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ABSTRACT 

 

PROTEOMIC STRATEGIES FOR INVESTIGATION OF PROTEIN/LIGAND AND 

PEPTIDE/LIGAND NON-COVALENT INTERACTIONS BY ELECTROSPRAY  

IONIZATION MASS SPECTROMETRY 

 

Abraham Lo, M.S.  

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Kevin A. Schug   

Through universal proteomic methods and electrospray ionization-mass spectrometry 

(ESI-MS), multiple molecular recognition strategies were investigated as a prospective 

complementary tool for investigating protein-ligand interactions. Three model protein-ligand 

systems: bovine serum albumin/naproxen, cytochrome c/ATP & ADP, and integrin/RGD peptide 

were probed based on the categorical difference in the nature of each ligand. It was found that 

screening for protein binding sites from proteolytic digests was feasible for one of three models. 

Three different proteolytic digests of cytochrome c featured several examples of binding 

interaction with the ligands ATP and ADP. The detection of binding between intact cytochrome c 

and ATP/ADP was also conducted. Both the folded and unfolded state of cytochrome c were 

observed under ESI-MS conditions with ATP/ADP binding to the native states. Dissociation 

constants calculated for intact cytochrome c and ATP/ADP and the results were in correlation 

with existing literature.  
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CHAPTER 1 

INTRODUCTION 

 

Protein-ligand interactions play a crucial role in cellular functions which drive biomedical 

and biotechnological strategies. Current drug discovery is dependent on understanding protein-

ligand interactions which lead to the creation of drugs that either modify or block the site of 

interaction. The ability to effectively understand the function of a protein’s binding site both 

quantitatively and qualitatively remains a focus of the scientific community. 

The method of discovery of non-covalent protein-ligand interactions has gone through 

several techniques and forms of analysis. The recent emergence of soft ionization mass 

spectrometry (MS) has added yet another powerful tool to the biochemist’s analytical tool-belt. 

Exploited for its speed and sensitivity, MS has opened a new wave of MS-based non-covalent 

protein-ligand research. A niche within this field is currently focused on mapping the interaction 

site where the ligand binds to the protein.  

The current MS-based methodology for mapping protein-ligand interfaces incorporates 

one or a combination of limited proteolysis, genetic engineering, chemical modification, and 

hydrogen/deuterium exchange strategies. In regards to rapid drug discovery, the limitations of 

each technique become apparent from the lack of literature regarding the establishment of a 

high-throughput molecular recognition technique in relation to protein-ligand interaction site 

mapping. Time-consuming experimental elements and intense data management/analysis of 

each technique serves as an impetus towards the creation of a high-throughput method.  

The goal of this project is to establish a high-throughput molecular recognition 

technique where electrospray ionization-mass spectrometry (ESI-MS) and universal proteomic 

methods are used as complementary tools for investigating protein-ligand interactions. The 
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specific interests related to the goal are the following: screening and identifying possible 

components in a complex; screening proteins by detecting binding of ligands; detection of 

binding between protein and ligand; and mapping the interaction interface or identification of 

protein-ligand contact points. Another goal is to extract quantitative binding information for non-

covalent complexes between proteolytically derived peptide fragments and selected ligands. 

To identify sequential domains, manipulation of protein denaturation conditions in 

combination with enzymatic digestion via an assortment of enzymes (i.e., pepsin, trypsin, etc.) 

will be used to generate varying peptide fragments of different lengths. The main goal is to have 

the specific binding region of the protein remain intact within the peptide mixture and then 

screen for specific ligand interactions. The overarching experimental goals stated above might 

seem ancillary to the currently practiced limited proteolysis techniques, but the novel approach 

is the high-throughput use of common enzymatic conditions where the imperfect cleavage 

patterns of the enzyme are incorporated as a tool to obtain binding site containing peptides. 

The study covers three model proteins (bovine serum albumin, integrin αVβ3, and 

cytochrome c) that have had their binding site already characterized. These proteins were 

proteolyzed and had their resulting peptide mixtures submitted to reversed phase-high 

performance liquid chromatography-ESI-MS. During the chromatographic separation a 

subsequent screening was accomplished with the respective ligands (naproxen, RGD peptide, 

and ATP/ADP) through post-column addition. Measurements were conducted on the binding 

affinity and selectivity between proteins and their ligands.  

1.1 Thesis Overview 

Chapter 1 provides an introduction and states the goals of this thesis. Chapter 2 lays 

down the groundwork related to three aspects fundamental to this thesis: proteomics, mass 

spectrometry, and non-covalent interactions. Next, Chapter 3 provides the experimental 

materials, instrumentation, and procedures necessary to carry out the ideas implemented in 

Chapter 1. Moving forward, Chapter 4 presents a more detailed view of protein and peptide 
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identification through mass spectrometry and the current mapping techniques for protein/ligand 

interfaces as described above.  Research pertaining to the three model proteins: BSA, integrin, 

and cytochrome c and as well as their respective ligands will be offered within Chapter 4. 

Subsequently, Chapter 5 provides the data and discussion of the results. Finally, Chapter 6 

provides a conclusion and probes the future avenues of research.  
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CHAPTER 2 

BACKGROUND/REVIEW 

 

This chapter presents an overview of proteomics, mass spectrometry, and non-covalent 

interactions. The underpinnings under which proteomics developed leading up to its relevance 

to the status quo are explored. Next, the fundamental and practical aspects of mass 

spectrometry are highlighted. This is followed by the common approaches unifying mass 

spectrometry and proteomics. Finally, the background of non-covalent interactions and its 

relevance to mass spectrometry and proteomics is covered.  

2.1 Proteomics 

2.1.1 What is proteomics? 

Proteomics is a relatively new discipline spawned within the field of biochemistry. In 

contrast to the early origins of biochemistry beginning in the 1800s, the genesis of proteomics 

can be traced back to the recent 1970s-1980s. The word proteomics was derived by Marc 

Wilkins, a Macquarie University Ph.D. candidate, in 1994 as “the protein complement of the 

genome” at a meeting in Siena, Italy [1].  

The definition of proteomics is the study of the proteome where the standard definition 

of the proteome is “the complete set of proteins within a certain organism”. Proteomics not only 

involves the study and the identification of proteins but also the interactions between proteins 

that compose various systems, so-called “functional proteomics”.  These systems may range 

from proteins involved in simple biological pathways to more complex systems such as organ 

systems or the whole organism itself.  

Within the short span of several decades, the field of proteomics has become a very hot 

topic with funding from both the private and public sector ballooning to billions of dollars a year. 
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A good portion of the NIH’s $28.4 billion 2007 yearly budget [2] was dedicated towards 

proteomic and genomic research. The overwhelming consensus from the scientific community 

is that we have only begun to scratch the surface within the field of proteomics and that there 

are historic breakthroughs waiting to be discovered. With proteins being involved in almost all 

biological processes, the study of proteomics is directly related to questions and problems that 

plague the 21st century: Can we cure diseases like cancer, Alzheimer’s disease, Parkinson’s 

disease, etc.? What effects do environmental toxins have on the human condition? Or even, 

what type of vaccines do we need to design to defend against the pressing threat of drug-

resistant biological pathogens? 

In general, proteomics is important for a number of reasons. It allows scientists to 

identify proteins in normal and disease conditions, to identify pathogenic mechanisms, to 

improve medicine by matching a person’s protein fingerprint to the effective treatment, and to 

contribute to the understanding of gene function. The current goals of proteomics research are 

geared towards the determination of the properties of proteins which include sequence, 

quantity, state of modification, interactions with other proteins, activity, subcellular distribution, 

and structure [3]. 

2.1.2 What are proteins? 

In proteomics, the protein is the common thread from which everything begins. Without 

proteins, life would not exist. All functions of living organisms are related to proteins. Proteins 

are the end result of the “central dogma” of life [4] where DNA is transcribed to RNA and RNA is 

translated to form proteins.  

Proteins are amino acid based macromolecules that are vital in numerous biological 

processes.  These biological processes are often complicated and convoluted, and scientists 

have only recently begun to unravel the intricate functions of proteins in biological systems. 

These functions range from enzymatic activity (i.e. pepsin breaking down food products in the 

stomach [5]) to providing mechanical function (actin and myosin contracting in the muscles [6]).  
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From an assortment of 20 amino-acids available, proteins are constructed by the cell’s 

machinery in a linear fashion by connecting the C-terminus of one amino acid to the N-terminus 

of another amino acid. Through a dehydration reaction, a peptide bond forms between the two 

amino acids. A peptide is created after several amino acids join together to form a linear 

polymer. The general definition of a peptide is a molecule composed of two or more amino 

acids. Larger peptides are often referred to as polypeptides or proteins; however, a vital 

distinguishing factor between a peptide and protein is that a protein has a definitive 3-

dimensional structure through the folding of the chain of amino acids.  

The 3-dimensional structure of a protein is broken down into four distinct categories: 

primary, secondary, tertiary, and quaternary structure. The primary structure is the amino acid 

sequence of the protein. The secondary structures are localized formations stabilized by 

hydrogen bonds composing ordered arrangements such as alpha helixes and beta sheets. The 

tertiary structures are the gathering of secondary structures together through hydrogen bonding, 

disulfide bonds, and salt bridges to form the overall shape of the protein molecule. Finally, the 

quaternary structures are the aggregation of two or more protein molecules to form a larger 

multi-protein complex (i.e.  hemoglobin). 

2.1.3 Development of Proteomics 

Four major scientific discoveries pertaining to proteins set the backdrop for the genesis 

of proteomics. The history of protein chemistry begins first when the word protein was coined by 

Jons Jakob Berelius in 1838 [7]. Derived from Greek and meaning “of primary importance”, the 

word protein was used for the large organic compounds with equivalent empirical formulas 

which he studied.  In 1926, the next major step in protein research was made by James B. 

Sumner when he isolated and crystallized the enzyme urease [8]. In 1955, Sir Frederick Sanger 

determined the entire amino acid sequence of the protein insulin [9]. In 1958, the 3-dimensional 

structures of the proteins, hemoglobin [10] and myoglobin [11], were elucidated through X-ray 

diffraction analysis by Max Perutz and Sir John Cowdery Kendrew. 
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Building upon the momentous discoveries in protein chemistry, the subsequent 

scientific study of proteins has journeyed through several stages. Patterson and Aebersold 

breaks down the emergence and maturation of proteomic concepts and technology into three 

phases [3]: 1. Transition from protein chemistry to proteomics as a platform for scientific 

advancement; 2. present diversification of proteomic technologies and tools used to ascertain 

properties of proteins; and 3. comprehensive understanding of the working of biological systems 

through proteomic data and new science technologies. The first two phases are most relevant 

to the work described in this thesis. 

In the infant stages of proteomics (phase 1), the main goals of protein chemistry 

conducted in the 1980s and early 1990s were to provide the link between the observed activity 

of a biochemically isolated protein and the gene that encoded it [3]. These main goals were 

facilitated by the very important advent of two-dimensional gel electrophoresis (2DE) which 

allowed for the separation of complex protein matrixes, based primarily on size and isoelectric 

point. With the separation of proteins, technological developments for analytical protein 

chemistry were commenced to improve the sensitivity of detection. Numerous achievements 

were accomplished; however, the reliance on 2DE as the main means for protein research was 

a bottleneck for advancement. Several ideas were proposed in the 1970s and 1980s to use 

2DE to create a database of proteins, but this endeavor failed initially. In the early 1990s, the 

sequencing of proteins through Edman degradation and PCR provided the link between amino 

acid sequence and the corresponding protein activity. Much effort was put into the mass DNA 

sequencing of cDNA derived from mRNA [12] with the well publicized Human Genome Project 

as its pinnacle. As a result, these endeavors created massive libraries of protein sequence 

databases. 

