGEQGRPVR peptide from YBX1 and the 

VIPDFMLQGGDFTAGNGTGGK peptide from yeast Cyclophilin were targeted in the 

LC-MS/MS analysis (Table 14). The light and heavy PAB labeled methionine-containing 

peptides generated from the PAB-SPROX experiment were analyzed on a Q-Exactive 

Plus HF MS instrument using PRM method. The goal of the experiment was to validate 

the YBX1 protein as a direct binding target of TAM by evaluating the relative abundance 

of the light and heavy PAB labeled methionine-containing peptides across the seven 

GdmCl concentrations.  

The L/H ratios generated in Experiment 4 for the methionine-containing peptides 

from YBX1 were normalized to the L/H ratios of the methionine-containing peptide from 

Cyclophilin. The denaturant dependence of the H/L ratios observed for the PAB-labeled 

YBX1 peptide, RPQYSNPPVQGEVMEGADNQGAGEQGRPVR, were consistent with a 

TAM-induced stabilization. Such a TAM-induced stabilization was also observed with 

the same methionine-containing peptide probe (albeit in its oxidized form) in the 
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SILAC-SPROX analysis of unpurified YBX1 in the MCF-7 cell lysate (Figure 30a).22 The 

SILAC- and PAB-SPROX data sets generated on the wild-type and oxidized forms of a 

given hit peptide should be mirror images of each other. This is not the case for the data 

shown in Figure 30a because (i) the +TAM samples were light-labeled in the PAB-

SPROX experiment whereas they were heavy-labeled in the SILAC-SPROX experiment 

and (ii) the baseline Log2(H/L) values in the PAB-SPROX experiment appear to be 

shifted up ∼1.5 units. In theory, the baseline Log2(H/L) values in PAB- and SILAC-

SPROX should be close to 0.  

As expected, the baseline Log2(H/L) values for a control peptide in the PAB-

SPROX experiment were close to 0 (Figure 30b). The baseline shift observed for the YBX1 

peptide RPQYSNPPVQGEVMEGADNQGAGEQGRPVR in the PAB-SPROX experiment 

on the purified protein is likely due to differential aggregation/precipitation of the YBX1 

protein in the presence and absence of TAM. One explanation for the baseline shift in the 

PAB-SPROX experiment on the purified protein may be that YBX1 more readily 

aggregates/precipitates in the absence of TAM. This is consistent with the aggregation 

phenomenon observed in the pulse proteolysis experiment on the purified protein 

(Figure 31a and 31b), and it is likely a result of the unfolded/disordered structure that 

the C-terminal domain of the unliganded protein is known to adopt in solution.109 The 

absence of such aggregation phenomena in the SILAC-SPROX experiment is likely due 

to the relatively low YBX1 protein concentration in the unpurified MCF-7 lysate. 
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Figure 30: A) SPROX data generated on YBX1 ± TAM. The filled circles 

represent data generated on the YBX1 peptide RPQYSNPPVQGEVMEGADNQ-

GAGEQGRPVR in the PAB-SPROX analysis of the purified recombinant YBX1 

construct. The open circles represent data on the oxidized version of the same YBX1 

peptide in the SILAC- SPROX analysis of the unpurified protein in the MCF-7 cell 

lysate. Both data sets are consistent with a TAM-induced stabilization of YBX1. B) 

PAB-SPROX data generated in the analysis of the purified YBX1 protein. The 

denaturant dependence of the H/L ratios measured using the +3 charge state of the 

YBX1 peptide RPQYSNPPVQGEVMEGADNQGAGEQGRPVR (filled circles) and the 

+3 charge state of the control CYPH peptide VIPDFMLQGGDFTAGNGTGGK (open 

circles). 
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Figure 31: Pulse proteolysis with purified recombinant YBX1 ± TAM. (A) Pulse 

proteolysis of YBX1 ± TAM in increasing concentrations of urea. The red box depicts 

TAM-induced differences at 0.75 M urea. (B) Intact YBX1 and pulse proteolysis of 

YBX1 in the absence of TAM at low and high denaturant concentrations. 

