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Abstract  

The work presented herein focuses on the implementation of advanced 

fragmentation techniques with Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) to distinguish between isomeric species, including small 

metabolites and peptides. Applications of matrix-assisted laser desorption ionisation- time 

of flight mass spectrometry (MALDI-TOF MS) and FT-ICR MS for the detection of the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) proteins are also 

investigated in this thesis.  

 The differentiation and relative quantification of isomeric species is of 

importance as the subtle changes in their physical structures may significantly impact 

their biological function. Current studies have demonstrated the potential of applying 

tandem mass spectrometry (MS/MS) techniques for direct isomer characterisation via 

generation of diagnostic fragment ions. Thus, the application of MS/MS methods has 

been explored in this thesis to characterize and relatively quantify the isomeric products 

of deamidation (chapter 2), modified tau and pi N-methylated actin peptides (chapter 3), 

and dihydroxylated vitamin D3 isomers (chapter 4).  

 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus, 

responsible for causing coronavirus disease 2019 (COVID-19). In this work, MALDI-

TOF MS was primarily used for the optimisation experiments to detect SARS-CoV-2 

biomarker proteins including the nucleocapsid (N-protein) and the spike glycoprotein (S-

protein). Focus was placed on various viral protein enrichment and extraction methods, 

which were applied to the standard SARS-CoV-2 proteins and then to COVID-19 

negative and positive patient swab samples.  

The final chapter of this thesis provides a conclusion on all the results presented 

herein and provides an outlook for future research. This can be used to further develop 

the current experimental work on the use of MS/MS techniques for the differentiation and 

relative quantification of various isomeric compounds as well the improvement of viral 

protein enrichment methods for MALDI-TOF MS analysis of SARS-CoV-2 biomarker 

proteins in complex patient samples.  
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1. Introduction 

1.1. Mass Spectrometry 

   Mass spectrometry (MS) is a well-established analytical technique used for the 

qualitative and quantitative analysis of a wide range of molecules.  MS focuses on the 

separation of the masses of molecules based on measuring the mass-to-charge (m/z) ratio 

of the ions generated because to detect the species of interest, they must first be charged. 

The earliest reported mass spectrometer was successfully constructed by British Physicist 

Sir J.J Thomson in 1912. He used the instrument, originally called a parabola 

spectrograph, to detect non-radioactive isotopes.1 Francis Aston, who was a student of 

Thomson’s, continued to develop on the original instrument and he built a mass 

spectrometer with improvements made to the speed, mass accuracy, and resolving 

power.2 The studies taking place at the beginning of the 20th century were essential to our 

understanding of the fundamentals of MS and provide a basis for the modern mass 

spectrometers that we use today.  

   A mass spectrometer generally consists of three major components including an 

ionisation source, a mass analyser, and a detector. An ionisation source is the region 

where neutral molecules are converted to charged ions prior to entrance into the MS. The 

mass analyser takes the ionised species and separates them using electric and/or magnetic 

fields, based on their m/z ratio, and then outputs them to the detector which records a 

mass spectrum displaying the ions that correspond to each m/z value. The main ionisation 

methods, types of mass analysers and fragmentation methods studied will be discussed in 

this section.  

1.1.1 Ionisation Methods 

 Ionisation is a process by which a neutral molecule is converted to an electrically 

charged molecule/ion. As mentioned above, the species of interest need to be charged and 

in the gaseous state for MS detection and samples are normally ionised in the source 

region at the front end of the instrument. Ionisation methods can be classed as hard or soft 

ionisation. Hard ionisation methods produce ions with high internal energies, which 

fragment before leaving the ion source producing complex spectra; therefore, these 

methods are best for the structural elucidation of small molecules. Soft ionisation on the 

other hand minimises further fragmentation and is most suitable for characterising 

mixtures or larger, more complex molecules.  
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1.1.1.1 Electron Ionisation  

 Electron ionisation (EI) was first described by A.J. Dempster in 1918.3 It is 

considered to be one of the earliest, hard ionisation techniques developed for MS. In EI, a 

beam of high energy negatively charged electrons (accelerated by a potential of 

approximately 70 eV) are generated by a heated filament and attracted towards a 

positively charged anode in an ionisation chamber. Vaporised/gaseous molecules are 

introduced from the inlet which is placed orthogonally to the heated filament and collide 

with the high energy electron beam to displace a bound electron from the analyte species, 

forming a radical cation. The overall EI process can be represented by the chemical 

equation below: 

𝑀 + 𝑒− →  𝑀+• + 2𝑒−        [Eqn. 1] 

 EI produces unstable radical ions which can rapidly dissociate or rearrange with 

low internal barriers to generate significant fragmentation; therefore, it is classed as a 

hard ionisation method. The fragment ions produced are useful for the structural 

elucidation of volatile small molecules. EI-MS is commonly coupled with gas 

chromatography (GC) for the analysis of molecules prevalent and important in the 

industries of food, clinical analysis, and the analysis of environmental samples. However, 

the use of EI mass spectra for distinguishing between isomeric compounds can be 

difficult due to the generation of radicals, which cause multiple rearrangements in the 

molecule and result in the subsequent loss of isomeric information.  
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Figure 1. 1 Schematic representation of an electron ionisation (EI) source (adapted from 

De Hoffmann et. al. 2007)4  

1.1.1.2 Chemical Ionisation  

 Chemical ionisation (CI) is a soft ionisation method first introduced by the Russian 

scientist Victor Talrose in the early 1950’s.5  Following on from the work of Talrose, 

significant contributions to the development of CI were made by American scientists, 

Burnaby Munson and Frank Field in 1966.6,7 In CI, the sample is introduced into a 

chemical ionisation chamber, which is filled with excess reagent gas such as methane. 

Reagent gas molecules are ionised by EI and then the protons are transferred to the 

analyte molecule. The CI process is shown in chemical equations 2-3 below: 
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Step 1: EI of the reagent gas – methane (CH4)  

𝐶𝐻4 + 𝑒− →  𝐶𝐻4
+• + 2𝑒−       [Eqn. 2] 

𝐶𝐻4
+• + 𝐶𝐻4 →  𝐶𝐻5

+ + 𝐶𝐻3
•       [Eqn. 3] 

Step 2: Proton transfer to the analyte molecule 

𝑀 + 𝐶𝐻5
+ →  𝑀𝐻+ + 𝐶𝐻4       [Eqn. 4] 

 Unlike EI, CI is a softer ionisation method and does not involve the formation of 

radicals on the analyte molecule, M, so fragmentation of the sample is generally much 

lower than that of EI. This results in little to no fragmentation observed in CI spectra and 

the molecular ion (𝑀𝐻+) is more readily identified due to the reduced complexity. CI can 

also be operated in negative mode (to generate anions) by using different reagent gases.  

As this method generally produces singly charged molecular ion species and as the 

precursor molecules must already be in the gas phase, the ionisation method is limited to 

smaller molecules and is not readily amenable to analysis of biomolecules such as 

peptides and proteins.  

1.1.1.3 Electrospray Ionisation  

 Electrospray ionisation (ESI) was first developed by John Fenn at Yale University 

in 1984, who went on to receive the Nobel Prize in Chemistry for the invention in 2002.8 

ESI is a widely recognised and implemented soft-ionisation method in MS, particularly in 

the field of proteomics as this ionisation method is commonly applied to the analysis of 

peptides, proteins, and large biological macromolecules.9  
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Figure 1. 2 Schematic representation of the ESI process (adapted from Banerjee et. al. 

2012).10 

 One of the first steps of ESI involves application of a high potential difference 

(approximately 2-6 kilovolts (kV)) between the flow of the analyte solution and the inlet 

of the mass spectrometer.10-12 The charged solution passes through an ESI needle and a 

nebulising gas such as nitrogen is applied, which increases sample flow rate and aids the 

dispersion of the solution into a fine spray. The charges within the droplet migrate to the 

surface and the accumulation of charge distorts the droplet into a conical shape known as 

the Taylor cone.13-15 As the charged droplets move under the influence of the strong 

electric field, solvent evaporation occurs and the density of charges on the surface of the 

droplet increases until it reaches a critical value known as the Rayleigh limit.16,17 At this 

point due to the instability, Coulombic repulsion/explosion occurs to overcome the 

surface tension, producing multiple smaller droplets, which travel along the gradient of 

the electric field and ultimately form individual desolvated ions, which are analysed by 

the mass spectrometer.  

 The specific mechanism of forming ions from the charged droplets is still under 

consideration. However, the following proposed models are generally accepted and 

recognised; the ion ejection model (IEM), the charged residue model (CRM), and the 

chain ejection model (CEM).18,19  
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Figure 1. 3 Summary of the ESI models for ion formation. From left to right, the Ion 

Ejection Model, the Charge Residue Model, and the Chain Ejection Model. (Reproduced 

from Konermann et. al. 2013).19 

 Konermann et. al.19 suggested that low molecular weight molecules follow the IEM 

model, usually getting charged via proton/salt ions already present in the solution. CRM 

is mainly applicable to large globular species such as folded proteins and protein 

complexes which require a lot of energy to overcome the energy barrier for IEM to occur. 

In CRM model, the protein ions are released by droplet evaporation to dryness. The CEM 

model was proposed for unfolded proteins (disordered/extended chain structure), such as 

denatured biomolecules and polymers. In the CEM model, the protein ions are ejected 

from the protein surface.  

 ESI is one of the softest ionisation methods, enabling ionisation of large molecules 

that are characterised by non-covalent interactions. Another major advantage of ESI is 

that the ions generated are multiply charged (depending on their molecular mass), and the 

analyte remains intact (with no fragmentation) forming molecular ions [M+nH]n+ in 

positive ionisation mode or [M-nH]n- in negative ionisation mode. This improves detector 

sensitivity as high molecular weight molecules can be analysed at lower mass limits and 

aids accurate qualitative and relative quantitative measurements.  

In addition to increased sensitivity and preservation of large analytes via 

generation of multiply charged molecular ions, combining ESI with liquid 

chromatography (LC) enables separation of complex mixtures prior to MS analysis. Some 

disadvantages include susceptibility to contamination when high concentrations of salt 
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and other buffers are used, requiring the use of chromatography or an offline desalting 

step prior to ESI-MS analysis. 

1.1.1.4 Nano Electrospray Ionisation  

 Nano electrospray ionisation (nESI) is a form of ESI as the fundamental ionisation 

processes are the same but the experimental setup for nESI is different. A smaller 

diameter orifice emitter (~ 0.5-5 µm) is utilised in nESI compared to normal ESI (~10-

100 µm). As a result, this causes smaller droplets to form during the electrospray process, 

better desolvation of the charged droplets, and more efficient conversion of the analyte 

solution to ions leading to overall better sensitivity compared to ESI.20,21 

 

Figure 1. 4 Schematic diagram of a nanoelectrospray ionisation setup. 

 In nESI, the solution of sample is drawn out from the glass capillary emitter tip to 

the MS inlet via a voltage difference applied between the two via the metal wire. Along 

with better sensitivity, the advantages of nESI also include lower sample consumption, 

lower flow rate (nL/min to few tens of nL/min), application of lower voltages (0.5-1.5 

kV), and nESI is also more tolerant towards different buffer compositions.  

1.1.1.5 Matrix-Assisted Laser Desorption Ionisation  

 Matrix assisted laser desorption ionisation (MALDI) is a soft ionisation method 

that uses laser irradiation on analyte molecules embedded in a matrix to generate gas-

phase ions without causing fragmentation to the species of interest. Michael Karas and 

Franz Hillenkamp first introduced and developed MALDI in 1985.22-24 In the initial 

studies, they found that alanine could be ionised more easily when mixed with tryptophan 

and irradiated with a pulsed laser at 266 nm.23 Their research led to the works of Tanaka 

et. al. in 1988, who were able to demonstrate the potential of MALDI analysis for large 
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biomolecules and polymer species with high molecular weights, exceeding 100,000 

Daltons (Da).25 MALDI has since become a powerful laser ionisation method with 

applications to a broad range of molecules including peptides, proteins, oligonucleotides, 

carbohydrates, synthetic polymers, lipids, and other organic or labile macromolecules.   

 The two main steps to achieve MALDI are desorption and ionisation. The first step 

involves desorption, which can be described as the transfer of individual molecules from 

the condensed phase to the gas phase from the outermost layers of the sample.26 In this 

step, the analyte of interest is mixed properly with the matrix solution. Matrices are 

generally small organic molecules, which need to have strong absorption at the laser 

wavelength. They are therefore composed of aromatic rings and tend to have a functional 

group for proton donation to the analyte molecule (examples of common matrices used 

for MALDI are shown in Figure 1.5).  

 

Figure 1. 5 Examples of three common matrices used in MALDI-MS for peptide and 

protein analysis a) α-cyano-4-hydroxycinnamic acid (CHCA), b) 2,5-dihydroxybenzoic 

acid (DHB), and c) 3,5-dimethoxy-4-hydroxycinnamic acid also known as sinapinic acid 

(SA). 

 After the analyte is mixed with the matrix, the mixed solution is spotted on to a 

stainless steel MALDI target plate and must then be allowed to dry prior to MALDI 

analysis. The second step occurs under vacuum conditions within the source of the mass 

spectrometer. This involves laser irradiation of the solid sample-matrix MALDI spot, 

resulting in rapid heating and ablation of the matrix crystals. The aromatic groups on the 

excited matrix molecules absorb a large amount of energy induced from the laser and 

deprotonate.26 As the matrix molecules expand into the gas phase, the analyte molecules 

do the same, where the released protons transfer to the neutral analyte molecules and 

generate molecular ion species.  
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Figure 1. 6 Schematic representation of the MALDI ionisation process.   

 One of the main advantages of MALDI is that the process of soft ionisation enables 

observation of ionised molecules with minimal fragmentation of analytes as the generated 

ions have low internal energy. This is beneficial for the analysis of fragment proteins and 

other large biomolecules. However, in some cases, increasing the laser energy can still 

cause fragmentation of molecular ions.  

 Another benefit of MALDI is that the performance of this ionisation method is less 

affected by buffer components, detergents, and contaminants compared to other soft-

ionisation methods such as ESI and nESI.  On the other hand, some disadvantages include, 

low shot-to-shot reproducibility, which stems from the inhomogeneity of the sample and 

matrix distribution on the spot. This can significantly affect any quantitation results in 

MALDI. EI, ESI, nESI, and MALDI are the most common ionisation methods, and were 

the ionisation methods used in this thesis. 
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1.1.2. Mass Analysers  

 After a sample is ionised, the ions are sent through to the mass analyser, which is 

the second major component in the mass spectrometer after the ionisation source. The 

main purpose of the mass analyser is to separate the ionised species based on their m/z 

ratios using electric and/or magnetic fields.  In this section, the following three mass 

analysers, the quadrupole, time of flight (TOF), and Fourier transform ion cyclotron 

resonance (FT-ICR) mass analysers, will be discussed in further detail. 

 The five main analytical criteria that are used to critically assess the performance 

of a mass analyser include the mass range limit, scan speed, ion transmission, mass 

accuracy, and the resolving power. The mass range determines the maximum lower and 

upper m/z limit over which the mass analyser can measure ions and is usually adjustable 

using the instrument parameter settings. The scan speed is the rate required to measure 

over a particular mass range in a mass analyser and simply put it is the rate at which we 

acquire mass spectra. The ion transmission can be defined as the ratio of the number of 

ions reaching the detector and the number of ions entering the mass analyser. It is 

common to observe ion losses as the ions go through the different sections in the mass 

analyser to the detector.  

 The mass accuracy is how close the measured m/z value is to the theoretical (exact) 

m/z value and this is normally calculated by determining the difference between 

theoretical (exact) and the measured m/z (Eqn. 5).  

 Parts per million (ppm) is the common unit for the expression of mass accuracy. 

Mass accuracy is also affected by the stability and the resolving power of a mass analyser 

(if other species interfere with the measurement).  

𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑚/𝑧−𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚/𝑧

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚/𝑧 
 ×  106     [Eqn. 5] 

 Resolving power is the ability of a mass analyser to distinguish two signals from 

two ion packets with a small difference in their m/z ratios. In other words, it can be 

defined as how well resolved or separated the peaks are within the mass spectra. The 

resolving power can be calculated by m/Δ m 50 % (Figure 1.7), where m is the m/z value 

of the peak and Δ m 50% is the peak width measured at half maximum (FWHM). 
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 A greater resolving power indicates the mass analyser has a higher ability to 

distinguish ions with small m/z differences, therefore, a high resolving power mass 

analyser is useful in complicated sample measurement. 

 

Figure 1. 7 Resolving power calculated by Full Width Half Maximum (FWHM). 

1.1.2.1. Quadrupole 

 The quadrupole mass analyser was first described by German scientists Paul and 

Steinwegen in 1953.27 This type of mass analyser separates ions according to their m/z 

ratios, based on the stability of the ion trajectories in an oscillating electric fields that is 

applied to the rods.  

   A quadrupole has four cylindrical or hyperbolic rods, set parallel to each other 

with each opposite pair being electronically connected (Figure 1.8). A fixed direct current 

(DC) and an alternating radio frequency (RF) potential is applied to the rods. The RF 

potential on each pair of rods is set to be completely out of phase by 180 ° and oscillate 

rapidly between the pairs of rods. The electric field generated by the RF voltage (V), and 

the DC voltage (U) on the rods is used to influence the oscillation of ions. 
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Figure 1. 8 Schematic of a quadrupole which contains four parallel rods, connecting 

diagonally in pairs of positive and negative terminals (adapted from El-Aneed et. al. 

2009).28  

 Ions that are injected into the quadrupole travel along the z axis, while ions 

oscillating in the x and y axes and are separated based on the stability of their trajectories. 

The trajectory stability of ions can be represented by the following equations:29 

𝑎 =
8𝑧𝑒𝑈

𝑚𝜔2𝑟0
2           [Eqn. 6] 

𝑞 =
4𝑧𝑒𝑉

𝑚𝜔2𝑟0
2         [Eqn. 7] 

 Where ze represents charge of the ion, m represents mass of the ion, 𝑟0 represents 

the field radius, and ω represents the angular frequency; and a and q are directly 

proportional to U and V respectively. 

 Only ions with stability at certain U and V values can be transmitted and detected, 

while all other unstable ions will be discharged against one of the rods for example and 

will not be detected. 
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Figure 1. 9 Representation of the stability diagram of ions in a quadrupole. Ions are 

represented by m1, m2, and m3 with increasing the mass respectively. 

 For ions that are of different masses, the solution to the Mathieu equation will 

result in a different stability area, and the regions of stability and instability for the ions in 

a quadrupole can be represented via the Mathieu stability diagram (see above Figure). 

