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ABSTRACT  

 

Shotgun proteomics involves digestion of a protein mixture followed by 

separation of the peptides and subsequent analysis by mass spectrometry. Our 

approach to shotgun proteomics relies on accurate mass measurement of peptides by 

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS). This thesis 

describes two different strategies to improve proteomic analysis. The first approach 

uses mass defect labeling of cysteine residues in order to improve peptide assignment. 

The improvement originates from decongestion of the mass spectra due to the mass 

shift exhibited by the cysteine-containing peptides. The second approach targets a 

critical step for any shotgun proteomic analysis which is the proteolysis of the protein 

mixture. An aqueous-organic solvent system is proposed to improve the specificity of 

the peptides generated by trypsin and also to reduce significantly the time required for 

digestion.  
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The following chapter is intended to give an insight into the field of proteomics, 

and the important role that mass spectrometry plays as the technique of choice for the 

analysis of biomolecules. We will describe the basis of two of the most important 

ionization methodologies developed to the present day, electrospray and matrix-

assisted laser desorption ionization. Also, the very sensitive mass spectrometer FT-ICR 

will be explained, as well as important information on tandem MS recent advances. 

Protein Analysis, Proteomics: The field of protein analysis comprises a wide 

variety of purposes; it defines the identities, quantities, structures and functions of 

proteins, and it also characterizes how these properties vary in different cellular 

contexts. Protein analysis has experienced major changes from its origin, which can be 

traced back around 60 years, to the present day.1 In the 1950’s, it was known that 

different proteins were composed of different amino acids and that they exhibited 

different biological functions.2 However, it was not clear how these large biomolecules 

could be synthesized and what exactly was their composition.2 At that time, Frederick 

Sanger3 developed a method known as dinitro-phenyl-labeling of N-terminal amino 

acids of peptides, which consisted of the reaction of 1,2,4-fluorodinitrobenzene (FDNB) 

with amino groups; after complete acid hydrolysis of the dinitrophenyl (DNP)-protein, the 

DNP groups remained attached to the N-terminal amino acid and can be isolated and 

identified.2, 3 He used this method to determine the amino acid sequence of insulin, one 

of the few proteins available in pure form and large quantities at the time, and 

successfully achieved his goal of obtaining the first protein sequence ever reported.  

This achievement earned him a Nobel prize, and it would motivate other scientists to 

focus their work on the determination of protein structures.4 Sanger further developed 
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methods for studying biopolymers, turning his attention to the nucleic acids, RNA and 

DNA. His work culminated in the development of the “dideoxy” technique for DNA 

sequencing in 1975. He later used this technique to sequence the genome of the 

bacteriophage fx 174, the first fully sequence genome that earned him a second Nobel 

prize a few years later.5 Earlier the same year, Maxam and Gilbert,6 reported another 

methodology for DNA sequencing sufficiently reliable for the translation to protein 

sequences, this was actually the first published method for DNA sequencing.7  

 

Roughly at the same time that F. Sanger studies started, Pehr Edman carried out 

his pioneering research that later led to the sequencing method known as “Edman 

degradation”, this methodology was used until recent years as the only way to 

determine the primary structure of proteins.4, 8 This technique allows the identification of 

the amino acids from a purified protein that are sequentially cleaved from the amino-

terminal residue.8, 9 In the mid 1970’s, a technique for separation of individual 

components from protein mixtures was introduced by O’Farrell.10 This methodology, 

known as two dimensional polyacrylamide gel electrophoresis (2D-PAGE), allows 

separation of proteins by their isoelectric point in one dimension and molecular weight in 

the second dimension.10, 11 Later, in 1979, H. Towbin12 developed a technique that 

would successfully be used in conjunction with 2D-PAGE. This methodology, known as 

“electroblotting”, offered a simple way for detection of biomolecules such as proteins 

and nucleic acids. After separation in a electrophoresis gel, molecules are transferred 

by means of an electrical field onto a membrane which immobilizes the molecules, 

where they are further processed by Edman degradation in order to identify and 
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characterize them.12  Although this methodology served its purpose for some time, it 

presented some drawbacks, such as extensive times of analysis and low sensitivity.9 

During the same time period, mass spectrometry (MS) also started emerging as one of 

the most reliable and versatile methods for analysis of proteins. In the 1990’s, the 

introduction of peptide mass fingerprinting (PMF) represented a significant improvement 

in protein analysis, allowing identification of proteins from their proteolytic fragments.13, 

14 Basically, if a pure protein is digested with a protease that cleaves at predictable 

locations, the result will be a unique collection of different peptides, each with a 

characteristic mass, that could be accurately measured by mass spectrometry.13 The 

collection of characteristic masses from protein digest, a peptide mass fingerprint, could 

identify a protein in sequence database. This way, peptide mass fingerprinting, together 

with mass spectrometry, quickly displaced Edman degradation from the front page of 

protein analysis methodologies since it exhibited better sensitivity and the times 

required to perform analysis could be decrease tremendously. In addition, MS could 

identify blocked or modified proteins unlike Edman degradation.9 

During this breakthrough era, the combination of these improvements enabled a 

new field to come to life, the field known nowadays as “Proteomics”.15 The proteome 

has been defined as “the protein complement of the genome”.16 This proteome reflects 

the external conditions encountered by the cell, since the types of expressed proteins, 

their abundance, modifications and other characteristics depend on the physiological 

state of the cell or tissue.17 The number of possible proteins for any given cell or tissue 

can be daunting due to the fact that they are estimated to be expressed over a dynamic 
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range of at least six orders of magnitude.17 Fortunately, current technology and genomic 

DNA databases permit rapid and automated protein identification.  

Since 2D-PAGE was developed, there have been recognized limitations to this 

technique that can significantly affect proteome analysis. Specific classes of proteins 

are known to be absent or underrepresented in 2D-PAGE gel patterns. In addition, low 

abundance proteins are often not observed and therefore not identified.18, 19 These and 

other limitations presented by 2D-PAGE technology made researchers focus on further 

developments of mass spectrometric methods in order to overcome these drawbacks. 

As a consequence, recent developments in MS have enabled more accurate 

measurements of molecular weights, better sensitivity and, other advances that allow 

analysis of low abundance proteins. In addition to this, greater automation and 

efficiency in data acquisition is achieved by the use of tandem mass spectrometry. 

Specifically two technical breakthroughs in MS, the ionization techniques electrospray 

(ESI) and matrix assisted laser desorption ionization (MALDI), have led to a powerful 

convergence of the fields of mass spectrometry and protein chemistry.17  The number of 

laboratories around the world that have adopted mass spectrometry in preference to 2D 

gel technology for protein separation and quantification continues to increase at an 

exponential pace.11  

Two general and different approaches can be applied in MS-only based 

proteome analysis technology, “bottom up” and “top down”.20 “Bottom up” involves 

cleaving the protein with a specific protease to allow protein identification from the 

resulting peptides. “Top down” consists of the analysis of individual proteins without 
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enzymatic proteolysis. Nevertheless, there are many different approaches within each 

one of these methodologies.18 The strategy used by our laboratory involves the “bottom 

up” approach known as “shotgun proteomics”, which consists of performing enzymatic 

digestion of the protein mixtures for their subsequently separation and MS analysis.21-23 

Figure 1.1 shows a schematic representation of a shotgun proteomic analysis. This 

method is capable of producing high-throughput protein identification provided that 

proteolytic digestion is consistent between experiments as well as protein 

expressions.21 Shotgun proteomic analyses are widely used for identification of proteins 

in biological systems and it is often combined with differential stable isotopic labeling 

technology which provides relative quantification of multiple proteins simultaneously.24-26 

Matrix-Assisted Laser Desorption Ionization (MALDI): During the 1980’s 

various research groups attempted to solve the volatilization/ionization problem of mass 

spectrometry using laser light as the energy source. Letokhov, demonstrated that small 

polar molecules could be partially vaporized by focusing a light beam onto them and yet, 

chemical degradation could be avoided.27 This approached was further developed by M. 

Karas and F. Hillenkamp.28 In the mid 1980’s, this group had showed the use of an 

absorbing matrix to help the volatilization of small molecules. In 1988, the application of 

this method to large biomolecules was reported by both K. Tanaka,29 and by Karas and 

Hillenkamp,30 who showed that gaseous ions could be formed from macromolecules 

using a low energy laser at long UV wavelength (>330 nm) in order to avoid absorption 

by the aromatic amino acids in proteins that could lead to fragmentation.29, 31 Further 

developments of  this approach  led  to  the technique known as MALDI, matrix-assisted   
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Figure 1.1 Diagram of a shotgun proteomic analysis 
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laser desorption ionization, which incorporates the molecules of interest in a crystalline 

matrix of low molecular weight.30, 32, 33In MALDI, sample molecules are irradiated with a 

pulse laser beam to promote desorption ionization of the sample. The sample is mixed 

prior to analysis with a molar excess of a highly absorbing matrix, which typically consist 

of an aromatic acid with a chromophore that strongly absorbs the laser wavelength.34, 35 

In most commercially available MALDI mass spectrometer, a nitrogen laser of 

wavelength 337 nm is used.29, 32 The irradiation by the laser induces an explosive 

evaporation of the matrix crystals into the gas phase, entraining intact analyte in the 

expanding matrix plume.36 Different models have been proposed to explain desorption 

of the matrix-sample material from the crystal surface, but the origin of ions produced in 

MALDI is still not fully understood.37 The most widely accepted ion formation 

mechanism involves gas-phase proton transfer reactions of the sample molecules with 

the photoionized matrix molecules in the expanding plume (Figure 1.2). 

The MALDI matrix must meet a number of requirements simultaneously. It should 

be able to embed and isolate analytes, be highly absorbing at the laser wavelength, be 

compatible with the vacuum requirements of an ion source, be soluble in solvents 

compatible with the analyte, and lastly, promote analyte ionization. It is believed that 

compounds with exchangeable protons, such as carboxylic acids, are good MALDI 

matrices for peptides and proteins because they easily protonate the neutral analyte 

molecules in the expanding plume.38 However, when denaturation of the tertiary 

structure of biomolecules is unwanted, the use of nonacidic matrices is recommended.39 

A number of matrices have been tested throughout the years and selection of the best 

matrix usually depends on both the mass analyzer used as well as the nature of the 
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sample.34, 40-45 Another aspect of the MALDI analysis is the sample preparation step, 

basically, mixing of the matrix with the analyte of interest. The original simple sample 

preparation procedure known as the “dried-droplet” method is still widely used and it 

has remained almost intact since its introduction in 1988 by Karas et. al. Several other 

methods have been reported since then and they are found to be very useful for 

analysis of biomolecules.30, 46-49 Factors such as the choice and concentration of the 

matrix, the organic solvent used, and the sample deposition technique can strongly 

influence the spectrum profile. MALDI, however, is more tolerant to the presence of 

buffers, salts and detergents than other ionization techniques.  
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Desorption
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+
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Figure 1.2 A schematic of the MALDI process 

Conventional MALDI sources are operated under high vacuum in order to attain 

a large mean free path of ions in the spectrometer. However, high vacuum conditions 
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can promote metastable decay of ions produce in the MALDI source which increases 

the complexity and limits usefulness of the spectrum obtained.50, 51 In past years, 

several researchers have developed MALDI sources that can be effectively operated at 

atmospheric pressure, thus reducing the chances of production of metastable ions.50-56 

Recently, MALDI sources operated at intermediate pressures have been used.57, 58 

These pressures range from 10-2 to 1 Torr, that is pressures which are at least 10,000 

times higher than for a conventional ion source. This type of operational conditions 

promotes collisional thermalization of the analyte ions, which reduces the degree of ion 

fragmentation typically found in conventional vacuum MALDI.57-62 Due to MALDI’s 

strengths, this technique has been enjoyed wide utilization as a tool in proteomic 

studies, to identify proteins from a variety of samples.63 Other advantages worth 

mentioning are: 63-66  

 

• Spectral simplicity due to mostly singly charged molecules 

• High mass range (up to 1M Da) 67 

• High sensitivity (femtomole down to attomole range, depending on mass 

analyzer)  

• High tolerance to the presence of common components of biological 

buffers 

• Unlike electrospray ionization (vide infra), can interrupt data acquisition 

with no detrimental consequences 
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However, MALDI as any analytical technique presents several limitations which 

are listed below: 63-66  

 

• Working mass range limited by matrix interference below 700 Da  

• Low shot  to shot reproducibility  

• Analyte signal exhibits strong dependence on sample preparation method 

• Photodegradation of some analytes 

• Low degree of charging limits utility for high molecular weight analytes 

 

