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Abstract: 

 

Defining cellular processes relies heavily on elucidating the temporal dynamics of both 

lipids and proteins.  Different mass spectrometry (MS)-based quantitative strategies have 

emerged to map protein and lipid dynamics over the course of stimuli.  We report the 

development of a novel MS-based quantitative proteomics and lipidomics strategy with unique 

analytical characteristics.  By reacting with diazomethane, analytes are modified to contain 

fixed, permanent positive charges resulting in improved ionization characteristics and 

predictable dissociation pathways. Optimization and determination of reactive functional 

groups enabled a priori prediction of MS2 fragmentation patterns for both modified peptides 

and lipids.  The strategy was tested on digested BSA and successfully quantified a peptide not 

observable prior to modification.  Our chemistry eliminates the need for protonation during 

ionization, reduces ion suppression, and permits predictable MRM-based or precursor ion-

based quantitation with improved sensitivity.   
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1.0 Introduction 

 

The Human Genome Project (HGP), a massive collaboration between scientists of various 

fields, (such as biologists, physicists, chemists, computer scientists, mathematicians and 

engineers) took 13 years and $3 billion1 to determine the complete sequence of the human 

genome.2 Since the HGP was completed in 2001,1 scientists have been able to use the data 

resulting from the HGP to make further advancements in medicine,3 and to increase our 

understanding of human biological systems.   According to a study in 2010, since the HGP began 

in 1988, it has generated nearly 711 000 job-years* and that every $1 of HGP investment has 

helped to generate $141 in the US economy.2   The HGP has also greatly influenced other fields 

of research, including proteomics, the large-scale study of proteins, and lipidomics, the large-

scale study of lipids.    While genomics led to proteomics and lipidomics, advances in analytical 

instrumentation, including the Nobel Prize-winning work4 of John Fenn5 and Koichi Tanaka6 for 

their development of soft ionization techniques have enabled large scale proteomic and 

lipidomic studies to be conducted using mass spectrometry.    

Mass spectrometry (MS) has emerged as the leading analytical tool for quantitative 

proteomic7 and lipidomic8 analyses.  MS has since been used to quantify both lipids9,10 and 

proteins in living systems11 as well as fluctuations in how they are modified.12  MS has also 

facilitated the monitoring of protein concentrations as a medical diagnostic tool11,13,14 and 

permitted the discovery of novel biomarkers.15,16,17  Despite recent technological advances and 

the emergence of a great deal of literature on MS-based quantitative proteomics12,18 and 
                                                           
*
 Job-year is equivalent to one person employed full time for one year 
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lipidomics,8,19 the dynamics and function of many proteins and lipids remains elusive, 

particularly for analytes of low relative abundance.  Much remains to be understood regarding 

cellular adaptive proteomic and lipidomic responses, highlighting a need for new analytical 

tools in this area. 

This thesis describes the development of a novel technique termed Trimethylation 

Enhancement using Diazomethane (TrEnDi) and is better appreciated in the context of a 

foundational understanding of protein and lipid biochemistry, MS instrumentation as well as 

MS-based proteomics and lipidomics.   
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1.1 Protein Biochemistry 

 

The central dogma of molecular biology20 describes the flow of genetic information from 

genes to proteins within a biological system.  Figure 1.1 depicts the central dogma of molecular 

biology: the transfer of information from one polymer with a defined sequence to another.20  

Briefly, DNA is transcribed into mRNA, which is later translated into proteins.   

 

Figure 1.1: The central dogma of molecular biology 

 

Proteins are long polymer chains composed of monomer units called amino acids.  

Virtually all proteins are composed of 20 ‘standard’ amino acids.21  All amino acids consist of a 

primary amine group (-NH2), a carboxylic acid (-COOH) and a side chain (commonly denoted as 

R) bonded to an α carbon atom as illustrated in Figure 1.2.  Proline is the only amino acid that is 

an exception to this rule as it has a secondary amine group (-NH-).  Figure 1.3 illustrates the 

complete chemical structures of the 20 amino acids. 
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Figure 1.2: The basic configuration of an amino acid under physiological conditions 

 

All 20 amino acids differ from each other because of their functional group, which can 

be characterized by its hydrophobicity.22  There are 8 hydrophobic amino acids, 9 hydrophilic 

amino acids and 3 that are characterized as special, as they have unique properties.  Proline, as 

previously mentioned, is the only amino acid with a secondary amine group, due to its ring 

structure.  Cysteine is classified as a special amino acid as it has a primary thiol group that may 

form disulfide bridges with other cysteine residues.  Glycine is the only amino acid that lacks a 

chiral α carbon; as illustrated in Figure 1.2, all other amino acids have 4 distinct groups bound 

to the α carbon and therefore have two enantiomer forms, D and L.  Biological systems are 

almost exclusively composed of L amino acids.   

α 
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Figure 1.3: The list of 20 amino acids grouped based on their hydrophobicity. Adapted from 
Protein-UQDI.23 
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Proteins are composed of amino acids that are bound together through numerous 

condensation reactions from the amine group of one amino acid to the carboxylic group of 

another (Figure 1.4).  These are known as peptide bonds and form the backbone or primary 

structure of a protein.  The functional groups or side chains of the amino acids give the protein 

its functionality.  Every protein possesses two distinct ends, one containing a basic free amine 

group known as the N-terminus and one containing an acidic free carboxylic group known as 

the C-terminus.  Under physiological conditions, the basic N-terminus is protonated and the 

acidic C-terminus is deprotonated.  The hydrophobicity of the side chains will determine the 

overall structure of the protein.  Commonly, hydrophilic portions of the protein are directed 

outwards towards the surrounding environment, while hydrophobic portions of the protein are 

folded inwards.  These properties play a major role in the overall structures of proteins 

classified as primary, secondary, tertiary and quaternary structures as illustrated in Figure 1.5. 

   

 

Figure 1.4: Condensation reaction of a carboxylic acid with a primary amine to produce the 
peptide bond 

 

 

Enzyme 
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The primary structure is the linear sequence of amino acids of a peptide or polypeptide 

chain.  A peptide is defined as a fragment or piece of a protein with varying number of amino 

acids.  The secondary structure is the local spatial arrangement of a polypeptide’s backbone 

atoms without regard to the conformations of its side chains.21 These local arrangements 

consist most commonly of α-helices and β-sheets. α-helices are held together via hydrogen 

bonding between C=O groups and N-H groups in the backbone of the same polypeptide chain 

and contain approximately 3.6 residues per turn.  β-sheets are planar pleated structures also 

held together by hydrogen bonding; however bonding occurs between neighbouring chains 

rather than within one as in the α-helix.  Tertiary structures are the total 3 dimensional 

conformational structures of folded proteins, consisting of all the secondary structural elements 

with specific locations and include all forms of interactions including those involving the side 

chains.  There is also a quaternary structure where tertiary structural subunits combine to make 

a functional protein.  Hemoglobin is an example of such quaternary structure.   
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Figure 1.5: The four structural levels of proteins. A) the primary structure; B) common 
secondary structures of proteins (alpha helix and beta sheets); C) a tertiary structure of a 

protein (PI3); D) the quaternary structure of hemoglobin. Reproduced from Wikimedia 
Commons.24 
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1.1.1 Phosphoproteomics 

 

An important aspect of proteomic research involves the study of post-translational 

modifications (PTMs): the covalent modification of protein side chains following translation.  

There are over 400 PTMs listed in the UniProt database of post-translational modifications.25  

Protein phosphorylation involves the addition of a phosphate moiety to the hydroxyl group of 

serine, threonine and tyrosine residues.  The reverse reaction is known as dephosphorylation, 

which requires the removal of the phosphate group by hydrolysis. This reversible reaction, 

illustrated in Figure 1.6, plays an important role in a number of signal transduction pathways in 

biological systems.  It is estimated that approximately 30% of the human proteome is 

phosphorylated at a given time26 and that phosphorylation or dephosphorylation can be the 

cause or consequence of a number of human diseases, including cancer and diabetes.26  The 

ratio of phosphorylated serine, threonine and tyrosine residues found in phosphorylated 

proteins is estimated to be 1800:200:1 respectively;27 therefore, a lot of attention is devoted to 

study potential phosphorylation sites in proteins and peptides.  The methods developed in this 

thesis demonstrated the potential to help identify phosphorylation sites on peptides or 

proteins of interest.   
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Figure 1.6: Reversible reaction of phosphorylation on R.  R implies a serine, threonine or 
tyrosine residue. 
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1.2 Lipid Biochemistry 

 

Lipids are commonly defined as substances of biological origin that are soluble in 

organic solvents.21  They are essential small molecules that have roles in a wide variety of 

physiological functions.8  Lipids are the most common biomolecules found in the brain and 

make up almost half of its dry weight.28,29 The role of lipids can be summarized briefly into 

three major functions: they are essential structural components of cell membranes; they act as 

energy storage molecules, and play an important role in many intra and intercellular signalling 

events.8  They have also been known to modify proteins post-translationally.30  Lipids aggregate 

together to form macromolecular assemblies or bilayers that are tightly regulated.19  

Deregulation of lipids can cause a number of physiological problems including the onset of 

diseases such as cancer, diabetes, Alzheimer’s, and other neurodegenerative diseases.8,31  In 

2005, a classification system for lipids was created to regroup them into eight distinct 

categories as illustrated in Figure 1.7.  The importance of each class of lipid and their roles in 

biological systems are far beyond the scope of this dissertation.  However, a brief description of 

glycerophospholipids and sphingolipids, as highlighted Figure 1.7 will be presented.   
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Figure 1.7: Representative structures of the 8 lipid classes.  Lipid classes of interest are boxed. 
Adapted from Bou Khalil et al. 2010.8  

 

Glycerophospholipids are composed of a polar head group at the sn-3 position via a 

phosphodiester linkage, and acyl esters or ether groups at the sn-1 and sn-2 positions along the 

glycerol backbone (Figure 1.8).  Glycerophospholipids are subdivided into smaller classes that 

vary in their polar head groups, including phosphatidylcholines (PC), 
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phosphatidylethanolamines (PE) and phosphatidylserines (PS) as highlighted in Figure 1.9.  PC, 

PE and PS are among the most abundant lipids found in mammalian cell membranes.8  PC has a 

fixed positive charge that is a desirable feature for mass spectrometric analysis.  PE is similar to 

PC in its structure but does not contain the tetraalkylammonium salt structure.  PS is 

functionalized with a serine group on the polar head; at physiological conditions, it contains 

two negative charges.   

 

 

Figure 1.8: The general structure of a glycerophospholipid 
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Figure 1.9: The 8 glycerophospholipid subclasses.  Those highlighted are of particular 
relevance to this thesis. Adapted from Bou Khalil et al 2010.8 

 

Sphingolipids are commonly found in neural tissues32 and are known to play an 

important role in signal transduction and cell signaling.8  They are derived from the aliphatic 

amino-alcohol sphingosine, or sphing-4-enine,8 as illustrated in Figure 1.10 A.   Among the 

sphingolipids is sphingomyelin (SM) a member of the phosphosphingolipid subclass as 

highlighted in Figure 1.10 C.  It has similar properties to PC as it too contains a choline moiety.  

PC, PE, PS and SM are of interest in this dissertation as they are used to test the efficiency of a 

novel technique developed to enhance the sensitivity of lipid analysis.   
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Figure 1.10: Representative structures of sphingolipids.  Highlighted is the 
phosphosphingolipid commonly known as sphingomyelin. Adapted from Bou Khalil et al 

2010.8 
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1.3 Mass spectrometry 

 

Mass spectrometry is a very powerful and versatile instrument.  MS traces its roots to 

the work of Sir J. J. Thomson beginning a century ago and was primarily used by physicists and 

analytical chemists. Since its birth, numerous advances in the field of MS have occurred 

allowing it to become one of the most powerful and versatile instruments used today, from the 

detection of unknown materials, as a diagnostic tool, to dating components of the earth, and 

for determining the chemical compositions found on other planets.33  Despite vast 

improvements, the functional elements of the mass spectrometer remain the same.  Mass 

spectrometers are typically comprised of three main parts: an ionization source, mass 

analyzer(s) and a detector (Figure 1.11).   

 

Figure 1.11: General components of a mass spectrometer 

 

Before a mass spectrometer can begin to detect the mass of an analyte, it requires the 

analyte to be ionized and in the gas phase.  Not every analyte is inherently charged or in the 

gaseous phase, therefore, an ionization source is employed.  There are numerous types of 

ionization techniques tailored for different classes of molecules, such as electron impact 
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ionization (EI), commonly used for small organic molecules, atmospheric pressure chemical 

ionization (APCI) for medium-polarity molecules, and soft ionization techniques such as matrix-

assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) for large 

biomolecules.  While they differ in their methods of ionization, they all produce ions in the gas 

phase to enable MS analysis.   

Mass analyzers are the second essential component to all mass spectrometers.  It is the 

mass analyzer that determines the mass-to-charge ratio (m/z) of the ions of interest based on 

the motion of the ions in an electric or magnetic field. The unit for the m/z is known as 

Thomson (Th).34 The m/z of ions can be separated in space via an ion trap, in time through a 

time-of-flight instrument, or can be separated through a mass filter known as a quadrupole.  

Each of these analyzers varies in their sensitivity, mass range and resolution (ability to 

accurately distinguish between two ions); however, they all are used to enable ion separation.  

Furthermore, mass spectrometers can have more than one mass analyzer working in tandem to 

enable a researcher to perform some very unique experiments (vide infra).   

The last major component of the mass spectrometer is the detector.  The detector is 

essential for converting ions separated by m/z into an electric signal that is ultimately used to 

produce a mass spectrum. An appropriate detector is selected based on its sensitivity, response 

time and dynamic range.  Common detectors include electron multipliers, channeltrons and the 

microchannel plate; the latter will be discussed briefly.   
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1.3.1 Electrospray ionization 

 

Electrospray ionization (ESI) is considered a soft ionization method because of its ability 

to gently ionize molecules into the gas phase.  The technique was invented by Malcolm Dole35 

and was later adapted by Nobel Prize winner John Fenn4 for its use with biological molecules. 

ESI involves the introduction of an analyte solution at a flow rate of microliters per minute, 

through a highly charged (positive or negative) needle capillary tip, which charges the analyte 

solution into a fine spray of charged droplets.36,37  The entirety of the work in this thesis is 

performed on positive ions; therefore, charged ions and positive ions will be equivalent for the 

remainder of this dissertation. The spray of charged droplets is emitted from the capillary in the 

form of a jet followed by a plume, also known as a Taylor cone.38  The solvent quickly 

evaporates, concentrating the charge to solvated ions, which causes a Coulombic explosion into 

smaller droplets.35  These small droplets are propelled by an electric field towards the mass 

spectrometer36,37,39  (Figure 1.12).  

A variation to electrospray is nanospray: electrospray with flow rates occurring at 

nanolitres per minute.  Nanospray, developed by Smith40 and Mann,41 is widely used for 

ionizing biological analytes for MS analysis. Briefly, approximately 20 nL/min of solution is 

delivered through the orifice (~1 µm diameter) of a capillary made of fused silica.  A capillary 

built for direct infusion is typically coated with Au/Pd and used at voltages of 0.8-1.5kV.  

Nanospray tips facilitate the evaporation of solvent as they produce droplets that are two to 

three orders of magnitude smaller than conventional electrospray.42 Furthermore, electrospray 
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and nanoelectrospray can be coupled for online operation with HPLC, though these are usually 

uncoated fused silica and require higher voltages.   

 

 

 

Figure 1.12: General overview of electrospray ionization.  The reduction electrode would have 
an orifice so that ions may enter the mass spectrometer. 
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1.3.2 Quadrupole mass analyzers 

 

Quadrupoles consists of four parallel, electrically-connected metal rods that have 

constant and radio frequency (RF) voltages applied to them.43 Potentials are applied to the rods 

in order to facilitate the trajectory of the ions towards the detector.  Briefly, a positive potential 

is applied to two electrodes opposite each other, while a negative potential is applied to the 

other two electrodes.  Therefore, ions entering the quadrupole will experience an electric field 

in both the x-z and y-z planes due to the potentials on the rods (Figure 1.13).  The simultaneous 

application of both positive and negative potentials to the rods allows for selective transmission 

of ions through the quadrupole.    