From the amalgamation of these protein sequence databases, creation of algorithms, 

and the availability of existing mass spectrometry techniques in concert with a wide variety of 

separation techniques, the study of proteins was viewed in a new light. While determining the 
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mass of an unknown protein or peptide with a mass spectrometer is not a unique identifying 

feature, a protein cleaved with an enzyme of known specificity to create a mixture of peptides 

could distinctively identify a protein. By extracting peptide masses from the mass spectra after 

running a digested protein through Reversed Phase-High Performance Liquid Chromatography-

Mass Spectrometry (RP-HPLC-MS), one could match the mass list to a predetermined 

proteolytic sequence database of known proteins [13]. Scientists now had an extremely 

powerful tool where they could identify and study most if not all proteins (proteome) on a much 

larger scale than before. This is when proteomics was born. 

2.2 Mass Spectrometry 

2.2.1 Definition  

Mass spectrometry (MS) is the analysis of the mass to charge ratio (m/z) of ions. It is a 

technique which facilitates the capability of ‘weighing’ charged molecules. In general, mass 

spectrometry is a very powerful technique because it allows for the analysis of gas, liquid, and 

solid samples. Through highly sensitive instrumentation and different analytical techniques, 

mass spectrometry is capable of elemental and molecular analysis. Mass spectrometry is now 

considered as an indispensable part of proteomic research. Of particular interest, mass 

spectrometry is useful for the identification of protein/peptide fragments and the examination of 

non-covalent interactions. 

2.2.2 MS Setup 

The general MS instrumental setup consists of 5 major components: the inlet, the 

source, the mass analyzer, the detector, and the data acquisition system as shown in figure 2.1. 

The inlet is where the introduction of sample occurs. Once the sample has been in introduced, 

the formation of ions (ionization) occurs in the source. The two common methods of ionization 

of proteins/peptides are through electrospray ionization (ESI) and matrix-assisted laser 

desorption ionization (MALDI). These ionization techniques are “soft in nature, largely 

preserving ionized species as intact molecular ions. After ionization, the ions are transported to 
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the analyzer through ion optics via the application of highly controlled electric and/or magnetic 

fields. The detection of ions and analysis are then accomplished by the detector and the data 

acquisition systems, respectively. 

 

2.2.2.1 Inlet 

The inlet is where the introduction of sample occurs. Since the creation of gas phase 

molecules is a requirement at the source, the inlet must somehow accommodate solution to gas 

phase transfer at the inlet/source interface. Although there are numerous types of inlets (direct 

vapor inlet, gas chromatography, liquid chromatography, direct insertion probe, etc.) which 

interface to the mass spectrometer, the inlet choice depends solely upon the sample. In order to 

choose which inlet is suitable, one must consider the characteristics of the sample. Samples 

with high volatility and thermal stability are easily accommodated by a variety of inlets involving 

thermal vaporization such as GC, direct vapor inlet, and direct insertion probes. Since 

proteins/peptides have low volatility and are thermally labile, they require direct ionization from 

the condensed phase [14]. Liquid chromatography provides such an introduction of thermally 

labile and nonvolatile liquid compounds and mixtures not amenable to gas chromatography.  

Figure 2.1 General Mass Spectrometry Instrumental Setup 
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Liquid chromatography (LC) is a technique where a sample is forced through a column 

packed with solid particles (stationary phase) by a liquid (mobile phase). The origins of liquid 

chromatography began in 1900 when Mikhail Tswett coined the word ‘chromatography’ in his 

seminal work on chlorophyll [15,16]. Within his research, Tswett was able to separate a mixutre 

of chlorophylls and xanthophylls by passing a solution in petroleum ether through a glass 

column packed with calcium carbonate [17]. For several decades, similar methods employed 

packed columns as such for the separation of mixtures. Moving forward, the 1960s used packed 

columns with small particles resulting in high performance liquid chromatography or high 

pressure liquid chromatography (HPLC) where higher pressures were needed to pass liquid 

through the column. HPLC is highly regarded as an analytical separation technique because of 

its sensitivity, its high efficiency, its ready adaptability to accurate quantitative determinations, its 

suitability for separating nonvolatile or thermally fragile species, and its widespread applicability 

to a variety of substances [18].  

With the manipulation of the polarity of the stationary and mobile phases, a sample 

containing a mixture of analytes can be separated through the partitioning between the two 

phases. Multiple modes of separation such as reversed phase, normal phase, ion exchange, 

size exclusion, chiral, etc. are applicable to HPLC. For proteins and peptides, the reversed 

phase mode of separation is the most widely employed. Reversed phase-HPLC (RP-HPLC) 

uses a non-polar stationary phase (i.e. C18 bonded silica) and an aqueous/polar organic mobile 

phase (i.e. acetonitrile or methanol). Through hydrophobic interactions, analytes are retained by 

the hydrophobic stationary phase in high aqueous mobile phase conditions. Then, they are 

eluted by substantially increasing the percentage of polar organic solvent in the mobile phase.  

Gradient elution is commonly used to separate complex mixtures of peptides in RP-

HPLC on a C-18 column. Two reversed phase solvents labeled A and B contain 100% water 

with a small percentage of acidic modifier (formic acid (FA), trifluoroacetic acid, acetic acid) and 

100% Acetonitrile (ACN), respectively. The acidic modifier is used to better the chromatographic 



 

 11 

peak shape and also to provide a source of protons for the ionization process. The ratio of 

solvents is typically varied in a programmed way with a low concentration of organic at the 

beginning of each run (i.e. 98:2 0.5% FA H2O:ACN) and increased to a high organic content 

toward the end of the run(i.e. 98:2 ACN:0.5%FA H2O). The elution of proteolytically derived 

peptides (e.g. via enzymatic digestion; see below) from a RP-HPLC C-18 column commonly 

occurs around the 30-40% organic solvent mark of a typical linear gradient analysis. Peptides 

that are more hydrophobic are retained longer while those that are more hydrophilic are eluted 

earlier. 

2.2.2.2 ESI Source 

The source is where the formation of ions occurs. While interfacing LC to MS, two major 

hurdles of volatilizing biochemical analytes and removing solvent present in large excess, have 

to be overcome. In 1989, Fenn’s group [19] pioneered a new Atmospheric Pressure Ionization 

(API) source called Electrospray Ionization (ESI) which addressed the aforementioned issues, 

allowing for a seamless interface between LC and MS. It is now one of the most commonly 

used amongst other established interfaces (Atmospheric Pressure Photoionization (APPI), 

Thermabeam, Matrix-assisted Laser Desorption/ionization (MALDI), Thermospray, Fast Atom 

Bombardment (FAB), Atmospheric Pressure Chemical Ionization (APCI), Direct Insertion Probe, 

etc.). Most modern LC-MS instruments can utilize at least two atmospheric pressure ionization 

modes: electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI). 

ESI has the advantages of ionizing low and high molecular weight non-volatile or 

volatile polar and ionic compounds. It can accommodate conventional HPLC flow rates (≤ 1000 

ul/min) and has high sensitivity and high ionization efficiency. As the most commonly employed 

ion source for LC-MS, ESI is geared towards polar, ionic molecules (i.e. proteins and peptides) 

and has the advantage of detecting very large biomolecules through multiple charging [20]. For 

all its virtues, ESI still has several disadvantages: little to no fragmentation with possible adduct 

formation, no ionization for non-polar compounds, and no universal library.  
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The exact science behind the mechanisms of ESI is not fully understood at this point, 

but two prevailing models have been proposed: the ion evaporation [21] and the charged 

residue model [22,23] Droplet size, surface charge, liquid surface tension, solvent volatility, and 

analyte ion solvation energies are several factors which must be considered to understand the 

ESI process. The general mechanism for ESI ion generation, as shown in figure 2.2, can be 

broken down into four steps. First, the capillary through which the sample solution is passed is 

held at a high potential (±2-5kV). Second, in response to the potential gradient placed across 

the atmospheric pressure spray chamber, the liquid solvent disperses into a mist of highly 

charged droplets. Third, the droplets reduce in size by evaporation of the solvent or by 

“Coulombic explosion”.  Coulombic explosion refers to the phenomena where surface tension is 

overcome by charge repulsion on the shrinking droplet surface. Lastly, the fully desolvated ions 

resulting from complete evaporation of the solvent are transferred to the mass spectrometer for 

mass analysis. ESI can be operated in either the positive or the negative ionization mode by 

varying the potential applied to the capillary. For proteins and peptides, positive mode is ideal.   

 

The high sensitivity of ESI, without excessive fragmentation, proves worthy in its 

application towards protein/peptide research. In contrast to other ionization techniques, where 

upon ionization significant fragments (offspring ions) occur from molecules, ESI utilizes a ‘soft 

Figure 2.2 General Schematic of the electrospray process  

+ 

+ 

+ 

+ 
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ionization’ technique which preserves the molecular ion (precursor ion) due to the low internal 

energy imparted onto the molecule. The softness of the ESI technique has been used 

extensively when considering non-covalent interactions between protein/ligand and 

peptide/ligand complexes.   

As mentioned above, ESI has the potential to produce multiply charged ions allowing 

higher molecular weight compounds to be observed at lower mass to charge ratio (m/z) values 

using standard mass analyzers. For example, one might predict that a large protein such as 

Bovine Serum Albumin (BSA) (MW 66,000 kDa) would be difficult to see on a typical ion trap 

mass spectrometer with an effective scan range of 100-4000 m/z. However under optimum 

solvent conditions, BSA appears as an envelope of low m/z multiply charged ions. By applying 

an averaging algorithm and examining the relative position of isotopic ion abundances, one is 

able to assign number of charges to the peaks in the ion envelope and estimate the average 

molecular mass of the protein. 

2.2.2.3 Mass Analyzer and Detector 

Many types of mass analyzers are available on the market today including magnetic 

sector, time-of-flight (TOF), quadrupole, ion trap, Fourier transform ion cyclotron resonance (FT-

ICR), and orbitrap systems. The choice of mass analyzer is dependent on the analytical goals 

requiring a certain sensitivity, resolution, mass accuracy, mass range, rate of scanning, ease of 

use, and cost. Hybrid mass analyzers such as quadrupole time of flight (Q-TOF) or linear ion 

trap-Fourier transform ion cyclotron resonance (LIT-FTICR) are commonly employed for 

proteomics but cost can be a limiting factor. Quadrupole ion traps are used in proteomic 

research due to their advantages of being inexpensive, easily interfaced to many ionization 

methods, and having MS/MS capabilities. Although resolution, accuracy, mass range, and 

scanning rate might be inferior in comparison to more expensive mass analyzers, the 

quadrupole ion trap is adequate for certain realms in proteomics. 
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In the 1950s, the quadrupole ion trap was created by the Nobel Prize winning Wolfgang 

Paul [24]. Finnigan MAT made several breakthroughs during the 1980s in designs based on 

Paul’s research to make the quadrupole ion trap as practical as it is today [25].  

The quadrupole ion trap traps incoming ions from its inlet in a chamber composed from 

several hyperbolic electrodes: an entrance endcap electrode, an exit endcap electrode, and a 

donut-shaped ring electrode. DC and RF oscillating AC electric fields create a 3D quadrupolar 

potential energy well within the center of the trap. By varying the voltages on specific 

electrodes, ions are selectively trapped and ejected out from their oscillating trajectory based on 

their individual mass to charge (m/z) ratios. A detailed description of quadrupole ion trap 

technology has been given by Raymond March [26]. The ejected ions are then focused onto the 

detector to produce the mass spectrum. Most detectors are comprised of a conversion dynode 

and a channel electron multiplier. 