Electrospray Ionization (ESI): The development of electrospray for ionizing 

macromolecules dates back to the 1960’s when Malcolm Dole, due to the pressing need 

for a viable method to analyze high molecular weight biomolecules developed a method 

to generate small droplets containing single macromolecules.68-73 Some decades 

passed before the introduction of the combination of this ionization technique with a 

mass spectrometer by John Fenn who demonstrated its utility for biomolecule 

analysis.74 The electrospray ionization source was first presented by Yamashita and 

Fenn at a symposium in San Francisco in 1988.74 Nowadays, this technique is widely 

used by scientists around the world in order to obtained detailed information about 

molecular weights and structures from a variety of samples; it is also naturally 

compatible with many types of separation techniques which makes it the technique of 

choice for on-line separation/analysis of analytes.75, 76 In the electrospray process, a 

sample dissolved in an aqueous / polar organic solution is pushed through a capillary 

which is held at a high potential. This high electric field creates an elongated tip of liquid 
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at the exit of the capillary known as “Taylor cone”. From the cone emerges a mist of 

highly charged droplets, which subsequently evaporate to produce lone ions that are 

then analyzed by the mass spectrometer.77-82 Although a number of researchers have 

focused in finding a mechanism to explain this phenomenon, questions remain 

regarding the mechanism by which the charged droplets evaporate to ultimately 

produce gas-phase ions.73, 77, 83, 84 Two models are accepted as possible mechanism for 

the production of gaseous ions, ion evaporation model proposed by Malcon Dole and 

the charged residue model by Iribarne and Thomson.73, 85-87 Figure 1.3 shows a 

representation of the electrospray process.  
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Figure 1.3 A schematic of the ESI process 

 12



In the electrospray processes, the ions observed are typically ionized by the 

addition of a proton, or other cation, or the removal of a proton. This technique is able to 

produce multiply charged ions which enables the analysis of large biomolecules at 

relatively low mass-to-charge ratios.38, 70, 82, 88-90 Multiply charged ions are also ideal for 

characterization by tandem mass spectrometry (MS/MS).91-95 It has been found that the 

sensitivity of the electrospray process is enhanced by lowering the flow from µL/min 

rates to nL/min rates and, a number of laboratories have devoted efforts in that direction 

making possible to achieve sensitivities of attomole levels.75, 96-98 Working at the lower 

flow rates of nL/min is commonly referred to as “nanospray”. An additional advantage of 

this type of electrospray ionization over “conventional” ESI is that is more tolerant to a 

wide range of liquid compositions.97, 98  

In general, ESI’s advantages can be summarized as: 

• Soft ionization, which for the most part do not degrade the molecule during 

the ionization process 

• Multiple charging allows the detection of high mass compounds at m/z 

ranges easily determined by most mass spectrometers 

• Readily coupled to liquid separations for on-line analysis 

• Enables MS/MS of high MW molecules 

• Very low chemical background which leads to excellent detection limits 

Of course, ESI also exhibits disadvantages, the most common being: 

• Presence of buffers, salts reduces sensitivity dramatically 
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• Complexity of spectra increases due to multiple charges species for each 

analyte 

• Ion suppression occurs for mixture, requiring on-line separation for 

analysis of complex mixtures 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-

MS):  This mass spectrometric method was inspired by the early development in 

conventional ICR spectroscopy and Fourier transform nuclear magnetic resonance (FT-

NMR).99  In the late 1920s, Ernest O. Lawrence and his students began working on a 

device known as the “cyclotron”. A couple of early prototype models were constructed in 

1929, but it was not until 1932 that one of the models gave evidence of full 

functionality.100 That year, Lawrence and his student, M. Stanley Livingston, 

demonstrated that a charged particle moving perpendicular to a uniform magnetic field 

is limited to a circular orbit in which the angular frequency of the particle’s motion is 

independent of the particle’s orbital radius. This can be visualized in equation 1, known 

as the cyclotron equation: 

Equation 1    ωc
q
m

=
⋅B   

where, ωc is angular frequency, q is the particle charge, B is the magnetic field and m is 

the particle mass. The significance of Lawrence’s development was that a particle could 

be excited by use of only small electric field strength to very large kinetic energy. Also, 

since different ions would have different cyclotron frequencies, this would allow their 

characterization with no need for prior separation of the ions. This device was used for 
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atom-smashing experiments, but by 1950 it was also applied to measuring mass 

spectra of different species.101  Approximately at the same time, conventional nuclear 

magnetic resonance (NMR) spectroscopy was first demonstrated and it was of special 

interest for chemist to know that the NMR frequency of a particular magnetic nucleus 

varied from compound to compound.102 This allowed the development of the NMR 

technique for chemical applications by the mid 1960’s. In 1966, Richard Ernst and Wes 

Anderson developed a methodology to perform Fourier transform (FT) - NMR 

experiments in order to overcome the low sensitivity problem presented by conventional 

NMR spectroscopy.103 This technique was quickly commercialized by the 1970s. 

Recognizing the enhancements that result from combining FT technology with an 

analytical spectroscopy method, studies were focused on combining FT and ICR into a 

powerful technique that would allow broadband excitation of analytes and conversion of 

the broadband ICR signal current to a signal voltage with a broadband RC circuit.99, 104, 

105 In 1974, M. Comisarow and A. Marshall described FT-ICR applied to mass 

spectrometry for the first time.106, 107 Since then, many research labs have devoted 

efforts to further develop this technique, which exhibits ultra high resolution and an 

impressive wide mass range.105, 108-118 In 1990, the first combination of the ionization 

technique electrospray and FT-ICR was reported by Hunt and McLafferty and, since 

then, many advances have been performed greatly facilitating the field of proteomics 

research.90, 119-122 A few years later, another important development took place, the 

combination of the ionization technique MALDI with FT-ICR mass spectrometry.123-125 

The first experiments were reported by Hettich and Buchanan and, as with ESI-FTICR 
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mass spectrometry, proteomics research has benefited from this development and 

further advanced.123-127  

General Principles: FT-ICR mass spectrometry or FT-MS is a technique based 

on measuring cyclotron frequencies of ions in a spatially uniform static magnetic field. It 

consists of simultaneously exciting all ions by a rapid scan over a wide frequency 

range.38 This induces the ions to travel in a circular orbit perpendicular to the magnetic 

field (Figure 1.4),118 with a frequency give by equation 1. The signal is subsequently 

detected on a pair of plates as an image current which is induced by the ions moving in 

phase, as they execute their cyclotron motion (Figure 1.5). The resulting time domain 

signal contains all the cyclotron frequencies that have been excited. Fourier 

transformation of the time domain signal provides a frequency spectrum, which is 

converted into a mass spectrum based on the inverse proportionality between 

frequency and the mass/charge ratio.  Figure 1.6 shows a detailed diagram of the steps 

involved in a FT-MS experiment. 

F1 

F2

 r 

   v  

   v  

Bz

Force

 

Figure 1.4 Ion cyclotron motion. Lorentz magnetic force induces ions to travel in a 

circular trajectory perpendicular to the magnetic field.  
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Figure 1.5 Diagram of an ion packet cycling in the magnetic field between two electrode 

plates. As the positively charged ions circles between both electrodes, migration of 

electrons between the detection electrodes produces an image current, which is 

converted to a voltage and amplified, producing a sinusoidal signal.  
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External ion formation 

 

Ion focusing and accumulation 

 

Ion transmission to the analyzer cell 

 

Dipolar excitation 

 

Dipolar analog detection 

 

Analog to digital conversion 

 

Storage of the time domain analog signal 

 

Fast Fourier transformation 

 

Frequency to mass / charge ratio conversion 

 

Figure 1.6 Series of events generally found in a FT-MS experiment.128 
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Ion Motion: The main motion considered for FT-MS is ion cyclotron motion.118 

When an ion moves perpendicular to the direction of the uniform magnetic field, the 

Lorentz force causes the ion to be deflected into a circular orbit. This force is describe in 

equation 2, where q is the charge of the ion, v is the velocity and B represents the 

magnetic field.    

 

Equation 2         ( )F q v= ⋅ ⊗B   

 

This force exerted on the ion is made up of two components, the inward force on 

the ion (F1 in Figure 1.4), and the outward force on the ion (F2 in Figure 1.4). For the 

ion to maintain a stable circular orbit the magnetic force and the centrifuge force must 

exactly equal each other. By equating this two forces, the cyclotron frequency of an ion 

of mass m, and charge q can be derived (Equation 1).110 The resulting frequency has no 

dependence of the velocity of the ion, thus allowing ions of a given mass to have the 

same cyclotron frequency regardless of the time the individual ions enter the cell. The 

ions also experience two other types of motion, known as trapping and magnetron 

motion, which are discussed elsewhere.118 

 

Ion Excitation and Detection:  One of the main components of FT-MS is the 

analyzer cell, where the excitation and detection of ions occur. The ions are formed 

outside of the cell and are subsequently trapped in the cell located in the homogeneous 

field region of a large superconducting magnet, and it is in this place where they 

experience the motions mentioned above. The cell is the ‘heart’ of the FT-MS 
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instrument and several different geometries have been described. 118, 129, 130 Regardless 

of the cell’s geometry, they all exhibit trapping electrodes adjacent to the excite and 

detect electrodes to create a trapping cell for the ions. Figure 7 shows a cylindrical cell 

whose principal axis is aligned with the magnetic field. In this configuration the end cap 

electrodes are replaced with open cylinders, and the center cylinder is divided into four 

electrodes which function as excitation and detection plates. This type of configuration 

exhibits advantages over other types of cell, provides easy access to the interior of the 

trap to facilitate loading and ejection of charge particles, and introducing laser beams. 

Also, the effect of charging and contamination of the trapping plates is eliminated.118, 131 

 

Trapping 

Detection 

Excitation 

Trapping 

Detection 

Excitation  

Figure 1.7 Cylindrical cell 

 

 Once ions are trapped, they undergo excitation by applying a sinusoidal voltage 

to the excite plates, which makes them move coherently to the same cyclotron radius.116 

Unlike other mass analyzers, FT-MS does not use any type of electron multiplier 
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detectors. FT-MS makes use of a resonance method to detect the image current signal 

generated by the ions in the cell. This signal is then digitized and converted to the 

frequency domain by Fourier transformation.116, 118 The length of the signal depends on 

the time that the ions remain moving in coherence in the cell, and this is also directly 

related to the resolution achieved by this technique.116, 132 The longer the duration of the 

transient, the better the resolution will be. Equation 3 shows this relationship between 

transient length T, and resolving power R, where fc represents the cyclotron frequency. 

 

Equation 3         R f Tc=
⋅

2
  

 

 Performance of an FT-MS instrument depends on several factors, some of them 

are:133  

 

• Lower pressures decreases collisional frequency, which in time provides longer 

transients 

• Homogeneity of the electric and magnetic fields 

• High magnetic field strength increases ion retention, resolution and high mass 

capability. 

 

Figure 1.8 shows how the magnetic field strength affects different parameters of the 

FT-MS experiment. FT-MS provides high masses detection, high resolution and mass 

accuracy which are usually far better than those obtain by other mass analyzers. 96, 112, 

134, 135 However, as any analytical tool, FT-MS also presents some limitations: 
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• Requires higher vacuum than other mass spectrometers (10-9 Torr, or lower) 

• Slower measurements are required for good resolution (1 s vs 100 µs for a 

time-of-flight (TOF) measurement) 

• Generally requires a higher level of expertise for instrument operation 

 

Also, an important consideration in this technology is the phenomenon known as 

“space charge”, which originates from the influence of the electric field on the ions 

trapped in the cell. This brings as consequence mass shifts that affects the mass 

accuracy of the experiment.136, 137  

Tandem Fourier Transform - Mass Spectrometry (MS/MS): Tandem MS or 

MS/MS is based on the selection of a precursor ion from a mixture of masses, followed 

by its dissociation or reaction to produce smaller ions that are mass analyzed.121 

Tandem MS has become a powerful technique for obtaining protein sequence 

information. It allows the generation of peptide sequence tags that are used for highly 

refined database searches.138 Advances in tandem MS introduced in the past years 

have produced new applications targeted to the biochemistry and medicinal fields. 

These include location of post-translational modifications and binding sites, in addition 

to sequence information and identification of proteins.121, 139 For tandem MS 

applications, the ionization technique commonly used is ESI rather than MALDI, as ESI 

forms multiply charged ions that facilitates ion dissociation and the production of useful 

fragments,.38, 70, 121   

 22



Resolving 
Power

Peak Coalescence

Ion Trapping Time
Upper Mass Limit
Number of Ions

B (Tesla)

B (Tesla)

B (Tesla)

7 T

7 T

7 T

9.4 T

9.4 T

9.4 T

25 T

25 T

25 T

 

Figure 1.8 FTMS performance parameters as a function of applied magnetic field 

strength (adapted from Marshall 133) 
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A tandem mass spectrometer can be conceived either in space or in time; 

tandem MS in space involves coupling of two or more mass analyzers, and tandem MS 

in time is based on sequence of events performed in an ion storage or trap device.38 In 

FT-MS, tandem MS can be performed as a series of events in the analyzer cell, since 

this is an efficient magnetic ion trap in which ions can be manipulated in various ways. 