 

Figure 1.13: Applied voltages to quadrupole rods 

 

To select a bias towards heavier ions, a positive direct current (DC) potential is applied 

such that the overall potential in the x-z plane rods are positive.   This guides the heavier ions 

towards the center axis of the rods and towards the detector, while forcing lighter ions to 
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accelerate out of the trajectory to eventually become neutralized by the rods.  On the contrary, 

when an overall negative DC potential is applied on the y-z plane rods, it will force heavier ions 

to diverge from the center axis of the rods due to their high momentum, while the light ions 

will be guided back towards the center axis.  Rapidly varying voltages are used to select ions of 

different masses to be guided to the detector. The quadruple, therefore acts as a narrow 

bandpass filter such that at a given time, only a selected range of ions will have stable enough 

trajectories to pass through the rods.  Figure 1.14 illustrates the range of ions that will have 

stable trajectories to be transmitted through the quadrupole at a given time.  The width of the 

shaded triangle in Figure 1.14 determines the resolution of the mass filter; the slimmer the 

width of the triangle, the greater the resolution and vice versa.  Should a slimmer bandpass be 

desired, it can be achieved by increasing the DC potential relative to the RF potential though it 

would reduce the sensitivity of the quadrupole (decrease in height of the triangle).  This narrow 

bandpass filter can sequentially allow successful transmission of ions with increasing m/z values 

by sweeping through a range of voltages.  Quadrupoles typically cover a range up to 4000 

m/z.43  

An additional operational mode for quadrupoles is the RF only mode.  RF only mode 

allows a large number of ions to have stable trajectories with successful transmission through 

the quadrupole.  This is an important feature in many mass spectrometers when more than one 

mass analyzer is combined in a single instrument (vide infra). 
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Figure 1.14: High-bandpass filtering in the xz plane and low-bandpass filtering in the yz plane. 
Adapted from Miller et al.34 

 

1.3.3 Time-of-flight  

 

Time-of-flight (TOF) mass analyzers function under high vacuum (~10-7 Torr) and 

separates ions based on the time it takes for an ion to travel a fixed distance.  Essentially, 

heavier ions will take longer than lighter ions to reach their final destination when they are 

both subjected to the same electric field.   Figure 1.15 illustrates the simplest TOF geometry, 

where three ions are accelerated by the same electric field in an ion accelerator.  In this case, 

the lighter ions (light m/z) will have a higher velocity than the heavier ions (heavy m/z) and will 

therefore reach the final destination (detector) in a shorter time.  However, this simple 

representation of a TOF works best if the initial kinetic energy of the ions entering the ion 
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accelerator, the initial direction of the velocity and the spatial distribution of the ions in the ion 

accelerator region are the same.  In reality, these three conditions may not always be met.  To 

correct for these three conditions, an orthogonal injection TOF instrument with reflecting 

geometry can be used.44,45,46  

 

Figure 1.15: General schematic of time-of-flight mass spectrometry 

 

A TOF mass spectrometer with orthogonal ion injection uses a continuous ion source 

(such as ESI), an ion modulator, and a drift region followed by a detector.  The ion source 

provides a continuous flow of ions towards the modulator (or ion accelerator), though without 

collisional cooling or focusing with ion optics, ions may diverge from their initial path and may 

have a larger variation in their velocity distribution.47  Collision cooling, or collisional damping 

uses the quadrupole in RF mode with higher pressure to induce collisions with molecules to 

reduce their velocity prior to entering the ion accelerator.48 This produces a beam with a 

smaller spatial and velocity spread.47  Furthermore, a reflectron, or ion mirror, not only doubles 

the drift tube length thereby increasing the resolution of the mass spectrometer, but it is also 

used to correct for small differences in velocity of ions with the same m/z.  A small ion that was 
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accelerated in the ion accelerator faster than another ion of the same m/z will proceed further 

into the ion mirror and vice versa.  Figure 1.16 demonstrates how ions with the same m/z and 

different accelerations are corrected by the ion mirror so that they may reach the detector at 

the same time.  Unlike quadrupoles, TOF mass analyzers do not have a theoretical upper mass 

limit; therefore making them appropriate for detecting both small and large biomolecules. 

 

Figure 1.16: Ion mirror correcting the same m/z ion with different velocities 
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1.3.4 Ion detectors 

 

Typically, detectors involve the collision of the mass-separated ions onto a surface, 

inducing a measurable signal that is proportional to the number of impinging ions.36  The most 

common detector used in this work was the microchannel plate (MCP) detector.  An MCP 

detector is composed of an array of miniature channel electron multipliers (CEMs).  Mass 

spectrometers typically have two MCPs in a chevron configuration to maximize the signal 

generated from an ion as illustrated in Figure 1.17.  Briefly, a single ion impingement releases a 

detectable cascade of electrons down one of the channels in the first MCP. When the cascade 

of electrons exits the first MCP, they spread radially causing multiple electron cascades in 

multiple CEMs of the second MCP.  These cascades of electrons eventually reach a multi-anode 

array49 that is connected to a sensitive current meter and a signal is recorded.  

 

Figure 1.17: Microchannel plate detector.  Ion impingement releases a cascade of electrons 
towards the metal anode, where a signal is recorded. Reproduced from Smith.36 



26 
 

1.3.5 Hybrid quadrupole-time-of-flight mass spectrometer 

 

The main instrument used throughout this thesis is the hybrid quadrupole-time-of-flight 

mass spectrometer known as the Qstar XL from AB Sciex.  It is abbreviated as a QqTOF, where Q 

describes a mass resolving quadrupole and q describes an RF only quadrupole.  A schematic 

diagram of the QqTOF is illustrated in Figure 1.18.  Briefly, the sample is ionized by ESI at 

atmospheric pressure, stripped into bare ions via gentle collisions with a curtain gas50 and 

passed through a charged orifice into a vacuum chamber allowing for the gaseous ions to 

expand supersonically36,51(Figure 1.19). 

  

Figure 1.18: General schematic of a QqTOF mass spectrometer. Adapted from Smith.36 
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Figure 1.19: Sample ions produced by ESI are being introduced to the front end of the QqTOF. 

"CP" refers to curtain plate; "CG" refers to curtain gas; "OR" refers to orifice; "SE" refers to 
supersonic expansion; "RE" refers to ring electrode. Adapted from Smith.36 

 

A ring electrode directs the charged ions into the ion path of q0 providing collisional 

cooling52 and the guidance of ions into Q1 prior to entering q2.  Q1 can allow the successful 

transmission of a range of ions or act as a mass filter allowing ions with a set m/z to have 

successful transmission onto q2; this is desirable for product ion scanning (vide infra).   The q2 

quadrupole is unique in that it acts as a collision cell.  Here ions are subjected to an inert gas 

such as argon, to either slow down the ions via collisional cooling, or to subject the ions to high 

energy collisions that cause the ions to fragment into smaller daughter ions.  This form of 

fragmentation is known as collision induced dissociation (CID) and is an important feature as it 

allows for product ion scanning or MS2 analysis.  Product ion scanning is among the most 
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frequently used scanning modes in tandem mass spectrometers.  In this experiment, an ion 

with a set m/z value can be selected with the first mass analyzer (Q1).  The selected ion is 

permitted to travel into q2 to be collisionally activated to induce fragmentation.  The fragment 

ions, also known as daughter ions, are then analyzed with the second mass analyser (TOF).  This 

particular experiment is quite useful as it allows one to acquire fragmentation data that can 

provide information on the structure of the parent molecular ion.  MS2 analysis was most 

frequently used on the Qstar XL.    

After passing through q2, the parent/daughter ions are again collisionally cooled prior to 

entering the ion modulator of the TOF.  Ions are then separated in the TOF as previously 

described and are detected via the MCP detector (Figure 1.20).  Vacuum chambers throughout 

the mass spectrometer are at appropriate pressures to maintain proper ion trajectories and 

control ion-molecule collisions.36 
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Figure 1.20: The detector of the QqTOF mass spectrometer. Adapted from Smith.36 
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1.3.5 Hybrid triple quadrupole/linear ion trap 

 

Another instrument used throughout this thesis is the 4000 hybrid triple quadrupole 

linear ion trap mass spectrometer known as the 4000 Qtrap from AB Sciex.   The triple 

quadrupole is setup in a linear assembly of three quadrupoles as illustrated in Figure 1.21.  

Though it has three quadrupoles, only the first (Q1) and third (Q3) are mass analyzers.  The 

second quadruple (q2) operates in RF only mode, effectively allowing ions of every mass to be 

transmitted further.  It also acts as a collision cell.  Here ions are subjected to an inert gas such 

as nitrogen to subject the ions to CID.   Q1 and Q3 can be operated with a combination of both 

RF and DC potentials to perform a wide variety of mass analyzing modes including product ion 

scanning, precursor ion scanning, neutral loss scan and multiple reaction monitoring.  These 

methods will be discussed in detail.  

 

Figure 1.21: General schematic diagram of a triple quadrupole mass spectrometer. 
Reproduced from de Hoffman.53 
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Product ion scanning in the 4000 Qtrap works essentially the same as in the Qstar XL, 

except that the 2nd mass analyzer is a quadrupole.  The Qtrap offers other scanning modes that 

are of particular interest for this dissertation; among them is precursor ion scanning.  In the 

precursor ion scanning mode, also known as parent scanning, the first mass analyzer (Q1) is set 

to allow a range of ions to be transmitted into q2 for CID.  Ions that pass through Q1 will be 

detected if, and only if, after fragmentation in q2 it produces a pre-selected product ion.53 This 

pre-selected product ion with a set m/z is the only ion permitted to transmit through the 

second mass analyzer to the detector.  This scan is particularly useful for the selective detection 

of ions containing a particular functional group of interest.  For example, if the second analyzer 

is set on m/z 184 (the m/z of the phosphocholine head group from PC), the precursor ion scan 

will provide a record of all the ions containing the phosphocholine head group.   

The neutral loss scan is a form of functional group-selective scan, much like precursor 

ion scanning, though it is more complex.   The neutral loss scan requires that both Q1 and Q3 are 

scanned together with a constant m/z difference between the two mass analyzers.  For 

example, a phosphoserine lipid with various chain lengths is ionized and allowed to be 

transmitted through Q1 into the collision cell (q2) where it fragments.  PS will lose its head 

group, equivalent to 185 Da, upon collisional activation; therefore Q3 scans a range of ions that 

passed through Q1 and lost a neutral fragment of 185 Da.  This scan therefore, recognizes all 

ions, which by fragmentation, lead to the loss of a given neutral fragment. 

The last major scanning mode is the multiple reaction monitoring (MRM) mode, also 

known as selected ion monitoring.  In MRM mode, both Q1 and Q3 are set to select a particular 
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ion.  Briefly, Q1 allows only one parent ion to be transmitted to the collision cell.  After 

fragmentation, only one pre-selected fragment is allowed to be transmitted through Q3 to be 

detected.   This scanning mode is arguably the most sensitive because both mass analyzers are 

filtering out all other masses, while allowing only one ion each to be guided through to the 

detector.  This particular scanning mode does require prior knowledge to the analyte of choice, 

including the fragmentation pattern of each analyte.  The presence of ions determined by MRM 

does not produce a mass spectrum, but a chromatogram of intensity versus time.  An example 

of MRM analysis is illustrated in Figure 1.22.  Figure 1.23 illustrates the variety of scanning 

modes.  

     

 

Figure 1.22: Example of a chromatogram obtained from MRM analysis 
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Figure 1.23: MS and MS2 experiments. Between the mass analyzers is a collision cell 
containing an inert gas used to induce fragmentation. 
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1.3.6 Mass spectrometry based proteomics 

  

There are two distinct methods to perform mass spectrometry based proteomics: top-

down and bottom up proteomics.  Top-down proteomics refers to analysis of intact proteins, 

performing MS/MS on entire proteins.  Bottom-up proteomics involves proteolytic digestion of 

proteins, which converts them into smaller peptides prior to analysis.  This method is often 

preferred as it produces peptides with smaller m/z values, less charge distribution and provides 

easier CID analysis to provide a better sequence coverage of the individual peptides within a 

protein. Trypsin is a proteolytic enzyme commonly used to digest proteins.  Trypsin cleaves the 

peptide bonds on the C-terminal side of all lysine and arginine residues, unless they are 

immediately followed by a proline residue.    

When a peptide is subjected to CID, the peptide will experience enough internal 

vibrational energy along the peptide backbone such that covalent bonds may break54 through 

the lowest energy pathways.39  Most commonly, the covalent amide bond will break to yield b- 

and y- ions.  Since mobile protons move freely along the backbone, CID can produce a series of 

b- and y- ions, providing one with the ability to sequence the entire peptide.  There are also less 

common ions such as a-, c-, x- and z- ions.  Figure 1.24 illustrates that a-, b- and c- ions are 

numbered sequentially from the N-terminus to the C-terminus, while the x-, y- and z- ions are 

numbered sequentially from the C-terminus to the N-terminus.  
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Figure 1.24: Formation of a-, b-, c- and x-, y- and z- ions from fragmentation of 
tetramethylated hexaglycine.62 

 

Protein identification via mass spectrometry is typically coupled to reverse phased HPLC. 

Coupling liquid chromatography to mass spectrometry for bottom-up proteomic research 

reduces the complexity of the peptide mixture being injected to the mass spectrometer for 

analysis. This is advantageous as peptides are eluted in relatively narrow chromatographic 

windows, therefore allowing an opportunity for lower proton affinity peptides to be identified, 

though this is unlikely to happen if several peptides with high proton affinities are eluted 

simultaneously.  MS and MS2 analysis via bottom-up proteomics typically uses an information-

dependent acquisition (IDA) method.  Briefly, MS is continuously recorded, and the software is 

programed to perform MS2 analysis on all ions with 2+ (or more) charges and that have signal 

intensities over a certain threshold.  Once the information is acquired, proteins are identified by 

aligning the measured b- and y- ions in the MS2 data to a list of expected masses from each 

peptide in a given database; identified peptides are mapped to a library of proteins for 
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identification.  The library is often comprised of protein sequences obtained through predicted 

genomic information of the biological system in question.8   

 

1.3.7 Mass spectrometry based lipidomics 

 

Lipids are commonly analyzed by ESI mass spectrometry via direct infusion (“shotgun” 

lipidomics) or coupled with front-end liquid chromatographic separations such as normal- and 

reversed-phase HPLC. Normal phase HPLC separates lipids based on their polar head groups 

while reversed-phase HPLC separates lipids based on their hydrophobicity correlating to the 

length of their hydrophobic tails.  In short, the shorter the lipid tail, the quicker the elution and 

vice versa.  Coupling liquid chromatography to mass spectrometry reduces the complexity of 

the lipid mixture being injected into the mass spectrometer for analysis. This front end 

chromatographic separation is advantageous as it limits high abundant lipid species to a 

relatively narrow chromatographic window, therefore allowing low-abundance lipid species to 

be identified with less interference and with higher confidence.8 

Mass spectrometric lipid studies using direct infusion have a simpler experimental 

setup, removing the need for sample processing steps and allows for high throughput analysis.  

However, certain classes of lipid species are preferentially ionized under different experimental 

conditions.  This inevitably leads to ionization suppression of other lipid classes, in particular 

those that have a lower proton affinity, since there is a limit on the amount of total ionization 

that can occur at any one instant through ESI in the positive ion mode.8 
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Structural elucidation of lipids is one of the challenges in the field of lipidomics.8  Mass 

spectrometry-based approaches for structural elucidation of glycerophospholipids in the 

positive ion mode are described.  Unlike proteomic studies, where CID is often used to provide 

sequence information, CID on lipids is used to enable identification of specific lipid classes via 

the characteristic fragments associated with a polar head group or a fatty acyl moiety.8 

Glycerophospholipids such as PC, PE and PS, and sphingolipids such as SM have been analyzed 

by positive ESI-MS/MS.55,56  CID of protonated PC and SM lipids yields the diagnostic fragment 

for the phosphocholine head group at m/z 184.57,58  This characteristic m/z 184 fragment is 

often used in the precursor ion scanning mode to highlight all the phosphocholine-containing 

lipids during an analysis.  CID on a protonated PE ([M+H]+) typically yields a peak of the parent 

ion minus 141 Da ([M+H-141]+).  This characteristic loss of 141 Da is commonly used to study PE 

using the neutral loss scanning mode.  Similarly, an m/z value of [M+H-185]+ in MS2 analysis can 

be used to confirm the presence of protonated PS, the neutral loss of the phosphoserine head 

group during CID. However, these neutral loss studies are highly dependent on the analytes’ 

ability to be protonated, which may limit the sensitivity of the analysis.  Figure 1.25 highlights 

the common fragments that correspond to the aforementioned masses.   
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Figure 1.25: A) The precursor fragment for PC and SM; B) the neutral loss fragment for PE; C) 
the neutral loss fragment for PS 

 

 

1.4 Diazomethane 

 

Diazomethane can be easily synthesized in two separate one step reactions (Figure 

1.26).  It is a yellow gas that is most commonly dissolved in a solvent such as diethyl ether.59  

This gas has several dangers associated with it, including its high toxicity, potential carcinogenic 

properties and its ability to explode unaccountably.60,61  Therefore, extra precautions are 

required when working with this compound such as a well-ventilated fume hood, using special 

glassware free of sharp edges or ground joints and working behind a heavy blast shield.  