As mentioned above, the advantages of the quadrupole ion trap are that is it 

inexpensive, easily interfaced to many ionization methods, and has MS/MS capabilities in one 

analyzer.  The disadvantages are that it has low resolution (<4000), low mass accuracy (~±0.5 

amu), typically limited mass range (<4000 m/z), moderate scanning rates, and space charging 

effects can give rise to mass shifts. For our purposes, the quadrupole ion trap is sufficient for 

the task at hand. The MSn (tandem MS to the nth degree) capabilities are especially useful. By 

isolating a particular ion within the trap, ejecting everything else, and then employing Collision 

Induced Dissociation (CID), one can obtain the relevant fragmentation data of the precursor ion. 

The process can be repeated by isolating one of the fragment ions and so on, as long as 

sufficient ion signal remains. 

Ion trap mass spectrometers often have the capability to provide full scan followed 

along with data-dependent MS/MS or MSn information to obtain data for interacting with 

proteomics databases. Through specified parameters, data dependent scanning allows the 

selection of one or more ions of significance for analysis. Thermo’s Dynamic ExclusionTM 
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program picks the most intense ion in the full-scan spectrum and extracts MS/MS data from that 

particular ion. The program then stores the mass into an exclusion list after acquisition and 

seeks out less intense components that have not yet been examined. This automated process 

ensures that both high and low abundance proteolytic peptide ions are fragmented to maximize 

chances of identifying the protein(s) of interest. 

2.2.2.4 Data Acquisition System 

The data acquisition aspect of mass spectrometry has gone through radical changes in 

the last 30 years. As strip chart recorders sit around gathering dust as relics of the past, the 

digital age has brought the necessary advancements for progressive proteomic research. 

Computer hardware and software play a vital role in the management, categorization, and 

analysis of data relayed from the mass spectrometer. The internet also plays an important role 

in the dissemination of information and rapid exchange of ideas, including interfacing collected 

data with numerous databanks for proteomic-based applications. 

2.3 Relation between Proteomics and Mass Spectrometry 

As mentioned previously, Patterson and Aebersold have broken down the emergence 

and maturation of proteomic concepts and technology into three phases. Phase 1 highlights the 

transition from protein chemistry to proteomics as a coordinated platform for scientific 

advancement. Phase 2 ascertains the properties of proteins through the diversification of 

proteomic technologies and tools. Lastly, phase 3 builds towards a comprehensive 

understanding of the working of biological systems through proteomic data and new science 

technologies. The following discussion centers largely on methods employed relative to Phase 

1. Proteomics is carried out by two predominant experimental setups, the top-down and the 

bottom-up approach. 

2.3.1 Top-down proteomics 

The top-down proteomic approach focuses on the protein level analysis where intact 

protein ions or large protein fragments are subjected to gas phase fragmentation. The 
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fragmentation pattern from an intact protein is often difficult to interpret since, in ESI, different 

charge states have different fragmentation patterns [27-30]. As a result, most top-down 

approaches for determining sequential information rely on high resolution mass analyzers (FT-

ICR) to help deconvolute data. Top-down proteomics is often considered not as information rich 

as bottom-up approach and is still a limited technique. Some of its uses involve the direct 

determination of molecular mass which can be useful in determining post-translational 

modifications where sufficient mass resolution and sensitivity are available. A protein’s primary 

structure is also a target of the top-down proteomic approach. De novo sequencing is a 

technique where the sequence of a previously unknown protein is derived through the use of 

the tandem mass spectrometry data.  

2.3.2. Bottom-up proteomics 

In bottom-up proteomics, an isolated and proteolytically digested protein of interest 

yields peptide fragments. Specific cleavage is often accomplished by the protease enzyme 

trypsin, but other proteases such as chymotrypsin, Glu-C, Asp-N, and others are also utilized. 

MALDI is commonly utilized for peptide mass fingerprinting of the complex mixture [31]. The 

masses of peptides are extracted from the mass spectra and matched against a database. 

Figure 2.3 provides a general schematic of the bottom-up proteomic approach. Just like a 

human fingerprint, each protein has a distinct pattern of peptide signals for a given protein. 

Another technique called peptide fragmentation incorporates ESI to take the sequential 

information based on collisional dissociations of polypeptides from a protein and matches them 

against a database [32-35]. Rather than providing the exact information on protein sequence, 

bottom-up approaches are mainly used for protein identification. Various types of collisional 

dissociation processes can be employed for experiments ranging from protein identification to 

the localization of post-translational modifications [36,37].   
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2.4 Non-covalent Interactions 

2.4.1 Definition 

In both biological and synthetic systems, there are many cases where molecules form 

non-covalent complexes in solution. These non-covalent interactions are often classified as 

host-guest, selector-selectand, drug-receptor, or receptor-ligand relationships. A non-covalent 

interaction refers to either one or a combination of electrostatic interactions, ionic bonds, 

hydrophobic interactions, hydrogen bonds, Van der Waals forces, or dipole-dipole bonds 

Figure 2.3 Bottom-up Proteomic Approach 
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between two or more molecules. Noncovalent interactions in biological systems are ubiquitous 

and are essential for controlling many of life’s processes. 

2.4.2 Methods for detection  

The ability to quantitatively and qualitatively determine the nature of non-covalent 

interactions remains a priority amongst researchers. Several established instrumental methods 

such as X-ray crystallography, NMR [38,39], ultracentrifugation [25,26], circular dichroism [42-

44], light scattering [44,45], and fluorescence [46,47], differential scanning calorimetry [48,49], 

isothermal titration calorimetry (ITC) [48], surface plasmon resonance (SPR) [48,50], and others 

have been used to study non-covalent interactions. Although these methods are still being used 

today because of their virtues, they often have disadvantages [51-53].  

Mass spectrometry has emerged recently as another method for detecting non-covalent 

complexes with several distinct advantages [52,53]. Speed, specificity, and sensitivity are the 

most obvious advantages [54]. Mass spectrometry allows for the use of small amounts of 

substrate (low picomole to femtomole levels) instead of the larger quantities of material 

(milligram) which are often required of NMR and X-ray crystallography. The speed and 

automation of mass spectrometry permits one to quickly analyze samples and conduct high-

throughput screening. Additionally, mass spectrometry circumvents the requirement in other 

methods where the ligand or target must be labeled or bound to a surface which ultimately may 

affect the binding characteristics of the system of interest [55]. 

2.4.3 ESI and non-covalent complexes 

2.4.3.1 Discovery 

Ganem et al [56] were one of the earliest groups to show that non-covalently associated 

molecules (FK binding protein - FK506 ligand) in solution could be transferred into the gas 

phase via ESI and detected as an intact complex. Also that year, Katta and Chait [57] observed 

the heme-globin complex in native myoglobin by ESI. The importance of these measurements 

in contrast to previous studies where ESI was used to see adducts and aggregations of various 
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entities was that these were specific noncovalent interactions as opposed to non-specific 

interactions resulting from the electrospray process.  

2.4.3.2 Questions to be asked 

Since most non-covalent interactions of interest exist in physiological, aqueous 

environments, there is a strong emphasis on establishing correlation between the gas phase ion 

abundances obtained by of ESI-MS measurements and the corresponding solution phase 

distribution of species from which the gas phase ions are generated. Most, if not all research 

pertaining to this subject must be wary of and address this issue before conclusions can be 

formulated. In order to determine if there is such a correlative relationship several question must 

be asked. As mentioned above, is the interaction non-specific or specific? Does the solution 

structure resemble the nature of the gaseous phase structure? And, does a measurement made 

in the gas phase translate over into the properties of that molecule in the solution phase? There 

have been many cases in literature which support the correlation between solution phase and 

gaseous phase non-covalent interactions [58-63].  

2.4.3.3 Obtainable Data 

From ESI-MS data, the stoichiometry and relative abundance of the complex can be 

derived by measuring the m/z and abundance of the complex as well as the free associates 

involved in the equilibrium [58].  In general, stoichiometry measurements and the observed 

relative abundances from ESI-MS experiments have the most robust correlations to the solution 

phase [57,64,65]; however, there are always exceptions [66]. The values derived from ESI-MS 

are often correlated to condensed phase non-covalent interactions and discussed to a great 

degree within literature. In numerous examples, there has been a positive correlation between 

the dissociation constants derived from ESI-MS and solution phase equilibrium binding 

constants. Dissociation constants (Kd) ranging from millimolar (mM) to sub-picomolar (pM) 

levels have been measured by ESI-MS [67-70]. As mentioned above, specificity can also be 
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established by surveying a systematic variation of interaction conditions and interaction partners 

[67]. 

Daniel et al. [71] effectively breaks down the possibilities of determining non-covalent 

interaction strength by MS through solution-phase and gas-phase methods. Solution-phase 

methods operate under the assumptions that there is no partial dissociation of the non-covalent 

complex in the gas phase and that ion formation does not disturb the solution-phase 

equilibrium. Solution-phase methods include melting curves [72,73], titration [74-78], 

determination of transfer coefficients [79-81], and competitive binding analysis [67,84-87].  The 

determination of host-guest equilibrium binding constants through the titration method is a 

typical solution-based method. By holding the host concentration constant, varying the guest 

concentration, and then comparing the ion intensities of the complex to that of the free host by 

MS, both linearization and non-linear curve fitting can be implemented for the determination of 

binding constants. Notable host-guest complexes analyzed through the titration method include 

those between vancomycin antibiotics with tripeptide ligands [74] and albumin protein with 

oligonucleotides [75]. A number of quantitative evaluations of binding affinity have been 

performed on protein/enzyme-ligand [89,90], DNA-ligand [91,92], RNA-ligand [93,94], small 

molecule [95,96], and chiral recognition systems [97]. 

Gas-phase methods operate under the assumption that the complex undergoes 

desolvation and is structurally held together through Coulombic, dipolar, hydrogen bonding, and 

van der Waals forces. Gas-phase methods include cone-voltage-driven dissociation (VC50 

method) [98,99], collision-induced dissociation (CID) [100-105], guided ion beam tandem mass 

spectrometry [106,107], blackbody infrared radiative dissociation (BIRD) [108-111], heated 

capillary dissociation (thermal dissociation in the gas phase) [112,113], among others.  

2.4.3.4 Conditions  

ESI allows one to produce and mass analyze non-covalent complexes in the gas 

phase. ESI’s ‘soft ionization’ technique preserves weakly bound complexes due to low internal 
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energy imparted onto the complex; however, many gas phase complexes are highly sensitive 

and easily susceptible to dissociative processes. An emphasis is therefore placed on balancing 

the desolvation of the gas phase complex with the intermolecular forces keeping the complex 

together. For cases where the non-covalent interactions attributed mainly to electrostatic 

interactions, the complex will be stabilized in the gas phase when fully desolvated [114,115]. On 

the other hand, non-covalent interactions primarily held together through hydrophobic 

interactions are weakened in vacuum [116].  

Normally, the ESI process requires specific conditions for optimum operation. This is 

even more so with the preservation of non-covalent complexes in ESI-MS where instrumental 

parameters such as low capillary voltage, cone/orifice voltages, source temperature, and probe 

temperatures are required [117]. Additionally, solution phase conditions are parameters which 

must be considered. Since most biological systems in the solution phase function under 

physiological conditions, ESI-MS analysis is often difficult because of the incompatibility 

between buffer solutions. Minute changes in pH, ionic strength, solute composition, and other 

factors can adversely affect the native properties of macromolecules. High concentrations of 

salt lead to suppression of the total ion current and the formation of nonspecific adduct ions 

which convolute the mass spectrum. Changes in pH away from physiological neutral to acidic 

conditions can cause shifts in macromolecular structure such as the denaturation of proteins 

[118-122]. 