There are several ion dissociation techniques for fragmentation of molecules used in 

FT-ICR tandem MS, some of these include, sustained off-resonance irradiation 

collision-induced dissociation (SORI-CID),140, 141 on-resonance excitation CID (RE-

CID),142 infrared multiphoton dissociation (IRMPD),143, 144  blackbody infrared radiative 

dissociation (BIRD),145 electron capture dissociation (ECD),146 and electron detachment 

dissociation (EDD).147, 148  Each one of these techniques fragments the selected ions in 

a different fashion, by either low or high energy fragmentation pathways, and generates 

distinct product ions useful for obtaining detailed structural features of the molecules 

analyzed.141, 149 

Hybrid Quadrupole / Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometer (Qq-FTMS): In the past years, advances in mass spectrometry 

technology have resulted in the introduction of hybrid instruments which give even more 

detailed sample characterization than standard tandem MS instruments.149-152 One such 

hybrid instrument is the Qq-FTMS, in which ions can be mass selected by an external 

quadrupole, allowed to dissociate by CAD in a collision cell, and the products detected 

in the FT-ICR cell.150 Often, an accumulating RF-only multipole device precedes the Qq 

stage. Initial external trapping of ions has proved to be advantageous to ESI-FTMS 

experiments, enhancing the signal-to-noise ratio and mass resolving power.153 Selective 
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external ion accumulation exhibits several advantages over conventional accumulated 

trapping, such as: 1) higher efficiency of ion trapping, due to displacement of the 

trapping process from the FT-ICR cell to an external trap that can manage higher 

pressures; 2) improvement in the duty cycle of the FT-ICR instrument, since an external 

ion trap serves as a buffer between the source and the FT-ICR cell, duty cycle could 

reach 100% in optimized conditions; 3) expansion of the effective dynamic range of the 

instrument by ejecting higher abundance species and accumulating lower abundance 

ones for longer time.150, 154, 155 Figure 1.9 shows a schematic diagram of the external 

accumulation interface and FT-ICR cell typically found in a hybrid Qq-FTMS instrument. 

 

Ion Source

Ion optics

Collision
Cell
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FT-ICR cell

Accumulation
Hexapole Selection

Quadrupole

 

Figure 1.9 A schematic diagram of external accumulation interface and FT-ICR cell. The 

rf-only traps could be quadrupoles, hexapoles or octopoles. 

FT-MS in Proteomics: FT-MS instrumentation provides high sensitivity and 

resolution, and excellent mass accuracy which makes them very useful for resolving 

individual peptides from complex samples, which is a very important goal for proteome 

studies.156 Accurate measurement of single peptides measured by FT-MS along with 

easily obtainable constraints have been used to identify proteins by sequence database 
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searching.157 FT-MS is also able to identify and locate post-translational modifications 

when it is combined with Electron Capture Dissociation (ECD), a fragmentation 

technique in which low energy electrons are introduced to interact with the present 

multiply protonated ions. This interaction produces radical cations that readily 

fragment.158, 159 Since ECD produces significantly different types of fragment ions, it can 

be combined with other fragmentation methods as infrared multiphoton dissociation 

(IRMPD) and collision-induced dissociation (CID) to provide an even more complete 

analysis of complex protein mixtures.160  

Chromatographic coupling: Proteomic studies usually deals with very complex 

mixtures of many peptides. Regardless of the very high mass resolution and mass 

accuracy of FT-MS, the large range of protein relative abundances can present a major 

difficulty for proteomic analyses. The maximum dynamic range for a single FT-MS mass 

spectrum is often limited to around 103. On the other hand, the dynamic range and 

sensitivity of FT-MS are limited by the charge capacity of either the cell or the external 

accumulation multipole.20, 136 However, when FT-MS is combined with high resolution - 

liquid chromatography separations, the dynamic range of measurements increases to at 

least 106.161, 162 The combination of liquid chromatography with FT-MS has been a very 

important advancement in proteomics. Further developments in separation techniques 

continue to improve the dynamic range and sensitivity of analyses.20, 163, 164 

Scope of the present thesis: The next chapter describes the instrumentation 

and protocols used for the analyses performed. Chapter 3 describes the improvement of 

peptide identification in shotgun proteomics by use of cysteine mass defect labeling as 
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a constraint. Chapter 4 describes a different approach to trypsinolysis of proteins, an 

aqueous/organic solvent system which seems to improve the specificity of the digestion 

and, it also reduces significantly the time required for protein digestion. Finally Chapter 

5 recounts conclusions pertinent to the work carried out and also shows future 

development planned for our approach to shotgun proteomics. 
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This chapter will provide information about the methodologies and instruments 

used to perform the experiments whose results are shown and discussed in chapter 3 

and 4. Specifically, the chapter describes methods for derivatizing proteins, performing 

proteolytic digestion, HPLC separation of peptides, MALDI – FTMS and HPLC-ESI-

FTMS/MS experiments. 

 

I. Sample Preparation: This is an essential stage in the analysis process. 

Peptide analysis by mass spectrometry requires adequate sample for signal detection 

and little background from contaminating peptides.  Also, samples that are undergoing 

liquid chromatographic (LC) separation need to contain low amounts of organic modifier 

and salts.1 Different conditions and approaches were tested in order to optimize: 

denaturing of protein mixture, sample removal of low molecular compounds and, 

derivatization of cysteines by 2,4-dibromo-(2-iodo) acetanilide. The following proteins 

standards were used for the aforementioned purpose and they were analyzed by 

MALDI-FTMS: 

 

• Bovine Serum Albumin (Calbiochem, San Diego, CA): MW: 66433.4 Da. 35 cysteine 

residues. 

• β-Lactoglobulin (Sigma-Aldrich, St. Louis, MO): MW: 19883,4 Da. 7 cysteine residues. 

• Ovalbumin (Sigma-Aldrich, St. Louis, MO): MW: 42881.5 Da. 6 cysteine residues. 

• Carbonic Anhydrase (Sigma-Aldrich, St. Louis, MO): MW: 28678.7 Da. 0 cysteine 

residues. Used as a negative control.  
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First of all, denaturing of the sample was performed by addition of 6 M guanidine 

hydrochloride (Fisher Scientific, Pittsburgh, PA) and / or application of heat. No 

significant differences were found on protein coverage or intensity of the signal obtained 

between the samples denatured by heat only and those that contained the denaturing 

agent. Therefore, it was determined for the treatment of all subsequent samples that the 

denaturing step would consist of heating only at 95 °C for 15 minutes.  Secondly, 

removal of low molecular components and large particle size material is an important 

step to prevent clogging of the LC column during the separation process and to reduce 

the background signal obtained by mass spectrometry.1  Two different techniques were 

used in order to determine which one would suit better our experiments. The first one 

consisted of the use of Microcon® centrifugal filters to remove particles smaller than 

3,000 Da and the second approach used centrifugal size exclusion chromatography by 

allowing the sample to pass through a column filled with Sephadex G-25 (Aldrich, St. 

Louis, MO), an inert media composed of macroscopic beads which retains molecules 

with a molecular weight lower than 5,000 Da. Analysis of the data obtained showed 

better signal and higher protein coverage for the samples cleaned by centrifugal size 

exclusion chromatography than those filtered by Microcon®. Consequently, this 

approach was included in the protocol used for preparation of the samples.  

Regarding derivatization of cysteine residues by the labeling reagent 2,4-

dibromo-(2-iodo) acetanilide, several reactions conditions were tested, including amount 

of reagent used, pH, temperature and length of reaction and, organic solvent used to 

dissolve the reagent. The best results were obtained when a 100-fold molar excess of 

the reagent dissolved in methanol was added to samples, at pH 8 for 90 minutes in the 
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dark at room temperature. Figure 2.1 shows the sample preparation protocol used for all 

proteome samples of Methanococcus maripaludis analyzed and discussed in chapter 3.  

 

Removal of small molecules by centrifugal size exclusion chromatography                                 

from 250 µL of the sample (sample concentration ~ 7 mg/mL) 

 

Addition of 20 µL of 50 mM tris (2-carboxyethyl) phosphine (Pierce                             

Biotechnology, Rockford, IL) to reduce disulfide bonds 

 

Heating at 95 °C for 15 minutes for denaturing of proteins 

 

Microliter addition of 10 mM ammoniun bicarbonate to ensure pH 8 

 

Upon cooling of samples, addition of 100-fold molar excess of 2,4-dibromo-(2-iodo)             

acetanilide in the dark at room temperature. Reaction lasts 90 min 

 

Removal of small molecules by centrifugal size exclusion chromatography 

 

Trypsin digestion at 37 °C for 12 h (Promega, Madison, WI) 

 

Figure 2.1. Sample preparation protocol for mass defect labeling experiments 
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Instrumentation, MALDI – FTMS analysis: Analysis of peptides mixtures by 

MALDI-FTMS required the prior separation off-line of the sample by high performance 

liquid chromatography. We will first describe the experimental conditions and 

instrumentation used for the separation followed by the correspondent explanation for 

the MALDI-FTMS experiment. 

II. High Performance Liquid Chromatography (HPLC): Separation of peptide 

mixtures was performed using an UltiMate Plus, FAMOS system by Dionex (Sunnyvale, 

CA). Figure 2.2 shows the actual instrument used for the experiments, which consist of 

four modules: FAMOS™, Switchos™, UltiMate™ and Probot™. The FAMOS™ module 

(Figure 2.3) is a fully automated micro autosampler which was used to inject volumes of 

20 µL of sample by an injection loop of the same volume. The sample tray is equipped 

with Peltier cooling which keeps samples at approximately 6° C. The Switchos™ 

module is used for pre-concentration and clean-up of the sample. It consists of two 10 

port valves with a high precision loading pump and a four channel solvent selection 

valve. UltiMate™ module is in charge of mixing the mobile phase, which is achieved by 

using two high -precision reciprocating pumps that generate flow rates ranging from 50 

nL/min up to 200 µL/min. It is also equipped with a quaternary low pressure gradient 

former that allows mixing of up to three solvents. The solvents used for HPLC 

separation are filtered prior to use by 0.45 µm membrane disc filters (Pall Corporation, 

Ann Arbor, MI) plus once the solvents were in the UltiMateTM module, they were 

degassed by a helium sparging device.  
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Figure 2.2 UltiMateTM HPLC system 

 

 

Figure 2.3 Micro autosampler FAMOSTM
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A flow rate of 0.3 µL / min was used to elute the peptides from the analytical 

column. Two different stationary-phase, analytical columns were used: a) 75 µm i.d. x 

15 cm, C18 PepMap100, 3 µm, 100Å; and b)  75 µm i.d. x 15 cm, C8 PepMap100,  3 

µm, 100Å  by LC Packings – Dionex (Sunnyvale, CA). The gradient used for off-line 

separation consisted of two mobile phases, mobile phase A: water/acetonitrile/ 

trifluoroacetic acid (98:2:0.1 by volume); mobile phase B: acetonitrile.  