The scan line represents the U/V line where a constant U/V value is kept during the 

quadrupole operation. Since the scan line only crosses parts of the stable areas; only ions 

with specific m/z values are transmitted. By adjusting the U/V values to increase the slope 

of the scan line, where only the vertices of the stable regions are crossed, the peak width 

is reduced and the resolution in increased. In addition, by switching off the DC potential 

(U=0), the quadrupole will function as an RF ion guide, allowing all ions above a certain 

m/z value to pass through. 

 The resolving power of a quadrupole is approximately 2000 at 1000 m/z, with a 

maximum upper mass limit of approximately 4000 m/z and a mass accuracy of 100 ppm.4 

Quadrupoles are well known for their robustness and reliability; therefore, they have been 

employed in many different research fields. 
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1.1.2.2.  Time-of-Flight  

The idea behind the time-of-flight (TOF) mass analyser was first proposed and 

discussed by W. E. Stephens in 1946 at a meeting of the American Physical Society and 

the advances made were published in the Journal of Review of Scientific Instruments in 

195330 His initial ideas were soon transformed and implemented into the first commercial 

linear TOF mass spectrometer (TOF-MS) in 1955 by Wiley and McLaren.31 The TOF 

mass analyser separates ions according to their m/z ratios, based on the kinetic energy and 

velocity of the ions. 

In a TOF mass analyser, ions are accelerated through a flight tube by an electric 

field, induced by the potential difference between the electrodes and the extraction grid. 

In theory, all ions gain the same amount of kinetic energy, however different ions have 

different masses, therefore travel with different velocity, and reach the detector at 

different times. 

Equation for the kinetic energy gained by the ions: 

𝐾𝐸 =  
1

2
𝑚𝑣2 = 𝑞𝑉        [Eqn. 8] 

The equation for the velocity of the ion (after rearrangement of eqn.8): 

𝑣 =  √
2𝑞𝑉

𝑚
          [Eqn. 9] 

where 𝐾𝐸 is the kinetic energy obtained by the ion, 𝑚 is the mass of the ion, 𝑣 is the ion 

velocity, 𝑞 is the charge of the ion, and  𝑉 is the electric potential generated from the 

potential difference between the electrodes and the extraction grid.  

After initial acceleration, the ion travels in a straight line at constant velocity to 

the detector. The time 𝑡 needed to cover the distance 𝐿 in the field free region in the time-

of-flight tube before reaching the detector is given by: 

𝑡 =  
𝐿

𝑣
                    [Eqn. 10] 

Combining the last two equations (Eqn. 9 and Eqn. 10) shows that the flight time of an 

ion can be calculated from a measurement of  

𝑡 = √
𝑚𝐿2

2𝑞𝑣
= √

𝑚

𝑧
√

𝐿2

2𝑒𝑉
                            [Eqn. 11] 
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where 𝑧 is the number of charges on the ion and 𝑒 is the charge constant.  

Theoretically, all ions get the same amount of kinetic energy, however in reality, 

the kinetic energy gained by each ion is slightly different to each other, leading to 

spreading of ions drift time, even ions with the same m/z, causing peak broadening and 

low peak resolution. To overcome this, multiple solutions have been developed. The 

reflectron is a common technique employed to correct the difference in kinetic energy 

between ions. The idea of reflectron in TOF was first introduced by Mamyrin et. al. in 

1973.32 The reflectron acts like a mirror which reflects the ions travelling from the 

ionisation source to the detector. 

 

Figure 1. 10 Schematic representation of a reflectron TOF (adapted from de Hoffmann et. 

al. 2013).4 

Ions with higher kinetic energy travel faster and penetrate deeper into the 

reflectron compared to ions with less kinetic energy, meaning ions with higher kinetic 

energy will spend a longer time in the reflectron than that of ions with lower kinetic 

energy. Therefore, ions with the same m/z, even with different initial kinetic energy after 

leaving the source can arrive the detector at the same time. With the application of 

reflectron in TOF-MS, the mass accuracy can be enhanced significantly from 200 ppm to 

10 ppm (depending on the calibration) and resolving power at 1000 m/z can be improved 

greatly from 5,000 to 20,000 or higher, resolving power of 100,000 can be achieved with 

some commercial setups now. 

As the mass resolution is proportional to flight time and the flight path, a 

potential solution to improve the resolution is to increase the length of the flight tube. 

However, too long a flight tube decreases the performance of TOF analysers because of 

the loss of ions by scattering after collisions with gas molecules or by angular dispersion 

of the ion beam. It is also possible to increase the flight time by lowering the acceleration 

voltage but lowering this voltage reduces the sensitivity. Therefore, the only way to have 
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both high resolution and high sensitivity is to use a long flight tube with a length of 1 to 

2m for a higher resolution and an acceleration voltage of at least 20 kV to keep the 

sensitivity high. 

The mass accuracy of a linear TOF mass analyser is around 200 ppm with the 

resolving power around 5000 at 1000 m/z, whereas the mass accuracy for the reflectron 

TOF is 10 ppm with the resolving power around 20,000 (at 1000 m/z). 

1.1.2.3.  Fourier Transform Ion Cyclotron Resonance Mass Spectrometry  

The theoretical concept of ion cyclotron resonance (ICR) can be dated back to 

Ernest O. Lawrence in 1930, who applied the theory to a cyclotron resonator and also 

won the Nobel prize in 1923 for the invention of the cyclotron.33-35  Sommer et. al. used 

Lawrence’s proposed concept of ICR and implemented this into a mass spectrometer, 

called the omegatron in the early 1950’s.36,37 Use of inductive detection and the Fourier 

transform was then developed by Comisarow and Marshall to ICR-MS and the first 

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer was built in 

1974.38,39 FT-ICR MS is well known for the ability to provide consistently high resolving 

power and high mass accuracies and therefore has been applied to a wide range of 

molecules in the fields of proteomics,40-45 petroleomics,46,47 metabolomics,48,49 

glycomics,50 lipidomics48 and more. In this section, the main principles of FT-ICR MS 

will be discussed.  

Ion Cyclotron Motion 

 Cyclotron motion refers to the motion that ions experience in the presence of an 

applied magnetic field. In modern FT-ICR MS instruments, the analyte ions are produced 

from an ion source, accumulated in the ion optics, and then transferred to the ion 

cyclotron resonance (ICR) analyser cell. The ICR cell is placed in the centre of a uniform, 

unidirectional and homogenous magnetic field generated by a superconducting magnet. 

When the ions are transferred to the ICR cell, the ions experience a force called the 

“Lorentz force”, which causes an ion to travel in a circular orbit that is perpendicular to 

the magnetic field. The Lorentz force can be determined by the equation below: 

𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧 = 𝑞𝑣 × 𝐵                  [Eqn. 12]  

where 𝑞 is the charge of the ion, 𝑣 is the perpendicular speed of the ion and 𝐵 is the 

magnetic field strength.  
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Figure 1. 11 Lorentz force acting on positively and negatively charged ions moving 

perpendicular to the direction of the generated homogenous magnetic field (B) (adapted 

from Marshall et. al. 1998).51  

The ions orbiting inside the magnetic field have a unique frequency, called the 

cyclotron frequency, which is based upon their m/z ratio and the magnetic field strength. 

The m/z ratio of an ion is determined by measuring the cyclotron frequency.   

𝜔𝑐 =
𝑞𝐵

2𝜋𝑚
                      [Eqn. 13] 

where 𝜔𝑐 is the cyclotron frequency of the ion in Hertz (Hz), q is the charge of the ion, B 

is the magnetic field strength in Tesla (T), and m is the mass of the ion in Daltons (Da).  

 

Figure 1. 12 Cyclotron motion of a positively charged ion (left) and a negatively charged 

ion (right) in the presence of magnetic field (B) (adapted from Marshall et. al. 2002).52 

The cyclotron frequency of an ion is inversely proportional to the m/z of the ion, 

meaning ions with a higher m/z precess around the centre axis of the magnetic field, B at 

a lower cyclotron frequency and lower m/z ions precess around the axis of the magnetic 

field at higher frequencies. Ions with different m/z can therefore be separated due to the 

differences in their cyclotron frequencies. The cyclotron frequency of an ion is also 

independent of its velocity and kinetic energy according to Eqn. 13, which is a key factor 

for the ability of FT-ICR MS in achieving high resolving power.   
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Trapping motion  

 Ions moving parallel to the magnetic field in the ICR cell move unconstrained 

along this direction, which can be a problem as the ions can escape along the z-axis even 

if they are contained radially by the magnetic field. The ions can be prevented from 

leaving the cell by applying trapping plates perpendicular to the magnetic field to create a 

potential well. A small, positive voltage is applied to the trapping plates to store the 

positive ions, and a small negative voltage is applied to trap the negative ions. When the 

energies of the ions are lower than the trapping voltage, the ions are trapped in the ICR 

cell and oscillate back and forth between the plates. The angular frequency of the ion’s 

trapping motion, ωz can be described by the following equation: 

𝜔𝑧 = √
2𝑞𝑉𝑡𝑟𝑎𝑝𝛼

𝑚𝑎2                       [Eqn. 14] 

where 𝜔𝑧 is the trapping oscillating frequency induced by the trapping motion, 𝑞 is the 

charge of the ion, 𝑉𝑡𝑟𝑎𝑝 is the trapping potentials applied to the trapping electrodes, 𝑚 is 

the mass of the ion,  𝛼 is the trapping scale factor which depends on the geometry of the 

ICR cell, and 𝑎 is the distance between the two trapping plates of the ICR cell. 

Magnetron motion  

            Application of electric potentials to the trapping plates is an effective way to 

prevent analyte ions from leaving the ICR cell along the z-axis but this generates an 

electric field between the plates, which also, therefore, creates a small radial electric field. 

A combination of the electric field and magnetic field induces a third unwanted motion, 

known as magnetron motion [Eqn. 15].  

𝜔𝑚 =
𝑉𝑡𝑟𝑎𝑝𝛼

2𝜋𝐵𝑎2                            [Eqn. 15] 

where 𝜔𝑚 is the magnetron frequency of the ion, 𝑉𝑡𝑟𝑎𝑝 is the trapping potential applied 

to the trapping plates, 𝛼 is trapping scale factor which depends on the geometry of the 

ICR cell, 𝐵  is the strength of magnetic field, and 𝑎  is the distance between the two 

trapping plates of the ICR cell. 

          The magnetron motion acts along the same axis as the cyclotron motion but at a 

much lower frequency (<10 Hz) and since the ions are affected by the electric fields 

generated from the trapping potentials, the actual frequency measured is known as the 
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“reduced” cyclotron frequency, 𝜔𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. This can be represented by Eqn. 16 shown 

below: 

𝜔𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =  𝜔𝑐 − 𝜔𝑚                [Eqn. 16] 

where 𝜔𝑐 is the pure cyclotron frequency and 𝜔𝑚 is the magnetron frequency. 

          The summarised ion motions (cyclotron motion, trapping motion, and magnetron 

motion) in a penning trap is depicted below. 

 

 

Figure 1. 13 Top figure: Summarised modes of ion motion in the FT-ICR analyser cell 

including cyclotron motion (𝑣𝑐), trapping motion (𝑣𝑧), and magnetron motion (𝑣𝑚) 

Bottom figures: Representation of the ion path with contributions from the cyclotron 

motion (𝑣𝑐), trapping motion (𝑣𝑧), and magnetron motion (𝑣𝑚) (reproduced and adapted 

from Marshall et. al.51 1998 and Amster et. al.53 1998).  

  

𝜈𝑧 
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Excitation and detection in the FT-ICR analyser cell  

 After the analyte ions are transferred to the ICR cell, the cyclotron radii of the 

trapped ions are generally small compared to the dimensions of the cell and therefore too 

small to generate a detectable signal as they only have a small amount of kinetic energy. 

To detect the ions, a radio frequency (RF) potential can be applied to the two excitation 

plates, an opposing pair of plates which lie parallel to the magnetic field axis, to excite 

the ions. The applied RF pulse will transfer energy to the ions trapped in the ICR cell. 

Since the cyclotron frequency of an ion is independent of its kinetic energy, any added 

energy from the RF pulse will allow the ions to travel faster and excite out to a larger 

cyclotron radius, while the cyclotron frequency remain the same around the ICR cell. The 

radius of the post-excited ion cloud can be shown by the following equation: 

𝑟 =
𝐸0𝑇𝑒𝑥𝑐𝑖𝑡𝑒

2𝐵
                          [Eqn. 17] 

where r is the radius of the post excited ion packet, 𝐸0 is the electric field applied to 

excite the ions, 𝑇𝑒𝑥𝑐𝑖𝑡𝑒 is the excitation duration, and B is the magnetic field strength. 

The excitation and detection events are shown in Figure 1.14 below: 

 

Figure 1. 14 a) excitation and b) subsequent detection of a species within an ICR cell. 

Courtesy of Bruker Daltonics, Bremen, Germany. 

 The two most common excitation methods applied to FT-ICR MS are frequency-

sweep excitation (RF chirp) and stored waveform inverse Fourier transform (SWIFT).  

 The RF chirp was developed by Marshall et. al. in 1974.39,54 In this method, many 

frequencies are applied during the excitation event and the ions are excited in a stepwise 
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manner with a broad frequency sweep across the frequency range of interest. However, 

the RF chirp also generates profiles which are not completely flat forming horns at the 

beginning and end of each pulse (Figure 1.15a).   

 To overcome the issue with the non-uniform excitation profile generated by the RF 

chirp, the SWIFT method of ion excitation in the ICR cell was proposed by Marshall in 

1985.55 SWIFT predicts the desired frequency profile (rectangular excitation profile) and 

then uses an inverse FT to calculate the time domain signal needed to get a perfect 

rectangular excitation profile.  

 SWIFT can also be used to isolate ions of interest by overexciting the unwanted 

species to a larger cyclotron orbit so that once they hit the electrodes, they are neutralised 

and ejected while the desired ions are retained in the ICR cell.   

 

Figure 1. 15 excitation methods applied in FT-ICR cell using a) RF Chirp and b) SWIFT 

c) ejection of ions from the ICR cell by applying the SWIFT excitation pulse 

(Reproduced from Marshall et. al. 1998).51 

 Post ion excitation to a large enough orbital, where ions can be detected within the 

ICR cell, the RF pulse, which is applied to the excitation plates shown in Figure 1.14 is 

turned off. The coherent ion packets continue to precess at the excited radius around the 

ICR cell, where they attract electrons to the first detection plate and then the second one, 

through an external circuit. By monitoring the alternating current i.e., the image current, 

the cyclotron motion of ions produces an image signal which can be detected, amplified, 

and digitised. Thus, a time-domain spectrum is recorded, with the fast Fourier transform 

(FFT) applied to generate a spectrum of the signal intensity against the frequency. A mass 

a) 

b) 

c) 
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calibration function is then applied to convert the frequency spectrum into a mass 

spectrum, which is displayed on the user control software.  

ICR cells  

 The ICR cell, also known as the analyser cell, is a significant component of any 

FT-ICR MS instrument. In the ICR cell, analyte ions are stored, excited, mass analysed, 

and detected. Over the years, many different types of analyser cells have been designed 

and implemented into FT-ICR mass spectrometers. The different types of analyser cells 

include the cubic cell, cylindrical cell and open-ended cylindrical cell, Infinity Cell, 

ParaCell and many others can be found in a recently published review article evaluating 

ICR cell designs of the past and present by Nikolaev and Lioznov.56 

 

Figure 1. 16 Ion trap configurations of a a) cubic ICR cell and b) cylindrical ICR cell 

where E is the excitation plate; D is the detection plate and T is the trapping plate 

(reproduced from Marshall et. al. 1998).51 

 The cubic ICR cell was one of the earliest designs for FT-ICR cells57 whereas the 

general cylindrical cell, which can be further classified into different configurations is 

more commonly used. The cubic cell is composed of six plates, with each pair of 

opposing plates used for excitation, detection, and ion trapping. The cylindrical cell also 

has six plates that have the same purpose as those of the cubic cell.  

 Cylindrical ICR cells can be further classified into an open or closed configuration  

with circular end cap electrodes, one of which has segmented end caps, known as the 

infinity cell (Figure 1.17). The open cylindrical cell uses cylindrical trapping plates for 

ion confinement in the cell and this design allows for effective trapping of the ions in the 

z axis with the minimum influence of the ion cyclotron frequencies. The curved detection 

plates also allow for longer interactions with the ions in the cell. The end-capped closed 

cylindrical cells however are more likely to be affected by electric field permeation 

resulting in the ion-packets orbiting away from the centre of the ICR cell and unwanted 

ejection of ions along the z-axis. The infinity cell introduced by Caravatti et. al.58 was a 

solution to this problem caused by standard end-cap electrodes. The other solution was 
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the Beu et. al.59 capacitively coupled open cylindrical cell, which was a modified form of 

Gabrielse et. al.60 open cell design.  The problem of the z-axis ejection of ions is thought 

to come from the finite dimension of the standard ion traps hence the concept of the 

infinity cell is based on modelling the electric excitation RF field of an infinitely long cell 

with a cell of finite dimensions.  

 

Figure 1. 17 Cylindrical ICR cell design (Infinity Cell), courtesy of Bruker Daltonik, 

Bremen, Germany. 

High mass accuracy and high resolving power  

 High mass accurate measurements and high mass resolving power can be achieved 

with FT-ICR MS. Resolving power is a measure of how effectively the instrument can 

separate mass spectral peaks. The higher the number, the more effective the mass 

spectrometer is at separating closely spaced peaks. In FT-ICR MS, resolving power 

increases linearly with the magnetic field strength. 

𝑅𝑒𝑠𝑜𝑙𝑣𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 =  
𝑚

∆𝑚
                   [Eqn. 18]

       

where m is the m/z of the peak in question and ∆𝑚 is the width of the peak at half its own 

height, also known as full width half maximum (FWHM).  

Mass accuracy refers to the deviation of the measured m/z value of a certain 

analyte from the theoretically calculated m/z for that species.  

𝑀𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑚

𝑧
−𝑒𝑥𝑎𝑐𝑡

𝑚

𝑧
)

𝑒𝑥𝑎𝑐𝑡
𝑚

𝑧

× 10 6  in parts per million (ppm)         [Eqn. 19]                
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Accurate measurement of the cyclotron frequency dictates the mass accuracy of FT-ICR 

MS.  

𝑀𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (𝑝𝑝𝑚)  ∝  𝐵 2                                             [Eqn. 20]                      

As mass accuracy is directly proportional to the square of the magnetic field 

strength, it is therefore also beneficial to use higher magnetic fields as this enables much 

more accurate mass analysis of the target compounds. 