2.4.4 Relation of Proteins to non-covalent complexes  

2.4.4.1 Significance 

Patterson and Aebersold’s phase 2 [3] ascertains the properties of proteins through the 

diversification of technologies and platforms. One of these technologies is molecular recognition 

through mass spectrometry. Proteins are molecular machines that interact with other molecules 

(metal ions, nucleotide cofactors, other proteins, oligonucleotides, polysaccharides) through 

noncovalent interactions to control physiological processes. These interactions have significant 
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underpinnings in the comprehension of cellular functions which drive biomedical and 

biotechnological strategies.  

2.4.4.2 Categorization 

Studies of non-covalent interactions by ESI-MS have been extensively reviewed [53, 

58,61,123,124,125]. Protein-related studies of non-covalent complexes via ESI-MS have 

included protein interactions with inhibitors [126-130], cofactors, metal ions, nucleotides [131], 

carbohydrates [132-135], other peptides and protein [136], enzyme-substrate pairings [137], 

nucleic acid complexes, drugs [130,138-140]. Intermolecular interactions such as these have 

been studied, but intramolecular non-covalent interactions such as protein folding have also 

been explored [141,142]. It is impossible to completely cover all protein related non-covalent 

interactions, but several individuals have made attempts to categorize these interactions into 

groups. Loo [58] effectively categorizes non-covalent protein complexes into groups highlighted 

by specific examples: polypeptide-metal ions, protein-small molecule, protein/peptide-peptide, 

protein subunit complexes, and protein-nucleic acid complexes. Akashi [143] categorizes intact 

supra-biomolecules into three groups: protein-nucleic acid complex, protein-protein complex, 

protein-ligand complex, and others. The subsequent sections will highlight the non-covalent 

complexes: protein-small molecule, protein-peptide, and peptide-peptide as they will be 

interrelated with the systems addressed later in the thesis.  

2.4.4.2.1 Protein-Small Molecule Complexes 

In 2004, Doneanu et al coupled nanoscale liquid chromatography with ESI-MS to detect 

dihydroxybenzoyl-serine binding to a protein called siderocalin [144]. HPLC was used to 

separate the folded state siderocalin-ligand complex from the unfolded siderocalin. It was 

demonstrated that certain electrostatic non-covalent protein complexes could survive the 

denaturing conditions of RP-HPLC and gas phase transfer during the ESI process. A more 

recent example from the Zenobi lab uses a method based on chip-based nanoelectrospray 

mass spectrometry in detecting non-covalent ligand binding to the human estrogen receptor α 
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ligand-binding domain (hERαLBD) [145]. The non-correlation of the relative gas-phase stability 

of the (hERαLBD)-ligand complex to the solution-phase binding affinity demonstrated that 

hydrophobic contacts play an important role in solution-phase stability. 

2.4.4.2.2 Protein-Peptide Complexes 

Veenstra et al. studied non-covalent binding of Calmodulin to two polypeptides, CamK-

II and melittin, via ESI-MS [146]. They were able to determine stoichiometry and discovered that 

detection of complex in ESI-MS is source temperature dependent. Rostom et al. characterized 

the binding of the protein OppA to 11 peptides with lengths varying from two to five amino acids. 

They were able to demonstrate highest-affinity complexes formed between OppA and tripeptide 

ligands and lower-affinity complexes formed between OppA and dipeptides. Tripeptides 

containing a single D amino acid did not bind to OppA. They were also able to establish binding 

affinities in good correlation to solution-phase dissociation constant (Kd) measurements [147]. 

2.4.4.2.3 Peptide-Peptide Complexes 

Raji et al. studied the binding affinities of integrin peptide fragments and RGD-based 

peptides via ESI-MS [148]. The integrin peptide fragments were synthetically created, mimicking 

the specific binding region of the RGD motif. They were able to show some correlation between 

gas-phase dissociation constants to solution phase techniques through titration experiments. 

Poor correlation was shown between ESI-MS-based titration experiments and those performed 

by affinity capillary electrophoresis. The disconnect was attributed to the inability of determining 

the relative response of different host-guest complexes, a common problem in mass 

spectrometry-based titration experiments [97]. Loo et al. used electrospray ionization mass 

spectrometry to probe antisense peptide interactions [149]. They tested non-covalent 

interactions between human angiotensin and eight synthetic octapeptides. They were able to 

achieve relative abundances similar to solution phase studies and calculate dissociation 

constants in the high micromolar range. 
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CHAPTER 3 

EXPERIMENTAL 

 

3.1 Materials 

The proteins bovine serum albumin and cytochrome c (equine heart) were purchased 

from Sigma (St. Louis, MO), cytochrome c (equine heart) from Calbiochem (Gibbstown, NJ), 

and integrin αV (mouse anti-human monoclonal antibody) from Chemicon International 

(Temecula, CA). For proteolysis of proteins, sequencing grade modified trypsin (porcine) was 

purchased from Promega (Madison, WI), mass spectrometry grade chymotrypsin from 

GBioSciences (St. Louis, MO), and proteomics grade pepsin purchased from Amresco (Solon, 

OH). The ligands employed were purchased as follows: (S)-naproxen from Cayman Chemical 

(Ann Arbor, MI), ATP/ADP from Calbiochem (San Diego, CA)  and Alfa Aesar (Ward Hill, MA), 

respectively, and GRGDSP peptide from Bachem California Inc. (Torrance, CA). Other 

chemicals and solvents were purchased from the following sources: Dithiothreitol (Sigma), 

Iodoacetamide (Sigma), Formic Acid from Fluka (Buchs, Switzerland), LC/MS grade H2O from 

JT Baker (Phillipsburg, NJ), ACN from EMD (Gibbstown, NJ), NH4HCO3 (EMD), and 

hydrochloric acid (EMD). The proteolytic mixtures were separated by analytical reversed-

phased-high pressure liquid chromatography (HPLC) using a optiguard C-18 guard column 

(1.0mm) from Optimize Technologies (Oregon City, OR) connected to a TSKgel ODS-100V C-

18 column (1.0mm x 5.0cm) from TOSOH BioScience (Japan).  

3.2 Proteolysis 

Two denaturation methods were used. In the first method (Protocol 1), proteins were 

subjected to thorough denaturation detailed by Medzihradszky[135] prior to proteolytic digestion. 

Proteins were incubated at 60oC in a solution of 10 mM DTT and 40% acetonitrile (ACN). 
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Cysteine-containing proteins were then alkylated with 50 mM iodoacetamide (37oC, 1 hr). Prior 

to proteolytic digestion, the reaction mixtures were diluted 1:4 to provide conditions that were 

compatible with the proteases that were subsequently employed, trypsin and chymotrypsin.  In 

the second method (Protocol 2), proteins were denatured in accordance to a Promega protocol 

prior to proteolytic digestion. Proteins were incubated for 60oC for 1 hr in a solution of 8 M urea, 

50 mM Tris-HCl (pH 8), 4 mM DTT. After denaturation, the reaction was allowed to cool and 50 

mM NH4HCO3 (pH 7.8) was added until the urea concentration was below 1 M. After 

denaturation, the protease enzyme was added. Typically an enzyme/protein ratio of 1:20 (wt/wt) 

was sufficient for complete digestion when incubated overnight (~16hr) at 37oC. 

For pepsin, denaturation and digestion were carried about in acidic conditions requiring 

a pH below 2.0. For our purposes, a pH of 1.74 was established through the use of hydrochloric 

acid (HCl). Typically an enzyme/protein ratio of 1:20 (wt/wt) was sufficient for complete 

digestion when incubated (~24hr) at 30oC. 

3.3 Mass Spectrometry 

The instrumentation employed in this research is a Thermo LCQ Deca XP (Thermo-

Fischer Scientific, West Palm Beach, FL) equipped with a conventional electrospray interface. 

This instrument features a quadrupole ion trap mass spectrometer capable of high order 

tandem mass spectrometry through collision-activated dissociation. It is capable of unit 

resolution full scan and has a mass range capability from 100 – 4000 m/z. The mass 

spectrometer is equipped with a ThermoSurveyor LC-5 Autosampler and a Surveyor MS Pump 

as inlet system. The ESI source was operated at a spray voltage of 5.0 kV in the positive 

ionization mode, a nitrogen nebulizer flow of 20 arbitrary units, transfer capillary temperature of 

200oC, transfer capillary voltage of 30 V, and tube lens offset of 15 V. For binding interaction 

studies, KDS100 syringe pump (KD Scientific, Holliston, MA) with a 2.5 mL syringe (Hamilton, 

Reno, NV) was used to deliver the solutions of varying concentrations of naproxen, RGD 

peptide, and ATP/ADP in different buffers at different flow rates through PEEK tubing (internal 
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volume of 115 µl; Upchurch Scientific, Oak Harbor, WA) interfaced to the normal flow path using 

a T-junction prior to passing the mixture into the ESI source. Sample mixtures (20µL injection) 

were introduced into the ESI source through the standard injection valve on the LCQ system at 

a flow rate of 50µl/min. The experimental setup is shown in figure 3.1. 

   

 

3.4 Experimental Emphasis 

Three protein/ligand models (BSA and naproxen, Integrin αVβ3 and RGD peptide, 

cytochrome c and ATP/ADP) will be explored. The significance and applicability of each model 

as a determinant for a high-throughput screening technique for protein/ligand interactions will be 

Figure 3.1 Schematic of Experimental Setup   
A) Solvent   B) Injection of Host   C) Sample Carrier   D) T-junction  

E) Injection of Guest 
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investigated. All experimental methods detailed below are geared towards maintaining an 

efficient high-throughput method. Although ESI-MS analysis is an effective method for studying 

various non-covalent protein-ligand complexes, there are several limiting factors which must be 

considered.  

Most of the pertinent literature regarding protein/lignand complexes focuses on the 

study of the protein’s intact binding site. Each protein’s native structure is often characterized by 

a unique tertiary structure with tightly packed amino acids buried within the protein interior. 

Oftentimes, multiple binding sites consisting of both high affinity and non-specific binding sites 

exist throughout the globular surface of each protein. A top-down proteomics approach would 

seem like the correct approach because of how a protein’s primary, secondary, and tertiary 

structures play an integral role in binding.  

However, the current ESI-MS methodology requires protein complexes to be detected 

within the mass range of the mass spectrometer. Multiple charging allows higher molecular 

weight proteins and protein complexes to be observed at lower m/z values, but then the 

resolution and of the instrument becomes a restrictive factor. For many, the resolution and mass 

range of the mass spectrometer are the limiting parameters in effectively detecting and 

analyzing large protein-ligand complexes.  

Some individuals are therefore constrained to work with digests of proteins where 

peptide fragments are much more manageable. This bottom-up approach may have its 

limitations in accurately and quantitatively describing exact binding affinities relating to 

protein/ligand interactions, but the design of the experiment is proof of principle. The goal is to 

see the ligand of interest interacting with an identified peptide fragment of a binding site of a 

protein and consequently develop an effective high throughput analytical method for the 

elucidation and molecular recognition of protein receptor domains. 

To identify sequential domains, manipulation of protein denaturation conditions in 

combination with enzymatic digestion via an assortment of enzymes (i.e., pepsin, trypsin, etc.) 
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will be used to generate varying peptide fragments of different lengths. The main goal is to have 

the specific binding region of the protein remain intact within the peptide mixture. Several ways 

have already been explored to obtain peptide fragments containing the sequential domain of 

interest including limited proteolysis techniques, chemical cleavage, genetic engineering, and 

crosslinking experiments [150-152]. These techniques are often time-consuming and require 

intense data management/analysis. The experimental emphasis will be therefore placed on 

basic proteolytic techniques which facilitate a high-throughput process. 