 

Mobile phase B increased concentration from 0 to 100% over 90 min, and elution 

at 100% B continued for 30 minutes to ensure total elution of the components of the 

sample. This HPLC system is also equipped with an UV detector which allows multi UV-

trace recording. The UV-traces were recorded at wavelength 214 nm. The eluate was 

collected onto a stainless steel MALDI target at 60 second intervals using the Probot™ 

module (LC Packings – Dionex) which is a high precision x / y / z robot for micro fraction 

collection of the column eluate (Figure 2.4). After the fractions were collected, 

deposition of the MALDI matrix onto each spot was performed. The choice of matrix is 

known to affect the response obtained by MALDI mass spectrometry.  The matrix used 

for all MALDI experiments was 

2

2,5-dihydrohybenzoic acid which, unlike other matrices, 

is soluble in water as well as organic solvents and is more tolerant towards 

contaminations such as salts and/or detergents.3, 4 This matrix solution is made 1 M in a 

mix of acetonitrile / water / trifluoroacetic acid (50 / 50 / 0.1 by volume). The deposition 

method used is known as dried droplet method, which consists of mixing of the matrix 

and sample solutions, deposition onto plate and, air drying of solvents.5
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Figure 2.4 Micro fraction collector ProbotTM

 

III. Intermediate Pressure Matrix-Assisted Laser Desorption Ionization – 

Fourier Transform Mass Spectrometry (IP-MALDI-FTMS), 7.0 Tesla:  Analyses of 

protein standards and proteome samples described in chapter 3 were performed using 

an IP-MALDI-FTMS system from Bruker Daltonics, Inc. (Billerica, MA) equipped with a 

7.0 Tesla magnet (Figure 2.5). Once the MALDI target plate is spotted with the different 

fractions of the sample, it is then place into the SCOUT 100 MALDI source, in which 

desorption of ions is induced by a pulsed nitrogen laser at 337 nm. This desorption of 

ions occurs at intermediate pressure (~ 1 mTorr) by pulsing of argon gas into the source 

in order to suppress metastable decomposition.6 Every spot in the MALDI target plate 

can be analyzed by the X-Y manipulator which allows the precise alignment of each 

MALDI target spot with the laser beam. The laser is fired 12 times for each scan and, in 

a typical experiment, 12 scans are co-added for each recorded spectrum.7 After the 

laser desorption event (12 shots), the pulsed valve closes to allow a 100 msec pump-
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down, and ions are accumulated in the hexapole. Then, the ions are extracted from the 

hexapole and transferred to the analyzer cell by electrostatic ion optics. As the ions 

enter the ICR cell, SidekickTM is applied in order to push the ions off-axis, therefore, 

improving trapping efficiency and detection.8  

 

 

 

 

Figure 2.5. Bruker MALDI-FTMS 7.0 Tesla 
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Figure 2.6. Components of MALDI-FTMS 9.4 Tesla 

 

IV. Intermediate Pressure Matrix-Assisted Laser Desorption Ionization – 

Fourier Transform Mass Spectrometry (IP-MALDI-FTMS), 9.4 Tesla: Shotgun 

proteomics studies utilizing matrix assisted laser desorption ionization (MALDI) as the 

ionization technique described in chapter 4 were performed on the 9.4 T BioApex FT-

ICR mass spectrometer (Figure 2.7), also equipped with an intermediate pressure 

SCOUT 100 source  from Bruker Daltonics (Billerica, MA). Figure 2.6 shows a 

schematic of the components of the IP-MALDI-FTMS 9.4 T instrument.  Operational 

conditions are similar to those described for the 7.0 Tesla instrument.  
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Figure 2.7. Bruker MALDI-FTMS 9.4 Tesla 

 
 

VI. Electrospray Ionization – Quadrupole – Fourier Transform Mass 

Spectrometry (ESI-Qh-FTMS), 7.0 Tesla: Attempts for MS/MS experiments described 

in chapter 4 were performed by an Apex-Qe-FTMS from Bruker Daltonics Inc. (Billerica, 

MA), (Figure 2.9). This instrument is equipped with an Apollo II electrospray ionization 

source and a quadrupole mass analyzer collision cell which allows precursor selection 

and collisional activated dissociation of ions. An schematic of this instrument is shown in 

figure 2.10. For a typical MS experiment the sample is introduced into the source from 

the HPLC system and, charged electrosprayed droplets are generated by applying a 

high voltage difference between a stainless steel spray needle and the stainless steel 

capillary. Once the charged particles are formed, they go through the nozzle skimmer 

region in which excess neutrals particles are removed. Then, ions move to the first 

hexapole in which they experience ion accumulation, subsequently they move into the 

quadrupole, which can serve as a mass filter or as an ion guide, and then to the second 

hexapole that can function as a collision cell or simply as an ion guide when operated in 

an rf-only mode. Finally, the ions are guided by electrostatic ion optics to the ICR cell 
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which is operated at pressures ~ 10-10 Torr. For a standard MS/MS experiment, the ions 

undergo collision with argon gas in the collision cell which produces fragments from the 

precursor ions and then these ions are transferred to the analyzer ICR cell. 

 

 

Figure 2.9. Bruker ESI-FTMS 7.0 Tesla 
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Figure 2.10. Components of ESI-FTMS 7.0 Tesla 
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CHAPTER 3 

 

MASS DEFECT LABELING OF CYSTEINE FOR IMPROVING PEPTIDE 

ASSIGNMENT IN SHOTGUN PROTEOMIC ANALYSES 
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 Introduction: The primary goal of a proteomic analysis is to be able to 

systematically identify and quantify the majority of proteins expressed in a cell or 

tissue.1, 2 The conventional approach for conducting proteome-wide studies is two-

dimensional polyacrylamide gel electrophoresis (2D-PAGE),3 where a large number of 

proteins can be separated on the basis of their isoelectric point and molecular weight. 

Although 2D-PAGE technology has been the chief technology for proteomic analysis to 

date, it has recognized limitations, such as a bias toward the most abundant proteins 

and dynamic range and protein solubility issues that complicate the detection and 

separation of low-abundance and hydrophobic proteins.4 In recent years, a number of 

researchers have focused on improving proteomic analyses via the development of 

shotgun proteomic methods.5-9 These methods identify and quantify proteins which 

have not been separated prior to digestion. The basis of this approach is to perform a 

batch digestion of an unseparated protein mixture, to separate the resulting peptides by 

one or more dimensions of liquid chromatography, and to identify the proteins from 

which the peptides derive by mass spectrometry analysis.8 

 

Two mass spectrometry approaches for shotgun proteomic analysis have been 

reported. First is the use of tandem mass spectrometry to generate fragmentation data 

which can be used by search engines to identify the protein origin of the peptides.2, 6, 8, 

10, 11 These methods are able to detect and identify a wide variety of protein classes 

including those with extremes in isoelectric point, molecular weight, abundance, and 

hydrophobicity. However, these methods are time consuming and produce very large 

data sets, as they require the generation of a fragmentation spectrum for each peptide 
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in a mixture that contains thousands of components.  A second approach is the use of 

accurate mass measurement to identify proteins. If the molecular masses of the 

peptides from a batch digest are measured with high enough mass measurement 

accuracy (MMA), a reasonable fraction of their masses can uniquely identify them by 

comparison to a list of masses for all of the possible proteolytic peptides predicted from 

an in silico digest of the genome. Other experimental information can be used to 

increase the fraction of identified peptides, for example, HPLC retention time.11 Methods 

that combine MMA with the MS/MS capabilities have also been reported.11, 12 

In this paper, we describe a new method for improving the specificity of protein 

identification by accurate mass measurement of peptides. The improvement is based 

upon the derivatization of a specific amino acid with a reagent that changes the mass 

defect of the peptide. For the purpose of discussion, we refer to the mass defect as the 

difference between the exact  monoisotopic mass of a compound and its nominal 

molecular weight, that is the weight based on the nucleon values of the most abundant 

isotope of each element, e.g. 12 amu for C, 16 amu for O, etc. Peptides are composed 

principally of elements from the first two rows of the periodic table. These elements 

have mass defects that lie in the range of +/- 0.008 amu. The mass defect of peptide 

molecules is approximately +0.05 amu per 100 amu of molecular weight, i.e. a 1 kDa 

peptide has a mass defect of approximately +0.5 amu, and a 2 kDa peptide has a mass 

defect of 1 amu. The positive mass defect is a result of the high stoichiometric 

proportion of hydrogen atoms in a peptide molecular formula (the hydrogen mass defect 

is +0.0078 amu). Although peptide molecules have significant mass defects because of 

the large number of atoms from which they are assembled, the distribution of mass 
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defects is generally narrow, causing peptide molecular weights at any given nominal 

mass to occupy only a small portion of a unit mass. This is illustrated in Figure 3.1, 

which shows a histogram of monoisotopic masses for the 125 possible tryptic peptides 

(up to 1 missed cleavage) with molecular weights between 1500 and 1503 that one 

predicts for all proteins in the sequence database for the organism Methanococcus 

maripaludis. This organism has 1722 open reading frames, which is about average for a 

single cell organism, and has approximately 95,700 predicted tryptic peptides above 

with molecular weights 700 amu (allowing up to 1 missed cleavage), and the predicted 

peptide mass distribution is similar to that of any organism. Because of the narrow 

distribution of mass defects for peptides, their molecular weights cluster into one-third of 

the total mass space causing masses to overlap, and reducing the specificity of a 

peptide mass for identifying the protein origin. Greater specificity would be possible if 

the peptide masses were distributed more evenly across the mass scale. 

The narrow distribution of mass defects for a compound class has been noted 

previously by other researchers in mass spectrometry. Perfluoroalkanes have distinctly 

different mass defects that do not overlap those of most other organic compounds, and 

have long been employed as internal calibrants for exact mass measurements.13 The 

components of complex mixtures of small molecules can be assigned a Kendrick mass 

defect value, which allows homologous series to be assigned to various compound 

classes. 14-19 Labeling the N-terminus of a protein with a compound that alters the mass 

defect is used to distinguish the N-terminal peptide fragments from C-terminal and 

internal fragments produced by nozzle-skimmer dissociation of intact proteins, and is 

the basis of a commercial reagent (IDBEST™) and process.20, 21  We report here a 
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method for altering the mass defects of a selected fraction of the peptides in a batch 

digest of a proteome so that the resulting peptides can be more readily identified by 

accurate mass measurement. 
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Figure 3.1. Histogram of the molecular weight distribution of the predicted tryptic 

peptides of M. maripaludis over the range 1500-1503 Da, Illustrating the distribution of 

mass defects of peptides. The bin size is 0.01 amu. Peptide masses are observed to 

cluster in approximately one-third of the available mass space. 

 

Experimental Section: 

 

Reagent Synthesis: The cysteine-alkylating reagent, 2,4-dibromo-(2’-iodo) 

acetanilide, was prepared by addition of 5.4 mmol (0.46 mL) of oxalyl chloride (Acros 

Organics, Morris Plains, NJ) in 2.7 mL of dry dichloromethane to 1 equivalent (1 g) of 2-

iodoacetic acid (Acros Organics) in 4 mL of dry dichloromethane. This mixture was 

stirred for 3 h at 0 oC under nitrogen to yield a pink solution (2-iodoacetylchloride.) This 
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solution was added dropwise with stirring to 1 equivalent (1.3 g) of 2,4-dibromoaniline 

(Acros Organics) in 10 mL of dry dichloromethane.  A white crude solid appeared as a 

precipitate, and was collected by filtration and purified by recrystallization from hot water 

to give the final product in 70% yield. The structure of the purified 2,4-dibromo-(2’-iodo) 

acetanilide was confirmed by 1H-NMR and mass spectrometry (NMR and MS spectra 

are included as supplementary data.) All reagents and solvents were used as 

purchased without further purification. 

 

Protein Labeling: The labeling of cysteine before versus after tryptic digestion 

was compared for a number of proteins. We consistently find that the best results are 

obtained by labeling before digestion, as it is easier to remove the excess labeling 

reagent from a protein solution than from a solution of lower molecular weight peptides. 

Each protein standard was dissolved in alkaline solution (10 mM ammonium 

bicarbonate) to make a 1 mg/mL solution, and denatured by heating at 95 oC. Disulfide 

bonds were reduced by addition of tris (2-carboxyethyl) phosphine (Pierce 

Biotechnology, Rockford, IL). The protein then underwent reaction with a 100 fold molar 

excess of 2,4-dibromo-(2’-iodo) acetanilide at pH 8 for 90 minutes in the dark at room 

temperature. Prior to trypsin digestion, the derivatized protein was subjected to 

centrifugal size exclusion chromatography using a 3 mL spin column packed with 

Sephadex G-25 (Aldrich, St. Louis, MO) to remove excess 2,4-dibromo-(2’-iodo) 

acetanilide. Trypsin digestion was performed under standard conditions (Promega, 

Madison WI), i.e. at 37 oC, pH 7, for 18 hours. 
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Proteome Labeling: Whole cell lysates were extracted from Methanococcus 

maripaludis that was grown on minimal media with ammonium sulfate as the sole 

source of nitrogen. Cells were grown using ammonium sulfate both with the naturally 

occurring isotopic composition (99.6% 14N, 0.4% 15N) and with 98% 15N-enrichment. 

The cells were concentrated by centrifugation at 10000 rpm for 30 minutes; lysis of the 

cells was performed with a French press. DNA was digested and removed from the 

extract by adding DNAase to the sample followed by centrifugation. Equal amounts of 

protein extracts were mixed together before batch trypsinolysis. Prior to denaturing and 

labeling of the proteome, small molecules were removed by centrifugal size exclusion 

spin columns packed with Sephadex G-25. Subsequent treatment of the sample 

followed the procedure described above for labeling of the protein standards. Total 

protein concentrations were determined spectrophotometrically measuring at 562 nm 

using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). 