1.1.3. SolariX 12 T FT-ICR Mass Spectrometer  

 The Bruker 12 T SolariX FT-ICR MS used for the work presented in this thesis has 

the configuration shown in Figure 1.18. Samples are introduced into the front source 

region of the instrument, where ions can be generated via ESI, nESI or MALDI. The 

quadrupole can simply be used for transmission of ions or it be used for isolating ions of a 

selected range of m/z (for MS/MS purposes) before transfer to the hexapole collision cell. 

In the collision cell, ions can be accumulated and/or fragmented via collisions with 

neutral gas molecules (e.g., for CAD). A hexapole transfer optic then enables ion transfer 

to the ICR cell. Once the ions enter the ICR cell, which sits in a homogenous magnetic 

field provided by the superconducting magnet, the ions can be trapped via application of 

voltages on the certain plates of the ICR cell, such as the front and back trap plates. An 

indirectly heated hollow dispenser cathode can be used to generate electrons for electron-

based fragmentation, such as ECD or EID in the ICR cell. Photodissociation methods can 

also be implemented and applied to the trapped ions in the ICR cell as the laser pulses 

from an ArF 193 nm excimer laser and a CO2 laser can be directed to the ions in the cell 

for IRMPD and UVPD experiments, respectively. All ions of interest are thus excited and 

detected in the ICR cell as mentioned in detail above.  

 

Figure 1. 18 Schematic representation of the 12 T Bruker SolariX FT-ICR MS (courtesy 

of and adapted from Bruker Daltonik, Bremen, Germany). 
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1.1.4.  Tandem Mass Spectrometry Techniques 

 To generate structural information, unimolecular dissociation is a crucial reaction 

in mass spectrometry. Various tandem mass spectrometry (MS/MS or MSn) techniques 

are developed to break ions apart causing fragmentation. 

 

Figure 1. 19 Roepstorff nomenclature as modified by Biemann of possible fragments 

generated from peptides and proteins.61 

1.1.4.1.  Collisionally Activated Dissociation 

 Collisionally activated dissociation tandem mass spectrometry (CAD MS/MS), 

also known as collision induced dissociation (CID) was first discovered and implemented 

by Keith Jennings in 1968.62,63 In this process, an electric potential is applied to analyte 

ions to accelerate the ions, which then undergo collisions with neutral gas molecules such 

as argon, neon, helium or nitrogen. Multiple collisions with the neutral gas molecules 

result in a kinetic energy transfer to the analyte ions. The kinetic energy is converted to 

internal energy, which is rapidly distributed across the analyte ion, causing a “slow 

heating” effect because the ions are activated and deactivated via the low energy 

collisions, resulting in fragmentation. For peptides and proteins, the amide bond usually 

dissociates first because it is the weakest bond. This takes place via  a proton transfer 

rearrangement generating mostly b and y ions with losses of neutral molecules such as 

H2O, NH3 and CO2 also observed in the CAD MS/MS spectrum.64  



Chapter 1 – Introduction 

 

26  

 

Figure 1. 20 Diagram showing the amide bond breakage to generate b and y ions in CAD 

MS/MS. 

 CAD MS/MS is a standard fragmentation method that is compatible with most 

commercial mass analysers such as quadrupole, ToF, FT-ICR and Orbitrap. Hence to this 

day, this method has been commonly and effectively used to sequence peptides, although 

it has shown a lower effectiveness for sequencing larger peptides and proteins. Fragments 

are generally observed near the N and C-termini region, with less coverage of the core 

parts of the proteins. As mentioned previously, since CAD breaks the weakest bond first 

(amide bond in peptides and proteins), labile modifications such as phosphorylation, 

which are weaker than the peptide backbone, are not preserved and will be dissociated 

during the process of CAD MS/MS. This makes it difficult to determine the location of 

the modification site and this information will be lost.  

1.1.4.2. Infrared Multiphoton Dissociation  

          Infrared multiphoton dissociation tandem MS (IRMPD MS/MS) is another 

commonly used fragmentation method that has shown wide use over the years for the 

study and characterisation of biomolecules.65 It is usually applied to ion trap instruments 

such as quadrupole ion trap mass spectrometers66-71  and FT-ICR MS.65,72-77 IRMPD, as 

the name suggests is a photon-based step-wise activation process. It is very similar to 

CAD, as they are both “slow heating” techniques, which can be achieved via heating of 

vibrational modes and internal vibrational redistribution of energy (IVR).78 For 

biomolecules, IRMPD also generates b and y ions as observed with CAD, and often 

accompanied with losses of small neutral molecules, such as H2O and CO2.  
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          In an IRMPD MS/MS experiment, for example in an FT-ICR MS, a continuous-

wave carbon dioxide (CO2) laser generates photons at a wavelength of 10.6 μm, which 

can be absorbed by many types of molecules, especially biomolecules such as peptides 

and proteins. After the CO2 laser is used to irradiate the trapped ions of interest in the ICR 

cell, this results in preferential cleavage of the most labile bonds (amide bonds in 

biomolecules), generating fragments which can be readily detected. Absorption of dozens 

or even hundreds of photons are normally required to cause dissociation since the 

absorption of each photon generated by a CO2 laser corresponds to ~ 0.117 eV of energy, 

so a high laser power or a long laser pulse length (irradiation time) is often required for 

dissociation. Although CAD and IRMPD generate similar fragmentation spectra, they are 

tuned differently. CAD MS/MS requires optimisation of the collision energy (acceleration 

voltage applied to the ions of interest into the collision gas) whereas IRMPD MS/MS 

requires fine tuning of the laser power and irradiation time.  

1.1.4.3.  Ultraviolet Photodissociation  

 Ultraviolet photodissociation (UVPD) is a laser photodissociation technique like 

IRMPD, where samples are irradiated with photons to excite molecules and cause 

dissociation. However, UVPD relies on the absorption of a UV photon instead of an IR 

photon, which leads to electronic excitation of a suitable chromophore. It is a higher 

energy activation method, shown to result in extensive fragmentation of peptides and 

proteins and has been carried out at several different wavelengths such as 266 nm, 213 

nm, 193 nm, and 157 nm. The corresponding energy per photon is around 3-8 eV 

depending on the wavelength used. At 266nm, the absorption in peptides and proteins 

generally occurs at the aromatic side chains of tyrosine and tryptophan. At 193 nm and 

213 nm, which correspond to higher energy photons, excitation of the peptide backbone 

can take place and at 157 nm, excitation of most bonds becomes possible, including the 

molecules in the air.   

 After absorption of a UV photon, and the resulting promotion of an electron to an 

excited electronic state, two main dissociation mechanisms for UVPD have been 

suggested, namely direct dissociation and internal conversion. Direct dissociation takes 

place if the electron is excited into or can relax into a dissociative orbital. Internal 

conversion is based on IVR (as mentioned in section 1.1.4.2 IRMPD), where the photon 

energy is converted into vibrational modes and fragmentation occurs in the ground state. 

Hence the fragments produced will be like those generated by CAD and IRMPD. For 
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UVPD, it has been suggested that both dissociation pathways may occur 

simultaneously.79  

 

Figure 1. 21 Energy diagram of photodissociation mechanisms.  

 UVPD primarily generates a/x ions by cleavage of Cα - C bonds in addition to b/y 

and c/z ions,80,81 increasing the complexity of UVPD MS/MS spectra but this may also 

provide more fragmentation information for the sample of interest and more sequence 

information for biomolecules.  

 Over the past few decades, UVPD has been successfully applied to the analysis of 

a wide range of molecules including peptides,80-83 proteins84-86, lipids,87-89 

oligonucleotides, and small molecules. Additional benefits of UVPD include the ability to 

access both high and low energy product ions due to the combination of the dissociation 

pathways, optimisation of the photon energy deposited based on the laser wavelength and 

fast scanning speed of UV lasers, which enables ease of implementation on a variety of 

mass analysers such as quadrupole ion traps, TOF, FT-ICR MS and Orbitrap.  

1.1.4.4.  Electron Capture Dissociation  

 Electron capture dissociation tandem MS (ECD MS/MS) was first developed in 

1998 by Zubarev et. al. and it was used to fragment multiply charged gas-phase protein 

ions in an FT-ICR MS.90 To perform ECD, a beam of low energy electrons (~ 0.1-3 eV) 

produced by a hollow dispenser cathode is applied to multiply charged positive ions, 

which are normally trapped in the MS (for example in the ICR cell in FT-ICR MS). The 
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electrons are captured by the positively charged ions creating a radical cation species 

known as the charged reduced species (CRS) (Eqn. 21). Once the electrons are captured, 

the CRS can dissociate into different fragmentation pathways and for ECD MS/MS of 

peptides and proteins, this results in breakage of the N-Cα bond (NH-CHR bond), 

producing c (enolamine) and z• (𝛼-amide radical) fragment ions (Figure 1.22).90,91 The 

electron capture process and generation of the CRS can be represented by the equation 

shown below: 

[𝑀 + 𝑛𝐻]𝑛+ + 𝑒− (0.1 − 3 𝑒𝑉) →  [𝑀 + 𝑛𝐻]𝑛−1+• + 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠                      [Eqn. 21] 

where 𝑀 is the precursor ion, 𝑛 is the charge of the ion, and 𝑒 is the electron. 

 

 

Figure 1. 22 Diagram to show the generation of the a) c and z ions and b) a and y ions in 

ECD MS/MS fragmentation. 
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ECD is only suitable for multiply charged precursor ions because at least one electron is 

captured by the precursor ion during the ECD fragmentation process resulting in a charge 

neutralisation effect (Eqn. 18). For singly charged precursor ions, after electron capture, 

this would generate neutral species which cannot be detected by MS.  

 

Figure 1. 23 Example of an ECD MS/MS spectrum of a doubly protonated peptide. 

 The dissociation mechanism for the generation of the c/z fragment ions from the 

CRS has been under serious discussion for many years. However, the most widely 

accepted mechanisms for ECD include the Cornell Mechanism and the Utah-Washington 

mechanism (UW mechanism).  

 The Cornell mechanism was proposed by McLafferty et. al. in 1998.90 This 

mechanism suggests that electrons are captured at a positively charged site, such as the 

amino group on the N-terminus and the side chains of basic amino acids (such as histidine, 

arginine, and lysine); forming a hydrogen atom. This hydrogen atom is attracted to an 

amide oxygen found at the peptide or protein backbone. This results in the formation of a 

carbon centred aminoketyl radical precursor ion. The N-Cα bond that is adjacent to the 

carbonyl group is then cleaved and generates the c and z ions (Figure 1.24).  

 

Singly charged 

fragments 

Electron capture gives rise 

to a charge reduced 

species followed by 

fragmentation  
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Figure 1. 24 The Cornell mechanisms of ECD MS/MS with the electron captured at the a) 

C-terminus to generate the c+ and z˙ ions and b) N-terminus to generate the c and z+˙ ions. 

 The Utah-Washington (UW) mechanism is a combination of two previously 

proposed mechanisms to explain ECD: the Utah mechanism by Simons et. al. in 2003,92  

and this mechanism was further expanded on by Turecek et. al. in 2005, known as the 

Washington method.93 The UW mechanism shows that electrons are directly captured at 

the amide group at the peptide or protein backbone, forming a carbon-centred aminoketyl 

radical precursor ion, cleaving the N-Cα bond adjacent to the carbonyl group. The same 

product ions as shown by the Cornell mechanism are formed, primarily c and z• 

fragments from the breakage of the N-Cα bond in peptides/proteins.  

Figure 1. 25 The Utah-Washington mechanism of ECD MS/MS to generate the c and z 

ions.  

Applications of ECD MS/MS  

 ECD is a radical based fragmentation method, where it is believed that dissociation 

of the bonds occurs before energy is redistributed among the molecules (non-ergodic 

hypothesis by Zubarev et. al.90) although others suggest due to it’s low-energy radical 

rearrangements, the nonergodic hypothesis is not necessary.93,94 Regardless, ECD offers 

several advantages over the ‘slow heating’ activation methods such as the useful 

contribution to de novo sequencing of biomolecules, preservation of label PTMs and non-

covalent interactions, preferential cleavage of disulphide bonds, and differentiation of 

isomeric peptides and proteins.  
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De Novo sequencing  

 De novo sequencing is a method to determine the peptide or protein sequence by 

using fragment ion information available from an MS/MS spectrum. With ECD MS/MS, 

a high sequence coverage has consistently been achieved in the top-down spectra of 

proteins.90,95,96 Extensive cleavage coverage can be obtained with ECD alone or with a 

combination of ECD and other MS/MS methods such as CAD or IRMPD.  

Preservation of fragile PTMs and non-covalent interactions 

 As a result of the radical-based process, if the species of interest contains weakly-

bound molecules/interactions, these may be preserved in the fragment ions detected, 

which is a huge benefit over threshold techniques such as CAD and IRMPD. The ability 

to retain delicate/fragile modifications/interactions has been an exceptional feature of 

ECD MS/MS and has enabled the study of fragile PTM’s such as carboxylation, 

sulphation, O-glycosylation, N-glycosylation, disulphide bonds, and phosphorylation.  

Disulphide bonds 

 A disulphide bond is a covalent bond between two sulphur atoms. They can form 

via oxidation between thiol (-SH) groups on two adjacent cysteine residues in peptides 

and proteins. Disulphide bonds provide stability to the protein because only large 

amounts of energy can break the covalent cross-link hence it is difficult to fragment 

protein ions when CAD and IRMPD MS/MS is used. ECD on the other hand, has been 

shown to prefer electron capture at the disulphide bond site, which results in a reduction 

of the S-S bond and allows fragmentation on the protein backbone (Figure 1.26).92,97-99  

 

Figure 1. 26 Diagram to show the electron is captured by the disulphide bond and results 

in the S-S bond cleavage.  
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Differentiation of the isomeric products of deamidation 

 Isoaspartic acid/aspartic acid and γ-glutamic acid/ 𝛼-glutamic acid are the common 

products obtained during deamidation of peptides and proteins (detailed discussion in 

section 1.2.2.1).100 The mass of isoaspartic acid and γ-glutamic acid are exactly the same 

as aspartic acid and glutamic acid respectively, the only difference is the shift of one bond 

to put a methylene group (CH2-) on the backbone. ECD can result in the cleavage of Cα-

Cβ bond and the formation of specific fragments for isoaspartic acid and γ-glutamic acid 

from aspartic acid and 𝛼-glutamic acid, respectively.101-105  

 For isoaspartic acid residues, cleavage of the Cα-Cβ bond results in the breakage of 

the polypeptide chain and the formation of c+57 (C2O2H) and z-57 (C2O2H) fragment 

ions (Figure 1.27).  

 

Figure 1. 27 Diagram to show the ECD fragmentation mechanism at the iso aspartic acid 

deamidation site to generate a (c+58 Da) ion and a (z- 57 Da) ion. 

1.1.4.5.  Electron Induced Dissociation  

 For the analysis of singly charged peptides and small molecules, ECD would not 

work as the precursor ion needs to be at least a 2+ charge to produce 1+ detectable 

fragments after the electron capture process otherwise for 1+ precursor ions this would 

result in a charge neutralisation effect, generating neutral species that cannot be detected 

by the MS. To combat the charge limitation problem with ECD for singly charged species, 

Budnik et. al.106 and Fung et. al.107 investigated the effect of tuning electron energy 

during ECD to find a region for electron-based dissociation of 1+ ions. 

 Electron induced dissociation (EID) was first proposed by Cody et. al. in 1979,108 

and the technique was named electron induced excitation of ions from organics (EIEIO). 

EID involves the irradiation of singly charged ions with higher energy electrons causing 

further ionisation/excitation followed by dissociation of the precursor ion.  
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The EID process is shown by Equations 22 and 23.  

[𝑀 + 𝐻]+ + 𝑒−
𝑓𝑎𝑠𝑡  →  [𝑀 + 𝐻]2+• + 𝑒−

𝑠𝑙𝑜𝑤                           [Eqn. 22] 

[𝑀 + 𝐻]+ + 𝑒−
𝑠𝑙𝑜𝑤  →  [𝑀 + 𝐻]+ +  𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠                [Eqn. 23] 

 

Figure 1. 28 Example of an EID MS/MS spectrum of a small molecule.  

          For singly charged small molecules this produced a range of fragments, akin to EI, 

but available to selected MS/MS of selected ions, which allowed soft ionisation followed 

by MS/MS of various analytes. For singly charged biomolecules EID produced c/z• and 

a/x type fragments. EID has also been shown to cause a series of cross-ring cleavages and 

enable detailed characterisation of singly charged species as well as small molecules such 

as lipids109, pharmaceutical compounds,110,111 and other small molecules.  

1.1.4.6.  Other Electron-Based Fragmentation Methods 

 Another fragmentation analogous to the fragments generated by ECD is electron 

transfer dissociation (ETD), which was invented in 2004 by Syka et. al.112 ETD uses gas-

phase ion/ion chemistry to transfer an electron from singly charged aromatic anions to 

multiply charged ions. Reactive radical anions are generated by ionising the reagent 

molecules, i.e., fluoranthene or anthracene through a negative chemical ionisation process. 

The precursor ions and radical anions are then transferred to the ion trap MS where the 

ion-ion interaction takes place. During this process, electrons from the radical anions are 

transferred onto the precursor analyte ions, which results in the formation of radical 

cations and leads to further fragmentation, producing mainly c and z• fragment ions.  

          Hot ECD MS/MS is an interaction between precursor ions and more energetic 

electrons (~ 3-13 eV). In hot ECD, the chance of secondary fragmentation increases 

Singly charged ion irradiated with higher energy 

electrons leading to singly charged fragments  
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which results in extensive fragmentation, due to the release of excess energy. Kjeldsen et. 

al. demonstrated that with the use of hot ECD, isomeric leucine and isoleucine residues 

could be distinguished due to the presence of w and d fragments that were generated.113 

Eqn. 24 demonstrates the hot-ECD process. 