Despite these preparative problems, diazomethane has several advantages such as mild 

reaction conditions and facile reaction monitoring through the disappearance of its yellow 
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colour and effervescence of nitrogen gas.62  This last step is both kinetically and 

thermodynamically favourable which helps to drive the reaction to completion.  Chemistry 

involving diazomethane is most commonly performed in solution as an instantaneous 

methylating agent, particularly to methyl esterify carboxylic acids (Figure 1.27).   In solution, 

work has been previously performed on both lipids and peptides and a brief description will be 

presented here.    

 

Figure 1.26: Two step reaction to synthesize diazomethane 

 

Fatty acyls are commonly studied using gas chromatography (GC). Of all the lipid classes, 

diazomethane has been most extensively used on the fatty acyls (Figure 1.7 A) to methyl 

esterify the carboxylic acid prior to GC separation and analysis.63,64,65  Evidence of extensive 

phospholipid fatty acid methylation has been shown to occur during the assumed selective 

methylation of plasma free fatty acids by diazomethane;66 however, phospholipid fatty acid 

methylation was not shown to be complete. Diazomethane in solution work has also been 

reported on dipalmitoyl glycerophosphoethanolamine.67  This work effectively trimethylated a 

lipid primary amine to produce a choline moiety, a desirable effect for mass spectrometric 

NaOH 
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analysis as the choline moiety possesses a fixed positive charge.  However, no methylation was 

observed on the phosphate moiety.  Similarly, work conducted in solution using ethereal 

diazomethane has also been reported on peptides to produce some amino acid artifacts 

containing N-methyl, and even N,N-dimethyl amino acids.68   However, this was only produced 

in small quantities and to no significant advantage.68  Trimethylation on the N-terminus of small 

di- and tri- peptides was achieved using gaseous diazomethane69 though success on larger 

peptides has yet to be reported.   

 

Figure 1.27: Diazomethane methyl esterifying a carboxylic acid 

 

In an attempt to produce the desired, trimethyl N-termini of peptides, other 

derivatization methods have been explored such as methylation with methyl iodide.  This 

chemistry has been shown to be successful with trimethylating the N-terminus on several 

occasions70,71,72 however, methyl iodide is also hazardous and trimethylation using methyl 
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iodide requires specialized equipment, including in vacuo systems to operate for an extensive 

period of time for derivatization to occur.70,71,72 Another derivatization reagent used for 

methylation is trimethylsilyldiazomethane (TMSD).  Researchers often prefer TMSD over 

diazomethane for methylation of carboxylic acids as it is far more stable and therefore far less 

likely to explode.  However, its slower reaction kinetics may prevent full methylation on the 

desired moieties,73 and trimethylation of primary amines has not been as successful using 

TMSD.74 

The focus of this thesis is on the application of diazomethane in a new technique that 

was developed to assist in the analysis of both peptides and lipids.  The technique is called 

Trimethylation Enhancement using Diazomethane (TrEnDi). TrEnDi differs from other 

diazomethane studies in that it maximizes the methylation capability of diazomethane by 

producing the necessary conditions for the methylation of both peptides and lipids. TrEnDi 

effectively methylates both peptides and lipids in specific locations to produce fixed positive 

charges, a highly desirable feature for mass spectrometric analysis.  Furthermore, TrEnDi 

modified peptides and lipids produce characteristic fragments upon collisional activation.  This 

translates into the ability to conduct predictable and highly sensitive, precise and accurate 

label-free quantitative analyses. The specific conditions, results, advantages and future 

applications to using TrEnDi are discussed in detail in subsequent chapters.  
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2.0 Materials and methods 

 

Below are the general materials and methods used throughout various experiments 

performed in this thesis.  More concise methods can be found in individual chapters. 

N-methyl-p-toluenesulfonamide, ammonium acetate, formic acid, tetrafluoroboric acid, 

H2
18O and sodium hydride were purchased from Sigma-Aldrich (St. Louis, MO, USA), ethanol 

was purchased from Commercial Alcohols INC., (Brampton, ON, Canada), trypsin and 

formamide were purchased from Promega Corp. (Madison, WI, USA), potassium hydroxide, 

sodium hydroxide, methanol, isopropanol and ether were purchased from Caledon 

Laboratories LTD (Georgetown, ON, Canada), sodium nitrite was obtained from BDH Chemicals 

LTD (Poole, England), phosphoric acid was obtained from BDH Inc. (Toronto, ON, Canada), 

glacial acetic acid was obtained from Anachemia Canada Inc. (Montreal, QC, Canada),  

potassium silicate 1624 was obtained from National Silicates (Toronto, ON, Canada), 

acetonitrile was purchased from Fischer Scientific (Fair Lawn, NJ, USA), Zip-tips were obtained 

from Millipore Corp., (Billercia, MA), ammonium bicarbonate was purchased from MP 

Biomedicals, LLC (Solon, OH, USA), Magic C18 was obtained from Michrom Bioresources, C4 

resin was obtained from Dr. Maisch GmbH, and Omix-tips were obtained from Varian (Lake 

Forest, CA, USA). FLEEVK, FLEENK, FLEEVR, FLEEYK, FLEEHK, FLEEpSK and FLEEpYK were 

synthesized by and obtained from CanPeptide Inc. (Pointe-Claire, QC, Canada).  All proteins 

were purchased from Sigma Aldrich (St. Louis, MO, USA).  PS (18:0,18:2), PE(16:0,18:1), 

PC(18:1,14:0), PC(16:0,18:1) and SM(d18:1/16:0) were synthesized by and obtained from Avanti 
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Polar Lipids Inc. (Alabaster, Alabama, USA). Fused silica was obtained from Molex (Lisle, IL, USA) 

and PolySULFOETHYL A Bulk Resin, 12 µm 300
o

  SCX resin was obtained from The Nest Group, 

Inc. 

Special instruments and glassware used include: a high pressure vessel (HPV) (built in 

house), a Dionex 3000 Ultimate HPLC system (Thermo Scientific, Waltham, MA, USA), an AB 

Sciex 4000 QTRAP hybrid triple quadrupole linear ion trap mass spectrometer (AB Sciex, 

Framingham, MA, USA), an AB Sciex QStar XL mass spectrometer (AB Sciex, Framingham, MA, 

USA), Proxeon nanoES capillary tips (Odense, Denmark), a Sigma-Aldrich Mini Diazald 

Diazomethane generator with Clear-Seal joints (St. Louis, MO, USA), Harvard apparatus 11 plus 

syringe pump (Harvard Apparatus, Holliston, MA, USA), 2 mL clear screw vials (Canadian Life 

Sciences, Peterborough, On, Canada) and a TurboVTM ion source (AB Sciex, Framingham, MA, 

USA) 

 

2.1 N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) production 

 

N-methyl-N-nitroso-p-toluenesulfonamide was synthesized from N-methyl-p-

toluenesulfonamide (NMPTS) as previously described.75  Briefly, a solution of 10.0 g of NMPTS 

and 22 mL of water was heated at 85°C until the NMPTS was in a molten form.  The hot mixture 

was then quickly transferred to a solution containing 50 mL of acetic acid.  The NMPTS mixture 

was allowed to cool in an ice bath for 20 minutes and a solution containing 4.24 g of sodium 

nitrite (NaNO2) in 9 mL of water was then added drop-wise over 30 minutes with constant 
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stirring and maintaining the internal temperature below 10oC.  After addition of the NaNO2 

solution was complete, the reaction was allowed to stir for 15 minutes.   The product was then 

rinsed with approximately 1.5 L of distilled water, vacuumed filtered and allowed to air dry. 

 

2.2 Diazomethane production 

 

All reactions involving the preparation of diazomethane should be carried out in an 

efficient chemical fume hood and behind a safety blast shield because of the toxic and explosive 

nature of diazomethane.   The production of diazomethane was performed using a Sigma-

Aldrich Mini Diazald Diazomethane generator with Clear-Seal joints.  The production of 

diazomethane with this apparatus has been described elsewhere,76
  and only a brief outline is 

reported here.  10 mL of 95% ethanol was added to a solution containing 5 g of potassium 

hydroxide and 8 mL of water in the Mini Diazald reaction vessel, which was stirred for the 

duration of the reaction.  A separatory funnel with clear-sealed joints containing a solution with 

5 g (23 mmol) of Diazald in 45 mL of ether was placed over the reaction vessel.  The cold finger 

was filled with dry ice and isopropyl alcohol, and the vessel was heated to approximately 75°C 

using an oil bath.  The rate of diazomethane/ether distillation was occurring at approximately 

the same rate as the drop-wise addition of the Diazald in ether solution.  The diazomethane in 

ether solution had a concentration of approximately 0.23 M as determined by titration with 

glacial acetic acid. 
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2.3 General on-column derivatization procedure 

 

An 18 cm long piece of fused silica was cut and fritted using a 1:3 solution of formamide 

and potassium silicate 1624.  The frit was cut to an appropriate length (approximately 1-2 mm) 

followed by the packing of the column with PolySULFOETHYL A Bulk Resin, 12 µm 300
o

  SCX 

resin obtained from The Nest Group, Inc.  The resin was washed and conditioned prior to use.  

The SCX solution was placed in a high pressure vessel (HPV), where the pressure was allowed to 

increase between 100 and 400 psi as required.  The column was packed with the SCX resin to 

various lengths averaging between 10 to 12 cm and the column was dried using nitrogen gas.  

75 µL of a 10 mmol potassium phosphate buffer (KPB) solution at pH 3 was inserted in the HPV 

and was allowed to flow through the column at approximately 400 PSI.  The column was 

allowed to dry using nitrogen gas.  A solution containing between 7 and 15 µg of analyte was 

mixed with a 50 mM H3PO4 solution (pH 2.1) in a 1:9 ratio before it was packed onto the SCX 

column at approximately 300 PSI.  Bound analytes were allowed to dry using nitrogen gas.  A 

required amount of diazomethane (between 150 to 500 µL depending on individual 

experiments) was added to the HPV and was allowed to flow through the column.  The 

effervescence of nitrogen gas from the end of the column was observed.  An elution solution 

was then passed through the column to elute the analytes from the column.  Some elution 

solutions were chosen for different effects.  Once the elution solution was collected, the sample 

was either analyzed directly via mass spectrometry or subjected to a desalting cleanup step 

prior to analysis.    
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2.4 General desalting method 

 

Desalting was accomplished using either Zip-tips or Omix-tips packed with C18 reversed 

phase stationary phase and an appropriate pipette. Each Zip-tip and Omix-tip had a binding 

capacity of approximately 2 µg and 80 µg respectively.  Two solutions were prepared to desalt: 

solution A was a solution comprised of 70% aqueous acetonitrile (ACN) and 1% formic acid; 

solution B was comprised of Milli-Q water and 1% formic acid.  The tip was washed with 

solution A three times, followed by wetting with solution B three times before binding the 

analyte of choice to the C18.   Once analyte was bound, it was washed with solution B five times 

followed by three elutions with solution A.    

 

2.5 General in solution derivatization 

 

Analyte of choice was placed in a small clear auto-sampler vial that was previously 

flushed with nitrogen gas, followed by dilution with approximately 10 µL of ethanol depending 

on starting analyte. Sample was subjected to various amounts (in µL) to either a 14:1 or a 9:1 

solution of ether and tetrafluoroboric acid (HBF4).  It is important that the HBF4 solution be 

fresh otherwise it will interfere with the derivatization.  Diazomethane was added until solution 

remained yellow (approximately 250 to 700 µL) followed by immediate drying under nitrogen 

gas.  Once completely dried, sample was resuspended in ethanol and ready for analysis.  
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2.6 Tryptic digestion of proteins 

 

Proteins of choice were dissolved in 50 mM ammonium bicarbonate and were 

denatured by heating at 37°C overnight.  The proteins were reduced using dithiothreitol (DTT) 

at a final concentration of 5 mM and were heated at 56°C for 1 hour.  The reduced proteins 

were allowed to cool to room temperature. Iodoacetamide was added until the solution 

consisted of 10mM concentration followed by incubation in the dark for 1 hour.  The trypsin 

was re-constituted into a 50 mM ammonium bicarbonate solution and was added to each 

protein in a 1:20 (w/w; protease:protein) ratio.  The proteins were allowed to incubate over 

night at 37°C.  

 

2.7 Generation of Na18OH 

 

24 mg of NaH was placed in 1 mL of H2
18O to produce a 1 mL solution of ~1 M Na18OH.  

 

2.8 General direct analysis via mass spectrometry 

 

To obtain accurate readings, the MS was calibrated using a cesium iodide solution 

before each use.  1.5 to 5 µL of analyte solution was loaded into a Proxeon nanoES capillary tip 

and affixed to the Qstar-XL AB Sciex mass spectrometer.  Unless otherwise stated, the analyte 
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solution was comprised of approximately 0.050 μmol of analyte dissolved in 1 mL water 

containing 0.1% formic acid.  The tip of the nanospray emitter was gently bent against the 

charged curtain plate to enable the desired spray of solution into the MS.  The settings most 

often used in Analyst QS software were as follows:  Ion Source Gas 1 set to 1, Ion Spray Voltage 

set to 1000, and TOF Mass Min and Max values set from 400 to 500 and 700 to 900 to capture 

the mass range of the unmodified and modified analytes.  Gas source, Ion Spray Voltage and 

TOF mass values were altered to suit each individual experiment.   

 

2.9 LC-MS/MS Analysis 

 

All LC-MS/MS analysis for both peptides and lipids were separated using a Dionex 3000 

Ultimate HPLC system.  Analysis was conducted using various modes on the AB Sciex 4000 

QTRAP hybrid triple quadrupole linear ion trap mass spectrometer equipped with an online ESI 

source (lipids) or nanoESI source (peptides) coupled to the HPLC eluate. 

 

2.9.1 LC-MS/MS Analysis of peptides and proteins 

 

The reversed-phase chromatography pre-columns and analytical columns were packed 

with Magic C18 resin via HPV.  A piece of fused silica with an inner diameter of 200 µm was cut 

and fritted using a 1:3 solution of formamide and potassium silicate 1624.  The frit was cut to 
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an appropriate length (approximately 1-2 mm) followed by the packing of the column with 

Magic C18 resin to a length of approximately 5 cm.  Approximately 4 cm of Magic C18 resin was 

packed inside a PicoFritTM Emitter with a starting inner diameter of 75 µm and a 15 µm opening 

at the tip.  HPLC runs varied from 12 minutes to 30 minutes with a gradient of 0.1% formic 

acid/water and 0.1% formic acid/acetonitrile and with various flow rates to optimize peptide 

elution.    An example of a common gradient for peptides and proteins is shown in Figure 2.1.  

Following separation by reversed-phase chromatography, the peptides were electrosprayed 

using a nanoESI voltage of 3500 V, a declustering potential of 25 V and a collision energy of 33 

eV.  Analysis was conducted using both IDA MS2 and MRM modes on the AB Sciex 4000 QTRAP.  

In the IDA MS2 mode, peptides were identified using IDA Explorer to search for MS2 spectra on 

the expected mass.  In the MRM mode, peptide identification was accomplished by monitoring 

two ion transitions.   

 

Figure 2.1: A gradient used for peptide elution from HPLC.  A= H2O and 0.1% formic acid. 
B=ACN and 0.1% formic acid. 
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2.9.2 MS/MS Analysis of lipids 

 

A piece of fused silica with an inner diameter of 200 µm was cut and fritted using a 1:3 

solution of formamide and potassium silicate 1624.  The frit was cut to an appropriate length 

(approximately 1-2 mm) followed by the packing of the column with C4 resin to a length of 

approximately 5 cm.  A TurboVTM ion source with a 100 µm inner diameter electrode was used. 