 

Mass Spectrometry: Samples were analyzed by matrix assisted laser 

desorption/ionization (MALDI) Fourier transform ion cyclotron resonance (FTICR) mass 

spectrometry using a 7 Tesla magnet (Bruker Daltonics Inc, Billerica, MA). This 

instrument is equipped with a SCOUT 100 MALDI source which desorbs ions at 

elevated pressure (~ 1 mTorr) to suppress metastable decomposition. Conditions for 

operation of the FTICR MS were similar to those reported previously,22 and external 

mass calibration was established using a peptide mixture generated by tryptic digestion 

of chicken egg albumin (Sigma, St. Louis, MO).  The MALDI matrix was 2,5-

dihydroxybenzoic acid (DHB) (Lancaster, Pelham, NH). 
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High Performance Liquid Chromatography:  Separations of peptide mixtures 

were performed on an UltiMate™ Plus, FAMOS by Dionex (Sunnyvale, CA).  Reverse-

phase columns used were: 1) 75 µm i.d. x 15 cm, C18 PepMap100, 3 µm, 100Å; and 2)  

75 µm i.d. x 15 cm, C8 PepMap100,  3 µm, 100Å (LC Packings–Dionex). Mobile phase 

A was water/acetonitrile/ trifluoroacetic acid (98:2:0.1 by volume), and mobile phase B 

was acetonitrile. A gradient from 0 - 100% B over 90 min was used at an approximate 

column flow of 300 nL/min; the total run time was 120 minutes. The eluate was collected 

onto a stainless steel MALDI target at 60 second intervals using a Probot™ Micro 

Fraction Collector (LC Packings–Dionex). The MALDI matrix was added after the 

fraction collection was completed, requiring resuspension of the dried, fractionated 

peptides in 0.5 µL of the matrix solution (1 M DHB in 50:50:0.1 

water:acetonitrile:trifluoroacetic acid.) 

 

Protein Identification:  The molecular weight of the peptides and their nitrogen 

stoichiometry were determined from the MALDI-FTICR mass spectrum.  The number of 

nitrogen atoms in each peptide was determined from the mass separation between the 

monoisotopic peak of the peptide containing the natural distribution of 14N / 15N and the 

monoisotopic peak of the 15N-enriched counterpart. The data was analyzed using 

software that was developed in-house to identify the proteins from which the peptides 

were derived. The software compares the experimentally determined molecular weight 

and nitrogen stoichiometry with values in a look-up table that is populated with the 

predicted tryptic fragments (up to 1 missed cleavage) for all protein sequences for the 

organism in question. A peptide is considered to be identified when there is only one 
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predicted peptide that meets the following match criteria: the predicted peptide has a 

mass that lies within a specified mass tolerance of the measured molecular weight, and 

it has the same nitrogen stoichiometry as the measured value. Peptide identifications 

were made using a mass tolerance of 10 ppm.  

 

Results and Discussion: 

 

Mass Defect Labels: The narrow distribution of mass defects that is 

characteristic of peptides arises in part from the small mass defect of their component 

elements, and from the uniform stoichiometry of peptides. Table 3.1 shows the mass 

defect of the elements which comprise proteins. As can be seen, their mass defects are 

small (less than 10 mmu for H, C, N, and O, and around 28 mmu for S). The average 

elemental ratio for an amino acid residue is C4.9384H7.7583N1.3577O1.4773S0.0417.
23 Given that 

nitrogen (mass defect = +3.1 mmu) and oxygen (mass defect = -5.1 mmu) have 

comparable stoichiometric values, their mass defects tend to cancel in a peptide. One 

can see that the mass defect of a peptide is principally due to hydrogen, and that the 

distribution of mass defects comes from the narrow distribution of elemental 

stoichiometries. Figure 3.1 suggests that the distribution of mass defects at any nominal 

mass is roughly one third of an amu. One can calculate the distribution of mass defects 

at each nominal mass for the tryptic peptides of all proteins in a database, and we have 

done this for peptides with masses from 700-3000 that derive from the proteins in the M. 

maripaludis database. The composite distribution of mass defects around the average 

value at each nominal mass is shown in Figure 3.2. As can be seen, peptides masses 
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occupy only one-third of the available mass scale, which causes some of the predicted 

masses to overlap, even at a mass tolerance of 10 ppm.  To shift some of the peptide 

masses to the region of the mass scale that is unpopulated, we alter the mass defects 

of a portion of the peptides by derivatizing a less frequently occurring amino acid, 

cysteine, with a reagent which introduces a large mass defect. This is accomplished by 

introducing a heavy element with a large mass defect into the elemental composition, in 

this case, bromine. 

 

 

Element Mass Defect (amu)

12C 0 

1H 0.0078 

16O -0.0051 

15N 0.0031 

32S -0.0279 

 

Table 3.1. Mass difference from nucleon value of the most abundant 

 isotope of the elements found in proteins. 
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Figure 3.2. The composite distribution of mass defects for all tryptic peptides of M. 

maripaludis with molecular weights between 700-3500 amu. The horizontal axis is the 

mass difference (amu) between a peptide’s mass defect and the average mass defect 

for all peptides of the same nominal mass. 

 

Derivatization of a specific amino acid with a compound that affects the mass 

defect will yield two sets of peptides; unlabeled peptides with typical mass defects, and 

labeled peptides with masses that lie in a region of the mass scale that is unoccupied by 

underivatized peptides. To achieve this end, we have synthesized a reagent that we 

refer to as a mass defect label (MDL) which derivatizes a specific type of amino acid 

and which changes the mass of the resulting product in a manner that makes it easy to 

distinguish derivatized peptides from other peptides of the same nominal mass. The 
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ideal tagging reagent will (1) have high reaction specificity for a low abundance amino 

acid such as cysteine or tryptophan, (2) introduce a mass defect shift of 0.3–0.6 amu, (3) 

be stable to the chemical and physical conditions necessary for derivatization and mass 

spectral characterization, and (4) have no deleterious effects on peptide solubility or 

ionization efficiency. The MDL reported here is a derivative of iodoacetamide and reacts 

specifically with cysteine, as shown in Figure 3.3. 
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Figure 3.3. Mechanism of an alkylation reaction of a cysteine-containing peptide with 

2,4-dibromo-(2’-iodo) acetanilide. 

 

Figure 3.4 illustrates the change in the mass defect distribution for the tryptic 

peptides that is expected from cysteine-derivatization of all the proteins in the M. 

maripaludis sequence database. The derivatized peptide masses occupy a region in 

which no unlabeled peptides are found, approximately 0.3 amu below the unlabeled 

peptides. Because only 15-20% of tryptic peptides contain cysteine, fewer peptides will 

occupy the new region of mass, and therefore there is a lower probability of mass 
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overlap for predicted peptides. This suggests that a higher proportion of derivatized 

peptides can be identified by their mass compared to underivatized peptides.  
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Figure 3.4. The composite distribution when all the cysteine-containing peptides have 

been labeled. The central distribution corresponds to all peptides that do not contain 

cysteine. All singly labeled cysteine-containing peptides appear in the smaller 

distribution centered at  -0.30 amu. Doubly labeled cysteine-containing peptides appear 

at +0.40 amu. 

 

Labeling of Protein Standards: Several protein standards were tested, 

including bovine serum albumin, β-lactoglobulin, ovalbumin, and carbonic anhydrase. 

These proteins underwent derivatization of their cysteine residues with the MDL, 
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digestion by trypsin, and analysis by MALDI-FTMS. Mass defect labeled peptides could 

be identified both by their mass defect values and by the isotope pattern that is 

characteristic of the presence of two bromine atoms. 

Figure 3.5 shows the calculated isotopic distribution of a peptide (BSA 445-458) 

that is labeled by the mass defect reagent and compares the distribution to that of the 

corresponding unlabeled peptide. The use of chlorine isotope patterns to identify 

derivatized cysteine-containing peptides in a proteomics assay has been reported 

previously.24 Here, we do not use the isotopic pattern to establish that derivatization has 

occurred. The mass defect of the resulting peptide provides this information. However, it 

is important that the unusual isotopic pattern is taken into consideration when assigning 

the monoisotopic peak. Figure 3.6 shows a mass spectrum of the tryptic peptides of 

bovine serum albumin that has been derivatized with the MDL; peaks corresponding to 

labeled peptides are identified with a square. As can be seen in the mass spectrum, 

many of the abundant peaks in the mass spectrum are from derivatized peptides, 

demonstrating that the MDL does not adversely affect the detectability of the peptides.  

No non-derivatized cysteine-containing peptides were found in the mass spectra for any 

of the protein tryptic digests that were tested, suggesting that the derivatization reaction 

was complete. Bovine serum albumin contains 35 cysteines, and 32 labeled cysteine 

residues were observed in the mass spectra of the tryptic peptides. Interestingly, in the 

underivatized control spectrum, only five cysteine-containing peptides were observed, 

suggesting that this derivatization increases the detectability of the cysteine-containing 

peptides. For β-lactoglobulin, 5 out of 7 possible cysteines were observed in their 

labeled state, and for ovalbumin, 3 out of 6 labeled cysteines were observed. Bovine 
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carbonic anhydrase II, which does not have a cysteine residue, served as a negative 

control. No labeled peptides were found in the mass spectrum of its tryptic digest. 

Overall, these data suggest that the reaction of the MDL reagent is specific for cysteine 

residues, quantitative in reactivity (no underivatized cysteines was observed), and has 

no adverse effect on the detectability of the derivatized peptides by MALDI mass 

spectrometry.           

 

Figure 3.5. Calculated isotopic pattern for the peptide MPCTEDYLSLILNR from bovine 

serum albumin (residues 445-458), (A) without and (B) with the dibromoacetanilide 

mass defect label. 
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Figure 3.6. MALDI-FTICR mass spectrum obtained of a bovine serum albumin digest; 

mass defect labeled-peptides are denoted with a box. Inset shows a mass scale 

expansion of the peaks near m/z 1957, identified as the peptide MPCTEDYLSLILNR, 

whose predicted isotope pattern is shown in Figure 3.5. 

 

Protein Identification: To test the effectiveness of this method for improving 

protein identification we derivatized a proteome sample from the organism M. 

maripaludis. For this experiment, we also use endogenous 15N labeling of protein 

mixtures to improve the specificity of the protein identification. All proteins from two 
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whole cell lysates are isolated from two identical cultures, one grown using a nitrogen 

source (ammonium sulfate) with the natural abundance of 15N and the other with 98% 

15N. Equal amounts of protein are then collected from each culture, and combined.25 

This method is a useful tool to assist with protein identification. Previously, we have 

found a significant improvement in the ability to identify peptides by accurate mass 

measurement when nitrogen stoichiometry is used as a search constraint. (Parks, B.A.; 

Amster, I.J. manuscript in preparation). 

M. maripaludis contains 1,722 open reading frames (ORF’s), 26 and 18% of the 

95,719 predicted tryptic peptides with up to 1 missed cleavage contain cysteine. The 

utility of this approach (15N and MDL labeling) to protein identification by accurate mass 

measurement has been estimated for this organism at a mass search tolerance of 10 

ppm; the fraction of unique peptides increases from 8 percent (unlabeled peptides) to 

43 percent  (labeled peptides) when all the possible peptides up to m/z 3500 are taken 

into account. If only the mass defect labeled cysteine-containing peptides are 

considered, 75% of the masses are unique (database searching with 10 ppm mass 

tolerance and using the nitrogen stoichiometry as a search constraint). 

Increasing the percentage of identified peptides should increase the number of 

identified proteins. This was examined for the M. maripaludis proteome. Whole cell 

lysates from M. maripaludis were derivatized and digested by trypsin and subsequently 

fractionated by nano-LC using a C18 column. The fractions were analyzed by MALDI-

FTMS. Analysis of the spectra resulted in the assignment of 1449 non-redundant 

peptides masses. Out of these, 156 (11%) were found to be mass defect labeled 
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peptides. Using these data, a search was made against a list of predicted M. 

maripaludis tryptic peptides masses. Using a mass tolerance of 10 ppm, this resulted in 

the identification of 304 proteins using both nitrogen stoichiometry and mass defect 

labeling, which is an improvement of 14% over the 268 proteins identified when the 

search is made against a list that does not include the MDL-peptides. We have 

previously analyzed the same proteome (but without mass defect labeling or cysteine 

alkylation) several times under similar conditions, and we typically identify 275 ± 25 

proteins. We attribute the improvement in proteome coverage to the fact that mass 

defect labeling increases both the detectability and the identification specificity of 

cysteine-containing peptides.  To check the effect of the MDL on the detectability of 

cysteine-containing peptides, we have made MALDI-FTMS measurements of the tryptic 

digest products of bovine serum albumin (BSA) prepared using three different methods; 

(1) with no alkylation of cysteine; (2) with alkylation by iodoacetamide 

(carbamidomethylation); (3) with alkylation by the mass defect label. Each of the three 

digests were analyzed four times. Of the 35 cysteine residues in BSA, we observe 4-6 

(average equals 5) when the cysteines are not alkylated, 8-15 (average 11.3) when 

cysteines are alkylated by iodoacetamide, and 12-20 (average 15.5) when the mass 

defect label is used. These data show that the MDL procedure provides 50% better 

detectability for cysteine-containing peptides compared to carbamidomethylation, and 

300% improvement compared to peptides with unalkylated cysteines. 