[𝑀 + 𝑛𝐻]𝑛+ + 𝑒−
𝑓𝑎𝑠𝑡(3 − 13 𝑒𝑉)  →  [𝑀 + 𝐻]𝑛−1+• +  𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠                  [Eqn. 24] 

 As ECD can only be used on positively charged precursor ions, for negative 

precursor ions, electron detachment dissociation (EDD) was developed by Budnik and 

Zubarev et. al. in 2000.114 EDD is the same as ECD in principle but is applied to 

negatively charged precursor ions and uses energetic electrons (~ 10-25 eV), resulting in 

Cα-C backbone cleavage and generates a, x, c, and z ions. EDD has been applied for the 

characterisation of biomolecules such as proteins,115,116 carbohydrates such as 

oligosaccharides117,118 and glycosaminoglycans.119   

 Electron-photodetachment dissociation (EPD) is a photon-based activation method 

but it is included in this section as it involves the detachment of electrons from multiply 

charged anions after absorption of UV photons. This results in the production of  charge-

reduced radical anions. The EPD process can be represented by Eqn. 25:120 

[𝑀 − 𝑛𝐻]𝑛− + ℎ𝑣 →  [𝑀 − 𝑛𝐻](𝑛−1)+• +  𝑒− →  𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠                          [Eqn. 22] 

 The first EPD experiments were shown by Guan et. al. in 1996 on nucleotide 

polyanions using a 193 nm ArF excimer laser on an FT-ICR MS.121 Kjeldsen et. al. also 

demonstrated the potential of EPD for peptide sequencing and mapping PTM’s.122 This 

was applied to dianions of tryptic peptides using an F2 excimer laser (wavelength of 157 

nm) on a quadrupolar ion trap (QIT) mass spectrometer.    

1.2. Applications of Mass Spectrometry  

 The applications of MS are extensive and span a wide range of areas from 

environmental analysis, drug characterisation, protein biomarker identification and 

quantification, metabolomics, discovery proteomics for viral analysis and more. In this 

work, the highlighted applications of MS include the differentiation and quantification of 

disease-related isomeric metabolites and post translationally modified biomolecules. An 

additional focus of this thesis will also be placed on the topical development of MS 

methods and sample preparation techniques for detection of viral proteins from severe 
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acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the 

coronavirus disease (COVID-19).  

1.2.2. Differentiation of Isomeric Post-Translationally Modified Peptides  

 Post-translational modifications (PTMs) are reversible or irreversible chemical 

modifications that a protein undergoes via the addition or conversion of a modifying 

group to one or more amino acid in the sequence. These changes can modulate how a 

protein functions and are known to play a major role in controlling protein stability, 

localisation, and protein-protein interactions. Hence PTMs are often discussed in the 

context of understanding the roles that they play in diseases such as cancer and 

neurological disorders such as Alzheimer’s disease and Parkinson’s disease. The most 

common and frequently discussed PTMs include phosphorylation, glycosylation, 

deamidation, ubiquitination, methylation, and sulfation. In this section, the significance of 

deamidation and methylation are discussed further as these PTMs are observed in the 

isomeric biomolecules studied in this thesis.  

1.2.2.1.  Isomeric Products of Deamidation 

 Deamidation is a non-enzymatic post-translational modification (PTM) of peptides 

and proteins. It is generally referred to as a common degradation or aging mechanism that 

takes place in proteins, often but not always, resulting in the reduction or complete loss of 

biological activity of the protein. Deamidation has been used as a marker for protein 

ageing, often referred to as molecular clock,123 particular in disease related proteins such 

as amyloid-beta,42,124 α-synuclein125 and α-crystallin.126-128 Studies have shown that 

deamidation can result in the enhanced aggregation or these long-lived proteins resulting 

in changes in their structure and reduced activity.  

 All peptides and proteins containing asparagine (Asn) and glutamine (Gln) are 

susceptible to deamidation, which is initiated at the amide (-NH2) functional group on the 

side chain of both amino acids as shown by Figure 1.29. A nucleophilic attack from the 

side chain nitrogen to the carbonyl carbon atom results in the loss of ammonia (-NH3). 

The reaction then proceeds via the formation of cyclic imide intermediates (succinimide 

for Asn and glutarimide for Gln). The imide intermediates of Asn and Gln hydrolyse at 

either one of the two carbonyls generating aspartic acid (D)/isoaspartic acid (isoD) and 

glutamic acid (α-Glu)/isoglutamic acid (γ-Glu), respectively.100,123,129-131  
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Figure 1. 29 Deamidation mechanisms of (a) asparagine and (b) glutamine. 

 Asn deamidation is much faster than Gln deamidation. Generally, the first order 

deamidation half-life of a linear peptide with Asn at neutral pH and at physiological 

temperature (37 °C) can be from half a day to approximately 1.4 years, whereas the 

deamidation half-life of Gln can range from approximately 1.6 years to 55 years.100,123 

The reason given for the drastic difference in the rate of deamidation of Asn and Gln is 

based on the structure of the amino acids. The distance between the backbone amido 

group (-NH-) and the side chain (-NH2-) group for Asn is shorter compared to that of 

Gln.100,132 

 Deamidation can either be acid or base catalysed. At acidic pH, the rate 

determining step is the formation of the cyclization product (the succinimide intermediate) 

but at neutral or alkaline pH, the rate determining step is the removal of the leaving group 

(NH3).133 Under acidic conditions (low pH), deamidation by direct hydrolysis of the 

amide side chain becomes more favourable and Asp is formed directly as major 

degradation product by protonation of the amide leaving group. Under basic conditions, 

at a higher pH, the formation of the succinimide intermediate increases because of greater 

deprotonation of the peptide bond nitrogen. 

 Although pH is one of the most significant factors driving the process of 

deamidation, other factors such as temperature, buffer type, buffer ionic strength, and 

neighbouring residues to the deamidation site can also impact the rate of deamidation. For 

example, the rate of deamidation in proteins is enhanced with increasing temperature as 

weak interactions in proteins are broken, becoming increasingly unstable.126,134-136 Hence, 

the temperature dependence of deamidation is affected by the preservation of covalent 

bonds in proteins as well as the size of sterically hindering groups adjacent to the 

deamidation site.123 The rate of deamidation and succinimide intermediate formation also 
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increases for amino acids with less bulky and highly polar side chains, such as glycine 

and histidine. In a linear peptide with an -NG- in the peptide sequence, the deamidation 

half-life is 1 day (at pH 7.4, 37 °C, in 0.15 M Tris HCl) compared to a deamidation half-

life of 53 days for -NC- peptides. Smaller and more flexible side chains of an adjacent 

residue to the deamidation site lowers the steric hindrance and more polar side chains 

help to stabilize the ionized transition state leading to the succinimide intermediate 

formation.  

 In linear and unstructured peptides, the ratio of the products of deamidation 

generally form in a ratio of 3:1, favouring isoD formation at pH 7.4.100,123 At this pH, 

isoD formation is favoured over D formation due to the higher acidity of the isoD side 

chain.137 As pKa  is lower for isoD than that of D, at neutral pH, that means less isoD is in 

the carboxylic acid form, which is generally favoured in the back-reaction due to the 

absence of the negative charge.123 Hence, isoD is the major product at equilibrium.  

 Previous methods used for the study of deamidation and the products of 

deamidation can be separated into chemical and non-MS instrument-based methods. 

Some chemical-based detection methods include Edman degradation,138-140 proteolytic 

digestion with enzymes such as endoproteinase Asp-N,141 and enzymatic detection using 

protein L-isoaspartyl methyltransferase (PIMT).142-144 On the other hand, instrument-

based detection methods include nuclear magnetic resonance (NMR) spectroscopy,145 

fluorescence spectroscopy,128,146 and liquid chromatography (LC), which is a commonly 

used method for separation of the non-deamidated and deamidated variants.147-149 

 Deamidation of peptides and proteins can easily be detected using most mass 

spectrometers, as the deamidation reaction produces a mass difference of + 0.984 Da, 

resulting from the mass conversion of Asn (-NH2) to a mixture of D and isoD (-

OH).43,102,150-152   
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Figure 1. 30 Theoretical isotopic distributions of a tryptic peptide from bovine serum 

albumin (BSA) [TVMENFVAFVDK+2H]2+ . The top trace shows the MS with 0 % 

deamidation, the middle trace showing 100 % deamidation, and the bottom trace is an 

overlay of the non-deamidated and fully deamidated peptide MS spectrum. 

 Although the conversion of Asn to isoD and D can be detected with ease, the 

isomerization of D to isoD, where there are only minor structural differences between the 

isomers, proves to be more challenging as there is no mass difference observed in the 

mass spectrum. 

 Tandem mass spectrometry (MS/MS) methods used for the differentiation of isoD 

and D are provided in further detail in chapter 2.2. These methods include CAD, which 

has shown to generate diagnostic fragments and groups have utilised the differences in 

the abundance of immonium and b/y ions to discriminate between isoD and D 

peptides.153,154  

 As mentioned earlier in section 1.1.4.4, where the applications of ECD, particularly 

to differentiate the isomeric products of deamidation is discussed, Cournoyer et. al. found 

specific fragments for isoD (zi-n- C2O2H and zi-n+C2O2H), which were absent for D 
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peptides.101,102 These characteristic fragments were used and continue to be used to 

confidently differentiate between isoD and D for peptides and proteins.  

1.2.2.2.  Methylated Histidine Isomers   

 Much like deamidation, methylation is another PTM that is commonly observed in 

proteins. Methylation involves the transfer of one methyl group to a nitrogen or oxygen 

(N-methylation or O-methylation respectively) on the amino acid side chains or the N-

termini and C-termini in the protein sequence.155 S-Adenosyl methionine (SAM/AdoMet) 

is a substrate that is a primary methyl group donor hence it is referred to as a 

methyltransferase. Protein methylation has been implicated in various biological 

processes including transcriptional regulation,156 cellular signalling,157 processing of 

RNA,158 protein ageing/repair,159,160 and regulation of protein-protein interactions.161 

Lysine and arginine residues predominantly undergo methylation and the role of lysine 

and arginine-specific methylation on histone proteins, has been extensively studied.157,162 

However, methylation can also occur on histidine, proline, and carboxyl residues.  

 Methylation of histidine was first observed and noted in actin163 and myosin,164,165 

which are proteins found in almost every type of muscle tissue. Actin and myosin play an 

important role in cellular processes, especially in muscle contraction as skeletal muscle 

tissues are composed of repeating units of these proteins. Actin forms the thin filament in 

muscle cells, whereas myosin is known as the motor protein involved in generating the 

force in muscle contractions. 

 3-methylhistidine (3-MeH) is the modified amino acid and the product of actin and 

myosin methylation.163,166,167 It is excreted via the urine and has often been used as a 

biomarker for measuring the rate of skeletal muscle protein breakdown.168,169 Histidine 

methylation, however, can take place at two different positions, which are noted as 1-

methylhistidine (1-MeH) and 3-methylhistidine (3-MeH). The isomeric metabolite to 3-

MeH is 1-MeH, which has been used as a biomarker for meat consumption as it is derived 

from dietary sources.170  

 Different systems for numbering the atoms on the imidazole ring of histidine have 

been used by biochemists and organic chemists, where the nitrogen atom adjacent to the 

side chain was numbered as 1 by biochemists and the same nitrogen atom was numbered 

as 3 by organic chemists. Hence for simplification and to avoid any confusion, numbers 

will not be used and instead in accordance with the IUPAC guidelines, the position of the 

methyl group will be referred to as tele/τ-MeH and pros/π-MeH. The nitrogen atom on 
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the imidazole ring of histidine is denoted by tele ('far', abbreviated τ)  as it is further away 

from the sidechain compared to the nitrogen atom which is denoted as pros ('near', 

abbreviated as π), which is closer to the side chain as shown in Figure below.  

 

Figure 1. 31 Chemical structures for a) tele-methylhistidine (τ-MeH) and b) pros-

methylhistidine (π-MeH).  

 The methylation of His73 (MeH73) in actin is important as it plays a role in actin 

polymerisation, which is important for cell motility.171,172 As mentioned previously, SAM 

is generally known as the methyl group donor involved in methylation of mainly arginine 

and lysins residues, however for methylation of histidine, the SET domain containing 3 

(SETD3) was discovered as the first human methyltransferase enzyme, which targeted 

histidine and was responsible for the methylation of Actin-H73.173-177  

 The urinary methylhistidine metabolites of actin and myosin have been 

qualitatively and quantitatively analysed in the past using synthesised standards and 

hyphenated mass spectrometry techniques such as GC-MS178 and LC-MS. 179,180 As these 

metabolites are often present in plasma and urine, chromatographic separation is often 

required to reduce sample complexity.  Methylation of actin at H73 can result in either 

tele-methylhistidine (τ-MeH) or pros-methylhistidine (π-MeH), which is difficult to 

distinguish by mass spectrometry as the metabolites and the tryptic peptides often used 

for these studies are isomeric hence there is no mass difference observed. However, in 

this work, the use of tandem mass spectrometry techniques will be thoroughly 

investigated for the differentiation of the methylated histidine isomers of actin.  

1.2.3.   Differentiation of Vitamin D Metabolite Isomers  

 Vitamin D compounds are a group of fat-soluble hormones. They are specifically 

referred to as secosteroids, which means that in terms of structure, they are organic 

compounds with a broken ring, exhibiting some biological activity. Vitamin D3 

(cholecalciferol) is generally referred to as vitamin D, which is taken as a supplement and 
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prescribed to patients with vitamin D deficiency. This can be distinguished from vitamin 

D2, which is found and formed naturally in plants, whereas vitamin D3 is formed in the 

skin of mammals via photosynthesis (Figure 1.32).  

 

Figure 1. 32 Chemical structures of a) vitamin D2 and b) vitamin D3.  

 Vitamin D3 is known to help regulate the amount of important minerals such as 

phosphate and calcium in the body, which is necessary to keep bones, teeth, and muscles 

healthy. Globally, it has been estimated that approximately one billion people across all 

age groups and ethnicities have low vitamin D levels.181 A lack of vitamin D3 can lead to 

bone deformities such as rickets in young children and bone pain in adults resulting in 

osteoporosis, a condition, where the bone weakens and becomes brittle.181-183 Vitamin D 

deficiency has also been linked to other diseases such as diabetes, heart disease, 

Alzheimer’s disease and schizophrenia.  

 Vitamin D3 (cholecalciferol) is made in the skin from 7-dehydrocholesterol (7-

DHC) under the influence of UV light (290-315 nm, UVB) from the sun. The breakdown 

of vitamin D3 via formation of 25-hydroxyvitamin D3 (25(OH)D3) in the liver and 

oxidation of 25(OH)D3 further generates the biologically active compound, 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3) and the isomer 24,25-dihydroxyvitamin D3 

(24,25(OH)2D3), which is generally known to be inactive as a hormone. However, some 

early experiments have shown that 24,25(OH)2D3 may play a role in the development of 

skeletal tissues and healing of fractures in animal studies that were carried out. 

1,25(OH)2D3 is known to increase the amount of calcium that the gut can absorb and 

prevents calcium loss from the kidneys. 

 It is generally preferred that the active metabolite (1,25(OH)2D3) is used as a 

biomarker for vitamin D3 sufficiency but this is difficult as its half-life is only a few hours 

and its concentration levels are very low in the blood. Therefore, the abundant yet 

inactive metabolite 25(OH)D3 is used clinically as a marker for vitamin D levels.  
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Figure 1. 33 Chemical structures of the dihydroxylated vitamin D3 isomers a) 1,25-

dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3 with the hydroxyl groups 

responsible for the differences in the structures encircled in red.   

 Immunoassays such as chemiluminescence immunoassays (CLIA) and 

radioimmunoassays (RIA) are techniques often used for routine clinical analysis of 

vitamin D metabolites.184-188 Generally, immunoassays involve the use of antibodies or 

the vitamin D binding protein (DBP) against the metabolite 25(OH)D3. Although the 

benefits of immunoassays include ease of use and high throughput, reproducibility 

remains to be one of the main issues as it is difficult to fully separate or recover  

25(OH)D3 from the DBP as the target vitamin D metabolite is susceptible to matrix 

effects from the serum.189 

 More recently, the use of separation methods combined with mass spectrometry or 

MS techniques alone such as GC-MS,190,191 LC-MS/MS,192,193 MALDI-MS/MS,194,195 and 

IMS-MS196,197 have predominantly been used for vitamin D analysis, particularly LC-

MS/MS due to improvements in sensitivity and specificity. The separation of critical 

vitamin D biomarkers from endogenous materials in matrices such as blood or human 

serum is aided by hyphenated chromatography methods. Further information including 

the benefits and shortcomings of these techniques for vitamin D analysis is provided  in 

detail in chapter 4.2.  

 Differentiation of isomeric and epimeric vitamin D metabolites have also been 

carried out in previous studies with the use of MALDI-MS/MS and IMS-MS. Chapter 4 

demonstrates the use of tandem MS techniques, enabling the differentiation of the 

dihydroxylated vitamin D isomers mentioned above via generation of characteristic 

fragments, which can then be utilised for quantification.  
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1.2.4. Quantification of Small Molecules, Peptides, and Proteins 

 Quantification can be defined as the determination of the absolute or relative 

amount (often expressed in concentration) of the analyte of interest or several target 

species present in a sample. For all types of molecules, the ability to quantify them has 

important implications. For example, for small molecules such as the vitamin D 

compounds that circulate in the blood, quantification of the biomarker 25(OH)D3 in 

human serum is essential to determine vitamin D sufficiency levels. If the biomarker falls 

below a concentration level of < 20 ng/ml in the serum, then it is vitamin D deficiency.181-

183,198 This information is essential when clinicians recommend treatments and helps 

towards disease diagnosis.  Peptide and protein quantification becomes critical when they 

are expressed in cells or tissues, which may be diseased therefore the ability to determine 

the concentration of the target proteins in these cells can also aid studies in drug 

development. There are many different quantification methods that have been developed 

over the years by researchers, particularly in the field of proteomics and the most 

frequently used methods and concepts are discussed below.  

1.2.4.1.  Relative and Absolute Quantification  

 In proteomics, relative quantification is often described as comparing the relative 

amounts of peptides/proteins in samples. In relative quantitation, the samples that are to 

be compared are differentially labelled with stable isotopes.  They are then combined and 

subjected to quantitative MS analysis. The peak intensity ratio between the heavy and 

light peptides is normally measured by MS to determine the relative change in the 

peptide/protein abundances in the samples.199,200 For example, a common relative 

quantification method which involves chemical labelling is known as the isotope-coded 

affinity tag (ICAT) method, where a compound that has the stable isotope is coupled the 

cysteine residues in proteins.201-203 Then follows the general relative quantification 

method mentioned with the differential labelling of the samples, which are mixed and 

they undergo protease digestion followed by affinity-purification of the cysteine-

containing peptides.  

 Absolute quantification as the name suggests is not dependent on other quantities 

hence it can be used to determine the absolute concentration of distinct peptides or 

proteins within a sample. For absolute quantification, a known amount of isotope-labelled 

standard (synthetic peptides or proteins) is mixed with the analyte and the absolute 

amount (concentration) of the analyte is calculated from the ratio of the ion intensity 



Chapter 1 – Introduction 

 

45  

between the analyte and the standard.199,204 Isobaric labelling such as tandem mass tags 

(TMT) and isobaric tags for both relative and absolute quantitation (iTRAQ) methods 

will be discussed in further detail.  