Having a peptide fragment that contains the binding region with multiple amino acids 

flanking that binding region is a main area of focus.  In addition to focusing on small peptide 

fragments (10a.a. to 20a.a.), an effort will be made to have the binding site contained within 

larger peptide fragments (20a.a.). This would simulate the original nature of the protein, giving 

better binding data. It has been surmised that peptide fragments greater than 20 amino acids 

may retain a position of their native structure, and thus participate in specific interactions [153]. 
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CHAPTER 4 

MS PROTEOMICS AND MODELS OF STUDY 

 

This chapter provides the specifics relevant to the introduction and the experimental 

section. First, the pertinent information regarding proteolysis and MS proteomics associated to 

the experimental section will be presented. Next, the current MS-based methodologies for 

mapping protein-ligand interfaces mentioned in the introduction will be addressed. Finally, the 

protein/ligand complexes: BSA/naproxen, Integrin/RGD peptide, and Cytochrome C/ATP/ADP 

will be covered within this chapter. 

4.1 MS Proteomics 

4.1.1 Mapping of Primary Structure 

Protease mapping is a way to determine the primary structure of a protein. It has gone 

through an evolutionary change from its early roots in chromatography/gel electrophoresis 

combined with Edman degradation sequencing to a more streamlined technique where the 

combination of mass spectrometry, proteolytic techniques, and computer-driven data analysis 

software (Mascot, PEAKS, OMSSA, SEQUEST, ProteinProspector, etc.) are used to determine 

the primary structure of a protein. By conducting mass analysis on a peptide mixture resulting 

from a protein proteolyzed by a sequence specific enzyme, the fragmentation pattern can be 

statistically compared to databases (NCBInr, Genpept, Swiss Prot, Owl, Ludwignr, Unknome, 

etc.) populated by already sequenced proteins. For example, NCBI’s RefSeq database contains 

over 5 million proteins. With an appropriately selected protease that generates a significant 

number of peptide fragments, there is a reasonable probability of identifying the target protein if 

it is contained in the database.  
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4.1.1.1 Denaturation 

Proteins fold into compact structures stabilized through their secondary and tertiary 

structures. In order to effectively map the primary structure of a protein, both the hydrophilic 

surface and hydrophobic core of the protein must be made available to the enzymes for 

proteolysis. Denaturation of the protein causes the secondary and tertiary structures to 

destabilize thereby allowing the enzymes to access previously inaccessible sites. Heat, acids, 

bases, heavy metal salts, detergents, and organic solvents are sometimes employed to achieve 

denaturing conditions [154]. Urea and guanidinium chloride are commonly used chemicals for 

the denaturation process. These reagents disrupt intramolecular hydrogen bonds which would 

otherwise hold the protein in a folded conformation. Tertiary elements such as disulfide bonds 

connecting cysteines to one another are main points of emphasis when attempting to denature 

a protein.  Dithiothreitol is a commonly used reagent to reduce disulfide bonds. Iodoacetamide 

is used to cap the cysteines through an alkylation reaction following treatment with dithiothreitol 

[155]. Please refer to the section above, 3.2 Proteolysis, for two specific methods for denaturing 

a protein. 

4.1.1.2 Proteases 

A protease is an enzyme that causes the degradation of a protein. Proteases are 

exploited in proteomics for their specificity at cleaving certain amino acids within the primary 

sequence of a protein. Trypsin, Lys C, Lys N, CNBr, Arg C, Asp N, Chymotrypsin, Pepsin, 

Proteinase K are several site-specific proteases utilized in biochemistry. Although proteases are 

commonly employed in a standalone fashion, they are occasionally used in tandem for 

increased proteolysis. The most common and robust of the enzymes is trypsin. Trypsin primarily 

cleaves at the C-terminal side of the amino acids lysine and arginine, except when either is 

followed by proline. Chymotrypsin cleaves peptides at the C-terminal side of tyrosine, 

tryptophan, and phenylalanine. At an acidic pH, pepsin cleaves at the C-terminal side of 

phenylalanine and leucine. 
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4.1.2 Tandem Mass Spectrometry 

Tandem mass spectrometry (MS/MS) is a commonly employed method for the mapping 

of primary structure. MS/MS techniques enable fragmentation of a peptide or protein, providing 

an in-depth analysis of the amino acid sequence and possible post-translational modifications. 

The fragmentation is accomplished by two methods: in-source fragmentation and post-source 

fragmentation. The most common post-source fragmentation uses collision-induced dissociation 

(CID) in a tandem mass analyzer. The idea behind MS/MS is to select a precursor ion, focus the 

ion in a collision cell, collide the ion with an inert gas, and then mass analyze the resulting 

product ions. The dissociation of a peptide usually requires an energy of 10-100eV. This low 

energy process tends to form product ions formed by small neutral losses and cleavage of 

peptide bonds[153]. Higher energy processes tend to dissociate backbone and side-chain bonds 

of peptides providing more information but also convoluting the data [156,157]. 

4.1.2.1 Peptide Fragmentation  

The resulting fragmentation ions from MS/MS of a peptide by collisional dissociation are 

called b-ions and y-ions. a, b, or c-ions are the ions with the charge retained on the N-terminus 

while x, y, z-ions have the charge retained on the C-terminus. Figure 4.1 depicts peptide 

fragmentation nomenclature. Roepstorff and Fohlman [158] initially formed the nomenclature for 

product ion formation and Johnson [159] and Biemann [160,161] subsequently added 

modifications to the nomenclature. The general mechanism of peptide fragmentation has been 

studied extensively [162-167] and the process is well understood.  
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4.2 Mapping of Tertiary Structure 

The determination of the interface region of the protein in contact with the ligand and 

the functionally significant amino acid residues is of interest in understanding biochemical 

function. Previously, x-ray crystallography and NMR have been the common methods for 

probing protein structure at the molecular level. Recently, mass spectrometry integrated with a 

combination of hydrogen-deuterium exchange, chemical modification, and limited proteolysis 

has emerged as an effective tool for identifying interaction regions.   

4.2.1 H/D Exchange 

Hydrogen-Deuterium (H/D) exchange combined with mass spectrometry can be used to 

determine interaction regions of a protein [168]. Hydrogen atoms are exchanged with deuterium 

atoms when the compound is dissolved in deuterium oxide. Those hydrogen atoms which are 

accessible to the solvent are rapidly exchanged with the deuterium while those located within 

the hydrophobic core of the protein are left untouched. For complexes, the ligand provides 

protection from H/D exchange at the interaction region. Protein in the presence and absence of 

ligand are deuterated, quenched by acid, enzymatically proteolyzed by pepsin, and then mass 

analyzed. By comparing the masses of peptic fragments, the interaction site can be determined.   

4.2.2 Chemical Modification 

Two chemical modification techniques include reactions towards specific functional 

groups on the protein and mutations during protein synthesis. The most common form of 

Figure 4.1 Peptide Fragmentation Ions: a, b, or c-ions have charge retained on the N-
terminus  

while x, y, z-ions have the charge retained on the C-terminus 
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chemical modification is the addition of a crosslinker to covalently link subunits of a protein 

complex. After crosslinking, factors such as the tertiary structure of the protein, stoichiometry of 

the noncovalent protein complex [169], and the protein complex interface region [170-172] can 

be determined.  

4.2.3 Limited Proteolysis 

In limited proteolysis, the protein is subjected to a protease in non-denaturing 

conditions. Since certain polypeptide chain regions of the proteins are buried within the core, 

they are protected from proteolysis. Only the exposed surface of the protein and the flexible 

sites are accessible to the protease. Like the H/D exchange example above, the unassociated 

protein is compared to the associated protein by mass analysis and the interaction site is 

determined. One of the most cited examples of limited proteolysis in relation to non-covalent 

protein complex is the transcription factor Max and Max-specific DNA complex [173]. Cohen et 

al were able to effectively probe the solution structure of MAX even though NMR or X-ray 

crystallography was unable to provide insight at the time.  

4.3 Models of Study 

In order to successfully study unknown protein/ligand interactions, it is favorable to 

examine a model protein and its ligand interactions that have already been described and 

characterized. Three models will be discussed within this section, each with a categorically 

unique protein/ligand interaction. The first model will pertain to BSA and naproxen, a protein 

and drug interaction. The second model discussed will be integrin and RGD, a protein and 

peptide interaction. And the third model will be cytochrome c and ATP/ADP, a protein and small 

multifunctional nucleotide interaction.  

4.3.1 Bovine Serum Albumin and Naproxen 

A prime example of a well-researched protein is serum albumin, a ubiquitous protein 

found in the serum of mammals such as human and bovine. Bovine serum albumin (BSA) is the 

serum albumin of interest because of its low cost; it is readily available in great quantities, 
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purified from bovine blood, a byproduct of the beef industry. BSA is a single-chain polypeptide 

chain consisting of 582 amino acids cross-linked by 17 cysteine residues, 16 of which are 

involved in Cys-Cys linkages. Belying its mass of 69 kDa, BSA is relatively compact globular 

protein with a stable helical structure.  

Serum albumin plays an important role in the regulation of osmotic pressure between 

intravascular compartments and body tissues; therefore, it has been extensively studied as a 

prime target for drug delivery. This is evidenced by the wealth of studies on serum albumin 

protein interactions with drugs and other biomolecules accomplished by NMR, CD, ROD, 

Raman, ATR-FTIR, UV-Vis absorbance and fluorescence spectroscopy, equilibrium dialysis, 

ultrafiltration microdialysis, gel filtration, solid-phase microextraction, batch spectrophotometry 

and fluorimetry, potentiometry, chemiluminescence, capillary electrophoresis, bio-interaction 

chromatography, HPLC-MS, and ESI-MS [174-184]. Electrospray ionization mass spectrometry 

has also been used as a tool for the determination of drug binding sites of human serum 

albumin by probing non-covalent interactions [185]. Greig et al. determined the dissociation 

constants for oligonucleotide serum albumin complexes through ESI-MS [75]. 

Serum albumin is known to have a disposition for binding a wide range of ligands 

consisting of warfarin, azapropazone, indole, benzodiazepine-like compounds, digitoxin, biliary 

acids, aspirin, billirubin, fatty acids, and metal ions. These ligands bind to six main binding sites 

[186-188]. One of these binding sites is called Sudlow site II. Because of its hydrophobic 

pocket, Sudlow site II has a high affinity for small aromatic ligands such as L-tryptophan, 

ibuprofen, diazepam, naproxen, and medium-chain fatty acids. Binding at this site is tight and 

specific with a 1:1 stoichiometry [189]. Naproxen, shown in Figure 4.2, is a non-steroidal anti- 

inflammatory drug known for its analgesic effects, including reduction in fever, inflammation, 
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and stiffness caused by symptomatic diseases. Naproxen binds with serum albumin mainly 

through mixed electrostatic and hydrophobic interactions at Sudlow site II. The electrostatic and 

hydrophobic interactions are mediated by the hydrophobic amino acid residues (Trp214, 

Leu219, Phe223, Leu234, Leu238, Leu260, Ile264, Ile290, and Ala291) in the Sudlow II binding 

pocket and the hydrophilic amino acid residues (Arg222, Arg257, His242) on the surface of the 

pocket [190].  

4.3.2 Integrin and RGD peptide 

Integrins are integral membrane proteins in the plasma membrane of cells. They play 

an integral role in the attachment of a cell to the extracellular matrix (ECM) and in signal 

transduction from the ECM to the cell. Integrin receptors control a multitude of functions such as 

cell growth, division, signaling, apoptosis, adhesion, and survival [191-193]. Consequently, 

overexpression of these integrins has been shown to play an important role in cancerous cells 

[194-198].  