Detailed analysis of the data gave some insight into the hydrophobicity of the 

labeled peptides. Figure 3.7a shows a graph of the percentage of labeled peptides 

found per fraction versus the retention time. Most of the labeled peptides eluted from 
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the column after the gradient reaches 50% organic composition. These data suggest 

that the labeled cysteine-containing peptides are more hydrophobic, consistent with the 

structure of the mass-defect label. Earlier elution and better separation of this sample 

can be achieved by using a column with a less hydrophobic stationary phase. We have 

examined the same labeled proteome using a C8 column. Analysis of the data resulted 

in assignment of 1195 pairs of non-redundant peptides masses, of which 126 (11%) 

were mass defect labeled peptides. Figure 3.7b shows the percentage of labeled 

peptides per fraction versus retention time with the C8 column. The labeled peptides are 

found to be distributed more evenly throughout the LC separation with the C8 column.  

Nevertheless, the total number of identified proteins shows a slight decrease when 

compared with the data obtained using a C18 column (279 versus 307 identified 

proteins). Based on the results obtained it appears that earlier elution of mass defect 

labeled peptides does not seem to positively affect the total number of those peptides 

observed by MALDI -FTMS.  
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Figure 3.7. Chromatogram and plot of percentage of labeled peptides versus elution 

time for: (A) C18 column proteome separation and (B) C8 column proteome separation. 

Percent of labeled peptides was calculated using the total number of peptides observed 

and the number of MDL peptides found for each fraction collected, and analyzed by 

MALDI-FTICR mass spectrometry. 
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Combining both sets of data, the total number of observed peptide pairs (14N/15N) 

is 6146; 475 of these were found to be labeled with the cysteine-specific reagent. It is 

useful to use this large data set to examine the improvement in database searching that 

results from mass defect labeling and metabolic 15N labeling. For peptides without a 

mass defect label, the fraction of unique peptides goes from 7 percent when using only 

the molecular weight to search the database (i.e. no nitrogen stoichiometry data used in 

search) to 27 percent for the non-MDL peptides when the nitrogen stoichiometry 

constraint is used. For the mass defect labeled proteome, the number of unique 

peptides increases to 2108, which represents 34 percent of the total number of peptides. 

If one considers only the peptides labeled by 2,4-dibromoacetanilide, 47% of the 

peptides are identified. Having a higher percentage of unique peptides increases the 

number of identified proteins. Indeed, identification of proteins shows that if only the 

non-labeled peptides are used, 377 proteins are identified compared to 425 proteins 

identified when all the found peptides masses are used. These “extra” 48 proteins are 

not usually identified from the complex mixture of proteins from M. maripaludis by the 

standard protocol (no cysteine alkylation), demonstrating that better protein coverage is 

obtained by using the accurately measured masses of mass defect labeled cysteine-

containing peptides to identify proteins.   

We anticipate significant improvement in this method by refinement of this 

technique. For example, we note that the percentage of identified peptides obtained in 

these experiments is lower than one would predict from a statistical analysis of the 

proteome.  The expected identification specificity mentioned above (43% identification 

for non-MDL peptides, searching at 10 ppm mass tolerance and using the nitrogen 
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stoichiometry as a constraint; 75% identification for MDL-peptides) was calculated using 

all the possible tryptic peptides in the mass range of 700-3500 amu. Figure 3.8 shows a 

plot of the number of peptides observed versus their mass-to-charge for the experiment 

using a C18 analytical column. Most peptides are found in the range between 700 and 

2500 amu. The calculated fraction of unique peptides for the tryptic peptides within this 

mass range is 36% which corresponds well with the observed experimental result of 

34%. Detection of higher mass peptides can be achieved by optimizing the operational 

conditions of the instrument MALDI-FTMS. For the instrument used in these studies, by 

optimizing the higher mass region of the mass range, the sensitivity of the lower mass 

region is reduced. Recently, it has been demonstrated in our laboratory that by 

combining data collected using two different sets of tuning conditions the dynamic range 

for the analysis of a proteome can be improved.22 Another approach to increasing the 

number of mass defect labeled peptides observed is analyzing them by ESI-MS. It has 

been found in previous studies that ESI is more favorable for the ionization and 

detection of hydrophobic peptides than is MALDI.27, 28 Therefore, more mass defect 

labeled cysteine-containing peptides are expected to be observed by using ESI 

compared to MALDI. This will be the subject of future studies in our laboratory. 

Combining both MALDI and ESI results could lead to gaining the most information 

possible out of a particular sample due to their complementary nature.29 
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Figure 3.8. Histogram for all possible tryptic peptides from M. maripaludis within 700 

and 3500 amu. Gray bars represent the number of MDL peptides and black bars the 

total number of peptides for each 100 amu mass bin. 

 

Conclusions: The method presented here provides a way to improve the 

specificity of peptide identification based on accurate mass measurement, which leads 

to an increase in the number of proteins that can be identified in an organism with small 

genome ( < 5000 ORF’s). This approach has several significant differences from 

methods that use derivatives with affinity tags, such as ICAT reagents.30 First, both 

unlabeled and mass defect labeled peptides are analyzed simultaneously, which 

eliminates the need for separation prior to analysis and allows the detection of proteins 

that do not contain cysteine. Second, improvement in specificity arises from the 

decongestion of the mass spectrum, meaning that regions of the mass space that were 
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previously unoccupied will be populated by the labeled cysteine-containing peptides. 

Another important advantage of using this approach constitutes the identification of 

proteins usually missed by other methods; in this case 48 extra proteins were identified 

by adding a mass defect tag to the cysteine-containing peptides, as this is found to 

improve both their detectability and their identification specificity.  In addition, the 

analysis of these samples was performed by MALDI-FTMS without requiring the use of 

tandem MS which demands the acquisition of much larger data sets, and requires 

significantly more computational analysis of the data. This approach can be extended to 

the labeling of other amino acids that occur with lower than average frequency, such as 

tryptophan or histidine, by using labeling reactions that are specific for these amino 

acids. Such work is currently under investigation in our laboratory.31 
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CHAPTER 4 

 

TRYPSIN DIGESTION IN MIXED AQUEOUS-ORGANIC SOLVENT SYSTEM: AN 

APPROACH TO IMPROVE SPECIFICITY OF THE PROTEOLYSIS FOR PROTEIN 

ANALYSIS 
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Introduction: Proteomic analysis has relied heavily upon separation of proteins 

by gel electrophoresis for many years until recently, when new developments have 

decreased the need for separation of protein mixtures prior to protein identification.1-5 

The approach known as “shotgun proteomics” has gained significant popularity in the 

proteomic field.6, 7 Shotgun proteomics refers to digestion of the unseparated protein 

mixture followed by chromatographic separation of the resulting peptides and 

subsequent analysis by mass spectrometry.3, 8 Therefore, identification of the proteins 

present in the sample is based on the identification of their corresponding proteolytic 

fragments or peptides.8, 9 These proteolytic fragments are commonly generated by 

digestion by the enzyme trypsin, which generates peptides with masses suitable for 

analysis by most of the routinely used mass spectrometers.10, 11 Trypsin cleaves 

specifically at the C-terminus of arginine and lysine residues unless they precede a 

proline residue, generating a majority of fragments in the molecular weight range under 

4000 Da.10, 12, 13 Trypsin is believed to have very high specificity for the sites of 

cleavages but, practical experience also shows that for any analysis of a tryptic digest, 

there is a number of peptides masses that cannot be correlated to predicted tryptic 

fragments.13, 14 Since trypsin sometimes cannot access every expected cleavage site, 

search engines also provide information for peptides exhibiting missed cleavages.15-17 

However, in most cases, many of the unmatched masses remained unidentified and 

these fragments are often attributed to peptides resulting from nonspecific cleavages or 

peptides containing residues carrying post-translational or chemical modifications.18 

Usually, if the peptide signal intensity is low enough, the mass is simply not taken into 
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consideration for the analysis, however, sometimes they can make up for a significant 

percentage of the total masses obtained for an specific study.19  

 

Several different approaches have been reported in order to enhance the 

efficiency of cleavage of proteins, including use of immobilized trypsin reactors,20-22 

addition of organic solvents to aid protein denaturation,22-24 chemical cleavage at 

residues other than lysine and arginine,25 high-temperature proteolytic digestion,26 

enhancing trypsin digestion by microwave energy,27 among many other methods.28, 29 

This chapter will describe an approach to tryptic digestions that makes use of the 

organic solvent acetonitrile to assist denaturation of proteins and, it also reduces greatly 

the time devoted to trypsin reaction with proteins. Stability of the enzyme trypsin in 

presence of organic solvents has been studied and, it has been found that it retains its 

activity under conditions that usually denature other proteins.30-32 We took advantage of 

this fact and tested different conditions for tryptic digestion on protein standards in order 

to determine if an improvement on peptide assignment could be achieved. We observed 

an increment in the number of assignable masses for protein standards and also a 

decrease in the number of unmatched masses. 
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Experimental Section: 

 

Protein standard solutions: Protein standards β-Lactoglobulin and apo-

transferrin were obtained from Sigma-Aldrich (St. Louis, MO), bovine serum albumin 

from Calbiochem (San Diego, CA). Each protein standard mixture contained 100 µg of 

protein (unless otherwise stated) and was dissolved in the following solvent systems: A) 

10 mM ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO) and, B) 50 mM tris-HCl 

(Fisher Scientific, Fair Lawn, NJ) / 10 mM CaCl2 (J.T. Baker, Phillipsburg, NJ) / variable 

concentration of acetonitrile (Fisher Scientific, Fair Lawn, NJ). Denaturation was 

achieved by heating at 95 oC. Disulfide bonds were reduced by addition of tris (2-

carboxyethyl) phosphine, TCEP (Pierce Biotechnology, Rockford, IL). Prior to trypsin 

digestion, the denatured protein was subjected to centrifugal size exclusion 

chromatography using a 3 mL spin column packed with Sephadex G-25 (Sigma-Aldrich, 

St. Louis, MO) to remove any small molecule present in the mixture.  

  

Rubredoxin from Pyrococcus furiosus (PF1282): This protein was purified 

from P. furiosus as described by Jenney and Adams.33 

 

Protein trypsin digestion: Trypsin digestions were performed both under 

standard conditions (Promega, Madison WI), i.e. at 37 oC, pH 7, for 12 hours and, over 

either a 60 or 30 minutes period in presence of a variable amount of acetonitrile. The 

same amount of trypsin was added to each sample (300 ng) and, all of the digestions 
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were performed in duplicate. Trypsin activity was inhibited after digestion by addition of 

5 µL 10% formic acid (J.T. Baker, Phillipsburg, NJ).  

 

SDS-PAGE preparation: The gel solution, NEXT GEL™ PAGE 12.5%, and 

running buffer, NEXT GEL™ Running Buffer, used for 1D - SDS-PAGE were obtained 

from AMRESCO Inc (Solon, OH). Stains were obtained from Sigma-Aldrich (St. Louis, 

MO). Broad range pre-stained protein marker (NEB, Frankfurt, Germany) was used as a 

molecular weight standard. Analysis of protein samples on 1D SDS-PAGE were done 

following standard procedures.34  

 

Mass Spectrometry: Samples were analyzed by matrix assisted laser 

desorption/ionization (MALDI) Fourier transform ion cyclotron resonance (FTICR) mass 

spectrometry using a 9.4 Tesla magnet (Bruker Daltonics Inc, Billerica, MA). This 

instrument is equipped with a SCOUT 100 MALDI source which desorbs ions at 

elevated pressure (~ 1 mTorr) to suppress metastable decomposition. Conditions for 

operation of the FTICR MS were similar to those reported previously,35 and external 

mass calibration was established using a peptide mixture generated by tryptic digestion 

of chicken egg albumin (Sigma, St. Louis, MO).  The MALDI matrix was 2,5-

dihydroxybenzoic acid (DHB) (Lancaster, Pelham, NH). Attempts to MS/MS 

experiments were performed by an Apex-Qe-FTMS from Bruker Daltonics Inc. (Billerica, 

MA). This instrument is equipped with an Apollo II electrospray ionization source and a 

quadrupole mass analyzer collision cell which allows precursor selection and collisional 

activated dissociation of ions. 
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 Peptide assignment:  For assignment of the peptide masses from the mass 

spectra, monoisotopic peptide mass lists were prepared from DataAnalysis Version 3,.4 

(Bruker Daltonics Inc, Billerica, MA) and compare against a list of the predicted tryptic 

peptides obtained by MS-Digest (http://prospector.ucsf.edu). Also, the web-based 

program, MS-nonspecific (http://prospector.ucsf.edu) was used to investigate the origin 

of unknown fragments. 