HPLC runs were 50 minutes in duration with a gradient of 30% methanol/70% water/10 mM 

ammonium acetate and 100% isopropanol/10 mM ammonium acetate with various flow rates 

to optimize lipid elution.   The gradient most often used for lipid separation on HPLC is shown in 

Figure 2.2. Following separation by reversed-phase chromatography, the lipids were 

electrosprayed using an ESI voltage of 5000 V, a declustering potential of 80 V and a collision 

energy of 40 eV.  Analysis was conducted using MS and precursor ion scanning mode on the AB 

Sciex 4000 QTRAP.  In the precursor ion scanning mode, lipids were identified using the 

expected mass of the polar head group post TrEnDi.   

 

Figure 2.2: Gradient used for lipid elution. A=30% methanol/70% water/10 mM ammonium 
acetate; B=100% isopropanol/10 mM ammonium acetate; D= Hexane 
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2.10 MS/MS analysis of lipid via direct infusion 

 

A solution of ethanol containing lipids was directly infused into the 4000 Qtrap via 

electrospray emitter using a Harvard apparatus 11 plus syringe pump. Lipids were injected at a 

rate of 0.5 µL/min using an ESI voltage of 5000 V, a declustering potential of 40 V and a collision 

energy of 40 and/or 60 eV.  Analysis was conducted using EMS and tandem experiments were 

conducted using both the precursor ion scanning and neutral loss scanning modes. 
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3.0 TrEnDi on peptides and proteins 

 

New microfluidic devices have recently emerged to process proteomic samples and 

allow digestion of very small samples one at a time,77 within an array78 or on a rapid time 

scale.79  Microfluidic platforms have been used to enrich protein post-translational 

modifications (PTMs)80,81 as well as conduct specific chemical reactions on peptides.82  

Microfluidic platforms alter the kinetics of a chemical reaction compared to the solution phase 

and thereby offer unique chemical reaction opportunities.77  Furthermore, microfluidic devices 

allow convenient and precise control over sample handling, leading to the introduction of less 

error and thereby increasing the precision of proteomic analyses. 

 Peptides have unique, sequence-dependent proton affinities, meaning that the relative 

intensities of different peptides in a single mass spectrum do not necessarily correlate to their 

concentrations;83 as a result, different quantitation strategies have been developed.  Many 

quantitation methods involve the incorporation of stable isotopes such as 2H, 13C, 15N or 18O so 

that peptides of the same sequence from different samples may be simultaneously analyzed 

and yet have distinctive masses.  Stable isotopes may be introduced chemically,84 

enzymatically85 or metabolically,86 permitting quantitation via comparing the relative intensities 

of each isotopically labeled peptide in a mass spectrum; each method possesses advantages 

and limitations.  A variety of methods to chemically label peptides with stable isotopes have 

appeared over the past decade87 including those that contain affinity tags, such as ICAT,88 as 

well as those that label peptides with isobaric tags that permit quantitation at the MS2 level, 
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such as iTRAQ89 and TMT.90  Stable isotope introduction has also been accomplished through 

the enzymatic hydrolysis of peptide bonds in either 16O-labeled or 18O-labeled water resulting in 

a mass shift due to the incorporation of an isotopically distinct carboxy-terminal oxygen.85  

Stable isotope labeling by amino acids in cell culture (SILAC)86 incorporates stable isotopes 

within proteins at a metabolic level as cells are grown in isotopically enriched media.  SILAC 

offers the advantage of reducing inter-sample indeterminate error introduced through sample 

handling as different protein samples are mixed immediately following cell culture; however, it 

can be expensive and is not feasible on tissues or fluids from larger organisms.  

As an alternative to isotopic labeling, “label free” strategies have also been developed 

for protein quantitation.91  Label-free quantitation requires the chromatographic separation of 

an analyte solution coupled with MS analysis; analyte quantities are calculated by integrating 

the area under the MS intensity curve that is produced as they elute, a technique that has been 

established for over half a century.91,92,93  In the case of peptides, quantitation is achieved 

through the creation of a standard curve for a given peptide, comparison to an internal 

standard with a known response factor or relative quantitation is achieved by comparing the 

signal of the same peptide in consecutive chromatographic separations.  If the sample 

complexity remains relatively constant, label-free strategies have been demonstrated to be 

particularly effective.  This has been further demonstrated by the emergence of multiple 

reaction monitoring (MRM) (or selected reaction monitoring (SRM)) strategies (achieving 

quantitation via MS2-based signal intensities for greater selectivity).94  One of the disadvantages 

of label-free quantitation is that variation in sample complexity can affect the ionization 

efficiency of a given peptide,95,96 introducing error in quantitation.97  Furthermore, there are 
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many peptides that produce little to no MS signal, as previously documented96 and hence 

cannot be measured.   

This thesis work has developed a novel strategy that harnesses the benefits of 

microfluidics and provides a solution for some of the limitations of label-free peptide 

quantitation. The technology utilizes a column containing strong cation exchange (SCX) 

chromatographic resin to expose peptides to an ethereal solution of diazomethane.  

Diazomethane is most commonly used in solution chemistry as an instantaneous methylating 

agent, specifically with carboxylic acids to yield methyl esters and very few by-products.98,99  

Earlier studies have shown that aqueous solution-based studies with gaseous diazomethane 

have produced trimethylated N-termini on di- and tri-peptides,69 and ethereal diazomethane 

produced some amino acid artifacts containing N-methyl, and even N,N-dimethyl amino acids in 

small quantities, but to no significant advantage.68 In this chapter, we report a fast and cost-

effective microfluidic strategy that results in the complete trimethylation of primary amines, 

producing at least one or two fixed positive charges on tryptic peptides that terminate with 

arginine or lysine residues, respectively.  Moreover, previous research on peptides with 

trimethylated N-termini has demonstrated the preferential formation of a2 fragment ions upon 

collisional activation.72  This translates into the ability to conduct predictable and highly 

sensitive MRM-based analyses and therefore more robust, sensitive, precise and accurate label-

free quantitative proteomics analyses. 
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3.1 Sample preparation  

 

All materials used are explained in section 2.0.   Each of the FLEEVK, FLEENK, FLEEVR, 

FLEEYK and FLEEHK peptides were dissolved in water to prepare concentrations ranging from 

1.25 mM to 2.53 mM.   A combination of 7 proteins (“protmix”) consisting of 3.0x10-9 moles of 

each α-casein, bovine serum albumin (BSA), β-casein, concanavalin A, hemoglobin, myoglobin, 

and ovalbumin were mixed together and tryptically digested as previously described.100  A 0.5 

mg batch of BSA was tryptically digested separately.  The digested protmix and the BSA were 

then resuspended in water containing 0.1% formic acid to concentrations of 0.40 µg/µL and 

0.21 µg/µL, respectively. 

 

3.2 N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) production 
 

See section 2.1 

 

3.3 Diazomethane production 
 

See section 2.2 
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3.4 On-column chemical derivatization 

 

A fritted 18 cm long piece of fused silica (200 µm ID) was packed to 6 cm length with SCX 

resin, washed with 75 µL of KPB and dried with N2 gas as previously discussed (section 2.3).  10 

µL of a solution containing approximately 1.2 µg/µL of FLEEVK was mixed with 90 µL of 50 mM 

H3PO4 solution and was loaded onto the column.   Peptide was derivatized by running 250 µL of 

the ethereal solution containing diazomethane through the column at 200 psi and at room 

temperature.  Initially, peptide elution was performed with 100 µL of 200 mM ammonium 

bicarbonate solution (ABC).   Upon optimization, base hydrolysis of the methyl esters and 

elution of peptides were performed with 100 µL of NaOH (1 M).  After NaOH elution, peptides 

were desalted as previously discussed (Section 2.4). 

 

 

3.5 ESI-MS and MS2 for individual peptides 

 

2 µL of the desalted solution was inserted into a Proxeon nanoelectrospray emitter 

followed by direct analysis of the methylated peptides using the AB Sciex QStar XL.  Spectra 

were obtained using a nanoESI voltage of 1000 V, declustering and focusing potentials at 60 V 

and 120 V, respectively and an MS2 collision energy for MS2 experiments that ranged between 

33 and 35 eV. 
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3.6 LC-MRM for multiple peptides   

 

1.3 µL of solution containing approximately 0.05 µg/µL of modified FLEEVK, FLEEYK and 

FLEEVR and 0.03 µg/µL of modified FLEENK was spiked into 80 µL of water and 0.1% FA 

containing 0.40 µg/µL of digested protmix.  20 µL of this solution was injected and separated 

using a Dionex 3000 at a flow rate of 150 µL/min.  Two buffers, 0.1% formic acid in water (A) 

and 0.1% formic acid in ACN (B), were used, with a linear gradient increase of 4.9%/min of 

buffer B from 2% to 100% for the elution of target peptides.  100% buffer B was allowed to flow 

at a rate of 150 µL/min for 3 minutes followed by a flow rate increase to 300 µL/min for an 

additional 4.5 minutes.  A 10 cm column was packed with Magic C18 to a length of 5 cm.  

Peptides were analyzed via both IDA MS2 and MRM modes on the AB Sciex 4000 Qtrap.  The ion 

transitions used in MRM mode included the doubly charged parent ion to a2 fragment ion for 

each synthetic peptide for 100 ms (See Table 3.3).  Spectra were obtained using a nanoESI 

voltage of 3500 V, a declustering potential of 25 V and a collision energy of 33 eV.   

 

3.7 BSA protein identification and LC-MRM for modified BSA   

 

HPLC separation and MS2 IDA scans were performed on a 20 µL injection of solution 

containing 5 µg of tryptically digested BSA.  The identification of BSA was performed using 

MASCOT (Matrixscience, Boston, MA, USA) with an ion score cut off of zero from which, a 52% 

sequence coverage was observed.  A randomly selected peptide (AEFVEVTK) from the 
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remaining 48% sequence that was not observed was targeted for trimethylation enhancement 

using diazomethane.  On-column chemical derivatization was performed on 5 µg of tryptically 

digested BSA using 500 µL of diazomethane solution as described above.  The derivatized 

protein digest was eluted with 100 µL of NaOH (1 M) and desalted using a C18 OMIX tip.   

Identification of the target peptide (AEFVEVTK) was accomplished via MRM by monitoring the 

transition of the doubly charged parent ion to the a2 fragment ion (m/z 503.8 m/z 215.1) 

using the MRM parameters described above. 

 

3.8 Results and discussion for TrEnDi proteomics 

 

Diazomethane has been used to methyl esterify carboxylic acids on peptides in 

solution;98 however, relatively little is known about the reactivity of diazomethane with other 

amino acid functional groups.  Previous reports of solution-phase experiments have suggested 

that protonated peptide N-termini may also methylate when placed in close proximity to 

diazomethane.69  An attractive feature of peptide N-terminal methylation is that a 

permethylated N-terminus would contain a fixed positive charge via a quaternary ammonium, 

enhancing ionization efficiency and sensitivity when analyzed by MS.  Initial experiments 

revealed that solution-based diazomethane derivatization resulted in an array of products 

arising from incomplete methylation, thereby dividing signal intensity between multiple species 

(data not shown).  However, when used in conjunction with the adsorption of substrate onto 

SCX resin, diazomethane reacts with peptides causing the complete conversion of primary 
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amines into trimethylated quaternary ammonium groups.  The method is only successful when 

peptides are protonated with an acidic solution (phosphoric acid), bound to the SCX column, 

followed by the removal of aqueous solvent prior to treatment with diazomethane, suggesting 

that analyte solvation in solution-based studies may disrupt the complete conversion.  Figure 

3.1 illustrates the reaction of diazomethane with primary amines; acidic ammonium ion protons 

protonate diazomethane, creating an unstable diazonium cation, which carries out an SN2 

reaction methylating the amine while releasing N2 gas.   Critically, diazomethane reacts further 

with the remaining protons on the ammonium group and thus ultimately produces a fixed 

positive charge on the peptide via a quaternary ammonium ion.    

 

Figure 3.1: Methylation of peptide N-terminus with diazomethane 

 

Initially, a synthetic acidic peptide with the amino acid sequence FLEEVK was chosen to 

study the chemistry between diazomethane and a peptide within the confines of an SCX 

microfluidic column.  The mass spectrum of this peptide following treatment with 
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diazomethane is shown in Figure 3.2.  Figure 3.2a reveals the fully modified [FLEEVK]2+ ion at 

m/z 445.76; a total mass shift of +126 Da from the unmodified [FLEEVK]2+, indicating that the 

peptide had been methylated nine times.   Tandem mass spectrometry (MS2) analysis (Figure 

3.2b) reveals the location of these nine newly inserted methyl groups.  Trimethylation is 

observed at the N-terminus as well as on the less acidic primary ammonium ion of the lysine 

side chain creating two fixed positive charges on the peptide.  Methylation was also observed 

on all three carboxylic acid groups – two glutamic acid side chains as well as the C-terminus.  

The derivatization chemistry and structure of modified FLEEVK is illustrated in Figure 3.3.   

 

Figure 3.2: a) FLEEVK treated with diazomethane and eluted with ammonium bicarbonate 
revealing nine added methyl groups (m/z 445.78).  b) Fragmentation of this peptide revealed 

y-ions and a predominant a2 fragment. 
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Figure 3.3: Fully modified FLEEVK via treatment with diazomethane 

 

While it was predicted that acidic residues would methyl esterify with diazomethane, 

our studies indicated that hydrolysis of the newly formed methyl esters occurred over time.  It 

was discovered that this occurred when eluting the peptides from the SCX column with 

ammonium bicarbonate solution.  Further studies also showed that the addition of heat to the 

overall reaction resulted in primary amide formation at the C-terminus (data not shown), 

presumably via aminolysis of the methyl ester.  Therefore, hydrolysis of the methyl esters was 
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performed intentionally by eluting the peptides in 100 µL of 1 M NaOH.  Figure 3.4 reveals the 

mass spectrum of diazomethane-modified FLEEVK following base-assisted hydrolysis of the 

methyl esters where six methylations are observed, confirmed by the dominant molecular ion 

[FLEEVK]2+ at m/z 424.7 in Figure 3.4a.  Again, trimethylation of the N-terminus as well as the 

primary amine of the lysine side chain was confirmed by MS2 analysis (Figure 3.4b); restoration 

of the carboxylic acids was also confirmed.  The overall reaction of FLEEVK with diazomethane 

followed by base is illustrated in Figure 3.5 and proved to drive the chemistry to a single, stable 

product. 

 

Figure 3.4:  a) FLEEVK treated with diazomethane and eluted with sodium hydroxide revealing 
six added methyl groups (m/z 424.76).  b) Fragmentation of this peptide revealed y-ions, y-

ion with the loss of water, immonium ions and a predominant a2 fragment. 
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Figure 3.5: Hexamethylated FLEEVK via reaction with diazomethane followed by complete 
hydrolysis of the methyl esters using NaOH 

 

To further test the reactivity of diazomethane with proton donating amino acids, several 

other synthetic peptides were purchased and subjected to our methylating strategy.  Peptides 

containing an amide residue (N), a phenol residue (Y), an imidazole residue (H) as well as a 

guanidinium residue (R) were selected: FLEENK, FLEEYK, FLEEHK and FLEEVR, respectively.   
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Results revealed that the histidine imidazole group and the tyrosine phenol group were 

successfully methylated using our strategy while the arginine guanidine group and the 

asparagine amide group were not modified; methylation assignments of doubly charged 

species were confirmed by MS2 analysis (Figure 3.4b and Figure 3.7).  The MS and MS2 spectra 

of the triply charged FLEEHK peptide are shown in Figure 3.8.  These results indicated that the 

methylation efficiency of diazomethane is directly proportional to the pKa values of amino acid 

functional groups. These results indicate that the methylation efficiency of diazomethane is a 

function of the pKa values of amino acid functional groups – amino acid side chains with pKa 

values of approximately 11 or less are acidic enough to protonate diazomethane, thereby 

generating the methyldiazonium ion.  Functional groups with pKa values over 11 do not donate 

a proton within the timeframe of our experiment and are not methylated.  Other amino acid 

residues such as threonine (T) and serine (S) both have R group pKa values of approximately 12 

to 13,101,102 and were therefore not expected to be methylated. This theory was tested on 

FLEESK and FLEETK. Results indicated that our pKa hypothesis was correct and that the hydroxyl 

groups from both serine and threonine did not modify to a significant extent within the 

timeframe of our experiment (Figure 3.6).  The results of the treatment of each peptide with 

diazomethane on an SCX column are listed in Table 3.1.  The list of pKa’s tested with successful 

modifications is listed in Table 3.2. 