1.2.4.2.  Label-Free Quantification  

 Label-free quantification in MS is used to achieve a relative abundance of peptides 

or proteins between two or more samples without the use of stable isotopes for chemical 

binding and labelling of the target analytes. The main assumption for this type of 

quantification method  is that the same peptides across different experiments can be 

directly compared if the conditions of the instrument, sample preparation and data 

acquisition parameters are closely controlled. The quantification method is often based on 

different categories of measurements such as measuring the ion abundance, ion 

abundance ratios or spectral counting.  

 Measurements of ion abundance are based on the direct comparison of the peak 

height or peak area between two identical peaks as the number of ions are generally 

reflected by the peak height/area.  

 Quantification using the ion abundance ratios involves calculating the peak area 

ratio of the analyte ion in the extracted ion chromatogram (EIC) and the EIC peak area of 

the internal control in sample 1 and then that is compared to sample 2.  

 The spectral count for a protein usually refers to the number of MS/MS spectra 

obtained from the digested peptides for that protein during the LC-MS/MS run. The more 

abundant the peptide, the more likely it will be selected for MS/MS.  

1.2.4.3.  Quantification using Isobaric Labels  

 The two types of labels commonly used are tandem mass tags (TMT) and isobaric 

tags for relative and absolute quantitation (iTRAQ).  

 Quantification of peptide pairs using TMTs was first demonstrated by Thompson et. 

al. in 2003.205  The chemical tag is made up of the reporter group, a balance group and a 

primary amine specific reactive group. Labelled peptides release the mass reporter group 

during MS/MS fragmentation (normally CAD is applied), and the ratio of these reporter 

groups is used for relative quantification of peptides.  
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 Peptides are covalently labelled with stable isotope molecules with tags of varying 

mass introduced from iTRAQ specific reagents in a protein digest via free amines at the 

peptide N-terminus and on the side chain of lysine residues.206 Different samples with 

different tags induced into will be mixed together and are analysed at the same time. The 

peptide of interest from all samples will appear as a single peak because the masses of all 

tags are the same. Instead, the MS signal from the same peptide from all samples is 

summed. When the iTRAQ-peptides are fragmented by e.g., by CAD, the mass balancing 

group is released, liberating the isotope incorporated reporter ions, which can be used for 

relative quantification.  

1.2.4.4. Quantification using SILAC  

 Stable isotope labelling with amino acids in cell culture (SILAC) involves growing 

cells and organisms in media that contain stable isotope labelled amino acids, such as 13C 

or 15N-labelled arginine or lysine residues.207,208 Two populations of cells are grown in 

two different culture media, “light” or “heavy”, with the “light” medium containing 

amino acids with natural isotopes, and the “heavy” medium containing the stable isotope-

labelled amino acids and then both populations are mixed after proteins are grown. The 

cell cultures are then subjected to proteolytic digestion and analysis by LC-MS. It is 

expected that the each of the digested peptides contain at least one of the isotopically 

labelled amino acid, which would cause small m/z shifts, allowing for the relative 

quantification of the isotope-labelled peptides compared to the unlabelled peptides.  

1.2.5. Detection of Clinical Biomarkers of Disease  

 Biomarkers (shortened for biological markers) are molecules, which act as 

indicators of biological processes that take place in the body.209 These biomolecules e.g., 

proteins or nucleic acid, are typically used to measure the presence or progression of 

disease. They also serve as critical quantifiable characteristics in the development of drug 

treatments. To monitor diseases in patients, clinical biomarkers need to be identified and 

quantified in human samples such as urine, saliva, or blood in real-time.210 Therefore, it is 

important that the clinical biomarkers in these types of samples are abundant, sensitive, 

and specific enough to predict the progress of disease states. It is also necessary to have 

instrumentation that can handle complex samples and provide sufficient sensitivity to 

detect the biomarkers in a time-efficient manner.  

 The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 

large, enveloped ribonucleic acid (RNA) virus responsible for causing the global outbreak 
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of the coronavirus disease 2019 (COVID-19). SARS-CoV-2 belongs to the Coronaviridae 

family and is categorised into the genus known as β coronavirus, showing similarities to 

known coronaviruses in the same category such as the severe acute respiratory syndrome 

coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-

CoV). SARS-CoV-2 has four main structural proteins, which are the spike (S) 

glycoprotein, envelope (E) glycoprotein, membrane (M) glycoprotein, and the 

nucleocapsid (N) protein. The main structural proteins play a crucial role in the infection 

of host cells,211 fusion between viral and host cell membranes,212 assembly of the virus213 

and release of the viral particles.214  

 Some of the current diagnostic tests for SARS-CoV-2 infection uses nucleic acid 

(e.g., RNA),226 immune-based assays (serological tests),227 and protein-based (enzyme-

linked immunosorbent assay (ELISA)228 detection methods. However, the main 

recommended diagnostic test involves detection and amplification of the viral RNA using 

methods such as reverse transcription polymerase chain reaction (RT-PCR), which is 

generally carried out on symptomatic patients during the acute phase of SARS-CoV-2 

infection.  

 Matrix assisted laser desorption ionization-time of flight mass spectrometry 

(MALDI-TOF MS) has emerged as a promising analytical tool for the rapid and sensitive 

detection of microorganisms. Over recent years, MALDI-TOF MS has found routine use 

in clinical microbiology laboratories as it is an easy to use, fast and high throughput 

technique. It has increasingly been used for microbial identification including detection of 

harmful bacteria in contaminated water and food, as well as for the detection of pathogens 

in blood and urine samples.229     

 Recent studies have demonstrated the potential for implementing MS and MALDI-

TOF MS as rapid detection methods for SARS-CoV-2. Iles et. al. used a Shimadzu 

MALDI-TOF 8020 on gargle solutions spiked with cultures of SARS-CoV-2 to test for 

detection of the viral proteins.233 Nikolaev et. al. successfully developed an LC-MS/MS 

method utilising a nano-HPLC coupled to a tims-TOF Pro (Bruker Daltonics) for the 

detection of tryptic peptides of the viral N protein from nasal epithelial swabs.235 The use 

of chromatography in combination with MS also provides an extra dimension of 

separation of the species, particularly for the digested viral proteins. The detection 

methods and analysis of SARS-CoV-2  viral proteins are provided in further detail in 

chapter 5.2. 
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1.3. Overview of the Thesis  

This thesis focuses on the implementation of advanced fragmentation techniques 

on a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) to 

distinguish between isomeric species of biological importance, including small 

metabolites and peptides. Application of MALDI-TOF MS and FT-ICR MS for the 

detection of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) proteins 

is also investigated in this thesis.  

In Chapter 2, ECD and UVPD MS/MS are used to differentiate between the 

isomeric isoD and D peptides, based on the generation of diagnostic fragments for ECD 

and the significant differences in the relative abundance of specific fragments for the isoD 

and D peptides with UVPD. An improved relative quantification method was developed 

and applied to determine the isoD content in deamidated peptides in tryptic digested 

bovine serum album (BSA).  

Chapter 3 focuses on the application of various fragmentation methods, for the 

differentiation and relative quantification of isomeric N-methylated histidine containing 

peptides in the cytoskeletal protein, actin. MS/MS analysis resulted in the detection of 

diagnostic fragments for one isomeric peptide. Mixtures of the isomeric synthetic 

peptides containing τ-MeH and π-MeH were prepared and used to generate a calibration 

curve, which were the used for the relative quantification of τ-MeH in rabbit, chicken, 

bovine, and human actin samples. 

Chapter 4 explores the application of various fragmentation methods such as 

CAD, IRMPD, UVPD and EID MS/MS for the distinguishing between isomeric 

dihydroxylated vitamin D3 compounds. With all MS/MS methods, multiple isomer 

specific fragments were observed for the bioactive 1,25-dihydroxyvitamin D3, which 

were absent in the MS/MS spectra for the inactive isomer, 24,25-dihydroxyvitamin D3. 

In Chapter 5, the use of linear MALDI-TOF MS and FT-ICR MS is investigated 

for the detection of SARS-CoV-2 biomarker proteins including the nucleoprotein (N-

protein) and spike-protein (S-protein). Top-down and bottom-up optimisation 

experiments were carried out for the standard proteins and then applied to COVID-19 

negative and positive patient swab samples.  

Conclusions of this thesis and the future outlooks of the projects mentioned 

herein are summarised in Chapter 6.    
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2.  Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

   This chapter demonstrates the applications of Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) and the fragmentation methods available on 

the FT-ICR MS to study the detection and relative quantification of the isomeric products 

of asparagine deamidation.  

   Sample preparation, data acquisition and analysis results presented in this chapter 

were carried out by the thesis author with significant help provided by Dr. Yuko P. Y. 

Lam including setup, optimisation and running of the nano-LC experiments. Help was 

also provided by Dr. Christopher A. Wootton and Dr. Alina Theisen for laser alignment 

and setup of the UVPD experiments.  

   One manuscript entitled “Differentiation and Relative Quantification of the 

Isomeric Products of Deamidation using ECD and UVPD Tandem Mass Spectrometry” 

by Anisha Haris, Yuko P. Y. Lam, Christopher A. Wootton, Alina Theisen, Tomos E. 

Morgan, Mark P. Barrow, and Peter B. O’Connor, is being prepared for submission to the 

Journal of Analytical Chemistry based on the results presented in this chapter. 
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2.1. Abstract  

   Deamidation is an important post-translational modification (PTM) involved in 

age-related neurodegenerative diseases. Deamidation of an asparagine residue results in 

the formation of isomeric products; aspartic acid and isoaspartic acid, which are 

challenging to distinguish between using various analytical techniques due to the subtle 

changes in their structures. Electron capture dissociation tandem mass spectrometry (ECD 

MS/MS) has demonstrated the capability to differentiate and relatively quantify the 

deamidated isomeric products directly via the generation of a characteristic fragment (zi-n-

C2O2H); this method, however, is still limited to certain types of MS instrumentation. 

Herein, we demonstrate the use of ultraviolet photodissociation (UVPD) MS/MS, a laser 

system that can be easily integrated with various types of MS instrument, to differentiate 

and quantify the deamidated isomeric products. Furthermore, the quantification method 

for the deamidated products was improved, so that a good linearity relationship (R2 > 

0.99) was easily obtained for all target peptides. These results are important to promote 

the general implementation of MS instruments with MS/MS capabilities, which can 

provide a reliable and robust method to relatively quantify and differentiate between the 

deamidated isomeric products. 
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2.2. Introduction  

 Deamidation is a spontaneous, non-enzymatic yet highly common post-

translational modification (PTM) observed in peptides and proteins.1 It serves as a 

molecular clock for the regulation of biological processes and can be used as a marker for 

protein ageing, especially in long-lived proteins such as the α-, 𝛽 - and 𝛾 -crystallin 

proteins, which are found in eye lens.2 Over time and with the ageing of the eye lens, the 

crystallins undergo several modifications including deamidation, which has been shown 

to increase aggregation resulting in protein insolubilization, eventually leading to the 

formation of cataracts.3-5  

 Deamidation is also implicated in the progression of a wide range of diseases 

from neurological disorders such as Alzheimer’s and Parkinson’s diseases to the 

formation of senile plaques, as well as amyloid polypeptide aggregation in type II 

diabetes (T2D).6-10 Deamidation is known to cause structurally and functionally important 

alterations in protein structures.11,12 For example, in therapeutic antibodies, deamidation is 

one of the PTMs that needs to be carefully monitored as it has been shown to affect the 

stability and shelf-life of monoclonal antibodies.13-16 Previous research has shown that the 

spontaneous formation of the isomeric products of asparagine deamidation in the 

complementary determining regions of a monoclonal antibody decreases antigen receptor 

binding and efficacy.17,18  

 All peptides/proteins are susceptible to deamidation if asparagine (Asn) and/or 

glutamine (Gln) are included in the amino acid sequence. Asn and Gln amino acid 

residues are prone to deamidation, generating aspartic acid (D)/isoaspartic acid (isoD) 

and glutamic acid (α-Glu)/isoglutamic acid (γ-Glu) respectively (Figure 2.1).11,19-21 The 

amide group (-NH2) at the side chain of Asn and Gln residues is readily converted to a 

hydroxyl group (-OH) during the process of deamidation; while an extra methylene group 

(-CH2-) is inserted into the backbone of isoD and γ-Glu residues, making them 𝛽-amino 

acids, which can lead to a dramatic change in the tertiary structure, folding, stability, and 

the function of a protein.12 Although the mechanism of deamidation is the same for both 

residues, the rate of deamidation is faster for Asn than Gln because the distance between 

the main chain amide group (-NH-) and the side chain amide group (-NH2) is shorter in 

Asn.1,22 The ratio of formation of isoD to D for unfolded, random coils of peptides or 

proteins is approximately 3:1 via deamidation of Asn; ratio deviations, however, can be 

observed when varying amino acid sequence, protein structure, and experimental buffer 
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conditions.19,23-26 Since deamidation in Gln is relatively slower than Asn, the more 

prevalent modification i.e., Asn deamidation and isoD formation will be the focus of this 

work.   

 

Figure 2. 1 Deamidation mechanisms of a) asparagine and b) glutamine.  

For the products of deamidation, the backbone of amino acid residues is coloured in red, 

while the amino acid side chain groups are coloured in black.  

 The conversion of –NH2 to –OH group during deamidation results in a mass shift 

of +0.984 Daltons (Da), which can be easily detected by high-resolution mass 

spectrometry (HRMS).7,27,28 Differentiation of the deamidated isomeric products, however, 

is much more challenging due to the minor structural and zero mass differences between 

the two products. Currently, the most common methods for detection and quantitation of 

the deamidated products include liquid chromatography (LC) methods combined with 

MS such as reverse phase-high performance liquid chromatography (RP-HPLC) and 

hydrophilic interaction liquid chromatography (HILIC).15,29-32 In LC-based techniques, 

particularly in RP-HPLC, the non-deamidated and deamidated peptides are often assigned 

based on their elution order; previous research has shown that isoD peptide elute earlier 

than the D peptide in general.33,34 Using RP-HPLC to differentiate and quantify the 

isomeric deamidated products requires baseline separation of the variants;35 furthermore, 

the assignment based on HPLC elution order may not always be reliable.33,34,36 Previously, 

other analytical methods, including nuclear magnetic resonance (NMR) spectroscopy,37,38 

Edman degradation,39 18O isotope labelling,40,41 and affinity enrichment using chemo-

enzymatic methods such as protein L-isoaspartyl methyltransferase (PIMT) and hydrazine 

trapping 42 have also been used to differentiate the isomeric deamidated products but 

these methods may require high concentration, large quantities, or even modification and 
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manipulation of the sample to some extent, which may be a big challenge to most of the 

biological samples.  

 Tandem mass spectrometry (MS2 or MS/MS) methods such as collisional 

activated dissociation (CAD), also referred to as collision induced dissociation (CID), and 

electron capture dissociation (ECD) have been successfully utilised for the differentiation 

of isoD and D peptides.43-47 CAD is the most common fragmentation method available on 

most if not all MS platforms. In the late 1990’s and beginning of the year 2000, various 

research groups demonstrated the use of CAD for isoD and D peptide differentiation, 

based on the differences in the abundances of the immonium and b/y ions depending on 

the peptide sequence (Figure 2.2).43,44  

 

Figure 2. 2 Immonium ions for a) D and b) isoD (exact mass of 88.08545 Da) (adapted 

and redrawn from Castet et. al.)43   

 Low energy CAD was used and diagnostic fragment ions bn-l+H2O and yl-n-46 

(loss of CO2H2) was observed in the isoD peptide CAD MS/MS spectrum when 

compared to D peptide (Figure 2.3).45,48 The characteristic fragments, however, appeared 

to be low in abundance and due to the peptide sequence dependency, this method may not 

be suitable for all peptides.45  
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Figure 2. 3 Results of the proposed internal rearrangements of D and isoD amino acids, 

generated from a) both D and isoD and b) isoD only. (Adapted and redrawn from 

Gonzalez et. al.)45 

 ECD is an electron-mediated fragmentation method, applied to multiply charged 

positive ions by submission to a beam of low energy electrons produced by a hollow 

dispenser cathode.49,50 Cournoyer et. al.46 found that the cleavage of the Cα - Cβ backbone 

bond by ECD generated diagnostic fragment ions for isoD containing peptides, cn· + 58 

(cn + C2O2H) and zi-n-C2O2H (where n is the position of isoD and i is the total number of 

amino acids in the peptide), which was absent for D peptides (Figure 2.4).46,51  
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Figure 2. 4 ECD fragmentation mechanism at isoaspartic acid to generate a characteristic 

(cn+58 Da) ion and a (zi-n-57 Da) ion. 

 More recently, ultraviolet photodissociation (UVPD), has been investigated as an 

alternative fragmentation method as it has been shown to provide high sequence coverage 

and complementary information to other fragmentation methods for peptides and 

proteins.52-55 Julian group has demonstrated that radical directed dissociation (RDD) can 

be useful in the differentiation of isoD and D peptides and even the l and d-enantiomers 

of both products.55 This method involves, modifying the D and isoD peptides with 

photolabile chromophores and irradiation of the samples with a UV laser at 266 nm to 

generate a radical species followed by CAD MS/MS, which has shown to result in isomer 

and enantiomer specific fragments, enabling the differentiation of D and isoD peptides.55-

57 However, - in the current literature, no characteristic fragments for isoD and D peptides 

have been detected solely using UVPD, without any prior modification to the molecules. 

 Previous research has shown that the presence of isoD in proteins can accelerate 

diseases formation; quantification of isoD peptide/protein, therefore, is important for 

biological studies. Relative quantitation of isoD peptide is possible using the 

characteristic isoD fragment (zi-n-C2O2H) generated by ECD MS/MS. Cournoyer et. al.46 

demonstrated a sequence independent linear relationship between the relative abundance 

of the specific (zi-n-C2O2H) isoD fragment and the percentage isoD peptide in a mixture.58 

A calibration curve was generated using the mixture of known concentration, standard 

mixture of isoD and D peptides, which is applicable to both ECD and CAD MS/MS 

deamidation quantification. Peak intensity of the characteristic fragments generated by 

isoD peptide over the sum of all fragment peak intensities were commonly used for isoD 

peptide quantification.58 Following the method of the Nikolaev group59-61 assuming that 

bond breakage further from the modification site should be less affected by the changes in 

the isoform concentrations, than those located closer, a ratio was taken of the isoD 
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dependent fragments to the isoD independent fragments and calibration curves was 

generated with increasing isoD content in the isoD/D peptide mixtures.  