 

5.3.4 Quantitation Methods for Targeted Proteomic Analysis 

In previous applications of the PAB-SPROX strategy, SRM method was utilized 

for the detection and quantitation of targeted methionine-containing peptides on QQQ-

MS instrument.76 SRM is increasingly being used in targeted proteomic analysis due to 

its high sensitivity, specificity, and reproducibility in quantitative proteomics.46, 110-111 The 

principle of SRM method is to detect and quantify targeted molecules through a two-
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stage mass filter. By incorporating a fixed modification on the non-oxidized methionine 

side chains, the PAB labeling strategy provides peptide-specific precursor to product ion 

transitions required by SRM detection and quantitation. However, in order to reduce the 

noise in the SRM experiment, lower collision energy is required for collision induce 

dissociation (CID) to avoid backbone fragmentation of the targeted peptides. This means 

that only one transition is probed per peptide per charge state. In most of the cases, the 

EIC peaks for each transition can confirm the peptide identification, since the light and 

heavy PAB labeled transitions for each peptide are expected to elute at the same 

retention time (Figure 32a). In some cases, the EIC peaks for each transition cannot 

confirm the identity of the peptide (Figure 32b). 
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Figure 32: Representative extracted ion chromatograms (EICs) generated from 

SRM quantitation for the heavy and light PAB labeled (A) GDMVTLPAGIYHR 

peptide and (B) FLSAEAIGIMR peptide. For the peptide shown in (A), the EIC peaks 

with red cross are eliminated for the peptide quantitation and the EIC peaks at 23 min 

are used for the quantitation of the heavy and light PAB labeled peptide; for the 

peptide shown in (B), the identification and quantitation of the peptide cannot be 

determined. An ‘X’ represents a peak that was not identified as the targeted peptide. 
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To further confirm the identity of the targeted peptide containing multiple EIC 

peaks, there is a need to generate more MS/MS evidence for the peptide. In TAM 

binding study, the parallel reaction monitoring (PRM) method is used for target 

quantitation. PRM is a targeted method of quantification performed using high-

resolution hybrid mass spectrometers such as Q-Exactive MS instrument.48, 112-113  In PRM 

data acquisition, a full MS/MS spectra containing all the product ions from the targeted 

precursor is acquired and confirms identity of the peptide (Figure 33). The peptide 

quantitation in a PRM method is very selective and specific since the use of higher 

energy collision-induced dissociation (HCD) fragmentation and Orbitrap analyzer 

allows MS/MS spectra for the product ions to be acquired with high resolution and high 

mass accuracy.114  

Selection of the PRM or SRM method used in targeted proteomic analysis mainly 

depends on the number of targeted peptides. Compared to the SRM analysis, in which 

only one product ion from the targeted precursor is selected for detection in the third 

quadrupole of QQQ-MS, the PRM method acquires a full MS/MS spectrum for the 

selected precursor and therefore takes longer acquisition time. In a well-designed 

dynamic SRM experiment, hundreds of peptides of interest can be targeted; whereas the 

number of targeted precursors in a PRM experiment is limited to maintain a practical 

dwell time.115 Usually approximately 15 to 100 precursors can be analyzed in one scan 

cycle depending on the resolving power and transient length of the instrument setup.115 
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 The PAB-SPROX experiments demonstrated in this work have only targeted at a 

small number of precursors, and it seems that the PRM method provides more 

convincing evidence on the identification and quantitation of targeted peptides.  

 

 

Figure 33: Representative extracted ion chromatograms (EICs) generated from 

PRM quantitation for the heavy and light PAB labeled 

RPQYSNPPVQGEVMEGADNQGAGEQGRPVR peptide in TAM binding study. 

Differently colored EIC peaks corresponds to the signal of different product ions 

generated from the targeted peptide. 

 



 

130 

5.5 Conclusions 

Previous proteomic studies using SPROX are typically performed using a 

shotgun approach, in which the sample proteins are enzymatically digested to peptides 

and then analyzed in a data-dependent acquisition mode. A peptide identified from one 

shotgun proteomic analysis may not be identified in biological and technical replicates. 