65 
 

 

Figure 3.6: MS analysis of FLEESK (m/z 418.8) and FLEETK (m/z 425.8) show that primary and 
secondary alcohol groups do not easily methylate (less than 10%) within the time frame of 

our experiment. 

 

Table 3.1: Summary of results for diazomethane-modified synthetic peptides 

Peptide 

Unmodified Modified mass  Δm  Methylation 

m/z 
 

neutral 
mass m/z Da m/z Da 

% N- 
terminus* 

# Me 
groups 

# fixed 
charges 

[FLEEVK]2+ 382.7 763.4 424.7 849.4 42 86 100 6 2 

[FLEEVR]2+ 396.7 791.4 417.7 835.4 21 44 100 3 1 

[FLEENK]2+ 390.2 778.4 432.2 864.4 42 86 100 6 2 

[FLEEYK]2+ 414.7 827.4 463.7 927.4 49 100 100 7 2 

[FLEEHK]3+ 268.1 801.4 305.5 916.4 37.3 115 100 8 3 

[FLEESK]2+ 376.7 751.4 418.8 837.6 42 86 100 6 2 

[FLEETK]2+ 383.7 765.4 425.8 851.6 42 86 100 6 2 

* - percentage of N-terminal amine quaternization 
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Table 3.2: Summary of functional groups tested with TrEnDi and the resulting structure post-
TrEnDi modification 

Functional group pKa Observed affect post-TrEnDi 

 

~10.6103 

 Trimethylation of 

primary amines and formation 

of a fixed positive charge 

 

 

~10.8103 

 

~9.8103 

 

~10.07104 

 Methylation of tyrosine 

side chain 

 

~6.0104 

 Dimethylation of 

histidine side chain and 

formation of a fixed positive 

charge 

 

~6.48104 

 

~15103 

 No modification of 

amides 

 

~12 to 

13101,102 
 Little or no methylation of 

serine side chain 
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~12 to 

13101,102 
 Little or no methylation 

of threonine side chain 

 

~12.48104 

 No methylation of 

guanidinium groups (arginine) 

 

~1.65 to 

~4.25104  All carboxylic acids 

(side chains and C-terminus) are 

methyl esterified 

 

~2105 

 Phosphate 

groups are methyl esterified 

 

 

~1 to 

2105 
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3.8.1 Tandem Mass Spectrometry of Methylated Peptides    

 

Fragmentation of the unmodified peptides yielded a variety of product ions resulting 

from peptide bond cleavage.  Although y- and b-ions provide sequence information, multiple 

fragmentation channels divide and therefore weaken the intensity of prospective MRM scans 

and make it more difficult to predict which parent to fragment ion transition would provide the 

most sensitivity.  The fragmentation mechanisms of the diazomethane-methylated peptides 

were explored by MS2 analysis; peptides containing the trimethylated N-terminus yielded 

reproducible and therefore predictable fragmentation patterns.  Similar to previous studies on 

the fragmentation of peptides containing a permethylated N-terminus,72 MS2 confirmed that 

one of the most predominant fragmentation channels is the production of the a2 ion; in this 

case m/z 275.22 (Figure 3.4b, Figure 3.7 and Figure 3.8c).  This a2 ion is preferentially formed 

due to the immobilization of charge on the N-terminus.  The significance of this consistent and 

dominant a2 ion-forming fragmentation channel is that our chemistry enables a novel and 

powerful dimension to label free quantitation strategies: the ability to fully predict MRM 

transitions a priori, as discussed in greater detail below.  The trimethylated lysine C-terminus 

also produced a fixed positive charge and a characteristic +42 Da shift on all lysine terminating 

y-ions.  In general, this produced an enhanced intensity of lower mass y-ions in addition to the 

a2 ion, opening up additional potential MRM transitions per peptide that would lead to 

sensitive analyses in cases where isobaric interference hampers the use of a single MRM 

transition.   
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As indicated in Table 3.1, two of the peptides were stably modified in locations other 

than primary amines.  In the case of modified FLEEHK, a [FLEEHK]3+ ion appearing at m/z 305.36 

was observed (Figure 3.8a).  When unmodified, FLEEHK was observed to form both the 2+ and 

3+ states due to the proton affinity of the histidine residue.  This reveals another advantage of 

our derivatization strategy; peptides with a distribution of charge states are driven to a single 

state (3+ in the case of FLEEHK) thereby enhancing the signal intensity.  The fragmentation of 

[FLEEHK]3+ yielded low mass y-ions that were different than those generated from typical 

protonated peptides in that their charge state was greater than one.  Figure 3.8c reveals the 

MS2 spectrum of FLEEHK, where the y2- and y3-ions were observed to be doubly charged.  These 

ions also had a mass shift of +70 Da, suggesting that the imidazole group on the histidine 

residue was dimethylated (presumably in a 1,3-fashion, thus preserving the aromaticity of the 

imidazolium ion) resulting in an additional fixed positive charge on the peptide.   MS2 analysis of 

FLEEYK (Figure 3.8c) demonstrated the presence of a methylated hydroxyl group on the 

tyrosine side chain via the y2-, y3- and y4-ions as the masses of all of these ions increased by +56 

Da.   
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Figure 3.7: a) MS2 of TrEnDi-modified FLEEVR revealing that the guanidinium side chain of 
arginine does not get methylated. b) MS2 of TrEnDi-modified FLEENK revealing that the amide 

side chain of asparagine does not get methylated.  c) MS2 of TrEnDi-modified FLEEYK 
revealing that the phenol side chain of tyrosine does get methylated. All ions fragment to 

form a y-ion series and a predominant a2 fragment. 
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Figure 3.8: a) MS of TrEnDi-modified FLEEHK (m/z 305.52).  b) This peptide is triply charged as 
revealed by the molecular ion isotopic spacing of Δ0.33 Th.  c) MS2 of TrEnDi-modified FLEEHK 
revealing y-ion series, a y-ion series with a water loss, the immonium ion of histidine and the 

characteristic a2 fragment ion. 
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3.8.2 Multiple peptides tested simultaneously   

 

Our method demonstrated that peptides could be modified to a single stable product; 

however, it was unknown if there would be limitations to the methylation chemistry if a pool of 

several peptides were modified.  To test this, a solution containing FLEEVK, FLEEVR, FLEENK and 

FLEEYK was acidified, bound to the SCX column and modified with the ethereal diazomethane 

solution to produce doubly charged species.  FLEEHK was not selected for this experiment to 

avoid low m/z matrix noise in the spectra (observed in Figure 3.8a).  Our results demonstrated 

that the chemistry was equally effective on all peptides (Figure 3.9a); FLEEVK, FLEEVR, FLEENK 

and FLEEYK were all successfully methylated and the base hydrolysis of all the methyl esters 

was complete yielding MS signals of m/z 424, 417, 432 and 463, respectively.  MS2 on all 4 

peptides confirmed the formation of the m/z 275.22 a2-ion and the characteristic +42 Da mass 

shift for all lysine-terminating y1-ions.  A +56 Da mass shift was visible for all y2+n-ions in FLEEYK, 

due to methylation of the phenol group, while arginine and asparagine, as expected, were not 

modified.  This experiment demonstrated that methylation of multiple different peptides was 

possible, opening the possibility of derivatizing more complex peptide mixtures.    
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3.8.3 IDA MS2 and MRM analyses   

 

Two MS methods were used to demonstrate the amenability of our methods to 

sensitive label free MS analysis.  The first method employed a typical abundance-based IDA MS2 

experiment to analyze TrEnDi-modified peptides followed by an MRM experiment on the same 

sample.  TrEnDi-modified FLEEVK, FLEEVR, FLEEYK and FLEENK were spiked into a peptide 

mixture (“protmix”) that was three orders of magnitude greater in concentration and the ability 

of an MRM method to obtain quantitative data was assessed.  To ensure accurate data, a 

second set of parent to abundant fragment ion transitions were performed for each peptide 

(Table 3.3).   

Table 3.3: Summary of MRM transitions for TrEnDi modified peptides 

Modified peptide m/z parent m/z fragment (identity) 

[FLEEVR]2+ 417.7 275.2 (a2) 

417.7 533.3 (a4) 

[FLEEVK]2+ 
424.7 275.2 (a2) 

424.7 288.2 (y2) 

[FLEENK]2+ 
432.7 275.2 (a2) 

432.7 189.1 (y1) 

[FLEEYK]2+ 
463.7 275.2 (a2) 

463.7 366.2 (y2) 

 

The IDA MS2 experiment yielded many protmix protein identifications yet none of the 

FLEEXX peptides were selected for MS2 due to their low abundance; visual inspection of the 

expected masses via extracted ion chromatograms yielded no observable signal (data not 

shown).  However, the MRM method was able to detect all four of the modified peptides from 

within the complex sample (Figure 3.9b).  FLEEVK and FLEEVR were not chromatographically 
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distinguishable, but were easily identifiable from the MRM traces.  The lower intensity of the 

FLEENK trace is attributable to losses of this peptide in the C18 Zip-tip cleanup step; subsequent 

analyses of the salty solution post-cleanup revealed remnants of FLEENK presumably due to the 

relative polarity of this peptide.  Our results demonstrate that TrEnDi-modified peptides 

produce strong MRM transitions and remain identifiable at low concentrations in the context of 

more complex peptide samples.   

 

Figure 3.9: a) MS spectrum of a mixture of TrEnDi-modified FLEEVR, FLEEVK, FLEENK and 
FLEEYK. b) MRM chromatogram of these same four peptides spiked into a concentrated 
complex mixture of digested protmix (see Section 3.6) and successfully identified by two 

distinct parent ion to fragment ion transitions including the a2 fragment ion in every case. 
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3.8.4 Diazomethane efficiency on a protein digest   

 

In order to further test the modification efficiency and the applicability of TrEnDi to 

quantitative proteomic analyses, the chemistry was tested on a solution of BSA.  The protein 

was tryptically digested and analyzed via the AB Sciex 4000 Qtrap in IDA MS2 mode.  Peptide 

identification was achieved using a Mascot search against the NCBInr database, as described in 

the methods.   The Mascot results demonstrated that our experiment identified 52% of the 

total sequence of BSA.  However, even when considering the low scoring peptide hits, 48% of 

the protein remained unidentifiable via IDA MS2.  This may have been due to low ionization 

efficiency or low proton affinity of those peptides.  One randomly selected peptide, AEFVEVTK 

(highlighted in Figure 3.10), that was not identified by Mascot but had a favourable length with 

a characteristic lysine C-terminus, was targeted for further analysis.  5 µg of digested BSA was 

bound to the SCX column and 450 µL of ethereal solution containing 0.23 M diazomethane was 

passed over the peptides to ensure complete methylation chemistry.   Based on the pKa of the 

amino acid residues, the total mass shift due to methylation of our selected peptide was 

expected to be + 84 Da, while the a2 fragment was calculated to be 215.1266 Da.  The MRM 

transition pair of m/z 503.8 to 215.1 at unit resolution was chosen for the detection of 

AEFVEVTK.  As shown in Figure 3.10, the peptide was detected with considerable signal 

approximately 9 minutes into the analysis.  The formation of the trimethylated N-terminus via 

diazomethane poses a significant advantage for MRM analysis because it provides predictable 

derivatization and fragmentation behaviour, which allows for MRM analyses of previously 

unobserved peptides from a protein digest.   
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 Using a microfluidic device, the derivatization of tryptic peptides to form fixed, 

permanent positive charges using diazomethane has been demonstrated.  Modified peptides 

show predictable fragmentation behaviour that is well suited for MRM quantitation strategies 

with enhanced sensitivity due to both the intensity of the a2 fragment ion as well as the fact 

that derivatization drives each peptide to a uniform charge state, as observed in the case of 

FLEEHK.  The modified peptides also display improved ionization characteristics including the 

ability to be observed when electrosprayed in aprotic solvents.  TrEnDi-modified FLEEVK was 

dissolved in pure acetonitrile and showed a strong ESI-MS signal when analyzed (data not 

shown).  Eliminating the need for a proton source in ESI obviates concerns regarding ion 

suppression due to differences in peptide proton affinities and opens up the possibility of 

employing novel MS analyses such as in-source ion mobility using molecules with high proton 

affinities (i.e. “proton scrubbers”) or the use of chromatographic schemes with non-

conventional, aprotic mobile phases. 
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Figure 3.10: MRM chromatogram of BSA peptide AEFVEVTK with an inset of the BSA amino 
acid sequence.  The regions identified by Mascot on data acquired using an IDA experiment 
are shown in red and the peptide AEFVEVTK that was successfully identified using TrEnDi is 

underlined in bold font. 
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3.9 Conclusion 

 

 The trimethylation enhancement using diazomethane (TrEnDi) technique has been 

successfully developed on small peptides.  Methylation has been shown to occur on functional 

groups with pKa values lower than 11 and produce quaternary ammonium groups on lysine side 

chains, peptide N-termini and imidazole groups.  Phenol groups were also shown to be 

methylated (without adding a fixed positive charge); however, amide and guanidinium groups 

were not methylated by our strategy.  All carboxylic acids were methylated using this chemistry 

and the methyl esters were easily revered back to acids with the use of a base.   

 TrEnDi modifies peptides such that they contain fixed, permanent positive charges, 

increasing the sensitivity of ESI MS analysis by driving the charge state of each peptide to a 

single value and opening the possibility of using aprotic solvents.  The derivatization chemistry 

is predictable but equally important is that the fragmentation behaviour of TrEnDi-modified 

peptides is also predictable.  TrEnDi-modified peptides demonstrate a propensity to fragment 

and form the a2 fragment ion.  In doubly charged ions, the a2 fragment was the most intense 

fragment revealing how this chemistry is able to enhance the sensitivity of MRM analyses.  The 

proof of this sensitivity gain was observed in the analysis of an unobserved peptide from BSA 

using conventional proteomics methods.  TrEnDi places a fixed positive charge on peptides and 

induces predictable fragmentation behaviour, permitting “blind” MRM experiments and 

providing a mechanism to observe and quantify elusive peptides. 
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4.0 TrEnDi on lipids 

 

Lipids play an important role in a number of physiological functions.  Their participation 

ranges from various signal transduction pathways,106,107 proliferation,108 and apoptosis,109,110 to 

membrane trafficking in the cell.111,112  Lipids have also been associated with a number of 

neurodegenerative diseases,113,114 diabetes115 and even cancer.116 Therefore, a lot of separation 

and analysis techniques have been implemented over the years to study lipids, including mass 

spectrometry.  Advances in ionization techniques5,6,40,41 has allowed researchers to use mass 

spectrometry to probe deeper into the realm of lipidomics and study the various combinations 

in their polar head groups, their fatty acyl chains and their general backbone stuctures.8   

Lipids have unique head groups that vary in their proton affinities.  This means that 

upon analysis using ESI-MS, the relative intensities of different lipids in a single mass spectrum 

would not necessarily correlate to their concentrations; as a result, different quantitation 

strategies have been developed.  Many quantitation methods involve the incorporation of 

internal standards with stable isotopes117 such as 2H and 13C.  Stable isotopes may be 

introduced chemically118  or metabolically,119 permitting quantitation via comparing the relative 

intensities of each isotopically labeled lipid in a mass spectrum.  These methods use the 

isotopically labeled internal standard, identical to the lipid of interest, so that different samples 

may be simultaneously analyzed but have distinctive different masses as measured by mass 

spectrometry.  Since both lipids will have the same proton affinities, they will ionize equally, the 

difference in their relative intensities can be measured and the concentration of the target lipid 
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can be determined.  Methods that use 2H labeled lipid standards for MS/MS analysis have been 

known to have differences in the response compared to the native compounds due to kinetic 

isotope effects in the fragmentation reactions,8 therefore a complete calibration curve is often 

required when performing deuterium labeled lipid MS/MS analysis.  Isotopic labeling of 

standards is a very useful technique; however, it can be quite expensive.   

As an alternative to isotopic labeling, internal standard strategies using compounds that 

are closely related in structure and physiochemical properties to the target lipids (such as non-

naturally occurring lipid standards) have also been developed for lipid quantitation.8  A known 

amount of non-naturally occurring lipids, which have similar physiochemical properties as the 

target lipids, can be spiked into the sample of target lipids as a means of normalization.   