   Herein, we first demonstrate an improvement of the isoD relative quantitation 

methods using ECD MS/MS on mixtures of standard peptides, then further apply the 

quantification method to UVPD MS/MS on the same standard peptides to demonstrate a 

similar performance can be achieved using different fragmentation strategy. This method 

is then used to determine the isoD percentage in deamidated and tryptic digested BSA 

peptides to compare the performance of ECD and UVPD MS/MS in isomeric product 

quantification.  Isomeric quantification can be generated either from ECD or UVPD 

MS/MS, indicating that MS instrumentation is no longer a limitation factor to 

deamidation products quantification.  
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2.3. Experimental Section 

Sample preparation for synthetic peptides  

   Standard D and isoD peptides group number 1 – 3 (shown in Table 2.1. below) 

were synthesised by GenScript Biotech Corporation (Netherlands). RP-HPLC was carried 

out by the supplier to estimate the purity percentage of the synthetic peptides based on 

UV absorbance at a wavelength of 220 nm (Table 2.1).  

Table 2. 1 Summary of synthetic peptides. Variable residue was underlined in the table. 

Peptide group number Peptide sequence Peptide purity (%) 

 

1 

LVNELTEFAK 95.1 

LVDELTEFAK 99.8 

LV(isoD)ELTEFAK 98.5 

 

2 

TVMEDFVAFDK 97.5 

TVME(isoD)FVAFDK 96.0 

 

3 

LGEYGFQDALIVR 98.3 

LGEYGFQ(isoD)ALIVR 98.7 

 

   The synthetic peptides were dissolved in Milli-Q (Direct-Q® 3 UV System, 

Millipore Corporation, US) H2O (~pH 7) at a concentration of 200 µM for storage in - 

80 °C freezer. The 200 µM stock solutions of each peptide were then diluted to 10 µM 

with 49.95:49.95:0.1 water/acetonitrile/formic acid prior to MS analysis. In this work, 

focus was placed on the isoD quantification by MS/MS of peptides 1-3, which were 

obtained by mixing the D and isoD containing peptides at 20 %, 40 %, 60 %, 80 %, and 

100 % with concentration at 10 µM. 
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Sample preparation for Bovine Albumin Serum (BSA) and deamidation 

experiments  

   BSA powder (Sigma Aldrich Company Ltd, Dorset, England) was dissolved in 

100 mM ammonium bicarbonate (ABC) solution to 2 mg/mL with a volume of 25 mL. 

Disulphide bonds were then reduced with 3 mL of 50 mM dithiothreitol (DTT, Sigma 

Aldrich Company Ltd) for 30 minutes at 60 °C, followed by alkylation with 3 mL of 100 

mM of iodoacetamide (IAA, Sigma Aldrich Company Ltd) and stored the sample in dark 

at room temperature for 1 hour. The solution was then tryptic digested with 2 mL of 1 

mg/mL trypsin (Sigma Aldrich Company Ltd)  in 100 mM ABC solution at 37 °C for 16 

hours. After the digestion, the sample was first purified with HyperSEP C18 solid phase 

extraction cartridges (Thermo Scientific, Waltham, MA, USA) to remove excess 

chemicals. Samples were then dried with a Savant SPD121P SpeedVac concentrator 

(Thermo Scientific, Waltham, MA, USA) to remove the organic solvent. Dried, digested 

BSA was then re-suspended in 10 mM ABC solution (~ pH 8) to a final concentration of 

10 μM. All samples were then incubated at 60 °C for 5 days and one samples was taken 

out for MS analysis at day 0, 1, 3, and 5. Prior to direct infusion analysis on the FT-ICR 

MS, samples were desalted using SOLAµ SPE C18 cartridges  (ThermoFisher, Waltham, 

MA, USA). The desalted BSA digest samples were diluted with 49.95:49.95:0.1 

water/acetonitrile/formic acid into final concentrations of 1-10 μM for MS analysis. 

Nano-LC separation   

   A homemade C18 RP nano capillary trap column (3cm, 150 μm I.D., 3 μm 

particle size, 300 Å pore size) and an in-house packed C18 RP nano capillary analytical 

column (20cm, 75 μm I.D., 3 μm particle size, 300 Å pore size) were connected to an 

EASY nLC II system (Proxeon, Hemel Hempstead, UK) for the online nLC separation of 

the tryptic digested BSA samples. The sample was separated with solvent A (99.9% H2O 

with 0.1% formic acid) and solvent B (19.9% H2O, 80% ACN, and 0.1% formic acid) on 

the nLC system.  

0.2 μM tryptic digested BSA was loaded onto the C18 RP column. Sample was separated 

with the analytical column at a constant flow rate of 300 nL/min from 5% to 35 % solvent 

B for 30 minutes, maintaining at 35 % solvent B for 5 minutes, following by a short 

gradient from 35% to 80% solvent B for 10 minutes, maintaining at 80% solvent B for 30 

minutes with constant flow rate increased to 500 nL/min, then reducing from 80% to 5% 

solvent B for 1 minute, and equilibrating at 5% solvent B for 15 minutes. The total run 
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time of one sample is around 90 minutes which included sample loading, nLC separation, 

and column equilibration time.  

   The nLC separation was automatically controlled by Bruker Daltonics Hyster 

automation software (Bruker Daltonics, Bremen, Germany). The nLC platform was 

coupled to a 12 Tesla Bruker SolariX FT-ICR-MS via a custom-made nanospray source 

using pre-cut conductively coated SilicaTipTM emitters of 5cm long, with a 360 μm tip 

O.D., 20 μm I.D., 10 μm tip I.D. (New Objective, MA, USA). 

FT-ICR MS analysis 

   All the experiments were carried out using a 12 tesla (T) SolariX Fourier 

transform ion cyclotron resonance mass spectrometer (FT-ICR MS; Bruker Daltonik 

GmbH, Bremen, Germany), equipped with a shielded superconducting magnet. 

Direct infusion experiment 

   For the direct infusion experiments, the samples were loaded into borosilicate 

glass capillary tips (purchased from World Precision Instruments, Inc., Sarasota, FL, 

USA), which were pulled using a Sutter P-97 capillary Flaming/Brown micropipette 

puller instrument (Sutter instruments Co., Novato, CA, USA). The pulled tips were 

optimised for a low-flow nano-electrospray ionisation (nESI) experiments. 

   All samples were sprayed in positive ionisation mode. Mass spectra were 

acquired with a 4 mega-word (M) data-points (32 bits) over a mass range of m/z 147 – 

3,000 to produce a 1.67 s transient and ~500,000 resolving power at m/z 400. 

   Positively charged ions were transmitted through a glass capillary to a quadrupole 

and then externally accumulated in a hexapole collision cell for 0.35 s before transferred 

to an infinity cell for MS excitation and detection. 

   For CAD MS/MS experiments, 2+ precursor ions of the synthetic peptides (Table 

2.1) were first quadrupole isolated at m/z 582.8, m/z 700.8 and m/z 740.9 respectively 

with an isolation window ranging from 5-10 m/z.  The ions then underwent collisions 

with argon gas in the collision cell. The optimised collision energies for each peptide 

were ranged from 10 V – 18 V. Fragments, together with the precursor ions, were then 

transferred to the infinity cell for mass detection.  
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   For IRMPD MS/MS, precursor ions were first isolated with the quadrupole and 

then transmitted to the ICR cell. The ions were then fragmented using a continuous-wave 

CO2 laser (Synrad, Washington, USA) with an output wavelength of 10.6 μm. The 

optimised pulse length of 0.1-0.3 s and 65% laser power from a 25 W laser was used for 

the fragmentation. The CO2 laser was introduced from the back of the ICR cell through a 

BaF2 window and precursor ions were fragmented inside the ICR cell before excitation 

and detection. 

   For ECD MS/MS experiments, after quadrupole isolation, ions were directly 

transferred to the ICR cell, where they were irradiated with low energy electrons emitted 

from an indirectly heated hollow dispenser cathode heated via 1.5 A continuous current 

for ion fragmentation. The optimised ECD parameters for the peptide fragmentation were 

electron irradiation time of 0.1-0.3 s, bias of 1.0-1.5 V, extraction lens at 4.0 V, and 

cathode potential of 1.5 V.  

   With the pre-existing IRMPD setup, a 193 nm ArF excimer laser beam (10 Hz; 

Coherent, UK) was also introduced from the back of the ICR cell through a BaF2 window. 

Like the IRMPD MS/MS experiment, ions were first isolated in the quadrupole, 

transmitted to the ICR cell, and eventually irradiated with 1 laser shot (~5 mJ/pulse at the 

laser head) to generate fragments.   

   For 213 nm UVPD fragmentation, a stable telescopic compact high energy Q-

switched pulsed Nd:YAG laser with an output wavelength of 213 nm (5th harmonic of the 

Nd:YAG laser) (10 Hz; Litron Lasers, UK) was also used and ions were irradiated with 

10 laser shots (~1.5 mJ/pulse at the laser head).  

   For all direct infusion MS/MS experiments (excluding 213 nm UVPD data), 

samples were prepared and ran in triplicate.  
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nLC MS/MS experiment 

   For the nLC MS/MS experiments, spectra were acquired with 1 M data-point and 

auto MS/MS was applied. Throughout the nLC experiment, one MS scan was followed 

with one auto MS/MS scan. 0.3 s accumulation time was used for MS scan. The highest 

intensity peptide in the MS scan with charge state between 2+ and 5+, as well as intensity 

threshold higher than 1x107 was automatically selected for ECD MS/MS fragmentation. 

Peptide ions were then isolated with 5 m/z window in quadrupole and accumulated in the 

collision cell for 1 s (MS/MS boost) to achieve higher intensity before ECD 

fragmentation in the ICR cell. The ions were then fragmented by irradiation with 1.5 eV 

electrons produced from an indirectly heated hollow dispenser cathode (1.5 A) for 0.1 s, 

with an ECD bias of 1.5 V and the extraction lens at 4.0 V. The fragmented m/z was then 

excluded from auto MS/MS for 60 seconds. During the experiment, unknown and single 

charge state peptides as well as peptides presented between m/z 147 and 350 were 

excluded from the auto MS/MS experiment.  
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 Data analysis  

   All spectra were analysed using DataAnalysis 4.3 (Bruker) and fragments were 

assigned both manually and using in-house developed software with an error <1.2 ppm 

(supplementary table S2.1 – S2.6). 

   All spectra were internally calibrated with known m/z fragmented peaks that 

contain minimum threshold of S/N >3 and intensities higher than 1x106 according to the 

Bruker FTMS peak picking algorithm. 

 The deamidation percentage was determined by using peak area of the 1st isotopic 

peak from deamidated peptide, divided by the sum of peak area of the 1st isotopic peak 

from deamidated and non-deamidated peptides [Eqn. 2.1]: 

Ratio of deamidation to non-deamidation peak (%) =                [Eqn. 2.1] 

deamidated 1st isotope peak area

(non-deamidated 1st isotope peak area + deamidated 1st isotope peak area)
 

 5-point calibration curves were generated by mixing the ratio of deamidated and 

non-deamidated peptides according to the Table 2.2 (peptide 1) for the deamidation 

quantification MS experiments. 6-point calibration curves were generated by mixing the 

ratio of isoD and D containing peptides for the MS/MS quantification experiments 

according to Table 2.4 (peptide 1) and Supplementary table S2.1 and 2.3 (peptide 2 and 

3). Peptides 2 and 3 were mixed in the same manner as peptide 1 for the MS/MS 

quantification experiments.  
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Table 2. 2 Volume percentage of synthetic peptide 1 in mixtures for MS experiments. 

Calibration 

Point 

LVNELTEFAK  

(%) 

LVDELTEFAK  

(%) 

LVisoDELTEFAK 

(%) 

1 20 40 40 

2 40 30 30 

3 50 25 25 

4 60 20 20 

5 80 10 10 

 

   To achieve the best accuracy for the quantification experiment, the purity of each 

peptide (Table 2.1) was used to correct the percentage of each component in the mixture 

solutions. The corrected non-deamidated and deamidated peptide percentages are 

presented in Table 2.3 (peptide 1) and the corrected isoD and D-containing peptide 

percentages for the MS/MS experiments are shown in Table 2.5 (peptide 1). The 

corrected isoD and D-containing peptide percentages for the MS/MS experiments for 

peptides 2 and 3 can be found in the Supplementary Table 2.2 and 2.4 respectively.  

 

Table 2. 3 Scaled percentage of each synthetic peptide in mixtures with the account of 

peptide purity for MS experiments. 

Calibration 

Point 

LVNELTEFAK  

(%) 

LVDELTEFAK  

(%) 

LVisoDELTEFAK 

(%) 

1 19.02 39.92 39.40 

2 38.04 29.94 29.55 

3 47.55 24.95 24.63 

4 57.06 19.96 19.70 

5 76.08 9.98 9.85 
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Table 2. 4 Volume percentage of synthetic peptide 1 in mixtures for MS/MS experiments. 

Calibration 

Point 

LVisoDELTEFAK 

(%) 

LVDELTEFAK (%) 

1 0 100 

2 20 80 

3 40 60 

4 60 40 

5 80 20 

6 100 0 

 

Table 2. 5 Scaled percentage of each synthetic peptide in mixtures with the account of 

peptide purity for MS/MS experiments. 

Calibration 

Point 

LVisoDELTEFAK 

(%) 

LVDELTEFAK (%) 

1 0 99.8 

2 19.7 79.8 

3 39.4 59.9 

4 59.1 39.9 

5 78.8 20.0 

6 98.5 0.0 

 

   The relative abundance of the isoD peptides were estimated using the following 

equation [Eqn. 2.2], as mentioned previously by Cournoyer et. al.58 with the change made 

to use peak areas rather than peak intensities:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑠𝑜𝐷 (%) =
  𝑧𝑛−𝑖−𝐶2𝑂2H  𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
 ×  100            [Eqn. 2.2] 

   zn-i - C2O2H is the characteristic peak generated by isoD peptide compared to D 

peptide.  A calibration curve was then generated to correlate the isoD percentage in the 

mixed standard peptide solution with the estimated relative percentage of isoD peptides 

observed in the MS spectra. Each calibration point was calculated by averaging the peak 

area or intensity (previous publication method)58 from the triplicate experiments. The R2 

of the calibration curve was then calculated by linear fitting of the curve. Although, the 

relative isoD abundance calculation method for the ECD MS/MS quantification 
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experiment is similar in principle for the UVPD MS/MS quantification experiment, due to 

the absence of diagnostic zn-i - C2O2H fragment in the isoD peptide UVPD spectra, a 

different characteristic fragment (y fragment generated at the deamidated modification 

site) was utilised, hence the following equation [Eqn. 2.3] was applied for the calculation 

of relative percentage of isoD from the UVPD MS/MS spectra:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑠𝑜𝐷 (%)                                                                                  [Eqn. 2.3]

=
𝑦 fragment peak area at deamidation modification site

𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
 × 100 

   The relative isoD peptide ratios of the tryptic digested BSA observed in the MS 

spectra was also estimated via the above equations. The obtained percentage values were 

then applied into the calibration curve which was used to determine the actual percentage 

of isoD peptide in the BSA samples.    

   For the nLC experiment, the percentage of D and isoD peptides were calculated 

using the peak area obtained from the extracted ion chromatogram (XIC) with the target 

m/z of peptide 1, 2, and 3 (± 0.1 m/z) in the BSA digested sample. The obtained peak area 

was then calculated with the following equation  [Eqn. 2.4] to convert to percentage of the 

isoD peptide in the mixture solution:         

𝑖𝑠𝑜𝐷 % =
𝑖𝑠𝑜𝐷 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝑖𝑠𝑜𝐷+𝑁+𝐷 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
× 100                   [Eqn. 2.4] 

   All calibration curves were plotted and a linear fit was applied using the software 

package of Origin 2019 (OriginLab Corporation, USA). 
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2.4. Results and Discussion  

MS detection of deamidation  

   31 tryptic digested BSA peptides were observed in the direct infusion MS 

spectrum (Figure 2.5a). 14 potential Asn deamidation sites were found in the BSA 

sequence.  Peptide deamidation results in a mass shift of + 0.984 Da in the mass spectrum 

and 7 BSA peptides (Figure 2.5b) were clearly observed with a mass shift of +0.984 Da 

in the MS spectrum which were also pattern matched with the theoretical peak 

stimulation as shown in Figure S2.2. High resolution MS is required for the 

differentiation of deamidated peptides from non-deamidated peptides directly in a MS 

scan without prior separation due to the subtle mass difference between the first isotope 

of a deamidated peptide and the second isotope of a non-deamidated peptide, i.e., 0.019 

Da for a 1+ charge state peptide. Three target deamidated peptides (Figure 2.5) out of 7 

deamidated peptides from the digested BSA sample (Table 2.1) were selected for further 

detail analysis (highlighted in red in Figure 2.5b) as these three peptides contained the 

highest deamidation rate which facilitated the following quantification experiments 

regarding the comparison of the performance of various MS/MS fragmentation 

techniques.   

 

Figure 2. 5 BSA sequence highlighted a) all detected peptides and b) all deamidated 

peptides observed in the experiment of 10 µM tryptic digested BSA direct infusion into 

the 12 T FT-ICR-MS. 
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   The mass difference between the first isotopic peak of the non-deamidated and 

deamidated peptide 1, [LVNELTEFAK+2H]2+ was 0.492 m/z at the m/z 582.5 range,   

which can be resolved by most commercial MS instruments (Figure 2.6a). However, the 

mass difference between the second isotopic peak of non-deamidated peptide 1 and the 

first isotopic peak of deamidated peptide 1 was only different by 0.009 m/z (Figure 2.8a 

bottom trace zoomed in), a high-resolution mass spectrometer is therefore required to 

baseline resolve the peaks.  The fully resolved deamidated peak is critical for direct 

infusion as the peak intensity or area is useful for determining the relative deamidation 

percentage of sample mixtures.62 To fully resolve the deamidated peaks at 582.5 m/z, 

theoretical resolving power was required at ~194 k (Figure 2.7).  Peptide 2 and peptide 3 

were at 700 m/z and 740 m/z range respectively, the mass difference between the second 

non-deamidated peak and the first deamidated peak was still maintained at 0.009 m/z; 

however, higher resolving power was required to achieve the baseline separation in a 

higher mass range, indicating the importance of utilising high-resolution MS for this type 

of experiment.  In the experiment, the experimental resolving power at m/z 582 (peptide 

1), m/z 700 (peptide 2), and m/z 740 (peptide 3) were 346 k, 337 k, and 330 k respectively, 

which were around 1.2- to 2-fold higher than the minimum required resolving power for a 

full resolution of the deamidated peak (Figure 2.6 & 2.7), suggesting the instrument and 

acquisition method applied in here were suitable for the following deamidation 

experiment.  
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Figure 2. 6 Zoom in of the m/z regions focusing on the doubly charged precursors in the 

mass spectra of the deamidated tryptic digested BSA peptides of a) 

[LVNDeamELTEFAK+2H]2+ b) [TVMENDeamFVAFVDK+2H]2+, and c) 

[LGEYGFQNDeamALIVR+2H]2+.  
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Figure 2. 7 Minimum theoretical resolving power against m/z for baseline resolving 2nd 

non-deamidated isotopic peak and 1st deamidation isotopic peak (peptide that did 

deamidate was coloured in orange and the critical target deamidated peptides are coloured 

in red). Data was obtained via simulation of the theoretical isotopic pattern spectra for the 

molecular formulae of the non-deamidated and deamidated forms of the peptides.  
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Figure 2. 8 a) Theoretical isotopic distributions of BSA peptide ([LVNELTEFAK+2H]2+) 

with 0 % deamidation (top trace), 100 % deamidation (middle trace), and overlay of the 

non-deamidated and fully deamidated peptide (bottom trace) with a zoom in on the 

bottom trace for the m/z region 582.80-582.85 to demonstrate the baseline resolution 

needed for deamidation quantification in MS. b) Deamidated tryptic digested BSA 

peptides of [LVNELTEFAK+2H]2+ clearly observed within 5 incubation days. 