The RGD (Arg-Gly-Asp) tripeptide sequence is a common recognition motif for a broad 

range of integrin receptors [199,200]. Thus, inhibition of integrin through RGD-variants is viewed 

as a target for the creation of possible anti-cancer agents. The integrin, αVβ3, a vitronectin 

receptor, is a commonly studied integrin due to its ubiquity in several cell types. With αVβ3 

reported as having a function in tumor angiogenesis and invasiveness [201-203], Dechantsreiter 

et al. were able to create an angiogensis inhibitor, cyclopeptide  N-alkylated cyclo(-

RGDf[NMe]V-), that is now in clinical trials [204,205]. Other attempts are currently being made 

to quantify and characterize the binding of integrins to RGD variants. 

Figure 4.2 Structure of S-Naproxen 
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Studies on integrin-ligand interactions have included x-ray diffraction, nuclear magnetic 

resonance spectroscopy, electron microscopy, molecular modeling, immuno-affinity labeling, 

tagging, and site-directed mutagenesis [12]. More recently, integrin-RGD interactions have been 

studied by ESI-MS and frontal analysis capillary electrophoresis (FACE) for the determination of 

absolute binding constants [148]. This study conducted by Raji et al. was able to screen peptide 

fragments of integrin αVβ3 containing the specific binding pocket against synthetic RGD-based 

peptides. 

4.3.3 Cytochrome c and ATP/ADP  

Cytochrome c is a protein located on the outer surface of the inner mitochondrial 

membrane. Its role is to shuttle electrons between complex III and complex IV in the electron 

transport chain [206]. Found in the mitochondria of all eukaryotic organisms, cytochrome c is 

one of the best-studied examples of homology. Out of its 100 amino acids (~12.5kDa), 28 

amino acids in the polypeptide chain are absolutely conserved across 40 species [207]. These 

invariant residues play a major role in biological function of the protein and are well studied.  

Some key facts are of interest for relevant portions of this thesis. First, cytochrome c 

contains a heme group, derived from iron protoporphyrin IX, surrounded primarily by 

hydrophobic amino acid residues [207]. Second, cytochrome c is one of the most studied 

cytochromes because it is the only one that is water soluble [207]. Third, cytochrome c binds 

ATP to modulate the electron transfer rate between cytochrome c’s redox partners [208]. Lastly, 

it has been shown that cytochrome c and ATP (shown in figure 4.3) play a role in programmed 

cell death or apoptosis [209,210].  
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Because cytochrome c and ATP are linked to apoptosis, this has driven the resurgence 

of numerous studies regarding cytochrome c and ATP interactions. In relation to non-covalent 

interactions, it was first noted through several analytical techniques that cytochrome c was 

capable of specifically binding certain anions, particularly phosphate [211-214]. Later it was 

shown by Corthesy & Wallace that cytochrome c bound ATP at a specific redox-state-

dependent binding site, Arg-91, and at two other non-specific binding sites characterized by 

lower affinity [212]. The binding of ATP to cytochrome c is driven by electrostatic interactions 

[215] between the basic side chain of Arg-91 and a phosphate group on ATP. Proof of 

specificity was determined through disrupting the interactions between cytochrome c and ATP 

by replacing the conserved Arg-91 residue with norleucine in mutagenesis studies 

[208,214,216]. 

The linkage of misfolded forms of cytochrome c to apoptosis has also driven the study 

of protein folding intermediates. These studies have been conducted to probe and understand 

the mechanisms underlying conformational transitions. Cytochrome c has been shown to 

Figure 4.3    Structure of ATP/ADP:    A) Adenosine Nucleotide     
B) Adenosine diphosphate (ADP)    C) Adenosine triphosphate (ATP) 

A) Adenosine 

B) ADP 

C) ATP 
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undergo conformation changes at different buffer conditions. In aqueous solutions of low ionic 

strength, cytochrome c is in the native state at neutral pH. Partially folded states can be induced 

by acidification [118-121]. At pH 2.0 to 3.0 (25oC), cytochrome c has been shown to undergo a 

highly cooperative, acid-induced unfolding transition [122]. Unfolded states at low pH conditions 

~ pH 2.0 can be stabilized by the addition of salts [122] or glycerol [217]. A destabilized state of 

the native structure can also be induced by the addition of methanol at pH 3.0 [218,219]. 

Electrospray ionization mass spectrometry has been used for detecting equilibrium cytochrome 

c folding intermediates. Grandori was able to detect two partially folded forms that populate the 

molten-globule state of cytochrome c [220].  Recent literature probes the connection between 

cytochrome c conformation and ATP in apoptosis. Sinibaldi et al. provided evidence that ATP 

specifically drives refolding of non-native conformations of cytochrome c [221].  
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CHAPTER 5 

DATA/DISCUSSION 

 

 This chapter will first describe three software-based methods for the determination of 

amino acid sequence coverage. Next, based on sequence coverage the effectiveness of the 

two digestion protocols is discussed. Then, the detection of the binding site is explored for the 

three proteins, BSA, integrin, and cytochrome c. Finally, the data and discussion of the results 

will be presented for each protein/ligand model.  

5.1 Determination of sequence coverage 

 To achieve the greatest probability of obtaining the binding domain within a peptide 

mixture, sequence coverage and identification of peptide containing the putative ligand binding 

site (for model systems) were used as the main determinants in choosing the correct proteolytic 

technique. Several methods of sequence coverage determination and peptide identification 

were available and explored. The first was a web-based peptide fingerprinting application while 

the other two were peptide fingerprinting software programs bundled with the Thermo-Finnigan 

MS equipment. 

5.1.1 Protein Prospector 

 The first method was a peptide mass fingerprinting tool from UCSF’s Mass 

Spectrometry Facility called Protein Prospector MS-FIT [222]. It allows the user to fit mass 

spectrometry data (mass list) to a protein sequence database as shown in Figure 5.1. Due to a 

previous familiarity with this web-based peptide fingerprinting software, MS-FIT was first 

explored as an option for protein identification and sequence coverage. However, this method 

did not end up being an effective tool for the evaluation of ESI-MS data but still remains a 

powerful complement for use with MALDI-MS data. This is due to the fact that MALDI-MS is 



 

 40 

better suited and efficient in generating accurate mass lists from averaged spectra; whereas, 

the averaged mass list from an ESI-MS full-scan chromatogram is not as ‘clean’ and may 

contain artifacts. 

 

 

5.1.2 Pepmap 

 Within the suite of applications from Thermo’s BioWorksTM was a Pepmap application 

where a known protein amino acid sequence was inputted with several parameters: type of 

protease, number of missed cleavages, TIC%, and chemical modifications. The mass list 

generated from the chromatogram was matched to the parameter-driven theoretical data set 

and a percent coverage was provided as shown in Figure 5.2.  Because of its speed and ease 

of use, this method was used to determine the effectiveness of several digestion protocols 

discussed later within this chapter.  

5.1.3 TurboSEQUEST 

 The other BioWorks application, TurboSEQUEST, identifies proteins through a 

SEQUEST-based search algorithm which takes tandem mass spectrometry (MS/MS) data and 

compares it to standard protein databases. The probability-based scoring algorithm ranks 

SEQUEST hits (Green>Yellow>White) and allows the user to determine whether or not there 

was a false positive as shown in Figure 5.3. Through the strength of tandem mass spectrometry 

data, this method was used for its accuracy and reliability for confirming potential peptides of 

interest. 

Figure 5.1 Percent Coverage of BSA through Protein Prospector. Several hits result from 
database search; however, desired BSA is ranked first with a % Coverage of 27.8%. 
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5.2 Analysis of digestion protocols 

 Two digestion protocols, protocol 1 and 2, were tested and compared. At similar 

concentrations, it was determined that protocol 2 provided greater sequence coverage when 

compared to protocol 1 for both Cytochrome C and BSA as shown in Figure 5.4. Cytochrome C 

displayed a slight variance in sequence coverage while in contrast BSA exhibited drastic 

Figure 5.2 Percent Coverage of BSA through PepMap (MS data only) 
Red indicates detected regions of amino acid sequence while black indicates 

undetected regions of amino acid sequence 

Figure 5.3 Percent Coverage of BSA through SEQUEST (MS/MS data) 
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differences in sequence coverages returning 8% coverage for protocol 1 and 73% coverage for 

protocol 2. This is attributed to the larger molecular mass of BSA where the denaturation and 

efficiency of the trypsin digest in protocol 1 is not as robust as that of protocol 2. From these 

findings, protocol 2 was chosen as the method for obtaining trypsin and chymotrypsin digests of 

both Cytochrome C and BSA.  

 

 Two incubation conditions for denaturation of the protein were performed for protocol 2, 

60oC for 1hr and 95oC for 20 minutes. Both temperatures were tested with varying 

concentrations of protein (10 µM, 25 µM, 50 µM, 100 µM, 150µM). At lower concentrations (10 

µM, 25 µM), an additional volume (2.5-5 times greater than the performed volumes) was added 

to account for imprecision in pipette pickup of small trypsin quantities (<1µL). As shown in Table 

5.1, it was found that the optimum starting concentration of protein was 25 µM and the optimum 

denaturing condition was 60oC for 1 hr. Figure 5.5 provides a view of the percent coverage of 

trypsin digested BSA at the two denaturing temperatures of 60oC and 95oC. A typical        

Figure 5.4 Comparison of Denaturation Protocols 
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chromatogram of a protein digest passed through a RP-HPLC C-18 column is demonstrated in 

Figure 5.6 along with ESI-MS-detected peptide fragments corresponding to each peak.  

 

Figure 5.5 Comparison of two denaturation temperature settings through percent 
coverage: A) Bovine Serum Albumin at 60oC; B) Bovine Serum Albumin at 95oC; C) 

Cytochrome c at 60oC; D) Cytochrome c at 95oC. Highlighted portions show optimum 
percent coverage. TIC% indicates threshold at which the detection of the total ion 

chromatogram (TIC) is set at. Solutions were all tryptic digests.  
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Figure 5.6 Graphical view of percent coverage of BSA digested  
with trypsin at two denaturing temperatures: A) Bovine serum albumin denatured at 

60oC; B) Bovine serum albumin denatured at 95oC. TIC% indicates threshold at which 
the detection of the total ion chromatogram (TIC) is set at.  
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For integrin, protocol 1 was used instead of protocol 2 due to the limited quantity of the 

protein and the dilute nature of the solution in which the protein was suspended. At a 

concentration of 1 mg/ml or 9.5 µM, the integrin protein was much harder to work with in 

comparison to the more abundant solid protein crystals of cytochrome C and BSA in regards to 

protocol 2. The final digest of integrin provided several unique peptide fragments. Figure 5.7 

offers an alternate view of the peptide fragments detected via RP-HPLC-ESI-MS in relation to 

the amino acid sequence of the protein.  

 

Figure 5.7 Total Ion Chromatogram of a 25 µM BSA trypsin digest with peptide 
fragments assigned to peaks through full-scan ESI-MS detection  
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5.3 Detection of Amino Acid Binding Sites 

Reported binding sites of proteins for their respective ligands are shown in Figures 5.8, 

5.9, and 5.10. The mixed electrostatic-hydrophobic nature of BSA’s IIA binding site is 

highlighted by the hydrophobic residues (Trp237, Leu242, Phe246, Leu257, Leu261, Leu283, 

Ile287, Ile313, and Ala314) in Figure 5.10 [190]. Cytochrome c’s ATP/ADP binding site at 

Arg91, an evolutionarily conserved site, is shown in Figure 5.9 [212]. Figure 5.10 provides the 

sequence                                                                                                                                                                 

Figure 5.8 Detection of Integrin peptide fragments at 5 %TIC, 3% TIC, and 1% TIC 
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Figure 5.9 BSA amino acid sequence. Highlighted and underlined are the amino acids 
responsible for Naproxen interaction 

 Figure 5.10 Cytochrome c amino acid sequence. Highlighted and underlined are the  
amino acids responsible for ATP/ADP interaction 

Figure 5.11 Integrin amino acid sequence. Highlighted and underlined are the 
amino acids responsible for RGD-peptide interaction 
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Figure 5.12 Detection of integrin αv peptide fragment containing the putative binding 
domain:   A) % Coverage at different TIC thresholds;   B) TIC;   C) MS spectra of peptide 
containing putative binding domain;   D) Detection of peptide fragment through Pepmap.  