Although this particular strategy offers a cheaper alternative to isotopic labeling, one of the 

disadvantages is that this method is only applicable to a limited number of lipids in complex 

mixtures.8,120,121  Furthermore, there are some lipid classes that are detected more sensitively 

than others, potentially leading to suppression effects when complex mixtures are analyzed;122 

highlighting a need for new analytical tools in this area. 

This thesis work has developed a novel strategy that harnesses the benefits of 

diazomethane to enhance lipid sensitivity.  In this chapter, we report a fast and cost-effective in 

solution strategy that results in the complete methylation of phosphate moieties, carboxylic 

acids and primary amines, ultimately rendering target lipids such as PE and PS to be positively 

charged. Moreover, previous research on lipids bearing fixed positive charges has 

demonstrated the preferential formation of a charged lipid head group ion upon collisional 
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activation.8,58 This translates into the ability to conduct predictable and highly sensitive 

precursor ion analyses and therefore more robust, sensitive, precise and accurate label-free 

quantitative lipidomic analyses. 

 

4.1 Sample preparation 

 

Each of the PE (16:0, 18:1), PC (18:1, 14:0) and SM (18:1/16:0) lipids were dried using 

nitrogen gas and resuspended in ethanol. PS (18:0, 18:2) was purchased as a powder and was 

immediately dissolved in ethanol.  All lipid standard concentrations ranged from 3.4 mM to 10 

mM.   

 

4.2 N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) production   

 

See section 2.1 

 

4.3 Diazomethane production   

 

See section 2.2 
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4.4 In solution chemical derivatization  

 

2 mL clear screw vials were used in all experiments.  Before each experiment, the vials 

were flushed with nitrogen gas for approximately 2 minutes.  10µL of EtOH was added into each 

vial followed by ~ 15 nmol of lipid.  Before each experiment, a 14:1 solution of ether and HBF4 

was freshly prepared and mixed vigorously.  0.5 µL of the 14:1 solution was added to the vial 

containing the lipid standard.  Lipids were derivatized by adding enough of the ethereal solution 

containing diazomethane to the vials such that the colour remained yellow (approximately 250-

300 µL).  The solution was carefully swirled followed by immediate drying under nitrogen gas.  

Once completely dried, the modified lipids were resuspended in 100 µL EtOH. 

 

4.5 ESI-MS and MS2 for individual lipids  

 

3 µL of the resuspended solution was inserted into a Proxeon nanoelectrospray emitter 

followed by direct analysis of the methylated lipids using an AB Sciex QStar XL mass 

spectrometer equipped with a nanoESI source.  Spectra were obtained using a nanoESI voltage 

of 1000 V, declustering and focusing potentials at 30 V and 120 V, respectively and an MS2 

collision energy for MS2 experiments at 40 eV and 60 eV for PS studies. 
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4.6 Sensitivity test for individual lipids   

 

After verifying that the sample was completely methylated, an equimolar amount of 

unmodified lipid was added to the resuspended solution containing modified lipid.  3 µL of the 

resuspended equimolar solution of modified and unmodified lipid was inserted into a Proxeon 

nanoelectrospray emitter followed by direct analysis of the methylated lipids using the QqTOF 

MS equipped with nanoESI source.  Spectra were obtained using a nanoESI voltage of 1000 V, 

declustering and focusing potentials at 30 V and 120 V, respectively and an MS2 collision energy 

for MS2 experiments that ranged between 40 and 60 eV. 

 

4.7 Shotgun lipidomics Precursor ion scanning for multiple lipids   

 

A 12 µL solution containing equimolar amounts of unmodified and modified PC, PS, PE 

and SM lipids were directly injected via electrospray emitter.  Lipids were analyzed via EMS and 

precursor ion scanning modes on the AB Sciex 4000 QTRAP.  In the precursor ion scanning 

mode, lipid identification was accomplished by monitoring for the m/z 184 fragment of the 

unmodified PC and SM species as well as the TrEnDi modified fragment of m/z 198.  The 

sensitivity increase gained from TrEnDi modified PE was explored by comparing the neutral loss 

scanning of 141 for the unmodified PE versus the 198 fragment post TrEnDi.  The sensitivity 

gained from TrEnDi modified PS was also explored by comparing the neutral loss scanning for 

m/z 185 for the unmodified PS with the precursor ion scanning of the dominant 144 and 256 
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fragments  for the TrEnDi modified PS  (listed in Table 4.2 below).  Spectra were obtained using 

an ESI voltage of 5000 V, a declustering potential of 40 V and a collision energy of 40 eV for all 

unmodified and TrEnDi-modified lipids except modified PS; to maximize signal, TrEnDi-modified 

PS required a collision energy of 60 eV. 

 

4.8 Results and discussion for TrEnDi lipidomics 

 

Diazomethane has been previously used to methyl esterify fatty acids for GC 

analysis.63,64,65  It has also been used to convert dipalmitoyl glycerophosphoethanolamine to 

pure dipalmitoyl glycerophospho [N-methyl-3H] choline in solution,67 however it has not been 

shown to successfully methylate both the primary amines and phosphate moieties found in 

certain lipids.  Trimethylsilyl diazomethane has also been used to methylate lipids,74 though in 

this case only the phosphate moieties and carboxylic acids were modified, leaving other 

functional groups such as primary amines unmodified.  Recent Smith lab studies about the 

reactivity of diazomethane have shown that a variety of functional groups can be 

simultaneously methylated when placed in close proximity to diazomethane, including primary 

amines to produce an ammonium ion (Chapter 3).  An attractive feature of lipid primary amine 

methylation is that a permethylated lipid would contain a fixed, permanent positive charge via 

a quaternary ammonium ion, enhancing ionization efficiency and sensitivity when analyzed by 

MS, especially when one can neutralize all negative charges via methylation of the negatively 

charged oxygen on the phosphate group.   The method we have developed is successful at fully 
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methylating lipids (such as PE, PC, SM and PS) when they are subjected to very small amounts 

of diazomethane in the presence of tetrafluoroboric acid (HBF4).   HBF4 is the key to the success 

of in-solution lipid-based TrEnDi because it is extremely acidic, enabling the protonation of the 

lipids of interest, but also produces a non-coordinating counterion.  This ultimately prevents 

diazomethane from methylating the conjugate base of the acid, thereby directing all 

methylation towards the lipids (See Figure 4.1).  Figure 4.1 illustrates the reaction of 

diazomethane with a primary amine; acidic ammonium ion protons protonate diazomethane, 

creating an unstable diazonium cation, which carries out an SN2 reaction methylating the amine 

while releasing N2 gas.   Critically, this reaction produces a fixed positive charge on the lipid via 

the formation of a quaternary ammonium ion while neutralizing the negative charge via the 

formation of the phosphate methyl ester.    
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Figure 4.1: Methylation of a phosphoethanolamine lipid head group with diazomethane 

 

Initially, a lipid standard 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

[PE(16:0-18:1)] was chosen to study the chemistry between diazomethane and the 

phosphoethanolamine (PE) head group in solution.  The mass spectra of the unmodified lipid 

and the lipid following treatment with diazomethane are shown in Figure 4.2 and Figure 4.3, 

respectively.  Figure 4.2a shows that the unmodified PE signal is divided into two parent ions: 

the protonated ion [PE+H]+ at m/z 718.52 and [PE+Na]+ at m/z 740.50.  Tandem mass 

spectrometry (MS2) analysis of [PE+H]+ at m/z 718.52 (Figure 4.2b) shows several fragmentation 
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channels yielding a variety of product ions resulting from various bond cleavages.  Figure 4.3a 

reveals the fully modified [PE]1+ ion at m/z 774.58; a total mass shift of +56 Da from the 

unmodified [PE+H]+, indicating that the lipid had been methylated four times.   The 

fragmentation mechanism of the diazomethane-methylated PE was explored by MS2 analysis 

(Figure 4.3b); PE subjected to TrEnDi yielded vastly simpler, reproducible and therefore 

predictable fragmentation patterns.   

 

Figure 4.2: a) PE unmodified revealing protonated and sodiated parent ions. b) Fragmentation 
of the unmodified PE indicates divided signal along the various fragmentation channels. 

 

 

B) A) 
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Figure 4.3: a) PE treated with diazomethane reveals four methyl groups (m/z 774.6). b) 
Fragmentation of this lipid revealed a single fragmentation channel (m/z 198.1) 

 

MS2 confirmed that the location of these four newly inserted methyl groups was 

inserted on the head group, driving the fragmentation channels to one product at m/z 198.09; 

likely due to the immobilization of charge on the newly formed quaternary ammonium ion.  

While it was predicted that the primary amine will trimethylate with diazomethane, our studies 

indicated that a fourth methylation reaction was also occurring at the phosphate oxygen, which 

is why a mass shift of 14 Da was observed over the predicted m/z 184 phosphocholine head 

group.  The significance of this consistent and dominant fragmentation channel is that our 

chemistry enables a novel and powerful dimension to label free quantitation strategies for PE 

lipids: the ability to fully acquire the precursor ion transition of PE lipids.  The derivatization 

chemistry and structure of TrEnDi modified PE is illustrated in Figure 4.4.   

B) A) 
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Figure 4.4: Fully modified PE (16:0-18:1) via treatment with diazomethane and HBF4 

 

In further studies to determine the efficiency of TrEnDi, 1-octadecanoyl-2-(9Z,12Z-

octadecadienoyl)-sn-glycero-3-phospho-L-serine(sodium salt) [PS(18:0/18:2(9Z,12Z))] was also 

evaluated.    Figure 4.5 and Figure 4.6 reveal the mass spectrum of the unmodified PS lipid and 

PS following treatment with diazomethane.   When unmodified, PS was observed to form 

multiple parent ions due to cationization with Na+ (Figure 4.5a) while the MS2 analysis indicated 

a much divided signal amongst all the fragmentation channels, therefore weakening the 

intensity of prospective scanning modes (Figure 4.5b).     

Diazomethane 

HBF
4
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Figure 4.5: a) PS unmodified revealing three parent ions (protonated, sodiated and doubly 
sodiated). b) Fragmentation of the unmodified PS at m/z 788.5 indicates divided signal along 

the various fragmentation channels. 

 

In the case of diazomethane-modified PS, the mass spectrum reveals that five 

methylations are observed, confirmed by the dominant molecular ion [PS]1+ at m/z 858.59 

(Figure 4.6a). This reveals another advantage of our derivatization strategy, a lipid with a 

distribution of parent ions is driven to a single parent ion thereby enhancing the signal 

intensity.   Trimethylation of the primary amine, methylation of the negatively charged oxygen 

in the phosphate head group as well as the carboxylic acid was confirmed by MS2 analysis 

(Figure 4.6b); with two dominant fragmentation channels shown at m/z 256.09 and 144.10 

respectively.  The overall reaction of PS with diazomethane and HBF4 is illustrated in Figure 4.7 

and proved to drive the chemistry to a single, stable product. 

B) A) 
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Figure 4.6: a) PS treated with diazomethane reveals five methyl groups (m/z 858.6). b) MS2 
reveals two dominant fragmentation channels (m/z 256.1 and 144.1 respectively) 

 

 

 

 

 

 

 

Figure 4.7: Pentamethylated PS(18:0/18:2(9Z,12Z)) via reaction with diazomethane and HBF4 

Diazomethane 

HBF
4
 

B) 

A) 
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To determine the reactivity of diazomethane with more frequently studied lipids, PC and 

SM standards were purchased and subjected to our methylating strategy.  While other studies 

have shown the characteristic fragments formed in MS2 analysis of PC and SM lipids,8,57,58 here 

we observe the methylation of the phosphate group with no consequence to the parent 

molecule and its MS2 analysis (Figure 4.8 and Figure 4.9).  The results of the treatment of each 

lipid with diazomethane and HBF4 in solution are summarized in Table 4.1. 

 

Figure 4.8: a) PC treated with diazomethane reveals addition of one methyl group (m/z 746). 
b) Fragmentation of this lipid revealed one dominant fragmentation channel similar to the 

expected 184 Da head group with the additional methyl group (m/z 198.1) 

A) B) 
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Figure 4.9: a) SM treated with diazomethane reveals addition of one methyl group (m/z 
717.6). b) Fragmentation of this lipid revealed one dominant fragmentation channel similar to 

the expected 184 Da head group with the additional methyl group (m/z 198.1) 

 

Table 4.1: Summary of results for diazomethane-modified synthetic lipids 

Lipid 

Unmodified 
Modified 

mass  
Δm  Methylation 

m/z 
 

neutral 
mass m/z 

Da 
 

% 
modified 

# Me 
groups 

# fixed 
charges 

[PE(16:0/18:1)]1+ 718.5 717.5 774.6 56 100 4 1 

[PS(18:0/18:2)]1+ 809.5 810.5 858.5 70 100 5 1 

[PC(18:1/14:0)]1+ 759.6 760.6 774.6 14 100 1 1 

[SM(d18:1/16:0)]1+ 703.6 702.6 717.6 14 100 1 1 

 

 

A) B) 
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Table 4.1 reveals that the negatively charged oxygen in the phosphate group was 

successfully methylated for all of the lipids that were tested using our strategy.  Table 4.1 also 

indicates that primary amines and carboxylic acids are also successfully methylated.  As with 

proteomic diazomethane studies (Chapter 3) these results indicate that the methylation 

efficiency of diazomethane is largely proportional to the pKa values of the lipid functional 

groups.  Our results demonstrate that lipid functional groups with pKa values of approximately 

11 or less are fully modified by diazomethane with the presence of acid.  Functional groups with 

pKa values over 11 do not easily methylate within the timeframe of our experiment.   

 

4.8.1 MS sensitivity Increase Post TrEnDi    

 

Studies using equimolar amounts of unmodified lipid and modified lipid were conducted 

to verify that our derivatization strategy enhances ionization efficiency and sensitivity for 

individual lipids when analyzed by MS.   For PE, there was nearly a 60% increase in sensitivity of 

the modified PE versus the unmodified PE (Figure 4.10a).   The largest increase in sensitivity is 

visible in PS post diazomethane treatment.  Here we see that an equimolar amount of 

unmodified PS produces a very weak and divided signal in comparison to the one dominating 

ion present post TrEnDi (Figure 4.10 b). A sensitivity test was also performed on PC and SM to 

demonstrate that there are no adverse effects with diazomethane treatment to the already 

strong signal of the unmodified PC or SM lipids.  We do, however, observe a slight increase in 
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sensitivity in PC through the neutralization of the negatively charged oxygen on the phosphate 

group as well as an increase in sensitivity for SM (Figure 4.10 c and d).   

 

 

Figure 4.10: a) Equimolar amounts of modified and unmodified PE reveals an increase in 
sensitivity by nearly 60 percent.  b) Equimolar amounts of modified and unmodified PS shows 

nearly 100% increase in sensitivity.  c) Equimolar amounts of modified and unmodified PC 
show no significant increase in sensitivity.  d) Equimolar amounts of modified and unmodified 

SM show an increase in sensitivity. 
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4.8.2 Multiple lipids tested simultaneously   

 

Our method demonstrated that lipids could be modified to a single stable product; 

however, it was unknown if there would be limitations to the methylation chemistry if a pool of 

several lipids were modified simultaneously. To test this, a solution containing PE, PS, SM and 

PC were acidified with the ethereal HBF4 solution and modified with the ethereal diazomethane 

solution to produce singly charged species.  Our results demonstrated that the chemistry was 

equally effective on all lipids (Figure 4.11); PE, PS, SM and PC were all successfully methylated 

yielding MS signals of m/z 774, 858, 717 and 746, respectively.  MS2 on all 4 lipids confirmed the 

formation of their respective modified head groups with their characteristic mass shifts (Table 

4.1).  This experiment demonstrated that methylation of multiple different lipids was possible, 

opening the possibility of derivatizing more complex lipid mixtures.    

 

Figure 4.11: MS spectrum of mixture of TrEnDi-modified SM, PC, PE and PS 
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In addition to this experiment, a sensitivity test was performed simultaneously on 

multiple lipid species.  MS analysis in Figure 4.12 reveals the sensitivity increase gained from 

TrEnDi modified lipids over an equimolar amount of unmodified lipids that were spiked into the 

modified lipid combo solution.  Unmodified PS is nearly non-existent with signals split between 

the protonated and sodiated parent ions.   