   The deamidation percentage for peptide 1 ([LVNELTEFAK+2H]2+), peptide 2 

([TVMENFVAFDK+2H]2+), and peptide 3 ([LGEYGFQNALIVR+2H]2+) were generated 

by measuring the peak area ratio of the 1st isotopic peak between the non-deamidated and 

deamidated peptides according to the method mentioned in the experimental section. As 

an example, the R-square of the calibration curve for deamidation quantification of 

peptide 1 was > 0.99 (Supplementary Figure S2.1), indicating that MS is a suitable 

analytical tool for measuring the deamidated percentage in a mixture solution, which is 

similar to previous studies.7,15,63 The relative deamidation percentages after one day of 
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incubation were at 13.2 %, 5.1 %, and 35.0 % for peptide 1, peptide 2, and peptide 3 

respectively (Figure 2.9), suggesting there should be sufficient levels of deamidated 

peptides for D and isoD differentiation for the following experiment. The deamidation 

rates of peptides (peptide 3 > peptide 1 > peptide 2) were also aligned with the predicted 

deamidation order at 37 oC according to the Robinson et. al. study (Supplementary Table 

S2.5),21 suggesting the influence of deamidation rate in the experiment was dominated by 

the neighbouring amino acid, and the temperature effect does not significantly affect the 

order of deamidation rate.  

 

Figure 2. 9 Daily deamidation percentage of peptide 1 ([LVNDeamELTEFAK+2H]2+), 

peptide 2 ([TVMENDeamFVAFDK+2H]2+), and peptide 3 

([LGEYGFQNDeamALIVR+2H]2+) from BSA tryptic digested samples which were 

incubated at 60 oC for 5 days.  
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Comparison and optimisation of isoD peptide quantification using ECD MS/MS  

   ECD MS/MS has been shown to generate the characteristic zn-i-C2O2H (zn-i-57) 

fragment ion reliably from isoD peptides, which has also been generally applied to 

quantify the relative percentage of D and isoD peptides in a mixture sample.15,28,35,46,51,58,64-

67 Various methodologies have been applied to quantify isoD peptide percentage in a 

sample; however, no previous study has included the comparison between different 

quantification methods.  Herein, various quantification methods were used to generate the 

calibration curves for the deamidated synthetic peptides 1 to 3, in which the characteristic 

fragment was generated in all ECD MS/MS spectra (Supplementary Figure S2.4-2.5). 

   In general, methods used for isoD peptide quantification can be classified into 3 

groups. The first method (Method A) was proposed by Ni et. al.36 which used the peak 

area ratio of the characteristic fragment over the z ion fragment at the deamidation site. 

The R-squares obtained for peptide 1 to 3 were ranging from 0.87 to 0.92, with an 

average R-square at 0.90 (Figure 2.10A). The second method (Modified Method B) was 

proposed by Pekov et. al.60 which applied the peak area ratios of the b/y fragments closer 

to the deamidation site (isoD dependent fragment) to b/y fragments that do not contain 

the deamidation site (isoD independent fragment). The principle of this method was 

utilised and modified for the ECD quantification data therefore it was referred to as the 

modified method B. The R-squares generated from peptide 1 to 3 were between 0.93 and 

0.96, the average R-square was 0.95 (Figure IIB). The last method (Method C) was 

applied by Cournoyer et. al58 which used the peak intensity of the characteristic fragment 

of isoD peptide over the sum of all fragment peak intensities. The R-squares resulted 

from peptide 1 to 3 were ranged between 0.96 to 0.99 with an average R-square at 0.98 

(Figure 2.10IIC).   

   Method A obtained the lowest average R-square due to the nominator 

(characteristic fragment) and denominator (z ion at deamidation site) were significantly 

affected by the percentage of isoD peptide, resulting in a low stability of calculating the 

percentage isoD peptide throughout a calibration curve. Method B obtained a higher 

average R-square than method A as the dominator (independent z ion) was not 

significantly affected by the percentage change of isoD peptide.  Method C obtained the 

highest average R-square value compared to the other two methods as the sum of all 

fragment intensities were used which significantly decreased the fluctuation in the 
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denominator value across experiments, resulting in a higher accuracy in determining the 

percentage of isoD peptides in a sample mixture.  

   Even though Method C is the best method among all the other methods for 

determining the percentage of isoD peptide in a mixture solution, it still has a limitation 

when comes to low abundance characteristic fragments.  Method C obtained a very good 

R-square with Peptide 1 and 3 as the normalised intensities of the characteristic fragments 

at 20 % isoD peptide in the mixtures were 2.95 % and 5.42 % respectively.  For peptide 2, 

the normalised intensity of characteristic fragment was only 0.94 %, which was 3.1-fold 

and 5.8-fold lower than the fragments observed in peptide 1 and 3. Peak distortion was 

easily observed in low abundance ion peaks36,68 which would remarkably affect the peak 

intensity and influence the quantification result. To truly reflect the quantity of low 

abundance ion peak; peak area, instead of intensity, should be applied. Herein, we 

adopted the methodology from Cournoyer et. al.58 and further improved it with using 

peak area for quantification. With the new proposed method (Method D), the R-squares 

of peptide 1 to 3 were now greater than 0.99 (Figure 2.10IID), indicating this method is 

suitable for high as well as low abundance peak quantification. A summarised table for 

peptide 1 to 3 calibration curves using various quantification methods was shown in 

Table 2.6 (I).   
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Figure 2. 10 (II) Calibration curves of peptide 1, 2, and 3 with a) Method A (Ni et. al.36 

method), and b) Modified method B (Pekov et. al.60 method), c) Method C (Cournoyer et. 

al.58  method), and d) Method D (proposed method) with corresponding R-square for each 

peptide calibration curve.  
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Table 2. 6 A summarised table for all quantification methods used for the isoD peptide 

determination in a mixture sample. 

 

   The percentages of isoD peptide in the incubated tryptic digested BSA samples 

were determined using ECD MS/MS. The characteristic zn-i-C2O2H fragment peak was 

clearly observed in target peptide 1 to 3 (Figure 2.11 III A-C), indicating isoD peptides 

were formed during the deamidation process of peptide 1 to 3. The percentages of isoD 

peptides were then calculated by using the calibration curves obtained from above (Figure 

2.10 II Method D). The percentages of the isoD peptides increased with the increasing 

incubation time at 60 °C (Figure 2.11 III d), which were also in direct proportion to the 

deamidation percentage obtained for each peptide. The non-deamidated peptide, 

deamidated D-peptide, and deamidated isoD-peptide percentages of each target BSA 

 

 

 

Method 

Method 

reference 

Brief explanation 

of method  

Peptide 

group 

number R2 

Average 

R2  Comments 

A 

Ni et al.36 

Peak area ratio of 

zi-n−C2O2H 

fragment ion to the 

zi-n fragment ion. 

1 0.91652 

0.90769 

Overall weak R2 values (R2 

<0.92) therefore not 

appropriate for generation 

of linear calibration curves 

and sensitive to low % 

isoD. 

2 0.90301 

3 0.90354 

B 

Pekov et 

al.60 

Modified method 

uses the peak area 

ratio of  zi-

n−C2O2H  (isoD 

dependent 

fragment) to the z5 

fragment (isoD 

independent 

fragment). 

1 0.95714 

0.94626 

Improvement in R2 values 

as the z5 fragment used for 

quantification is less 

affected by the zi-n 

fragment ion generated at 

the modification site.   

2 0.93310 

3 0.94856 

C 

Cournoyer 

et al.58 

Relative intensity 

ratio of the zi-

n−C2O2H fragment 

ion with respect to 

the sum of all 

fragments peak 

intensities. 

1 0.99501 

0.976107 

Further improvement in the 

linearity of the calibration 

curve observed (R2> 0.96). 

However, intensity-based 

measurements suffer at 

lower limit of detection.   

2 0.96769 

3 0.96562 

D 

Proposed 

Peak area ratio of 

the zi-n−C2O2H 

fragment ion to the 

sum of all 

fragment peak 

areas. 

1 0.99958 

0.99636 

Less deviation, more 

robust, improvement in R2 

values observed. Peak area 

added into noise whereas 

the peak intensities are 

relative to noise.  

2 0.99353 

3 0.99596 
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peptide at various incubation were calculated and summarised in Table 2.7, which 

demonstrated the ratio of D- to isoD-peptide was not always equal to 1:3.   

Table 2. 7 A table of the non-deamidated peptide, deamidated D-peptide, and deamidated 

isoD-peptide percentages at different incubation times.  

 

 

Figure 2. 11 (III) The ECD MS/MS fragmentation spectra of the target BSA a) peptide 1 

([LVNDeamELTEFAK+2H]2+), b) peptide 2 ([TVMENDeamFVAFDK+2H]2+), and c) 

peptide 3 ([LGEYGFQNDeamALIVR+2H]2+) at day-5 incubation and d) isoD 

quantification plot for the deamidated BSA peptides. Peak assignment tables for assigned 

MS/MS spectra with absolute average mass errors approximately  < 0.65 ± 0.62 ppm for 

all peptides (Figure S2.12 – S2.14). 

  

Non-

deamidated (N) 

(%) isoD (%) D (%)

Non-

deamidated 

(N) (%) isoD (%) D (%)

Non-

deamidated (N) 

(%) isoD (%) D (%)

1 86.75 9.20 4.05 94.86 3.54 1.60 64.97 31.91 3.12

3 65.91 24.73 9.36 88.89 6.60 4.51 33.08 58.56 8.36

5 13.18 36.45 50.37 28.19 13.44 58.36 1.22 72.16 26.62

Incubation 

time (day)

Peptide 1 Peptide 2 Peptide 3
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Applying 193 nm UVPD laser to differentiate and quantify D and isoD peptides 

without modifier  

 ECD MS/MS has been applied for identification and quantification of isoD 

peptides in a mixture solution35,46,58,66; the electron cathode used in ECD MS/MS, 

however, is still mainly utilised with FT-ICR MS, although cathodes have been 

developed (e.g. ExD Cells by e-MSion) for implementation on other mass spectrometers 

such as Q-ToF instruments. 193 nm UVPD is a re-emerging MS/MS technique for 

protein and peptide assignment53,54,69, which can easily co-operate with various types of 

MS instruments.70-73 It is also known that a peptide bonds has a strong absorption around 

190 nm (Figure 2.12) therefore access to direct dissociation pathways is feasible resulting 

in the formation of all types of fragment ion series.74-76  

 

Figure 2. 12 Absorption spectrum of a protein (adapted from Introduction to Practical 

Biochemistry by Hegyi et. al.).77 

 Herein, 193 nm UVPD MS/MS was directly applied to differentiate and quantify 

the percentage of isoD in the mixture solutions, the quantification results would then 

compare to the ECD MS/MS results to determine the performance of 193 nm UVPD 

MS/MS in isoD peptide quantification.  

 a, b, c, x, y, and z fragments were generated when the synthetic peptide 1 

([LVNELTEFAK+2H]2+), peptide 2 ([TVMENFVAFDK+2H]2+), and peptide 3 

([LGEYGFQNALIVR+2H]2+) were dissociated with 193 nm UVPD MS/MS (Figure 2.13 

IV), resulting in more complicated fragmentation spectra than ECD MS/MS.  The peptide 
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sequence coverages of synthetic peptide 1, 2, and 3 using ECD MS/MS fragmentation 

were 90 %, 100 %, and 100% respectively (Figure S2.4); while the peptide sequence 

coverage of synthetic peptide 1, 2, and 3 using UVPD MS/MS fragmentation were 100 %, 

92 %, and 100 % correspondingly (Figure 2.13 IV and Figure S2.8), indicating UVPD 

MS/MS can achieve similar or even better sequence coverage than ECD MS/MS. 

 The characteristic fragment (zn-i-C2O2H) was observed in isoD-containing peptide 

compared to D-containing peptides when fragmented using ECD,46 and it was commonly 

used for isoD peptide quantification in mixture solutions. In contrast, no characteristic 

fragment was observed between D- and isoD-containing peptide when 193 nm UVPD 

was applied to fragment the synthetic peptide 1, 2, and 3 (Figure 2.14 IV); the y ion at the 

deamidated site, however, demonstrated a significant intensity difference between D- and 

isoD-peptides (Figure 2.14 V a-c), which may potentially be applied to quantify the 

percentage of isoD-peptide in the solution. In general, the y ion at isoD deamidated site 

contained a higher intensity than the y ion at D deamidated site.  With the previous 

developed quantification method, the peak area of y ion at the deamidated sites was 

calculated and divided by the sum of the peak areas generated from all assigned 

fragments.  The R-squares in the calibration curves of the synthetic peptide 1, 2, and 3 

using 193 nm UVPD MS/MS could also achieve higher than 0.99 (Figure 2.14 V d), 

suggesting the y ion intensities at deamidation site is directly proportional to the 

percentage of isoD; 193 nm UVPD MS/MS fragmentation; therefore, can also be used to 

differentiate and quantify the percentage of isoD peptide in a mixture solution.   
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Figure 2. 13 (IV) Experimental 193 nm UVPD  MS/MS spectra of synthetic isoD and D 

peptides a) [LVisoD/DELTEFAK]2+ (peptide 1) b) [TVMEisoD/DFVAFVDK+2H]2+ 

(peptide 2) and c) [LGEYGFQisoD/DALIVR+2H]2+ (peptide 3). Peak assignment tables 

for assigned MS/MS spectra with absolute average mass errors approximately  < 0.5 ± 

0.38 ppm for all peptides (Figure S2.15 – S2.20).  

 



Chapter 2 – Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

 

104  

 

Figure 2. 14 (V) a) to c) Zoom in m/z region of the UVPD 193 nm MS/MS spectra for 

synthetic isoD and D BSA peptides y fragment intensity used for isoD quantification and 

d) Calibration curves for synthetic BSA peptide mixtures using peak area of y fragment 

generated at isoD and D cleavage position /sum of all the peak areas of the fragments.  

 193 nm UVPD was then used to fragment the BSA tryptic digested samples and 

compared the results against ECD fragmentation. UVPD fragmentation efficiency was ~ 

5 times lower than ECD but a similar cleavage percentage was achieved in both 

fragmentation methods (Figure S2.9 and S2.10). The y ion fragments at the deamidated 

sites were used for the isoD percentage calculation by applying the calibration generated 

from Figure 2.14(D), and the isoD percentages of each peptide at different time-points 

were shown in Figure 2.15(D). The isoD percentages obtained from UVPD MS/MS were 



Chapter 2 – Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

 

105  

then compared to the results obtained from ECD MS/MS, the result was summarised in 

Table 2.8.  

 

Figure 2. 15 (VI) UVPD 193 nm MS/MS spectra of deamidated BSA peptides 1-3 a) to c) 

with the isoD quantification results using the 193 nm UVPD method shown in d). Peak 

assignment tables for assigned MS/MS spectra with absolute average mass errors 

approximately  < 0.46 ± 0.32 ppm for all peptides (Figure S2.21 – S2.23). 

   The general trend observed with the application of ECD and UVPD MS/MS for 

isoD quantification is shown in Table 2.8, where an increase in the percentage isoD 

content in the deamidated peptides is detected with increasing incubation time. Using 

both MS/MS methods, as confirmed with the deamidated rates of peptides 1-3, the 

detected percentage of isoD in the peptides also follows the same order, with the lowest 

percentage of isoD detected in peptide 2, which then increases for peptide 1, and the 

highest percentage of isoD and D detected over the incubation period was for peptide 3. 

The ECD and UVPD MS/MS isoD quantification results are comparable with an overall 

2.5 % difference observed in the percentage of isoD determined with both fragmentation 
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methods. However, comments on the underestimation or overestimation of the isoD 

percentage in the peptides are difficult to make due to the close similarities in the values 

obtained.  

Table 2. 8 A summary table of the deamidated isoD-peptide percentages determined at 

different incubation times using direct infusion ECD and UVPD MS/MS.  

 

Differentiation of isoD and D synthetic peptides using 213 nm UVPD MS/MS and 

CAD MS/MS  

 193 nm and 213 nm UVPD, which correspond to 6.4 eV per photon and 6.1 eV 

per photon respectively, excitation of the peptide back bone and access to direct 

dissociation pathways are possible.74 Herein, UVPD using the 5th harmonic of a pulsed 

Nd:YAG laser with a wavelength of 213 nm was also applied to differentiate between the 

isomeric isoD and D peptides.  

 a, b, c, x, y, and z fragments were also generated when the synthetic peptide 1 

([LVD/isoDELTEFAK+2H]2+), peptide 2 ([TVMED/isoDFVAFDK+2H]2+), and peptide 

3 ([LGEYGFQD/isoDALIVR+2H]2+) when dissociating using 213 nm UVPD MS/MS 

(Figure 2.15 VII), which is similar to the results obtained with 193 nm MS/MS (Figure 

2.13). The fragment types generated with both 193 nm and 213 nm UVPD were also 

accompanied with side chain and small neutral losses, resulting in complex spectra 

compared to ECD MS/MS.  