This complicates the validation of peptide and protein hits in SPROX experiments, 

especially when analyzing a limited amount of sample. Applications of the PAB-SPROX 

protocol demonstrated in this chapter have involved the validation of potential binding 

targets of Staurosporine, Manassatin A and Tamoxifen. The PAB-SPROX protocol is 

proved applicable for the detection and relative quantitation of targeted methionine-

containing peptides between +/- ligand samples by using isotopically labeled light and 

heavy PAB (i.e. 12C6-PAB and 13C6-PAB) and the selected reaction monitoring (SRM) and 

parallel reaction monitoring (PRM) quantitation methods. False-positive protein targets 

from previous iTRAQ-SPROX experiments are eliminated, and the direct binding targets 

of Tamoxifen and Manassantin A are validated using small amount of purified protein 

samples.  
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6. Conclusions and Future Directions 

The recent development of hybrid mass spectrometers with high resolution and 

accurate mass capabilities has opened new avenues in quantitative proteomics study. 

With the advantage of providing thermodynamic measurement of protein folding free 

energies that can be mapped to specific regions of the protein structure, SPROX has been 

applied for a number of thermodynamic analysis of protein stability and protein-ligand 

binding interactions. The work presented in Chapter 2 of this dissertation is an 

improvement of the previous established SPROX protocol such that total time of a 

SPROX experiment is shortened by 12 hours and the total amount of material required 

for SPROX analysis is reduced by two folds. Proteomic coverage of the improved 

SPROX protocol is also expanded due to the removal of the contaminant which causes 

signal suppression during LC-MS/MS analysis. Application of the improved SPROX 

protocol for identifying protein targets of the iron chelators, HAPI and Exjade, is 

described in Chapter 3.A series of potential protein hits were generated for both of the 

chelators. A loss-of-function or a toxic gain-of-function of the proteins may be 

responsible for the cytotoxic effects of the chelators and vice versa. Further investigation 

is required to validate and characterize the detected protein targets and understand the 

molecular basis of protein function.  

Almost all discovery-based proteomics protocols face the challenge of hit 

validation due to the stochastic nature of shotgun proteomics method. The work 
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included in Chapter 4 and Chapter 5 of this dissertation is the first demonstration of the 

development and application of a targeted MS-based SPROX-like approach for protein-

ligand binding analysis. The so-called PAB-SPROX protocol relies on the detection of 

targeted methionine-containing peptides using SRM or PRM method on QqQ- or Q-

Orbitrap MS instrument. The PAB-SPROX protocol can be directly applied to the 

endogenous proteins sample without in-cell labeling strategies. Applications of the PAB-

SPROX protocol demonstrated in this dissertation have involved the validation of 

potential binding targets of Staurosporine, Manassatin A and Tamoxifen. False-positive 

protein targets from previous iTRAQ-SPROX experiments are eliminated, and the direct 

binding targets of Tamoxifen and Manassantin A are validated using small amount of 

purified protein samples. The total amount of material required in a PAB-SPROX 

experiment is ~20-fold less than that required in an iTRAQ- or TMT-SPROX experiment.  

Protein functions are closely linked to their ability to fold correctly into the three-

dimensional structures. Stability of protein may be affected by protein-drug interactions, 

protein-protein interactions, post-translational modifications and mutations. 

Information on the changes of protein thermodynamic stability can therefore reflect the 

altered structures and functions of the protein upon ligand-binding interactions or in 

different biological states. Understanding the folding mechanism of proteins and 

protein-ligand complexes will provide crucial insights in rational drug design as well as 

the discovery of disease state biomarker. The work presented in this dissertation shows 
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promise for combing discovery-based proteomics approach with targeted-based 

proteomics approach to generated reproducible and reliable results for drug mode-of-

action studies and disease state characterization.  
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Appendix A: Supplemental Tables 

Supplemental Table 1: Summary of all peptide and protein hits identified for 

HAPI from the TMT-SPROX experiments (Chapter 3). A positive ΔC1/2 value indicates 

ligand-induced destabilization and a negative ΔC1/2 value indicates ligand-induced 

stabilization. 