 

 

Figure 4.12: MS reveals the sensitivity increase gained from TrEnDi modified lipids over an 
equimolar amount of unmodified lipids  
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4.8.3 Precursor ion analyses sensitivity gain  

 

The ability of the precursor ion scanning mode on TrEnDi-modified lipids versus typical 

MS2 analysis of unmodified PC, SM, PE and PS were assessed (Table 4.2).  The intensity of the 

signal in the neutral loss scanning mode for unmodified PE was relatively low and divided 

between the protonated and sodiated parent ions (Figure 4.13), while the neutral loss scanning 

mode for unmodified PS yielded very little observable signal (Figure 4.14).  The precursor ion 

scan for m/z 184 yielded both unmodified PC and SM with a moderately intense signal (Figure 

4.15).  However, the precursor ion scanning method was able to detect all four TrEnDi-modified 

lipids with signal intensities significantly greater than those observed in the unmodified lipid 

analyses (Figure 4.16 and Figure 4.17).   The greatest increase in sensitivity was found for PS 

with a precursor scan of m/z 144 with CE of 60eV (Figure 4.18).   

 

Figure 4.13: Divided signal intensities of the neutral loss scan for PE (-m/z 141) 
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Figure 4.14: Very weak signal intensity in the neutral loss scan for PS (-m/z 185) 

 

 

Figure 4.15: Relatively strong signal intensities for the precursor ion scan (m/z 184) for PC 
(m/z 732.7) and SM (m/z 703.7)  
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Figure 4.16: Significantly stronger signal intensities for the precursor ion scan (m/z 198) for 

TrEnDi-modified SM (m/z 717.7), PC (m/z 746.7) and PE (m/z 774.7) 

 

Figure 4.17: Significantly stronger signal intensity in the precursor ion scan (m/z 256) for 
TrEnDi-modified PS (m/z 858.7) 
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Figure 4.18: The strongest signal intensity for the precursor ion scan (m/z 144) with CE of 
60eV for TrEnDi-modified PS (m/z 858.7) 

 

Our results demonstrate that TrEnDi-modified lipids produce significantly stronger signal 

intensities when performing MS2 analysis, with an increase in signal of up to 4 orders of 

magnitude.    

 

Table 4.2: Summary of interesting transitions for unmodified and TrEnDi-modified lipids 

Lipids 
TrEnDi-modified Unmodified 

m/z parent m/z fragment  m/z parent m/z fragment  

[PE(16:0/18:1)]1+ 774.5 198.1  718.5 -141  

[PS(18:0/18:2)]1+ 858.5 256  788.5 -185 

144 

[PC(18:1/14:0)]1+ 746.5 198.1 732.5 184.1 

[SM(d18:1/16:0)]1+ 717.5 198.1 703.5 184.1 
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4.9 Conclusion 

 

The trimethylation enhancement using diazomethane (TrEnDi) technique has been 

successfully developed on various lipids.  Complete methylation has also been shown to occur 

on functional groups with pKa values lower than 11 and produce quaternary ammonium groups 

on PE and PS primary amines.  Phosphate moieties and carboxylic acids were also shown to be 

methylated using this chemistry (neutralizing the negative charge); however, secondary alcohol 

groups were less affected.   

 TrEnDi modifies lipids such that they contain fixed, permanent positive charges, 

increasing the sensitivity of ESI MS analysis by driving the charge state of each lipid to a single 

value and opening the possibility of using aprotic solvents.  The derivatization chemistry is 

predictable but equally important is that the fragmentation behaviour of TrEnDi-modified lipids 

is also predictable.  TrEnDi-modified lipids demonstrate a propensity to fragment and form the 

fully modified head group ions.  The fully modified head group fragment was the most intense 

fragment for PC, PE and SM lipids, while higher collision energies produced an alternate 

fragment for PS with even greater signal intensity, revealing how this chemistry is able to 

enhance the sensitivity of precursor ion scanning analyses.  The proof of this sensitivity gain 

was observed in the comparison analysis of equimolar amounts of unmodified and TrEnDi-

modified lipids using conventional lipidomics methods. TrEnDi places a fixed positive charge on 

lipids and induces anticipated head group fragmentation behaviour, permitting highly sensitive 
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precursor ion scanning experiments and providing a mechanism to observe and quantify elusive 

lipids. 
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5.0 Other projects and future works 

 

5.1 Protein Research 

 

The focus of this study was to determine the effectiveness of TrEnDi on complex protein 

digests.  Horse heart myoglobin was chosen as a suitable candidate as it is a relatively small 

protein of 153 amino acids in length and in the 17kDa mass range (the sequence is shown in 

Figure 5.1).  

1 GLSDGEWQQV LNVWGKVEAD IAGHGQEVLI RLFTGHPETL EKFDKFKHLK 

51 TEAEMKASED LKKHGTVVLT ALGGILKKKG HHEAELKPLA QSHATKHKIP 

101 IKYLEFISDA IIHVLHSKHP GDFGADAQGA MTKALELFRN DIAAKYKELG 

151 FQG 

    Figure 5.1: Amino acid sequence of horse heart myoglobin 

Myoglobin was tryptically digested as previously described in section 2.6, and subjected 

to an IDA experiment to determine the total sequence coverage of the unmodified protein.  

Analysis of the IDA experiment indicated a positive match for 7 peptides listed in Table 5.1.   

Table 5.1: List of peptides observed pre-modification 

Peptide m/z Da 

ELGFQG 650.3 

ALELFR 748.5 

YKELGFQG 471.3 

LFTGHPETLEK 424.6 

ALELFRNDIAAK 454.3 

HGTVVLTALGGILK 460.3 

VEADIAGHGQEVLIR 536.3 
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These peptides are equivalent to 39.2% sequence coverage of the entire protein.  The 

hypothesis of this experiment was that the tryptically digested myoglobin subjected to on-

column TrEnDi would provide greater sequence coverage and produce higher intensity peaks 

than that observed from the unmodified myoglobin.   The mass spectrum of the tryptically 

digested myoglobin following treatment with diazomethane is shown in Figure 5.2.  Figure 5.2 

and Table 5.2 reveals only three fully modified peptides, including [ALELFR]2+, [LFTGHPETLEK]3+ 

and [VEADIAGHGQEVLIR]3+ ions at m/z 395.8, 462.0 and 559.7 respectively, were observed.  A 

total mass shift of +42 Da from the unmodified [ALELFR]2+, +112 Da from the unmodified 

[LFTGHPETLEK]3+ and +70 Da from the unmodified [VEADIAGHGQEVLIR]3+  was observed, 

indicating that the peptides had been methylated three, eight and five times respectively.  

Table 5.2: List of peptides observed post-TrEnDi modification 

Peptide m/z Da 

ALELFR 395.8 

LFTGHPETLEK 462.0 

VEADIAGHGQEVLIR 559.7 
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Figure 5.2: MS analysis of myoglobin confirms three peptides fully modified 

 

Figure 5.3, Figure 5.4 and Figure 5.5 confirm that the peptides were fully methylated as 

predicted with successful base hydrolysis of the methyl esters and formation of the dominant a2 

fragment ion.  Tables 5.3 through 5.5 highlight the total sequence coverage obtained post-

TrEnDi for [ALELFR]2+, [LFTGHPETLEK]3+ and [VEADIAGHGQEVLIR]3+.   
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Figure 5.3: MS2 analysis of TrEnDi modified ALELFR.  

 

Table 5.3: Predicted a, b and y ions versus observed ions highlighted in yellow in the MS2 
analysis of ALELFR 

 Fragment ions 

Location a b Y 

1 86.09717 114.0921 175.1196 

2 199.1812 227.1761 322.188 

3 328.2238 356.2187 435.2721 

4 441.3079 469.3028 564.3146 

5 588.3763 616.3712 677.3987 

6 372.7426 386.7401 748.4358 
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Figure 5.4: MS2 analysis of TrEnDi modified LFTGHPETLEK 

 

Table 5.4: Predicted a, b and y ions versus observed ions highlighted in yellow in the MS2 
analysis of LFTGHPETLEK 

 Fragment ions 

location a b Y 

1 128.1441 156.139 189.1606 

2 275.2125 303.2074 318.2031 

3 376.2602 404.2551 431.2872 

4 433.2817 461.2766 532.3349 

5 299.6899 313.6874 661.3775 

6 348.2163 362.2138 758.4302 

7 412.7376 426.7351 462.2642 

8 463.2614 477.2589 490.7749 

9 519.8035 533.8009 541.2988 

10 584.3248 598.3222 614.833 

11 446.5998 455.9315 671.375 
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Figure 5.5: MS2 analysis of TrEnDi modified VEADIAGHGQEVLIR.  

Table 5.5: Predicted a, b and y ions versus observed ions highlighted in yellow in the MS2 
analysis of VEADIAGHGQEVLIR  

Location a b Y 

1 114.1285 142.1234 175.1196 

2 243.1711 271.166 288.2036 

3 314.2082 342.2031 401.2877 

4 429.2351 457.23 500.3561 

5 542.3192 570.3141 629.3987 

6 613.3563 641.3512 757.4573 

7 670.3777 698.3727 814.4787 

8 418.238 432.2354 490.2885 

9 446.7487 460.7461 518.7992 

10 510.778 524.7754 554.3177 

11 575.2993 589.2967 610.8598 

12 624.8335 638.8309 668.3732 

13 681.3755 695.373 703.8918 

14 737.9175 751.915 768.4131 

15 544.3147 553.6463 817.9473 
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It remains unclear as to why the other peptides were not successfully observed post-

TrEnDi modification. There is the possibility that the other peptides had a lower binding affinity 

to the SCX resin.  Another more likely theory that remains to be tested for future studies, is that 

post-TrEnDi modified peptides can become highly charged (some peptides were predicted to 

have 6 fixed positive charges).  These highly charged species would become more hydrophilic, 

making the desalting step challenging as the fully modified peptides would likely have 

difficulties binding to the C18 resin during the desalting procedure. In an attempt to solve this 

problem, future full protein on-column TrEnDi studies should therefore be tested with 

triethylammonium acetate as the elution solution in order to increase hydrophobicity (section 

5.3).  This volatile salt can then be evaporated and the TrEnDi modified protein can be dissolved 

in a more suitable solvent for MS analysis. 

 

5.2 Phosphopeptides and 18O labelling 

 

Phosphopeptide work was performed on-column following the general procedures 

found in section 2.3.  Here the main focus was on a synthesized peptide FLEEpSK with a 

phosphorylated serine.  The goal of this experiment was to determine the effects TrEnDi would 

have on a phosphorylated peptide.  The unmodified FLEEpSK peptide was found to be primarily 

a doubly charged ion with a mass-to-charge ratio of 416.71 Da as shown in Figure 5.6.  MS2 data 

of the unmodified FLEEpSK revealed some characteristic fragment ions including the neutral 

loss of the serine phosphate group in the y ion series (see Figure 5.7). 
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Figure 5.6: MS results of FLEEpSK prior to TrEnDi modification. 
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Figure 5.7: MS2 results of unmodified FLEEpSK.  All y ions represent the mass of the ion with a 
neutral loss of H3PO4 corresponding to a loss of 98 Da. 

 

Upon derivatization with diazomethane and elution with sodium hydroxide the final 

mass-to-charge ratio of the most dominant peak was found to be 409.75 (Figure 5.8).  This was 

an unusual observation upon initial inspection, however, MS2 analysis of 409.75 indicated that 

FLEEpSK was hexamethylated, that base hydrolysis of the methyl esters was complete and that 

dephosphorylation of serine occurred somewhere between methylation with diazomethane 

and elution with sodium hydroxide (Figure 5.9).  
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Figure 5.8: MS results of TrEnDi modified FLEEpSK. 
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Figure 5.9: MS2 results of modified FLEEpSK at m/z 409.7.  All y ions have been 
dephosphorylated (except y1). 

 

Elution with ammonium bicarbonate studies indicated that a modified phosphate group 

in FLEEpSK was present with several methylations and that dephosphorylation did not occur 

during the treatment of diazomethane (data not shown).   An additional study showed that 

elution of unmodified FLEEpSK with NaOH did not cause dephosphorylation (data not shown).  

Therefore, the dephosphorylation of TrEnDi modified FLEEpSK was caused by NaOH, though 

dephosphorylation only occurred after the phosphate group was methylated.  The 

derivatization chemistry and structure of modified FLEEpSK post NaOH elution is illustrated in 

Figure 5.10.   
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Figure 5.10: Fully modified FLEEpSK with the dephosphorylated serine 

 

Figure 5.8 also reveals a doubly charged species at m/z 416.78 that would initially cause 

one to suspect that some FLEEpSK had remained unmodified.  However, the m/z of the 

unmodified FLEEpSK is 416.71 whereas the new m/z had a shift of +0.07 Da from the 

unmodified FLEEpSK.  MS2 analysis (Figure 5.11) confirmed that the peptide was a fully 

modified, dephosphorylated FLEEpSK with an additional methyl group.  The MS2 analysis was 

unable to clearly indicate the location of the additional methylation site; therefore it is likely 

that the additional methylation is occurring on various positions along the back bone of the 

peptide. 
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Figure 5.11: MS2 analysis of TrEnDi-modified FLEEpSK with an additional ME (m/z 416.78). 

 

Further TrEnDi studies on phosphorylated peptides were performed on phosphorylated 

tyrosine in the peptide FLEEpYK.  Figure 5.12 and Figure 5.13 show the MS and the MS2 analysis 

of unmodified FLEEpYK.   Previous studies have shown that tyrosine residues remain 

methylated even when subjected to base hydrolysis using NaOH (section 3.4).  It was 

hypothesized that a phosphorylated tyrosine subjected to TrEnDi and base hydrolysis would 

dephosphorylate.  This would provide a unique method for determining the location of 

phosphorylated tyrosine residues on a peptide.  In theory, a tyrosine residue that was not 

phosphorylated would get methylated when subjected to diazomethane treatment, whereas 
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tyrosine residues that were phosphorylated would dephosphorylate and remain unmodified 

when subjected to diazomethane treatment and base hydrolysis with NaOH.  MS2 analysis 

would provide details as to whether the tyrosine residue was methylated or not.  Methylation 

would indicate that there was no phosphate group present prior to TrEnDi treatment, whereas 

an unmodified tyrosine residue would indicate that there was a phosphate group present prior 

to TrEnDi treatment and base hydrolysis.   

 

 

Figure 5.12: MS analysis of unmodified FLEEpYK 
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Figure 5.13: MS2 analysis of unmodified FLEEpYK at m/z 454.7. All y ions represent the mass 
of the ion with a neutral loss of H3PO4 corresponding to a loss of 98 Da 

 

In testing our hypothesis, results indicated that our initial hypothesis was nearly correct.  

The m/z of 456.77 in Figure 5.14 was the exact m/z of the predicted dephosphorylated 

hexamethylated FLEEpYK with an unmodified tyrosine residue. This was confirmed by MS2 

analysis (see Figure 5.15); however, Figure 5.14 also reveals two related ions at m/z of 463.77 

and 503.76. As with FLEEpSK, the m/z of 463.77 was found to be the dephosphorylated FLEEpYK 

with an additional methyl group.   
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Figure 5.14: MS analysis of on-column TrEnDi modified FLEEpYK 

 

MS2 analysis is unable to determine one exact location of the additional methylation site 

as there is evidence of an additional methylation on both the a and y ion series; however, based 

on intensity, Figure 5.16 would suggest that the majority of the additional methylation is 

occurring on the backbone between y1 and y2.  Ultimately, the intensity of m/z 463.77 in Figure 

5.14 is the sum of all the modified FLEEpYK with one extra methylation.      
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Figure 5.15: MS2 analysis of m/z 454.7. All y ions are fragment masses of the 
dephosphorylated parent ion except y1. 
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Figure 5.16: MS2 analysis of m/z 463.7. All y ions are fragment masses of the 
dephosphorylated parent ion except y1. 

 

MS2 analysis of m/z 503.76 not only indicated that some of the phosphate group 

remained present on the peptide, but that the phosphate group was singly methylated (Figure 

5.17).  Therefore, at some point during base hydrolysis, though occurring at a less favourable 

rate, one of the newly formed phosphate methyl esters was hydrolysing prior to 

dephosphorylation.  This would suggest that hydrolysis of just one of the newly formed 

phosphate methyl esters would stabilize the phosphate group preventing dephosphorylation.  

Therefore, we were not successful at driving the reaction to a single dephosphorylated product.  
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In an attempt to drive the fully modified FLEEpYK to one product, a neutral salt elution solution 

that would not perform base hydrolysis was explored. 