A

B

C

D
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of the extracellular segments of integrin subunit αv and the amino acid RGD contacts, Asp180, 

Tyr208, Ala245, and Asp248 [223].  

5.3.1 BSA  

For trypsin, only one amino acid residue comprising the naproxen binding site of BSA 

was found via Tandem MS data through SEQUEST. This was a short sequence of 10 amino 

acids EXADDRADLAK (275-285) with the Leu283 amino acid bolded and underlined for 

reference. For pepsin, the amino acid sequences of WSVARL (237-242), SQKFPKAEF (243-

251), VEVTKL (252-257) were found to contain the one or two of the hydrophobic amino acids 

of the binding site. With a maximum length of 10 amino acids comprising a single binding site, 

BSA digests failed to provide peptide fragments of substantial length.  

5.3.2 Integrin  

The amino acid residues comprising the RGD binding site of integrin αv were initially not 

found in the analysis of the trypsin digest solution. An attempt was made to concentrate the 

solution through speed vacuum and increase the limit of detection to facilitate observation of a 

possible peptide possessing the binding domain. After concentrating the solution more than 10 

fold, a potential peptide of 45 amino acids (234-278) containing the Ala245 and Asp248 contact 

points, as shown in Figure 5.11, was observed through the Pepmap application but was unable 

to be confirmed through tandem mass spectrometric data.  

5.3.3 Cytochrome C  

Tandem MS through SEQUEST confirmed a greater number of peptides hits for cytochrome c. 

Because of cytochrome c’s smaller molecular size, denaturation and proteolysis were more 

efficient in generating a smaller number of peptides. As a result the chromatographic separation 

was more efficient, allowing for improved ionization and subsequent detection of various 

peptides. Trypsin, chymotrypsin, and pepsin were all useful in generating peptides containing 

Arg91. The largest peptide fragment of 14 amino acids was found through the pepsin digest as 

shown in Table 5.1. Thus, the success of cytochrome c digests for identifying the proper binding 
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sites prompted further investigation of this system for studying correlation between protein-

ligand and peptide-ligand binding. 

 

 

5.4 Protein/Ligand Studies 

5.4.1 BSA/Naproxen 

BSA and naproxen were selected as the first protein/ligand model of study. A 20 µL 

trypsin digest of BSA was injected through RP-HPLC-ESI-MS with the post-column addition of a 

blank solution containing 50/50:H2O/ACN. The experiment was then repeated sequentially with 

5 µM, 10 µM, 50 µM, and 100 µM naproxen in the same buffer solution. It was found that 12.5 

Table 5.1 Confirmation of probable binding domains through MS/MS  
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µL/min was suitable for maintaining a constant flow required for the detection of ligand. 

Scanning was limited to obtaining only full scan data in order to preserve the complex. 

For analysis, the trypsin digest of BSA with 0 µM naproxen was used as a blank. 

Pepmap was used to extract the probable peptide hits. Next, the related data containing 

retention time, charge state, and spectra mass was exported to Excel. In Excel, the theoretical 

monoisotopic mass of each peptide in addition to the peptide combined with one naproxen was 

calculated. All possible protonated and sodiated pseudo-molecular ions up to a 5+ charge state 

were considered.  

The 5 µM naproxen raw data file was then compared to the 0 µM naproxen blank. A 

mass range filter was applied to both the blank and the 5 µM naproxen spectrum for each 

peptide and the retention times of the chromatographic peak associated with each peptide was 

recorded. A peak search was then performed for each possible BSA/naproxen ionic complex 

through a mass filter function. If a chromatographic peak appeared displaying the appropriate 

signal for a complex, the retention time was recorded and then compared to the uncomplexed 

peptide peak retention time for both blank and 5 µM naproxen spectra. 

The method for extracting data was extremely time-consuming and laborious. Several 

key factors should be considered for a future improvement of this process. First, several of the 

peptide fragments detected by Pepmap are in all likelihood false positives. Additionally, there 

are likely numerous prospective peptide peaks that were not detected by Pepmap and therefore 

not considered in the analysis. Second, it is difficult to account for all the permutations regarding 

salt adduct formation, ligand stoichiometry, peptide charge state, and complex charge state. 

Finally, one must overcome the 3-dimensional quandary of having to consider chromatographic 

retention times, spectral mass according to individual scans, and ranges of intensities of ions in 

order to ascertain complex formation.  For this process to become a high-throughput method, 

an algorithm must be written to sort the data, determine and confirm peptide fragments, and 

consider permutations with respect to identifying complex formation. 
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From the collected and analyzed data, there was no evidence of a complex between 

BSA proteolytic peptide fragments and naproxen. Specifically, there was no indication of 

complex formation between the Leu283 containing peptide, ECADDRADLAK (275-285), and 

naproxen. This result was not unexpected because the normal interaction of naproxen and BSA 

is predominantly mediated through a combination of hydrophobic and electrostatic interactions 

[224-226]. As mentioned previously, non-covalent interactions through hydrophobic interactions 

are extremely labile in the gas phase [227].  Having only one or two hydrophobic amino acids 

preserved in a peptide fragment is not sufficient enough to maintain a stable complex with 

naproxen in the gas phase since in solution, such hydrophobic interactions are in a large part 

attributed to the role of the solvent. Additionally, if a peptide containing all 9 hydrophobic amino 

acids was isolated and bound to naproxen, the relative affinities measured by ESI-MS would 

probably not correlate to their solution affinities. As demonstrated by Robinson et al [116], ion 

abundances of complexes mediated through hydrophobic interactions observed in the gas-

phase show poor correlation to solution phase binding affinities.  

5.4.2 Integrin/RGD 

Integrin αv and the RGD peptide (GRGDSP) were selected as the second protein/ligand 

model of study. Due to the limited quantity and high cost of integrin, only one set of experiments 

was completed. A 20 µL speed vacuumed trypsin digest of integrin αv was injected through RP-

HPLC-ESI-MS with the post-column addition of a blank solution (50/50:H2O/ACN) at 12.5 

µL/min. The experiment was then repeated with a post-column addition of 2 µM GRGDSP 

peptide in the same buffer solution.  

The method for extracting data was analogous to the technique used before but this 

time only the peptide of 45 amino acids (234-278) containing the Ala245 and Asp248 contact 

points was considered. GRDGSP and complex charge states of 1+ to 5+ were considered along 

with possible sodium adducts. 
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From the collected and analyzed data, there was no evidence of a complex formed 

between the selected peptide and the GRGDSP ligand. The peptide fragment analyzed was a 

fairly large peptide chain falling under the experimental criteria of being greater than 20 amino 

acids in length. It was hoped that because of its length, the peptide fragment would structurally 

mimic some of the native characteristics of the binding site [228]. From the relevant literature, it 

seemed possible that such an interaction between the featured peptide containing the two 

binding regions and RGD ligand could be seen. Raji et al [148] were able to observe complex 

formation between a synthetic peptide Ac-Ala-Gln-Ala-Ile-Phe-Asp-Asp-Ser-Tyr-Leu-Gly-NH2 

(243-254) and several RGD peptide variants. They were able to determine binding constants by 

ESI-MS titration for complexes formed between RGD peptides and the synthetic peptide. The 

positive identification of the complexation between a large integrin peptide fragment and RGD 

peptide may well have served as a nice compliment to Raji’s research.  

The lack of complex formation can be attributed to several factors. First, attempts made 

at confirming the validity of the large peptide fragment through tandem mass spectrometry data 

were unsuccessful. There is a possibility that the peptide was falsely identified and therefore 

lacked the binding capabilities for RGD ligand. Second, the studies of Raji et al. consumed pure 

samples of both synthesized peptide and RGD ligand at very controlled concentrations. In this 

case, the initial trypsin digest had to be concentrated attesting to the fact that the large peptide 

fragment was already in very dilute quantities. The lack of sufficient peptide concentration limits 

the detection of a complex which would be present at even lower concentration. For the 

detection of complex, future efforts should be made to either obtain more integrin protein or 

increase the sensitivity of detection through another MS instrument. The role of the solvent may 

have played a role during the chromatographic separations done in ACN/H2O mixtures. These 

solvent conditions may have disturbed the complexes that would normally form under 

physiological conditions. 
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5.4.3 Cytochrome c/ATP and Cytochrome c/ADP 

Cytochrome C and ATP/ADP were selected as the final protein/ligand model of study. 

Due to the success of identifying the proper binding site in cytochrome c, further investigation of 

this system was completed for studying the correlation between protein-ligand and peptide-

ligand binding.   

5.4.3.1 Peptide/Ligand 

First, the peptide-ligand system was studied. A 20 µL trypsin digest of 25 µM 

cytochrome C was injected through RP-HPLC-ESI-MS with the post-column addition of a blank 

solution (50/50:H2O/ACN 0.5% FA). The experiment was then repeated sequentially with 10 

µM, 100 µM, and 500 µM of ATP and ADP in the same buffer solution.  It was found that 12.5 

µL/min was suitable for maintaining a constant flow required for the detection of ligand. 

Scanning was limited to obtaining only full scan data in order to preserve the complex.  

The method for extracting data was similar to the technique utilized above. Only the 

peptides masses confirmed through tandem MS data were screened for possible binding to 

ATP and ADP. From the collected and analyzed data, there were numerous cases of complex 

formation between the peptide fragment and the ATP or ADP ligand. Figure 5.12 presents an 

example of the peptide [K]KGEREDLIAYLK[K] (88-99) from a trypsin digest exhibiting binding 

with increasing concentrations of ATP. Table 5.2 provides a view of all the peptides that 

exhibited complexation with ATP and ADP. Typically, if there was an observation of ATP 

binding to a peptide fragment, ADP was also observed to bind. As shown in table 5.2, trypsin, 

chymotrypsin, and pepsin digests each contained at least one case of a peptide containing the 

binding domain Arg91. However, it was observed that other peptide fragments lacking Arg91 

complexed with ATP and ADP. The common thread was that all the peptides contained at least 

one basic amino acid: lysine, arginine, or histidine which facilitated the binding to ATP or ADP. 

This is supported by the literature where the phosphate groups of ATP establish strong 

electrostatic interaction with the basic side chains of Arg91 and Lys88 [221]. 
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As ATP/ADP concentration increases, there is in turn a greater concentration of 

complex present. Attempts were made to determine if there was a correlative trend of 

increasing ATP/ADP concentration to complex appearance. Some of the limiting factors may 

have been the lack of numerous data points at different concentrations. It was observed that the 

fit to the 1:1 binding model began to deviate at higher concentrations hinting at the possibility of 

aggregation and non-specific binding.  

The inability to effectively determine the concentration of each peptide fragment limits 

the scope of this approach. However, as proof of principle, this method established a possible 

screening technique for the binding domain between a peptide mixture and a ligand. A method 

Figure 5.13 Peptide [K]KGEREDLIAYLK[K] (88-99) from trypsin digest 
exhibiting binding with increasing concentrations of ATP. 
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where one would be able to see the peptide fragments containing the binding domain show 

different character from those without the binding domain would have completed this story.  