Experiment Sequence 
Protein 

Accession 

Protein 

Name 
ΔC1/2 (M) 

C_H tVQSLEIDLDSMR B2RA03 
cDNA, FLJ94640, highly similar to 

Homo sapiens keratin 18 (KRT18) 
-1.0 

C_H 
sNQQLENDLNLMD

Ik 
A4QPB0 

IQ motif containing GTPase activating 

protein 1 
-1.0 

C_H vSGAQEMVSSAk O60664 Perilipin-3 -1.0 

C_H tVEMHNk B3KXY9 

cDNA FLJ46359 fis, clone 

TESTI4049786, highly similar to 

Hexokinase-1 

-0.8 

C_H 
lAM(OX)QEFMILPV

GAANFR 
P06733-2 Alpha-enolase -0.8 

C_H eVASMAk A0A0K2GN21 BCKDHB protein -0.8 

C_H 
sYDVPPPPMEPDHP

FYSNISk 
Q8N0Y7 Probable phosphoglycerate mutase 4 -0.8 

C_H 
sYDVPPPPMEPDHP

FYSNISk 
Q6FHU2 Phosphoglycerate mutase -0.8 

C_H iSQEIGNLMk Q32P28-3 Prolyl 3-hydroxylase 1 -0.8 

C_H MFIVNTNVPR A6MUU8 
Macrophage migration inhibitory 

factor 
-0.7 

C_H 
aGYTDkVVIGM(OX)

DVAASEFFR 
P06733 Alpha-enolase -0.7 

C_H 
lVQAAQMLQSDPYS

VPAR 
V9HWK2 Epididymis luminal protein 114 -0.7 

C_H tEMEDLM(OX)SSk A0A0U4BW16 Non-muscle myosin heavy chain 9 -0.7 

C_H sLDM(OX)DSIIAEVk P05787-2 Keratin, type II cytoskeletal 8 -0.7 

C_H 
MPFPVNHGASSED

TLLk 
P09936 

Ubiquitin carboxyl-terminal hydrolase 

isozyme L1 
-0.7 

C_H lMATLR A0A0U4BW16 Non-muscle myosin heavy chain 9 -0.6 

C_H 

gIGM(OX)GNIGPAG

M(OX)GMEGIGFGI

Nk 

P52272-2 
Heterogeneous nuclear 

ribonucleoprotein M 
-0.6 

C_H tLAMDTILANAk Q8TDQ7 Glucosamine-6-phosphate isomerase 2 -0.6 

C_H 
yLTMDDLTTALEG

NRVR 
P54687-5 

Branched-chain-amino-acid 

aminotransferase 
-0.6 

C_H iSMPDIDLNLkGPk Q6ZQN2 

cDNA FLJ46846 fis, clone 

UTERU3004635, moderately similar to 

Neuroblast differentiation associated 

protein AHNAK 

-0.6 
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C_H iSMPDLDLNLkGPk Q09666 
Neuroblast differentiation-associated 

protein AHNAK 
-0.6 

C_H 
gENLVSMTVEGPPP

kDTGIAR 
P14678-3 

Small nuclear ribonucleoprotein-

associated proteins B and B' 
-0.5 

C_H iSMPDVNLNLk Q09666 
Neuroblast differentiation-associated 

protein AHNAK 
-0.5 

C_H 
vLGQLTETGVVSPE

QFMk 
Q96EK6 

Glucosamine 6-phosphate N-

acetyltransferase 
-0.5 

C_H nkHEAMITDLEER A0A0U4BW16 Non-muscle myosin heavy chain 9 -0.5 

C_H 
tMGVM(OX)FTPLTV

k 
B3KSH1 

Eukaryotic translation initiation factor 

3 subunit F 
-0.5 

C_H 
tPVGFIGLGNM(OX)