 

Figure 5.17: MS2 analysis of m/z 503.7 with the phosphate group still intact. 

 

As a single preliminary test on FLEEpYK, a packet of iodized salt obtained from Carleton 

University’s University Centre Cafeteria was dissolved in 8 mL of deionized Milli Q water.  100 

µL of this salty solution was used to elute FLEEpYK post on-column TrEnDi modification.  After 

desalting (section 2.4), MS analysis showed a fascinating result (Figure 5.18 A and B) indicating 

a fully modified FLEEpYK product with 11 methyl groups including three methyl esters and two 

on the phosphate group as indicated in Figure 5.19.   Figure 5.18 B shows an unusual isotopic 
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distribution for the peak at m/z 531.78.  This was due to the oversaturation of the detector by a 

highly concentrated sample.  This result reveals that under relatively neutral conditions, the 

modified phosphate group will remain intact.  Recent improvements on elution without base 

hydrolysis are now feasible (section 5.3).  This new elution technique could prove to be useful 

for further phosphoproteomic studies as the phosphate groups would remain fully modified, 

hence neutralizing their negative charge while providing the benefits of TrEnDi to the rest of 

the peptide.  This test remains to be studied.   

 

Figure 5.18: A) MS analysis of TrEnDi modified FLEEpYK eluted with iodized salt. B) Zoom in 
on the saturation of m/z 531.78 
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Figure 5.19: MS2 analysis of m/z FLEEpYK with methyl esters and dimethyl phosphate still 
intact. 

 

5.2.1 Na18OH elution studies 

 

As an additional feature to TrEnDi, 18O labelling studies were performed to determine 

the applicability of labelling peptides with 18O during base hydrolysis.  Work was performed on 

FLEEpSK peptide on-column following the general procedures found in section 2.3.   Elution of 

peptides was performed using 60 µL of ~1 M Na18OH.  Production of Na18OH was described in 

section 2.7.  Elution studies with Na18OH have shown to provide TrEnDi with the means of 18O 

labelling during the hydrolysis of the newly formed methyl esters.  As previously described, 
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elution with Na18OH was able to dephosphorylate serine and label all acidic residues.  Base 

hydrolysis with Na18OH provides us with the unique advantage of modifying peptides in such a 

way that there will be a minimum of 2 Da mass shift for every peptide subjected to TrEnDi and 

TrEnDi with Na18OH elution.  An example is provided with FLEEpSK, where a m/z shift of 3 Da, 

equivalent to six mass units, is observed (see Figure 5.20 and Figure 5.8).  This now offers 

another means for quantitative analysis, such that two of the same analytes from different 

samples can be analyzed together simultaneously and the relative difference in their intensities 

can be measured.  MS2 comparison between FLEEpSK eluted with Na16OH and FLEEpSK eluted 

with Na18OH is shown in Figure 5.21.  The derivatization chemistry and structure of modified 

FLEEpSK followed by Na18OH elution is illustrated in Figure 5.22.   

 

Figure 5.20: MS of TrEnDi modified FLEEpSK and elution with Na18OH. 
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Figure 5.21: MS2 comparison between TrEnDi modified FLEEpSK and elution with Na16OH and 
Na18OH 
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Figure 5.22: Fully modified FLEEpSK via treatment with diazomethane and Na18OH 

 

5.3 On-column derivatization and elution with triethylammonium acetate  

 

Derivatization and elution with triethylammonium acetate was performed following the 

general procedure for on-column derivatization and desalting found in section 2.3 and 2.4.  

Approximately 100 µL of triethylammonium acetate was used during the elution step.  The 
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purpose of this experiment was to determine whether or not a solution with neutral pH could 

be used to elute peptides from the SCX resin.  The hypothesis was that triethylammonium 

acetate, being a volatile salt and an improvement over iodized salt, would provide sufficient 

enough competition for binding sites on the SCX resin to elute our analyte, while preventing 

acid or base hydrolysis of the newly formed methyl esters.   

 

Elution with triethylammonium acetate was attempted on the combination of FLEEVR, 

FLEEVK, FLEENK and FLEEYK peptides.  Figure 5.23 reveals the mass spectrum of diazomethane-

modified FLEEVR, FLEEVK, FLEENK and FLEEYK following elution with Et3N+H –OAc.  A total of six 

methylations on FLEEVR, nine methylations on FLEEVK and FLEENK and ten methylations on 

FLEEYK were observed, confirmed by the dominant molecular ions [FLEEVR]2+,  [FLEEVK]2+, 

[FLEENK]2+ and [FLEEYK]2+ at m/z 438.7, 445.7, 453.2 and 484.7 respectively.  Trimethylation of 

the N-terminus as well as the primary amine of the lysine side chain was confirmed by MS2 

analysis (Figure 5.25 to Figure 5.28); the preservation of the methyl esters was also confirmed.  
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Figure 5.23: MS analysis of fully modified FLEEVR, FLEEVK, FLEENK and FLEEYK post TrEnDi 
modification and elution with Et3N+H –OAc 

 

The overall reaction of FLEEVK with diazomethane followed by Et3N+H –OAc elution is 

illustrated in Figure 5.24. The results of the treatment of each peptide with diazomethane on an 

SCX column followed by Et3N+H –OAc elution are listed in Table 5.6. 
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Figure 5.24: FLEEVK subjected to diazomethane treatment and triethylammonium acetate 
elution yields a fully modified FLEEVK with 9 methylations and 2 fixed positive charges 

 

Elution with triethylammonium acetate now provides us with the unique ability to fully 

modify peptides, including the methyl esters.  This may improve analysis of full proteins.   As 

was previously discussed, multiply charged peptides can become extremely hydrophilic, 

especially after base hydrolysis of the methyl esters.  It is possible that elution with 

triethylammonium acetate will increase the hydrophobicity with the methyl esters and allow 

for further detection of peptides following the desalting procedure.  Furthermore, 

triethylammonium acetate is a volatile salt. Therefore, the elution solution post-TrEnDi can be 
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evaporated and the modified peptides could be reconstituted in a more desirable spraying 

solution. These hypotheses have yet to be tested.  In addition to these advantages, further 13C 

vs. 12C diazomethane studies will provide large differences in m/z ratio, which will enable one to 

perform further quantitative analysis.   Furthermore, elution with triethylammonium acetate 

may provide further advancement in phosphoproteomic studies as the fully modified 

phosphate group would likely remain fully modified and intact.  A fully modified phosphate 

group removes the negative charge, thereby rendering that portion of the peptide as neutral, 

while fixing positive charges to the N-terminus, histidine residues, and any lysine side chains.  

This modification of the phosphate group would allow one to confirm the location of this 

common PTM via MS2 analysis.  These studies could be coupled with 13C experiments, which 

have yet to be explored.  

 

Table 5.6: Summary of results for diazomethane-modified synthetic peptides followed by 
elution with Et3N+H –OAc 

Peptide 

Unmodified Modified mass  Δm  Methylation 

m/z 
 

neutral 
mass m/z Da m/z Da 

% N- 
terminus* 

# Me 
groups 

# fixed 
charges 

[FLEEVK]2+ 382.7 763.4 445.7 891.4 63 128 100 9 2 

[FLEEVR]2+ 396.7 791.4 438.7 877.4 42 86 100 6 1 

[FLEENK]2+ 390.2 778.4 453.2 906.4 63 128 100 9 2 

[FLEEYK]2+ 414.7 827.4 484.7 969.4 70 142 100 10 2 

* - percentage of N-terminal amine quaternization 
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Figure 5.25:  MS2 results of fully modified FLEEVR (m/z 438.7) with methyl esterification. 

 

Figure 5.26: MS2 results of fully modified FLEEVK (m/z 445.3) with methyl esterification. 
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Figure 5.27: MS2 results of fully modified FLEENK (m/z 453.2) with methyl esterification. 

 

Figure 5.28: MS2 results of fully modified FLEEYK (m/z 484.8) with methyl esterification. 
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5.4 On-column derivatization of lipids 

 

On-column derivatization of lipids varies slightly from peptides.  A brief outline of the 

procedure is shown below.  A fritted 18 cm long piece of fused silica (200 µm ID) was packed 

with previously washed and conditioned PolySULFOETHYL A SCX resin using a high pressure 

vessel.  Following the potassium phosphate buffer wash, a solution containing approximately 7 

µg of PE lipid was prepared with 30 µL of ethanol and 70 µL of 50mM H3PO4 before 

derivatization with diazomethane. PC lipid required ethanol and 0.5 µL of a 1:5 HBF4: ether 

solution prior to derivatization.   Bound analytes were allowed to dry using nitrogen gas.  

Approximately 250 µL of ethereal diazomethane was added to the HPV and was allowed to flow 

through the column.    Once dried, a 200 mmol solution of ammonium bicarbonate in ethanol 

was passed through the column to elute the analytes from the column. Sample was analyzed 

directly via mass spectrometry on the Qstar without prior desalting cleanup to analysis. 

On-column TrEnDi was optimized to allow trimethylation of lipid primary amine groups 

as well as methylation of PE and PC lipid phosphate groups.  The strategy, as with solution 

based TrEnDi, creates a fixed positive charge on the primary amine of PE sn-3 groups while also 

neutralizing the negative charge of the phosphate group of PC and PE lipids at higher pH 

thereby eliminating the need for protonation.  Figure 5.29 to Figure 5.32 demonstrate that on-

column TrEnDi is equally as efficient as in solution based TrEnDi for both PC and PE lipids.  MS 

analysis of PE lipids demonstrated a five-fold enhancement in sensitivity in signal of the 

modified analyte when an equimolar mixture of modified and non-modified PE was analyzed 
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(Figure 5.33).  Sensitivity test was not performed on-column for PC lipids.  As previously 

mentioned in chapter 4, fragmentation of the TrEnDi-modified lipids often revealed one 

predominant fragmentation pathway, permitting sensitive precursor ion analyses. More 

optimization is required to fully methylate PS and SM successfully on-column.   

 

Figure 5.29: PC (16:0, 18:1) modified via on-column TrEnDi 
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Figure 5.30: MS2 of fully modified PC (16:0, 18:1) with one dominant fragmentation channel. 
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Figure 5.31: PE (16:0, 18:1) modified via on-column TrEnDi 
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Figure 5.32: MS2 of fully modified PE (16:0, 18:1) with one dominant fragmentation channel. 
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Figure 5.33: Sensitivity test on equimolar amounts of unmodified vs. TrEnDi modified PE 
(16:0, 18:1) 

 

5.5 13C labelling of lipids 

 

TrEnDi’s ability to fully methylate lipids such that they bear fixed, permanent positive 

charges allowing them to be easily ionized in the gas phase has been established.  There is also 

the advantage for an increase in sensitivity following methylation due to the characteristic 

fragmentation channels of the fully modified lipid.  However, phosphatidylethanolamine and 

phosphatidylcholine lipids would be identical post TrEnDi modification if they had the same 
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chain lengths.  For example, a PC (16:0, 18:1) with an m/z of 760 and a PE (16:0, 18:1) with an 

m/z of 718 would have the same chemical properties and the same mass of 774 post TrEnDi 

modification (see Figure 5.29 and Figure 5.31 in section 5.4).   

The inability to distinguish between these two classes of lipids is not favourable.  

However, performing TrEnDi modification using 13C diazomethane123 would allow one to 

distinguish the differences between both species via mass spectrometry (Figure 5.34 and Figure 

5.35).   

 

 

Figure 5.34: MS analysis of PC (16:0, 18:1) fully modified with 13C diazomethane 
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Figure 5.35: MS analysis of PE (16:0, 18:1) fully modified with 13C diazomethane 

 

Once fully modified with 13C diazomethane, the mass shifts from 774 to 775 and 778 Da 

for PC and PE respectively can easily be seen on the mass spectrum of these two lipids 

producing equally sensitive signal for equal molar amounts of starting material (Figure 5.36).   
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Figure 5.36: MS analysis of both PC and PE (16:0, 18:1) post TrEnDi modification with 13C 
diazomethane.  The three Da mass shift between both species allows for easy identification. 

 

Furthermore, we see that the dominant fragment ion also contains the characteristic 

shifts from 198 to 199 and 202 for both PC and PE respectively (Figure 5.37 and Figure 5.38) 
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Figure 5.37: MS2 analysis of m/z 775.6 fully modified PC (16:0, 18:1) with 13C diazomethane 
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Figure 5.38: MS2 analysis of m/z 778.6 fully modified PE (16:0, 18:1) with 13C diazomethane 

 

When performing HPLC separation, we see that both TrEnDi modified PC and PE of the 

same chain lengths are eluted at the same time as expected.  However, using the precursor ion 

scan for ions 199 and 202, we can easily distinguish between these two classes of lipids, despite 

having the same molecular formula (Figure 5.39).  13C versus 12C diazomethane studies can be 

applied to large scale analyses to help determine the number of methylations.  Large scale 

studies using this technique have yet to be explored.   



145 
 

 

Figure 5.39: A) Precursor ion scan for m/z 199, characteristic fragment of PC (16:0, 18:1) fully 
modified with 13C diazomethane; B) MS analysis on the Qtrap of both PC and PE (16:0, 18:1) 

fully modified with 13C diazomethane; C) Precursor ion scan for m/z 202, characteristic 
fragment of PE (16:0, 18:1) fully modified with 13C diazomethane. 
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6.0 Conclusion 

 

 The trimethylation enhancement using diazomethane (TrEnDi) technique has been 

successfully developed on small peptides and various lipids and shows promising potential for 

the identification of phosphopeptides and full proteins.  Methylation has been shown to occur 

on functional groups with pKa values lower than 11 and produce quaternary ammonium groups 

on lysine side chains, peptide N-termini, lipid primary amines and imidazole groups.  Phenol 

groups and phosphate groups were also shown to be methylated (without adding a fixed 

positive charge); however, amide and guanidinium groups were not methylated by this 

strategy.  All carboxylic acids were methylated using this chemistry and methods have been 

developed to keep the methyl esters or to successfully revert them back to acids with the use of 

a base.     

 TrEnDi modifies peptides and lipids such that they contain fixed, permanent positive 

charges, increasing the sensitivity of ESI MS analysis by driving the charge state of each analyte 

to a single value and opening the possibility of using aprotic solvents.  The derivatization 

chemistry for both lipids and peptides is predictable but equally important is that the 

fragmentation behaviour of the TrEnDi-modified analytes is also predictable.  TrEnDi-modified 

peptides demonstrate a propensity to fragment and form the a2 fragment ion.  In doubly 

charged ions, the a2 fragment was the most intense fragment revealing how this chemistry is 

able to enhance the sensitivity of MRM analyses.  The proof of this sensitivity gain in peptides 

was observed in the analysis of an unobserved peptide from BSA using conventional proteomics 
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methods.  TrEnDi places a fixed positive charge on peptides and induces predictable 

fragmentation behaviour, permitting “blind” MRM experiments and providing a mechanism to 

observe and quantify elusive peptides.   

TrEnDi-modified lipids produce a permanently singly charged lipid species that 

demonstrate a propensity to fragment and form a positively charged polar head group.  These 

polar head groups were the most intense fragments revealing how this chemistry is able to 

enhance the sensitivity of precursor ion scanning analyses.  The proof of this sensitivity gain 

was observed in the comparison of equimolar amounts of unmodified and TrEnDi-modified 

lipids using conventional lipidomics methods. TrEnDi places a fixed positive charge on lipids and 

induces anticipated head group fragmentation behaviour, permitting highly sensitive precursor 

ion scanning experiments and providing a mechanism to observe and quantify elusive lipids. 

A preliminary study using triethylammonium acetate as an elution solution indicates 

successful and complete methylation of peptides without base hydrolysis of the methyl esters.  

This provides some promising features for full protein analysis as it may eliminate the need for 

salt cleanup and may increase the hydrophobicity of fully modified peptides.  In addition to 

protein studies, this new elution technique could prove to be useful for further 

phosphoproteomic studies as the phosphate groups would remain fully modified, hence 

neutralizing their negative charge while providing the benefits of TrEnDi to the rest of the 

peptide.   

Furthermore, TrEnDi has shown the ability to incorporate stable isotopes in both 

peptides and lipids.  This now offers another means for quantitative analysis, such that two of 



148 
 

the same analytes from different samples can be analyzed together simultaneously and the 

relative difference in their intensities can be measured.   
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