 

5.4.3.2 Protein/Ligand 

For the protein-ligand system, three buffer systems: 50mM NH4HCO3, 50mM NH4HCO3 with 

0.5% FA, and 50/50 H2O/ACN 0.5% FA were explored for cytochrome c as shown in figure 

5.13. These buffer systems were chosen to mimic physiological conditions, physiological 

conditions in the presence of an acid modifier, and chromatographic conditions, respectively. 

Folded and unfolded cytochrome c were seen as two charge envelopes where the folded states 

exhibited lower charge density while the unfolded states exhibited higher charge density. Figure 

5.14 provides a closer look at the charge state distribution and assigns the charge to each 

corresponding peak. The buffer condition of 50mM NH4HCO3 with 0.5% FA was selected due to 

Table 5.2 List of peptides exhibiting complexation with ATP and ADP. 
Highlighted sequences are sequences containing the binding site, Arg91. 
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the higher intensity of the lower charged state species (+6 and +5). These lower charge states 

were of interest due to the hope that the native conformation of the protein was preserved. An 

emphasis was subsequently placed on detecting ATP/ADP binding to the native states of 

cytochrome c. 

 

 

 

 

Figure 5.14  Distribution of charge states for Cytochrome c at different buffer conditions: 
  A) 50mM NH4HCO3    B) 50mM NH4HCO3 0.5% FA    C) 50/50 water/ACN 0.5% FA  



 

 58 

 

 

 

25 µM cytochrome c (50mM NH4HCO3 with 0.5% FA) was injected into ESI-MS via 

direct infusion with the post-column addition of a blank solution (50mM NH4HCO3 with 0.5% 

FA). The experiment was then repeated sequentially with the titration of 10 µM, 50 µM, 100 µM, 

200 µM, 300 µM, 400 µM, 500 µM, 600 µM, 700 µM, 800 µM, 900 µM, and 1000µM of ATP and 

ADP in the same buffer solution to the cytochrome c.  It was found that 50 µL/min was a 

suitable flow rate for the detection of ligand and protein. The data were collected in full scan 

Figure 5.15 Folded and unfolded protein envelopes with charge states assigned to each 
peak  (50mM NH4HCO3 0.5% FA)  
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mode. A 4 minute acquisition window was set aside for each titration experiment. For data 

analysis, the scans from the 4 minute window were averaged into a single spectrum. 

5.4.3.2.1 Dissociation Constant 

A titration approach was adopted to evaluate dissociation constants between host and 

guest. Figure 5.15 provides an example of the binding of ATP to cytochrome c with increasing 

concentrations of ATP. It was found that ATP and ADP only complexed to cytochrome c at the 

+5 and +6 charged states, shown in figure 5.16. For more efficient nomenclature, cytochrome c 

will be denoted as host (H), ATP/ADP as guest (G), and the cytochrome c and ATP/ADP 

complex as host-guest complex (HG). The favored methodology for determining stability 

constants was titration curve based on the 1:1 association model. By plotting degree of 

Figure 5.16 Binding of ATP to Cytochrome C with increasing concentrations of ATP  
with red boxes show areas of complexation          

A) 0 µM ATP   B) 10 µM ATP   C) 100 µM ATP   D) 500 µM ATP   E) 1000 µM ATP   
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association (α) versus the initial guest concentration CO,G, a Kd was extracted through the 

minimization of the sum of the weighted differences between the experimental and fitted data 

points. The degree of association (α) was modeled after a 1:1 host-guest interaction system 

 

where: α = [HG]/[HG]+[H]. Instead of using peak intensities that correspond to concentrations, 

peak area was utilized. DataExtractor, an in-house application, was employed for extracting 

peak areas from the mass spectrum. K2, another in-house application, was used for plotting α 

versus CO,G for the determination of Kd. 

The dissociation constants established from the ESI-MS based titrations for cytochrome 

c and ATP and cytochrome c and ADP were 1.75 mM and 4.98 mM respectively. An example of 

how the dissociation constant was established is shown in figure 5.17. Several dissociation 

constants reported in the literature are in agreement with the Kd established here. Sinibaldi et al 

[221] obtained a binding constant between cytochrome c and ATP of 0.17 mM through docking 

simulation experiments. Craig and Wallace [229] used equilibrium dialysis at physiological ionic 

Figure 5.17 Assignment of peaks for the +6 Charge state peak for A) Free cytochrome c and 
B) ATP bound cytochrome c 
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strength and found a Kd of 3.3 mM for ferricytochrome c and ATP and a Kd of 4.0 mM for 

ferrocytochrome c and ATP. The higher Kd observed for cytochrome c and ADP over 

cytochrome c and ATP are in agreement with the literature that 

 

supports cytochrome c’s preference for ATP over ADP. This statement is also supported by the 

simple observation that in most spectra, the relative ratios of HG to H are greater for ATP as 

well. The strong agreement of dissociation constants between these initial gas-phase 

measurements and solution-phase measurements seen in literature for the cytochrome c and 

ATP provides a good indication there is acceptable correlation between solution phase 

equilibrium concentrations and gaseous phase ion abundances for this system. 

The Kd values obtained for cytochrome c and ATP/ADP still require some supporting 

data to confirm their validity. Some factors to consider are the lack of safeguards to monitor 

nonspecific interactions, cooperative and non-cooperative binding, as well as binding beyond 

Figure 5.18 Dissociation constant established from the ESI-MS based titrations for 
cytochrome c and ATP 
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the 1:1 system. The 1:1 binding prerequisite is especially troublesome since there was evidence 

of 1:2 binding and possibly 1:3 binding within the spectra. Although observed at relatively low 

intensities, these bindings may be signs of possible nonspecific interactions and aggregation 

not observed at physiological conditions. Supporting evidence in the literature shows that an 

average of 2.47 and 1.64 molecules of ATP bind to oxidized and reduced horse cytochrome c 

respectively at an ATP concentration of 1mM in 5mM-Tris/cacoylate buffer. It was found that at 

saturated conditions the ATP was bound to the binding site and at two other non-specific sites 

of lower affinity [230].  
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CHAPTER 6 

CONCLUSION/FUTURE WORK 

 

6.1 Conclusion 

The goal of this thesis was to demonstrate the potential for a high-throughput molecular 

recognition technique where electrospray ionization-mass spectrometry (ESI-MS) and universal 

proteomic methods can be used as complementary tools for investigating protein-ligand 

interactions. Several goals delineated at the outset of this thesis were accomplished: screening 

and identifying possible components in a complex, mapping the interaction interface or 

identification of protein-ligand contact points, and detection of binding between protein and 

ligand.  

Through the study of three model proteins, it was found that screening for protein 

binding sites from proteolytic digests was feasible for one of three models. It was established 

that three different proteolytic digests of cytochrome c featured several examples of binding 

interaction with the ligands ATP and ADP. Within several cases of binding interaction, the 

binding site was discovered to be present. Although the specificity or quantitation of the 

interactions was not fully realized, proof of principle was established. It was found that the two 

models, integrin/RGD and BSA/naproxen, failed to produce strong evidence of interaction. 

These models are challenging due to the size of the proteins and a significant amount of further 

research would be necessary to optimize conditions for analysis in the context of the goals of 

this work. 

The detection of binding between protein (cytochrome c) and ligand (ATP/ADP) was 

also conducted. Both the folded and unfolded state of cytochrome c were observed under ESI-

MS conditions with ATP/ADP binding to the native states. Dissociation constants calculated for 
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intact cytochrome c and ATP/ADP were in correlation with the existing literature. The 

observation of deviation from 1:1 stoichiometry and greater binding affinity of ATP over ADP 

was also supported by the literature. 

6.2 Future Work 

6.2.1 Limited Proteolysis 

One goal of generating longer peptide fragments containing the binding domain was 

met with a limited degree of success. Methods to increase peptide length through limited 

proteolysis could also be an avenue of future study. Digestion of protein in the presence of 

ligand, avoidance of denaturing conditions, and time-dependent proteolysis could all provide 

longer peptide fragments. With the wealth of information concerning the various techniques 

associated with limited proteolysis, there can undoubtedly be a marriage these techniques with 

a high-throughput method to screen for protein/ligand interactions. 

6.2.2 Metallo-proteases  

Another goal, extracting quantitative binding information for non-covalent complexes 

between proteolytically derived peptide fragments and selected ligands, was left unfulfilled. The 

ability to effectively determine the concentration of each peptide fragment is a prerequisite for 

the accurate determination of binding affinity and but does not within the scope of using 

conventional proteomic techniques. However, quantitative proteomic techniques are available. 

The use of artificial metallo-proteases for discriminative cleavage was explored as an 

option to obtain quantifiable amounts of proteolytic peptides from a known concentration of 

protein. Kostic and co-workers pioneered the use of palladium based complexes that cleave 

very specific amino acid sequences at high efficiencies.  It was first shown that the Pd(II) 

complexes, [Pd(OH)(H2O)3]
+ and [PdL2(H2O)2]

2+ (L2 = en, dtcol, dtco), selectively cleaved the 

protein cytochrome c at the amide bond His18-Thr19 forming two peptide fragments [231]. 

Another study showed that Pd(II) complexes consistently cleaved bovine serum albumin at the 

sites Glu57-Ser58, Gly85-Asp86, Leu103-Ser104, and Lys285-Ser286 [232]. Copper(II) and 
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zirconium(IV) complexes have also been used to hydrolyze peptide bonds with high specificity 

[233-234].  

Several attempts were made to quantitatively cleave cytochrome c with a Pd reagent, 

[Pd(H2O)4](ClO4)2], generously donated by Prof. Nenad Kostic (Texas A&M-Commerce). The 

procedure involves equine heart cytochrome c where an initial concentration of ~4 mM is 

oxidized with a small molar excess of potassium ferricyanide (K3Fe(CN)6). The oxidizing agent 

is then removed through ultrafiltration and a relatively concentrated solution (<2.0 mM) of stock 

ferric cytochrome c is prepared. Concentration of a sufficiently diluted aliquot of stock is 

precisely measured through ultraviolet-visible spectroscopy by taking into account the molar 

absorptivities of 27,500 M-1cm-1 for Fe(III) and 9100 M-1cm-1 for Fe(II) at 550 nm. The original 

concentration of the stock solution is then back-calculated from the dilute solution.  Using 0.10 

M HClO4 as a solvent, a solution of 0.20 to 0.50 mM cytochrome is prepared. Next, an 

equimolar to five fold excess of the Pd reagent is added. The pH of the final mixture should fall 

within the range of 2.0 to 2.5. The reaction mixture is left at 40oC for 2 days or 50oC for 1 day in 

the dark. The reaction is stopped by adding a ≤ 20 fold molar excess of sodium 

diethyldithiocarbamate. The Pd reagent is then removed by precipitation through centrifugation 

leaving a clear solution behind containing the protein fragments.  

Initial attempts with this procedure were successful in producing the larger of the two 

peptide fragments. Figure 6.1 provides a view of the fragment which appears to have a bimodal 

distribution similar to intact cytochrome c. Whether these two areas of charge distribution are 

similar to the unfolded and folded states of cytochrome c remains to be seen. With the Pd 

reagent’s cleavage efficiency of over 70% as reported in the literature, the peptide fragment 

could then possibly be purified and quantified leading to the determination of dissociation 

constants between this peptide fragment and ATP/ADP. This would provide a supplemental 

piece to see if there is a relationship to the intact protein. 



 

 66 

 

6.3 Closing remarks 

It can be said that the goals established within this thesis were satisfied reasonably 

well. Several new pieces of information yet unpublished within the literature were presented and 

will undeniably provide strong supporting evidence to the existing body of research. With new 

ideas and techniques left unexplored, there is such a hope that one day such methods 

described above will become routine in the study of protein/ligand interactions. 
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