GNPMAk 
A0A024RA75 3-hydroxyisobutyrate dehydrogenase -0.5 

C_H vVGAMQLYSVDR 
A0A087WVQ

6 
Clathrin heavy chain -0.5 

C_H tASDMVSTSR A0A0S2Z476 
Proteasome 26S subunit non-ATPase 12 

isoform 2 
-0.5 

C_H iGVDLIMk B3KSH1 
Eukaryotic translation initiation factor 

3 subunit F 
-0.5 

C_H vGMIPVPYVEk P46109 Crk-like protein -0.5 

C_H sTMQELNSR P35527 Keratin, type I cytoskeletal 9 -0.5 

C_H vYNYNHLMPTR K7ELC7 60S ribosomal protein L27 -0.5 

C_H 
IQYQLVDISQDNAL

RDEMR 
D3DPK5 

SH3 domain binding glutamic acid-rich 

protein like 3, isoform CRA_a 
-0.4 

C_H lQIVEMPLAHk P50454 Serpin H1 -0.4 

C_H nVEAMNFADIER P36957 

Dihydrolipoyllysine-residue 

succinyltransferase component of 2-

oxoglutarate dehydrogenase complex 

-0.4 

C_H eYQELMSVk P08729 Keratin, type II cytoskeletal 7 -0.4 

C_H 
nFSDNQLQEGkNVI

GLQMGTNR 
P37802-2 Transgelin-2 -0.4 

C_H MDkNELVQk E7EX29 14-3-3 protein zeta/delta 0.4 

C_H MDkNELVQk P63104 14-3-3 protein zeta/delta 0.4 

C_H LYDSMkGk P07355-2 Annexin A2 0.4 

C_H 
sGGM(OX)ERPFVLA

R 
Q14697-2 Neutral alpha-glucosidase AB 0.4 

C_H dSEIMQQk P84101 Small EDRK-rich factor 2 0.5 

C_H hQGVMVGMGqk P68133 Actin, alpha skeletal muscle 0.5 

C_H aIADMLR Q9Y490 Talin-1 0.5 

C_H yMDNDYAk Q6FHY4 
N-ethylmaleimide-sensitive factor 

attachment protein, gamma 
0.5 

C_H iSMPDVnLNLkGPk Q09666 
Neuroblast differentiation-associated 

protein AHNAK 
0.5 

C_H 
aQALRDnSTMGYM

AAk 
P07900-2 Heat shock protein HSP 90-alpha 0.5 

C_H MPEDESTPEkR H7BZC1 Hippocalcin-like protein 1 0.5 

C_H MVIPGGIDVHTR Q86U75 Dihydropyrimidinase-like 2 0.5 

C_H MIYASSk P23528 Cofilin-1 0.6 
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C_H 
sLEDDIRSDTSFMFQ

R 
B4DDZ4 Annexin 0.6 

C_H 
hQGVM(OX)VGMG

QkDSYVGDEAQSk 
P68133 Actin, alpha skeletal muscle 0.6 

C_H 
vVSQYSSLLSPMSV

NAVM(OX)k 
A8K3C3 T-complex protein 1 subunit delta 0.7 

C_H 
fALSAMDM(OX)EQ

R 
H7C201 

Glutaminase kidney isoform, 

mitochondrial 
0.7 

C_H aGMSAEQAQGLLEk Q9Y2Q3-2 Glutathione S-transferase kappa 1 0.7 

C_H 
dMGYHVSM(OX)M

ADSTSR 
P38606 

V-type proton ATPase catalytic subunit 

A 
0.7 

C_H 
eM(OX)DQTMAAN

AQk 
B2R6S5 UMP-CMP kinase 0.8 

C_H 
MMDYLQGSGETPQ

TDVR 
Q14697-2 Neutral alpha-glucosidase AB 0.8 

C_H 
vINQILTEMDGM(O

X)STk 
V9HW80 Epididymis luminal protein 220 0.8 

C_H 
tPM(OX)SVLQQAG

GSM(OX)MDGPGPR 
A0AUK8 SRRM2 protein 0.9 

C_H lMIEMDGTENk L0R849 Alternative protein EDARADD 0.9 

C_H 
hQGVM(OX)VGM(O

X)GQk 
P68133 Actin, alpha skeletal muscle 0.9 

C_H 
aILVDLEPGTMDSV

R 
Q13885 Tubulin beta-2A chain 0.9 

C_H MEkTELIQk P27348 14-3-3 protein theta 1.0 

C_H MNEFLENFEk Q9UFN0 Protein NipSnap homolog 3A 1.2 
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Supplemental Table 2: Summary of all peptide and protein hits identified for 

Exjade from the TMT-SPROX experiments (Chapter 3). A positive ΔC1/2 value 

indicates ligand-induced destabilization and a negative ΔC1/2 value indicates ligand-

induced stabilization. 