 

 LC separation and MS/MS analysis:  A spray column (75 µm, 10cm; PicoTip 

EMITTER, New Objective, Woburn, MA) was prepared by packing silica C18 resins 

(Rainin Microsorb MV, 5 µm, 300 E pore size) with 50% isopropanol and 50% methanol. 

Prior to reversed-phase HPLC, the  trypsinized sample was loaded onto the column 

using a pressurized stainless steel bomb and nitrogen gas at 1,000 psi for 30 min. The 

elution of peptides was initiated at a flow rate of approximately 400 nL/min with a 65-min 

linear gradient of 5 to 60% ACN in 0.1% formic acid/water after a 10 min rinse in 0.1% 

formic acid. The spectra were acquired by nano elecrospray ionization on a  Finnigan 

LTQ Linear Ion Trap Mass Spectrometer (Thermo Finnigan, San Jose, CA) which was 

directly coupled to the reversed-phase HPLC system. The spray voltage was 1.92 kV, 

and the capillary temperature was 2200C. The instrument was operated in a data-

dependent mode, i.e. the 9 most abundant ions detected in MS mode were 

independently selected for MS/MS analysis.  MS/MS spectra obtained in this manner 

were searched against the theoretical MS/MS spectra of all peptides in the database to 

provide the best match and thus the most probable peptide sequence for each 

precursor ion. 
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Results and Discussion:  

 

 Digestion of protein standards: The objective of the experiments described in 

this chapter is to optimize our digestion protocol for specific protelysis by systematically 

testing different amount of the organic solvent acetonitrile and various digestion times. A 

second objective is to characterize the source of unpredicted peptides that appear in a 

batch digest. As mentioned before, proteomic analysis relies heavily upon the 

identification of peptides and subsequent determination of the parent protein.36, 37 

However, it is also known that not all of the peptides detected can be assigned to 

predicted fragments and, in addition, not all of the proteins present in a sample will 

generate peptides in the range of detectability of the instrument and some do not 

generate any peptides.19, 36, 38, 39 There are many possibilities for the origin of 

unexpected peptides. These include non-specific proteolysis, contamination with 

proteins not present in the database being searched, post-translational modification, 

disulfide linkages, errors in the sequence database, mis-translation, etc.  Some proteins 

are resistant to proteolysis under conditions known to effectively digest other proteins, 

therefore, digestion of complex protein mixtures does not usually contain peptides for 

every single protein present in the original undigested solution.40-42  All these factors, in 

addition to the large dynamic range of concentrations of proteins in biological systems, 

lead to observation of only about 25% of all the proteins expected for any given 

proteome analysis.38 Our purpose is to improve the effectiveness of the proteolysis and 

decrease the amount of non-specific cleavages by modifying the conditions for tryptic 

digestion.  
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First, we performed different digestions of the protein bovine serum albumin 

under the conditions listed in table 4.1. Our lab routinely uses ammonium bicarbonate 

(ABC) as the buffer of choice for dissolving both, proteins and, the enzyme trypsin. In 

this experiment, we used this buffer for some of the digestions and, we also used the 

buffer tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCl) in presence of 

calcium chloride (CaCl2) for the remaining samples. The organic solvent acetonitrile 

(ACN) was added to the samples containing tris-HCl, in order to aid with denaturation of 

the protein and speed the time required to obtain tryptic fragments.23  

 

Solvent  system and  

digestion time 

Protein 

Coverage (%)

Matched 

Masses (%) 

(# of matched masses / 

 # of masses submitted) 

ABC . Overnight 46 23 (24/103) 

20% ABC / 80% ACN .  1 h 42 32 (25/77) 

20% Tris-HCl / 80% ACN . 1 h 53 44 (32/72) 

 

Table 4.1 Peptide identifications for bovine serum albumin for different  

conditions of tryptic digestion, using MALDI-FTMS of the unseparated digest  

 

 Results showed that the digestion performed following the “standard” 

methodology (ABC, overnight digest) gave the poorest results regarding the amount of 

peptides masses that could not be assigned as predicted tryptic fragments (Table 4.1). 
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The highest protein coverage and percentage of matched masses was achieved for the 

sample containing the mixture tris-HCl / acetonitrile. The high percentage of non-

assignable tryptic fragments found in the overnight digest (77%) could be rationalized, 

in part, by the fact that commercially available trypsin might contain small amounts of 

active chymotrypsin and that longer digestion times could allowed some of this enzyme 

activity to take place generating fragments that are not strictly tryptic cleavages.24, 31 

Based on the results obtained, we proceeded to perform different digestions in 

aqueous-organic solvent systems, containing variable concentrations of acetonitrile and, 

using tris-HCl as the aqueous solvent. Digestions of bovine serum albumin were 

performed using 80%, 65% and 50% of acetonitrile and results are shown in table 4.2  

 

Solvent  system and  
digestion time  

Protein  
Coverage 

(%) 

Matched 
Masses 

(%) 

Peptides with 
one missed 
cleavage (%) 

* Peptides with
more than one

missed 
cleavages (%)

Tris-HCl / 80% ACN . 1 h 42 40 39 5 

Tris-HCl / 65% ACN . 30 min 58 42 38 4 

Tris-HCl / 65% ACN . 1 h 55 43 32 4 

Tris-HCl / 50% ACN . 30 min 69 49 37 6 

Tris-HCl / 50% ACN . 1 h 54 52 38 4 

 

Table 4.2 Peptide identifications for bovine serum albumin for different concentrations of 

acetonitrile in a tryptic digestion. MALDI-FTMS of unseparated digest. 

* All these peptides exhibit missed cleavage other than RR, KK, RK or KR 
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 We observed an even higher improvement of both protein coverage and, 

percentage of predicted masses observed, when decreasing the amount of acetonitrile 

present in the solvent system down to 50%. At the same time, we tested two different 

digestion times, 1 hour, which was previously found to be very effective, and 30 minutes. 

For samples containing 50% acetonitrile, the amount of non-predicted fragments seems 

to be the same for both 30 minutes and 1 hour of digestion, protein coverage seems to 

be higher when trypsin is allowed to cleave the protein for only 30 minutes. After 

determining the optimum concentration of acetonitrile for tryptic digestion of bovine 

serum albumin, different protein standards were tested by varying the digestion time 

and maintaining the concentration of acetonitrile at 50%.  The protein standards tested 

were β-lactoglobulin (MW ~ 19 KDa), apo-transferrin (MW ~ 77 KDa) and bovine serum 

albumin (MW ~ 66 KDa). We would expect the smaller protein to digest faster than the 

heavier ones and, that is indeed what we observe for the data presented in Table 4.3. 

Times shorter than 30 minutes do not seem to work well for bovine serum albumin, 

even though it appears sufficient for the heavier protein apo-transferrin and the lighter β-

lactoglobulin. Overall, results suggest that 30 minutes of trypsin digestion in presence of 

tris-HCl / acetonitrile (50/50) are optimum for achieving good protein coverage and the 

least amount of unassignable fragments.  

 

Figure 4.1 shows a MALDI-FTICR mass spectrum for a bovine serum albumin 

digest performed under these conditions, the expected tryptic fragments are identified 

by a circle on their m/z peaks. The majority of the intense peaks are identified as 

fragments from bovine serum albumin. However, a significant number of unassignable 
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masses of low intensity are still observed (Figure 4.2). In order to determine the origin of 

these fragments, we proceeded to search the various peptide masses lists with the tool 

MS-nonspecific (http://prospector.ucsf.edu), which is provided by the UCSF mass 

spectrometry facility for finding peptides with non-specific cleavages. A non-specific 

digest of a small protein containing about 150 residues (i.e. β-lactoglobulin) could 

generate up to 3000 possible non-specific peptides in the mass range from 700 to 4000 

Da. Therefore, a number of hits would be expected for any mass list submitted to this 

search engine. Since our analyses are performed by FTCIR technology which provides 

high mass accuracy, we could determine, based on the mass error, if a non-specific 

mass hit could indeed be considered as a matched mass. For the analysis of all protein 

standards the highest mass error found for matched tryptic peptides was 2.9 ppm which 

corresponded to a high m/z fragment, > 3000 Da (mass accuracy input for MS-Fit was 

10 ppm). When searching non-specific cleavage peptides, MS-nonspecific returned 

several hits, as expected, but the majority of them showed high mass error (> 6 ppm) 

compared with the results obtained for the matched tryptic fragments. Therefore, we 

determined that these fragments more likely are false identification and, trypsin might 

indeed be cleaving specifically after lysine and arginine as expected.13  

 

The presence of a number of unmatched masses could be explained as resulting 

from protein impurities. This was tested by analyzing the commercially available bovine 

serum albumin used for these experiments. Figure 4.3 shows an image of a 1D - 

sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of a sample of 

the intact bovine serum albumin used for all the experiments. Other components are 
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observed in this sample and they exhibit high intensity bands suggesting that the 

contaminant concentration is above trace level unlike claimed by Calbiochem®.43 Some 

of the extra components are of higher mass, probable BSA oligomers. However, the 

most abundant extra peak occurs at lower mass, and is probably a fragment of the BSA. 

The unassignable fragments most likely are originated from proteolysis of these 

unknown-sequence components. 

 

β-Lactoglobulin 

Digest duration 

Matched Masses (%) 

(# of matched masses / 

# of masses submitted) 

Coverage (%) 

15 min 9 (11/116) 76 

30 min 7 (7/93) 63 

1 hour 6 (7/104) 63 

Bovine serum albumin 

15 min 35 (26/75) 39 

30 min * 29 (31/105) 53 

1 hour 26 (28/107) 52 

Apotransferrin 

15 min 42 (33/78) 51 

30 min 37 (30/82) 54 

1 hour 34 (31/89) 54 

 

Table 4.3 Peptide identifications for different protein standards for different times of 

tryptic digestion containing 50% of acetonitrile  

* Results differ from the ones obtained previously for the same condition digest 
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Figure 4.1 . MALDI-FTICR mass spectrum obtained of a bovine serum albumin digest; 

tryptic fragments are denoted with a circle. 
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Figure 4.2 Histogram for peptides obtained from the bovine serum albumin digest 

shown above against abundance of the peptides. Red bars represent expected 

 tryptic fragments and black bars the unassignable peptides. 
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Figure 4.3 . 1-D SDS-PAGE Coomassie blue stained gel for bovine serum albumin from 

Calbiochem®. 

 

Nevertheless, still question remained as to how effectively trypsin can actually 

react with the totality of the protein present in the sample. In order to investigate this 

issue, different digestions of bovine serum albumin were performed. 300 µg of protein 

were digested for each sample; conditions and results regarding protein coverage and 

percentage of matched masses obtained for these digestions are listed in table 4.4. 
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After analysis by MALDI-FTICR of these peptide mixture solutions, SDS-PAGE was 

performed in order to visualize how much of the protein was left over undigested, if any. 

 

Solvent  system and  

digestion time  

Protein  

Coverage (%) 

Matched 

Masses (%) 

ABC . Overnight digest 29 48 

Tris-HCl / ACN (50/50) . 60 m  37 54 

Tris-HCl / ACN (50/50). 30 min 37 63 

 Tris-HCl, No CaCl2 / ACN (50/50). 60 min 51 51 

 

Table 4.4 Peptide identifications for bovine serum albumin for different digestion 

conditions 

  

We purposely included a set of samples that did not contain CaCl2 in order to 

determine if calcium reduces the rate of trypsin autolysis as reported.44-46Also, if 

autolysis of trypsin is actually diminished by the presence of CaCl2, by performing gel 

electrophoresis on the resulting peptide mixture solution we could determine if their is 

some remaining undigested or partially digested protein. Visualization of the 

components of the sample on the 1-D polyacrylamide gel was performed by utilizing 

both coomassie blue (Figure 4.4) and, silver staining (Figure 4.4). Coomassie blue 

tends to be less sensitive than silver, meaning that usually more components of the 

sample are observed in silver stained gels. Figure 4.3 shows the coomasie blue stained 

gel containing the different digestion solutions; we also included a solution containing 
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300 µg of intact protein, in order to compare the intensity of this spot with that of any 

sample showing some undigested protein. There are not spot visible for any of the 

digested solutions suggesting that digestion has been complete, and the spot 

corresponding to the intact bovine serum albumin can be readily visualized. We 

proceeded to use silver staining to further investigate if indeed all of the protein was 

digested for all the cases. 