Experiment Sequence 
Protein 

Accession 

Protein 

Name 
ΔC1/2 (M) 

C_E tEMEDLM(OX)SSk A0A0U4BW16 Non-muscle myosin heavy chain 9 -1.5 

C_E 

sVVLMSHLGRPDGV

PM(OX)PDkYSLEPV

AVELk 

P00558 Phosphoglycerate kinase 1 -1.5 

C_E tVQSLEIDLDSMR B2RA03 
cDNA, FLJ94640, highly similar to 

Homo sapiens keratin 18 
-1.2 

C_E 
sPFEVQVGPEAGMQ

k 
O75369-8 Filamin-B -1.2 

C_E lMATLR A0A0U4BW16 Non-muscle myosin heavy chain 9 -1.1 

C_E 
IGEHTPSALAIMEN

ANVLAR 
P04075 Fructose-bisphosphate aldolase A -1.1 

C_E RVFITDDFHDMMPk P14625 Endoplasmin (GRP-94) -1.0 

C_E aMVLDLR Q86SZ7 
Full-length cDNA clone CS0DJ015YJ12 

of T cells 
-1.0 

C_E aVMISAIEk Q15393 Splicing factor 3B subunit 3 -1.0 

C_E aDHDFVVQEDFMk A0A087X2I1 
26S proteasome regulatory subunit 

10B 
-0.9 

C_E 
MLDQTLLDLNEM(

OX) 
Q5HYB6 Epididymis luminal protein 189 -0.9 

C_E MVSGMYLGELVR B3KXY9 

cDNA FLJ46359 fis, clone 

TESTI4049786, highly similar to 

Hexokinase-1 

-0.9 

C_E 

FLSnGHVTIPGqQDk

DMFQETM(OX)EAM

R 

P35579-2 Myosin-9 -0.9 

C_E fNADEFEDMVAEk P27635 60S ribosomal protein L10  -0.9 

C_E iGLINDMVR J9R021 
Eukaryotic translation initiation factor 

3 subunit A 
-0.9 

C_E iSQEIGNLMk Q32P28-3 Prolyl 3-hydroxylase 1 -0.8 

C_E 
eLEDATETADAMN

REVSSLk 
A0A0U4BW16 Non-muscle myosin heavy chain 9 -0.8 

C_E gPLMMYISk P13639 Elongation factor 2 -0.8 

C_E 
lNLEAINYMAADGD

Fk 
P09382 Galectin-1 -0.8 

C_E aMLPPNSFQGk A0A024R9D7 2,4-dienoyl CoA reductase 1 -0.8 

C_E 
iMGIPEEEQM(OX)G

LLR 
P35579-2 Myosin-9 -0.7 

C_E qQPMALAVALTk A0A024R8Q1 Glucosidase -0.7 

C_E 
aGAGSATLSMAYAG

AR 
A0A024R4K3 Malate dehydrogenase -0.7 
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C_E nVEAMNFADIER P36957 

Dihydrolipoyllysine-residue 

succinyltransferase component of 2-

oxoglutarate dehydrogenase complex 

-0.7 

C_E qMkDkQDEEQR V9HW88 Calreticulin -0.6 

C_E vGMIPVPYVEk P46109 Crk-like protein -0.6 

C_E 
aGEAGkLEEVMQEL

R 
Q9BR76 Coronin-2 -0.6 

C_E 
MLVVGGIDRVYEIG

R 
Q15046-2 Lysine--tRNA ligase -0.6 

C_E 
iSQTAPEWTAQAME

AQM(OX)AQ 
D6RFN0 COP9 signalosome complex subunit 4 -0.6 

C_E sIPMTVDFIR P00492 
Hypoxanthine-guanine 

phosphoribosyltransferase  
-0.6 

C_E lDHkFDLMYAk F5H5D3 Tubulin alpha chain -0.6 

C_E tkAVENYLIQMAR O14737 Programmed cell death protein 5 -0.6 

C_E ISEQFTAMFRR Q13885 Tubulin beta-2A chain -0.5 

C_E aMDDkRFDEATQLR P17858 
ATP-dependent 6-

phosphofructokinase, liver type 
-0.5 

C_E 
lEEAEkAADESERG

Mk 
B4DVY2 

cDNA FLJ54184, highly similar to 

Tropomyosin alpha-4 chain 
-0.5 

C_E lIDDMVAQVLk P48735 Isocitrate dehydrogenase -0.5 

C_E 
iMLFTNEDNPHGN

DSAk 
A0A024R1N4 Ku autoantigen, 70kDa -0.5 

C_E 
yPIEHGIITNWDDM(

OX)Ek 
P68133 Actin, alpha skeletal muscle -0.5 

C_E vFMQEFkEGR Q53R19 Arp2/3 complex 34 kDa subunit -0.5 

C_E 
lLIQQNkNVIAPLMT

R 
Q02809-2 

Procollagen-lysine,2-oxoglutarate 5-

dioxygenase 1 
-0.5 

C_E 
MNLGVGAYRDDnG

kPYVLPSVR 
A0A024R6W0 Aspartate aminotransferase  -0.5 

C_E 
nPEISHMLNNPDIM

R 
Q9UMX0 Ubiquilin-1 -0.5 

C_E 
gENLVSMTVEGPPP

kDTGIAR 
P14678-3 

Small nuclear ribonucleoprotein-

associated proteins B and B' 
-0.4 

C_E rVHPVSTMIk P00338-3 
Procollagen-lysine,2-oxoglutarate 5-

dioxygenase 1 
-0.4 

C_E aVMNFVVR B3KQQ3 

cDNA PSEC0016 fis, clone 

NT2RM1001076, highly similar to 

Procollagen-lysine,2-oxoglutarate 5-

dioxygenase 3 

-0.4 

C_E 
aLESDM(OX)APVLI

MATNR 
Q9Y230 RuvB-like 2 -0.4 

C_E eLNVMFIETSAk A0A024R5J5 H.sapiens ras-related Hrab6 protein -0.4 

C_E ADEWLMk A0A0U4BW16 Non-muscle myosin heavy chain 9 0.4 

C_E AnEWLMk Q7Z406-4 Myosin-14 0.4 

C_E 
iM(OX)GIPEEEQMG

LLR 
P35579-2 Myosin-9 0.4 

C_E lSPFMADIR P21333 Filamin-A 0.5 
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C_E 
qLAAENRLTEMETL

QSQLM(OX)AEk 
A0A0U4BW16 Non-muscle myosin heavy chain 9 0.5 

C_E tDkTLVLLMGk P07737 Profilin-1 0.5 

C_E 
hQGVM(OX)VGM(O

X)GQk 
P68133 Actin, alpha skeletal muscle 0.6 

C_E 
iREEFPDRIM(OX)NT

FSVMPSPk 
Q9BUF5 Tubulin beta-6 chain  0.6 

C_E 
aGEVINQPM(OX)M

MAAR 
V9HWK2 Epididymis luminal protein 114  0.7 

C_E 
aGEVINQPMM(OX)

MAAR 
V9HWK2 Epididymis luminal protein 114  0.7 

C_E 
aGEVINQPMMM(OX

)AAR 
V9HWK2 Epididymis luminal protein 114  0.7 

C_E vVPMLPR B4DI15 
cDNA FLJ60550, weakly similar to 

Exosome complex exonuclease RRP44  
0.7 

C_E 

RVIISAPSADAPM(O

X)FVMGVNHEkYD

NSLk 

P04406 
Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 
0.8 

C_E 
MMDYLQGSGETPQ

TDVR 
Q14697-2 Neutral alpha-glucosidase AB 0.9 

C_E lMIEMDGTENk L0R849 Alternative protein EDARADD  1.1 
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Supplemental Table 3: Summary of all peptides and proteins that show 

significant ΔC1/2 and Diffprob values between the HAPI and Exjade groups. A positive 

ΔC1/2 value indicates that the peptide is more stable with presence of HAPI and a 

negative ΔC1/2 value indicates that the peptide is more stable with presence of Exjade. 