 

 

 

Figure 4.4 . 1-D SDS-PAGE Coomassie blue stained gel for different peptide mixture 

solutions 
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 Figure 4.5 shows the silver stained gel which provides more information about 

the different samples. We still see that the majority of the protein was digested for each 

case and we can only observe spots around 27 KDa which should correspond to the 

enzyme trypsin. A more detailed look at this gel shows that for the samples digested 

overnight, the spot corresponding to trypsin seems a little less intense than that of the 

other samples. This suggests that trypsin undergoes autolysis when digestion is allowed 

to go overnight, producing extra peaks in the mass spectrum. For the samples allowed 

to react for only 1 hour with no CaCl2, the band corresponding to trypsin also seems a 

little less intense compared to those of the samples with CaCl2, suggesting that the 

short time of digestion does not allow trypsin to react with itself significantly, and that 

CaCl2  suppresses autolysis, in order to further investigate the activity of trypsin in 

presence of CaCl2, we performed an experiment in which we allowed trypsin to undergo 

autolysis for 60 minutes in two different solvent systems, A) ammonium bicarbonate / 

acetonitrile (50/50) and B) tris-HCl, CaCl2 / acetonitrile (50/50). Figure 4.6 shows the 

spectra obtained by MALDI-FTICR for both samples and, it can be observed the lack of 

major autolysis peaks in the system containing CaCl2 against the ABC/ACN mixture.  

The peaks at m/z 842.5094, 1045.5639 and 2211.1012 are well known autolysis peaks 

for trypsin, but we also observed some others masses that are not reported in the 

literature.47  These results suggest then, the possible advantageous consequences of 

adding calcium chloride to protein digestion solutions. 
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Figure 4.5 . 1-D SDS-PAGE Silver stained gel for different peptide mixture solutions. 

The protein band at ~ 30 KDa corresponds to trypsin 
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Figure 4.6 . MALDI-FTICR mass spectra obtained of trypsin autolysis in A) ABC / ACN 

(50/50) and B) Tris-HCl, CaCl2 / ACN (50/50)  

 

Digestion of Rubredoxin protein (PF1282) from Pyrococcus furiosus: As 

stated before, the protein standards used are not completely free from contaminants 

which generate unassignable fragments that cannot be explained in the analysis; 

therefore, we tested two different solvent systems and conditions for the digestion of the 

protein PF1282 (MW: 5896 Da) purified from E. coli which is believed to have 
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significantly less amount of contaminants than the protein standards used. Figure 4.7 

shows a 1-D SDS-PAGE gel of the intact protein PF1282 from P. furiosus used for the 

experiments described here. 

 

 

 

Figure 4.7 . 1-D SDS-PAGE Coomassie blue stained gel for protein PF1282 from P. 

furiosus. 
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First, the “standard” overnight digestion protocol was used to obtain tryptic 

fragments from this protein, along with the aqueous-organic solvent system, tris-HCl, 

CaCl2 / acetonitrile (50/50), 30 minutes reaction. The amino acid sequence of this 

protein is shown below and, in silico digest of this protein generates the peptides shown 

in table 4.5 (masses of tryptic fragments obtained by using MS-Digest) 

 

PF1282 Sequence: 

AK ∫ WVCK ∫ ICGYIYDEDAGDPDNGISPGTK ∫ FEELPDDWVCPICGAPK ∫ SEFEK ∫ LED 

  

Monoisotopic 
m/z Start End Missed 

Cleavages Sequence 

734.4023 1 6 1 (-)AKWVCK(I) 

996.4526 46 53 1 (K)SEFEKLED(-) 

1918.8719 29 45 0 (K)FEELPDDWVCPICGAPK(S) 

2300.0029 7 28 0 (K)ICGYIYDEDAGD PDNGISPGTK(F) 

2539.1525 29 50 1 (K)FEELPDDWVCPICGAPKSEFEK(L) 

2816.2548 3 28 1 (K)WVCKICGYIYDEDAGDPDNGISPGTK(F) 

 

Table 4.5 Predicted tryptic fragments for PF1282 with mass above 700 amu 

 

Figure 4.8 shows the results obtained for both samples when analyzed by 

MALDI-FTICR. Overnight digestion did not effectively generate tryptic fragments for 
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PF1282; only one expected peak shows at m/z 2300.0007 and it exhibits low signal 

intensity when compared with the same m/z peak obtained in 30 minutes by the use of 

the aqueous-organic solvent system. The peptide mixture solution in 50% acetonitrile 

shows four tryptic peptides that fully covered the amino acid sequence of this protein 

(Table 4.6). This methodology seems to be very effective in the case of the protein 

PF1282. The archaeal strain P. furiosus exhibits optimal growth at 100 °C which could 

explain why the protein PF1282 was not properly cleaved by the standard overnight 

digest.48 Thermal denaturation is the only mean to unfold the protein in this protocol and, 

most likely, this protein is resistant to denaturation at the temperature used, therefore 

trypsin was not able to effectively cleave at the expected sites.33 Fortunately, in the case 

of the mixture tris-HCl and acetonitrile, the organic solvent aids in the denaturation of 

the protein and allows it to be fragmented as expected.32  

  

m/z 
obtained 

Error 
(ppm) Start End Missed 

Cleavages Sequence 

734.4023 0.0 1 6 1 (-)AKWVCK(I) 

996.4524 -0.2 46 53 1 (K)SEFEKLED(-) 

1918.8702 -0.9 29 45 0 (K)FEELPDDWVCPICGAPK(S) 

2300.0013 -0.7 7 28 0 (K)ICGYIYDEDAGDPDNGISPGTK(F)

 

Table 4.7 Observed tryptic fragments for PF1282 
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Figure 4.8 . MALDI-FTICR mass spectra obtained of tryptic digestion of PF1282 in A) 

ABC overnight digest and, B) Tris-HCl, CaCl2 / ACN (50/50) 30 minutes digest 

(expected tryptic fragments are denoted with a circle)  

 

 As in the case of protein standards, some unexpected peaks are observed. 

Investigation of the origin of these peptides is required in order to determine if any non-
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specific cleavage is taking place during our approach to trypsinolysis or if the peptides 

observed are solely originated by digestion of impurities contained in the original sample. 

To qualitatively determine the purity of the sample, we first analyzed the intact protein 

(original sample) by MALDI-FTICR and, the spectrum is shown in Figure 4.9. A number 

of unexpected sample components are observed in the range from 700 to 4000 m/z. 

These unknown fragments could undergo proteolysis along with the protein of interest 

and produce tryptic fragments of unknown sequence that would explain the presence of 

unassignable peptides in the analysis of the protein PF1282. However, in order to 

further investigate the origin of the unassignable peptides and determine if non-specific 

digestion is also responsible for some of the peptides, MS/MS data is required.  We 

were facilitated MS/MS data for a digested solution of the protein PF1282, obtained by a 

Finnigan LTQ Linear Ion Trap Mass Spectrometer (Thermo Finnigan, San Jose, CA). 

Data confirmed the presence of one of the peptides found by MALDI-FTICR (2300.0029 

m/z, ICGYIYDEDAGDPDNGISPGTK) and, it suggests the presence of a few peptides 

that could originate from non-specific cleavages (YIYDEDAGDPDNGISPGTK, 

GYIYDEDAGDPDNGISPGTK, NGISPGTK, and AGDPDNGISPGTK). These “non-

specific” peptides do not exhibit high intensity and they could be generated from 

fragments of the protein already present in the original sample. A more complete 

approach to determine how specific trypsin is, would include MS/MS data of the original 

sample in order to fully determine the identity of the fragments observed by MALDI-

FTICR and then, we could conclude about the origin of the resulting peptides. Of course, 

an even better way to study the specificity of the trypsin digestion by our protocol would 
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involve the use of a highly purified protein, in which no contaminants would complicate 

the analysis. 

 

 

 

Figure 4.9 . MALDI-FTICR mass spectrum obtained of intact protein PF1282 dissolved 

in Tris-HCl, CaCl2 / ACN (50/50)  
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Conclusions: The approach for trypsin digestion presented in this chapter could 

greatly improve the analysis of protein mixtures by decreasing the amount of 

unassignable masses generated during proteolysis and, by decreasing the digestion 

time from over 10 h to only 30 minutes which can also improve the high-throughput 

capabilities of the experiment. The methodology described here makes use of an 

aqueous-organic solvent system (50/50 v/v) which aids denaturation of proteins that can 

be difficult to unfold by application of heat only and, it also allows the digestion to occur 

at a much faster rate.23, 32 Protein coverage was higher for all the proteins digested by 

the proposed approach than that obtained for overnight digested solutions. Also a 

significant decrease of unassignable masses was obtained by the shorter time digestion, 

suggesting that overnight reaction of trypsin could provide enough time for significant 

non-specific cleavages and autolysis to occur. As demonstrated for the protein PF1282, 

which seems to be proteolysis resistant under standard trypsin digest conditions, this 

approach might also contribute to obtain peptides from proteins that normally would be 

protease-resistant. This could enhance protein identification in proteomic analysis, since 

it is known that some proteins in a complex protein mixture do not generate peptides in 

the conditions that the majority of the components of the samples do.38 Therefore, 

presence of peptides corresponding to proteins usually underrepresented in the peptide 

solution would allow identification of more components of the proteome. 
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Proteomics provides a way to qualitatively and quantitatively analyze the full 

complement or subset of the proteins present in an organism, tissue or cell under a 

given set of physiological or environmental conditions.1, 2 MS provides a tool to generate 

the required data for correlation against proteins sequence database, and steers 

proteomics away from de novo sequencing methodology.1, 3-6 Identification of proteins 

can be achieved by accurate mass measurement of the peptides generated by 

proteolysis.7, 8 Since different amino acid compositions can result in isobaric peptides, 

confident identification of the amino acid sequence can be challenging at times.2 This 

thesis describes two different approaches to facilitate proteomics analysis by accurate 

mass measurements using FTICR-MS. The first approach discussed in this thesis 

seeks to improve peptide assignment in proteomic analyses and, the second approach 

is geared toward enhancing the effectiveness of the trypsinolysis of protein mixture 

solutions. 

The first experimental chapter presented in this thesis (chapter 3) describes a 

method for improving the identification of peptides in a shotgun proteome analysis using 

accurate mass measurement. The improvement is based upon the derivatization of 

cysteine residues with a novel reagent, 2,4–dibromo-(2’-iodo) acetanilide. The 

derivatization changes the mass defect of cysteine-containing proteolytic peptides in a 

manner that increases their identification specificity. Peptide masses were measured 

using MALDI mass spectrometry. Reactions with protein standards showed that the 

derivatization of cysteine is rapid and quantitative, and the data suggests that the 

derivatized peptides are more easily ionized and/or detected than unlabeled cysteine-

containing peptides. The reagent was also tested on a 15N-metabolically-labeled 
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proteome from M. maripaludis. Proteins were identified by their accurate mass values 

and from their nitrogen stoichiometry. Results showed that 47% of cysteine-labeled 

peptides were identified versus 27% identification for non-cysteine containing peptides. 

Also, this procedure permits the identification of proteins from the M. maripaludis 

proteome that are not usually observed by the standard protocol, and shows that better 

protein coverage is obtained with this methodology.9  

Despite the peptide assignment improvement observed by the mass defect 

labeling approach, there was still a fraction of peptides that could not be assigned to 

any of the predicted fragments. This is a known fact for proteomic analysis and, most of 

the time these fragments are attributed to peptides resulting from nonspecific cleavages 

or peptides containing residues carrying post-translational or chemical modifications.10 

Since this portion of unassignable peptides can make up for a significant percentage of 

the total masses obtained for an specific study, we decided to approach this issue by 

modifying the conditions of the trypsinolysis.11 Therefore, chapter 4 describes a 

methodology to digest proteins that makes use of acetonitrile in order to aid protein 

denaturation and accelerate the digestion process. A standard trypsin digest requires 

about 12 hours to complete proteolysis of the sample components.12 Our approach 

decreases the digestion time to only 30 minutes and, more importantly, we observed a 

significant decrease of unassignable masses generated during proteolysis. The 

presence of an aqueous-organic solvent system also aids denaturation of proteins that 

can be difficult to unfold by application of heat only and, it also allows the digestion to 

occur at a much faster rate.13, 14 Analysis of standard proteins showed higher protein 

coverage for peptide solution obtained by the proposed method as compared to the 
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overnight standard protocol. Another advantage of the approach utilized here is the 

digestion of protease-resistant proteins. As demonstrated for the rubredoxin protein 

(PF1282) from P. furiosus which seems to be proteolysis resistant in standard trypsin 

digest conditions, full sequence coverage of the protein was obtained by the aqueos-

organic type of digestion. This finding could enhance protein identification in proteomic 

analysis, since some proteins in a complex protein mixture do not easily generate 

peptides under the standard conditions that the majority of the components of the 

samples do.15 Therefore, the ability to generate peptides from proteins usually 

underrepresented in the peptide solution would increase the number of components 

identified. Applying the proposed digestion protocol to protein mixtures could potentially 

lead to significant improvement of the shotgun proteomic analysis. 
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