Experiment Sequence 
Protein 

Accession 

Protein 

Name 
ΔC1/2 (M) 

H_E aIEMLGGELGSk P07954 Fumarate hydratase -1.1 

H_E 
sPFEVQVGPEAGMQ

k 
A0A024R321 Filamin B, beta -1.1 

H_E 
lAM(OX)QEFM(OX)I

LPVGAANFR 
P06733 Alpha-enolase -1.1 

H_E MVSGMYLGELVR B3KXY9 

cDNA FLJ46359 fis, clone 

TESTI4049786, highly similar to 

Hexokinase-1 

-0.9 

H_E iGLINDMVR Q05BS0 
Eukaryotic translation initiation factor 

3 subunit A 
-0.9 

H_E 
iMGIPEEEQM(OX)G

LLR 
P35579 Myosin-9 -0.8 

H_E tEMEDLM(OX)SSk Q6ZNL4 FLJ00279 protein -0.8 

H_E tSSSFAAAMAR P27708 CAD protein -0.7 

H_E SFMALSQDIQk Q14444 Caprin-1 -0.7 

H_E 
vGEVIVTkDDAMLL

k 
P10809 60 kDa heat shock protein -0.7 

H_E 
sMEAEM(OX)IQLQE

ELAAAER 
Q6ZNL4 FLJ00279 protein -0.7 

H_E lQMEAPHIIVGTPGR A8K088 

cDNA FLJ78614, highly similar to 

Homo sapiens eukaryotic translation 

initiation factor 4A 

-0.6 

H_E AMEAVAAQGk Q0D2Q6 Phosphoglycerate mutase -0.6 

H_E aMEAVAAQGk Q6FHU2 Phosphoglycerate mutase -0.6 

H_E VNTELMk B4DIV8 
cDNA FLJ56402, highly similar to 

Tripeptidyl-peptidase 1 
-0.6 

H_E 
nPEISHMLNNPDIM

R 
Q9UMX0 Ubiquilin-1 -0.6 

H_E lMATLR P35579 Myosin-9 -0.5 

H_E lDHkFDLMYAk A6NHL2 Tubulin alpha chain-like 3 -0.5 

H_E 
tGYESGEYEMLGEG

LGVk 
B3KTX4 

cDNA FLJ38923 fis, clone 

NT2NE2011823, highly similar to 

Dynactin subunit 2 

-0.5 

H_E ALMDEVVkATSR P00558 Phosphoglycerate kinase 1 -0.4 

H_E 
nATNVEQSFM(OX)T

MAAEIk 
Q5U0I6 H.sapiens ras-related Hrab1A protein 0.4 

H_E fTMELAk E9KL48 
Epididymis tissue sperm binding 

protein Li 18mP 
0.4 

H_E 
AGEVINQPMM(OX)

MAAR 
V9HWK2 Epididymis luminal protein 114 0.5 
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H_E 
AGEVINQPMMM(O

X)AAR 
V9HWK2 Epididymis luminal protein 114 0.5 

H_E IVkDLMSk P00558 Phosphoglycerate kinase 1 0.5 

H_E 
iM(OX)GIPEEEQMG

LLR 
P35579 Myosin-9 0.5 

H_E LQEMEGTVkSk Q6ZNL4 FLJ00279 protein 0.5 

H_E nSLESYAFNMk V9HW22 Epididymis luminal protein 33 0.6 

H_E 
RFDEILEASDGIMVA

R 
A0A024R5Z9 Pyruvate kinase 0.7 

H_E lQIVEMPLAHk A8K259 

cDNA FLJ78501, highly similar to 

Homo sapiens serpin peptidase 

inhibitor, clade H 

0.8 

H_E MFIVNTNVPR A6MUU8 
Macrophage migration inhibitory 

factor 
0.8 

H_E eVASMAk A0A0K2GN21 BCKDHB protein 0.9 

H_E 
sNQQLENDLNLMDI

k 
A0A0J9YXZ5 

Ras GTPase-activating-like protein 

IQGAP1 
1.1 

 

 

 

 

 

 

 

 

 

 

 



 

142 

Appendix B: Supplemental Figures 

 

 

Supplemental Figure 1: Reaction chemistry of iTRAQ and TMT reagents. 
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Supplemental Figure 2: Reaction chemistry of the Pi3 Methionine Selective 

Resins.  
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Supplemental Figure 3: Peptide settings in Skyline for the A) light and B) 

heavy PAB modifications on wild-type methionine.  

 

 

Supplemental Figure 4: Transition settings in Skyline for targeted proteomics 

analysis of PAB-SPROX experiment. 
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