 The cleavage coverages of peptide 1, 2, and 3 using 213 nm UVPD were 100 %, 

92 % and 100 %, which is comparable with the 193 nm UVPD fragmentation (Figure 

S2.8). The fragmentation efficiencies of 213 nm UVPD were 6.5 %, 11.7 %, and 9.6 % 

for the isoD peptides 1, 2, and 3 respectively. The fragmentation efficiencies of 213 nm 

UVPD were 3.9 %, 9.9 %, and 7.3 % for the D peptides 1, 2, and 3 respectively, 

indicating that slightly higher fragmentation efficiency is observed with 213 nm UVPD 

than 193 nm UVPD (Figure S2.7). However, this may be explained by a difference in the 

Peptide 1 Peptide 2 Peptide 3 Peptide 1 Peptide 2 Peptide 3

1 9.20 ± 1.1 3.54 ± 1.0 31.9 ± 1.9 9.06 ± 1.5 2.11 ± 0.6 30.2 ± 0.6

3 24.7 ± 0.8 6.60 ± 0.7 58.6 ± 0.6 26.5 ± 0.8 7.03 ± 0.8 58.9 ± 1.4

5 36.5 ± 1.1 13.4 ± 0.5 72.2 ± 1.6 34.7 ± 0.7 15.4 ± 0.8 69.7 ± 1.3

Incubation 

time (day)

direct infusion ECD direct infusion 193 nm UVPD  

isoD (%)



Chapter 2 – Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

 

107  

UVPD parameters as a higher number of laser pulses were used during the 213 nm UVPD 

experiments (10 shots at 1.5 mJ/pulse), whereas 1 laser shot was applied for the 193 nm 

UVPD experiments at 5 mJ/pulse.  

 Like the observation with 193 nm UVPD MS/MS spectra, no characteristic 

fragments were observed in peptide 1, 2, and 3 using 213 nm UVPD fragmentation. Not 

surprisingly, distinct intensity differences at deamidated y ion sites were still observed 

between D and isoD peptides which could potentially be used for isoD peptide 

quantification (Figure 2.17A).  
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Figure 2. 16 (VII) Experimental 213 nm UVPD  MS/MS spectra of synthetic isoD and D 

peptides a) [LVisoD/DELTEFAK]2+ (peptide 1) b) [TVMEisoD/DFVAFVDK+2H]2+ 

(peptide 2) and c) [LGEYGFQisoD/DALIVR+2H]2+ (peptide 3).   
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Figure 2. 17 Zoom in of a) 213 nm UVPD b) CAD and c) IRMPD MS/MS spectra for 

synthetic isoD and D peptides 1-3. The y fragment generated at the deamidation 

modification site is highlighted in red to show the difference in peak intensities between 

each isoD and D peptide.  
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 CAD MS/MS could also generate higher y ion fragment at isoD deamidated site 

compared to D peptides (Figure 2.17B); the y ion intensities difference between D and 

isoD peptides obtained using CAD MS/MS, however, were ranged from 6- to 27-fold 

lower than the difference obtained from UVPD MS/MS, suggesting CAD may not be 

sensitive enough to provide the precise isoD percentage in a mixture solution compared to 

UVPD method. On the other hand, IRMPD MS/MS could not even generate a consistent 

intensity pattern to differentiate and quantify the D and isoD peptides (Figure 2.17C), 

indicating IRMPD is not suitable for D and isoD peptide differentiation.  

 

Separation of deamidation products using nano-LC coupled to FT-ICR MS and 

quantification of isoD 

   Rather than various fragmentation methods, liquid chromatography, both HPLC 

as well as nLC, is commonly used for D and isoD differentiation and 

quantification.31,32,78,79 The quantification results obtained from LC methods, however, 

has never compared with the results generated from various fragmentation methods. 

Herein, we compared the results of relative percentage of isoD in the tryptic digested 

BSA samples obtained using ECD/UVPD fragmentation and nLC separation.  

   To correctly assign each XIC peak obtained from the nLC experiment, auto ECD 

MS/MS was used to differentiate D and isoD peptides using the characteristic isoD 

peptide fragment (zn-i-C2O2H); while high mass accuracy was used to differentiate 

deamidated and non-deamidated peptides (Figure 2.18). The elution order of non-

deamidated, deamidated-D, and deamidated-isoD peptides did not always following the 

same trend (Figure 2.19), indicating nLC effective gradient was also optimised from 15 

minutes to 90 minutes to achieve fully resolved XIC peak for the best D and isoD 

quantification (Figure 2.20). Based on the results, 30-minute effective gradient achieved 

the best separation results with the most time-cost effective, and this gradient would 

further be applied to the following experiments.  
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Figure 2. 18 Experimental workflow showing the extracted ion chromatogram for the 

deamidated BSA peptide [LVNDeamELTEFAK]2+ following MS and ECD MS/MS 

analysis. 
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Figure 2. 19 nLC separation of the deamidation products for the three critical target 

peptides of BSA digest. nLC separation of the unmodified peptide (N) form and the 

deamidation products (D and isoD) of the three deamidated BSA tryptic peptides.  
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Figure 2. 20 The effect of the changes in the effective gradient time on the nLC 

separation of the unmodified peptide (N) form and the deamidation products (D and isoD) 

for the deamidated tryptic BSA peptide [LVNDeamELTEFAK+2H]2+. 

 

 



Chapter 2 – Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

 

114  

 

Figure 2. 21 nLC isoD percentage content quantification results for the target deamidated 

peptides. 

   The nanoLC isoD quantification results shown in Figure 2.21 and detailed in 

Table 2.9 follow the same trend as observed with ECD and UVPD MS/MS for isoD 

quantification, where an increase in the percentage isoD content in the deamidated 

peptides is detected with increasing incubation time. The nanoLC results are generally 

comparable with the ECD and UVPD MS/MS isoD quantification results. However, for 

some peptides such as peptide 1 and 2, on incubation day 3 and day 5, respectively, an 

underestimation of the isoD content in the deamidated peptides is observed with an 

approximately 9 % difference for peptide 1 and 4.7 % difference for peptide 2 when 

comparing the ECD MS/MS and nLC quantification results. This suggests that only using 

the XIC peak area as a measurement for the isoD percentage may not always be suitable 

as in this work some significant differences in the isoD quantification for the deamidated 

peptides 1-3 using this method are observed.   

Table 2. 9 A summary table of the deamidated isoD-peptide percentages determined at 

different incubation times using nLC.  

 

  

Peptide 1 Peptide 2 Peptide 3 Peptide 1 Peptide 2 Peptide 3 Peptide 1 Peptide 2 Peptide 3

1 9.20 ± 1.1 3.54 ± 1.0 31.9 ± 1.9 9.06 ± 1.5 2.11 ± 0.6 30.2 ± 0.6 11.2 ± 1.5 3.14 ± 0.9 33.1 ± 1.1

3 24.7 ± 0.8 6.60 ± 0.7 58.6 ± 0.6 26.5 ± 0.8 7.03 ± 0.8 58.9 ± 1.4 17.3 ± 0.7 5.95 ± 1.2 61.8 ± 1.6

5 36.5 ± 1.1 13.4 ± 0.5 72.2 ± 1.6 34.7 ± 0.7 15.4 ± 0.8 69.7 ± 1.3 37.4 ± 1.6 10.7 ± 1.0 73.8 ± 0.9

online nano-LC 

isoD (%)

Incubation 

time (day)

direct infusion ECD direct infusion 193 nm UVPD  
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2.5. Conclusions  

   In this chapter, a modified, improved quantification method for the quantification 

of deamidated isomeric products was demonstrated. A good linearity (R2 > 0.99) was 

achieved in all calibration curves of synthetic peptides using ECD MS/MS regardless the 

magnitude order difference of the target fragment ions. We also showed UVPD MS/MS 

can be applied to differentiate and quantify the deamidated isomeric products without 

prior modification to the peptide sequence. It is a critical development for deamidated 

product quantification as a UVPD laser is easier to implement onto various types of 

instrument compared to the cathode used in ECD fragmentation, in the quantification of 

deamidation product is no longer limited by the instruments.  

  The relative quantification results obtained from ECD MS/MS, UVPD MS/MS, as 

well as nLC were also compared; and the result is that direct infusion ECD MS/MS 

provides the best results. This can be attributed to the fact that although UVPD MS/MS 

provide similar results for the isoD quantification of peptides 1-3, ECD MS/MS provides 

the confirmatory characteristic fragment for isoD peptides that is definitively absent for D 

peptides. This aids discrimination between isomeric peptides but also provides confidence 

in the quantification results as it is based on the presence of a characteristic fragment that 

is useful for quantification as it is unique only to the isoD peptides, whereas with the 

UVPD MS/MS quantification, dependence is placed on the significant intensity 

differences between the isoD and D peptides, which may be affected by something as 

simple as the condition of the instrument. Nano-LC on the other hand, has previously 

been used for isoD quantification. Based on the results of this work, similarities between 

the direct infusion approaches with tandem mass spectrometry are observed. However, 

some differences such as an underestimation of isoD % in peptides 1 and 2 were observed, 

when solely based on the XIC peak area for determining the isoD content in the 

deamidated peptides. Factors such as adequate baseline separation of the different 

isomeric products and peak broadening may affect the nano-LC quantification.  

   Overall, although synthetic standards are necessary but in comparison to other 

methods mentioned herein, direct infusion ECD MS/MS provides a fast and reliable 

approach for stringent quantification of isoD in the tryptic peptides of BSA.   
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2.7 Supplementary Information  

 

Table S2. 1 Volume percentage of synthetic peptide 2 in mixture for MS/MS experiments. 

 

Calibration 

Point 

TVMEisoDFVAFVDK 

(%) 

TVMEDFVAFVDK 

(%) 

1 0 100 

2 20 80 

3 40 60 

4 60 40 

5 80 20 

6 100 0 

 

Table S2. 2 Scaled percentage of each synthetic peptide for peptide 2 in mixtures with the 

account of peptide purity.  

Calibration 

Point 

TVMEisoDFVAFVDK 

(%) 

TVMEDFVAFVDK 

(%) 

1 0 97.5 

2 19.2 78 

3 38.4 58.5 

4 57.6 39 

5 76.8 19.5 

6 96 0 
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Table S2. 3 Volume percentage of synthetic peptide 2 in mixture for MS/MS experiments. 

Calibration 

Point 

LGEYGFQisoDALIVR 

(%) 

LGEYGFQDALIVR  

(%) 

1 0 100 

2 20 80 

3 40 60 

4 60 40 

5 80 20 

6 0 100 

 

Table S2. 4 Scaled percentage of each synthetic peptide for peptide 3 in mixtures with the 

account of peptide purity. 

Calibration 

Point 

LGEYGFQisoDALIVR 

(%) 

LGEYGFQDALIVR  

(%) 

1 0 98.3 

2 19.74 78.64 

3 39.48 58.98 

4 59.22 39.32 

5 78.96 19.66 

6 98.7 0 
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Figure S2. 1 Calibration curve of the calculated deamidation percentage for the synthetic 

BSA peptide mixtures of [LVNELTEFAK+2H]2+, [LVDELTEFAK]2+, and 

[LVisoDELTEFAK]2+.   

 

Table S2. 5 Deamidation half-times of the target peptides based on first order 

deamidation half-times of GlyXxxAsnYyyGly in days at pH 7.4, 37.0 ºC, 0.15 M Tris 

HCl.  

Peptide sequence Deamidation half-time (t1/2): 

LVNELTEFAK 64.8 

TVMENFVAFDK 70.2 

LGEYGFQNALIVR 25.8 
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Figure S2. 2 Theoretical isotopic distributions of BSA peptides a) 

[TVMENFVAFVDK+2H]2+  and b) [LGEYGFQNALIVR+2H]2+ with 0 % deamidation, 

100 % deamidation and an overlay of the non-deamidated and fully deamidated peptide 

MS spectrum.  
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Figure S2. 3 Zoom in of MS spectrum of [LVNDeamELTEFAK]2+ peptide.  Theoretical 

isotopic distributions of BSA peptides a) [TVMENFVAFVDK+2H]2+  and b) 

[LGEYGFQNALIVR+2H]2+ with 0 % deamidation, 100 % deamidation and an overlay 

of the non-deamidated and fully deamidated peptide MS spectrum.  
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Figure S2. 4 Experimental ECD MS/MS spectra of synthetic isoD and D peptides for a) 

[LVisoD/DELTEFAK]2+ (peptide 1) b) [TVMEisoD/DFVAFVDK+2H]2+ (peptide 2) and 

c) [LGEYGFQisoD/DALIVR+2H]2+ (peptide 3) with the specific zn-i-C2O2H (zn-i-57) 

fragment labelled in blue for in the ECD MS/MS spectra of the isoD containing peptides.   
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Figure S2. 5 Zoom in of ECD MS/MS spectra showing the absence and presence of 

specific zn-i-57 fragment from D and isoD peptides respectively for a) 

[LVisoD/DELTEFAK]2+ (peptide 1) b) [TVMEisoD/DFVAFVDK+2H]2+ and c) 

[LGEYGFQisoD/DALIVR+2H]2+. 

a) 

b) 

c) 
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Figure S2. 6 ECD fragmentation spectra of a) [LVDELTEFAK+2H]2+ and b) 

[LVisoDELTEFAK+2H]2+  c) The m/z 870-940 region of isoD and D synthetic peptide 

mixtures. d) D and isoD forms of each peptide, in this case [LVDELTEFAK+2H]2 and 

[LVisoDELTEFAK+2H]2+   were mixed to obtain mixtures, in which the isoD % varied 

from 0 to 100% in 20% increments. 

 

 

 

 

 

 

 

 

a) 

b) 

c) 

d

)
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Table S2. 6 Peak assignment table for the synthetic peptide [LVDELTEFAK+2H]2+   

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed m/z Mass error 

(ppm) 

z3 1+ C18H27N3O4 349.199608 349.199558 -0.14 

y3-H 1+ C18H28N4O4 364.210507 364.210458 -0.13 

y3 1+ C18H29N4O4 365.218332 365.218341 0.02 

z4-C2H3O2. 1+ C21H31N4O5 419.228898 419.228877 -0.05 

z4 1+ C23H34N4O7 478.242202 478.242211 0.02 

z.4 1+ C23H35N4O7 479.250027 479.249996 -0.06 

y4-H 1+ C23H35N5O7 493.253101 493.252893 -0.42 

y4 1+ C23H36N5O7 494.260926 494.260973 0.10 

z5-C3H4O2 1+ C24H37N5O7 507.268751 507.26868 -0.14 

z5-C2H3O2. 1+ C25H38N5O7 520.276027 520.276526 0.96 

a5+H 1+ C25H45N5O8 543.326266 543.326178 -0.16 

z.5-H2O 1+ C27H40N5O8 562.287141 562.28735 0.37 

z5-CH3. 1+ C26H38N5O9 564.266195 564.266489 0.52 

c5-NH3 1+ C26H44N5O9 570.313356 570.313041 -0.55 

z5-H 1+ C27H40N5O9 578.282605 578.282644 0.07 

z5 1+ C27H41N5O9 579.289881 579.289753 -0.22 

z.5 1+ C27H42N5O9 580.297706 580.297859 0.26 

MH 2+ C53H85N11O18 582.810988 582.811043 0.09 

c5 1+ C26H47N6O9 587.339905 587.340493 1.00 

y5 1+ C27H43N6O9 595.308605 595.308337 -0.45 

z6-C3H4O2 1+ C30H48N6O8 620.352815 620.353023 0.34 

z6-C2H3O2. 1+ C31H49N6O8 633.360091 633.36049 0.63 

z6-C3H7 1+ C25H42N7O11S1 649.31917 649.319255 0.13 

c6-NH3 1+ C30H51N6O11 671.361035 671.360808 -0.34 

z6-H2O 1+ C33H50N6O9 674.36338 674.363373 -0.01 

c6 1+ C30H54N7O11 688.387584 688.386905 -0.99 

z6 1+ C33H52N6O10 692.373945 692.373911 -0.05 

y6 1+ C33H54N7O10 708.392669 708.392707 0.05 

z7-C3H4O2 1+ C35H55N7O11 749.395409 749.39541 0.00 

z7-C2H3O2. 1+ C36H56N7O11 762.402685 762.403211 0.69 

c7-H2O 1+ C35H59N8O13 799.419613 799.419665 0.07 

c7-NH3 1+ C35H58N7O14 800.403629 800.403643 0.02 

c.7 1+ C35H60N8O14 816.422353 816.422595 0.30 

c7 1+ C35H61N8O14 817.430178 817.429858 -0.39 

z7 1+ C38H59N7O13 821.416539 821.416254 -0.35 

z8-C3H4O2 1+ C39H60N8O14 864.422353 864.422439 0.10 

z8-CO2 1+ C41H64N8O14 43.989864 892.453619 -0.04 

z8 1+ C42H64N8O16 936.443483 936.442771 -0.76 

c8-NH3 1+ C44H67N8O15 947.472043 947.47187 -0.18 

c8 1+ C44H70N9O15 964.498592 964.49859 0.00 

c9-NH3 1+ C47H72N9O16 1018.509157 1018.508272 -0.87 

c9 1+ C47H75N10O16 1035.535706 1035.536345 0.62 

MH 1+ C53H85N11O18 1164.614685 1164.613566 -0.96 

Average error (ppm): -0.02 

Absolute average error (ppm): 0.32 

Standard deviation (ppm): 0.31 
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Table S2. 7 Peak assignment table for the synthetic peptide [LVisoDELTEFAK+2H]2+ 

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z3 1+ C18H27N3O4 349.199608 349.199922 0.90 

y3-H 1+ C18H28N4O4 364.210507 364.210702 0.54 

y3 1+ C18H29N4O4 365.218332 365.218575 0.67 

z4-C2H3O2. 1+ C21H31N4O5 419.228898 419.229022 0.30 

z4 1+ C23H34N4O7 478.242202 478.2422 0.00 

z.4 1+ C23H35N4O7 479.250027 479.25007 0.09 

y4-H 1+ C23H35N5O7 493.253101 493.25293 -0.35 

y4 1+ C23H36N5O7 494.260926 494.260883 -0.09 

z5-C3H4O2 1+ C24H37N5O7 507.268751 507.268831 0.16 

z5-C2H3O2. 1+ C25H38N5O7 520.276027 520.276581 1.06 

a5+H 1+ C25H45N5O8 543.326266 543.326046 -0.40 

z.5-H2O 1+ C27H40N5O8 562.287141 562.287315 0.31 

z5-CH3. 1+ C26H38N5O9 564.266195 564.26653 0.59 

c5-NH3 1+ C26H44N5O9 570.313356 570.313665 0.54 

z5-H 1+ C27H40N5O9 578.282605 578.282653 0.08 

z5 1+ C27H41N5O9 579.289881 579.289701 -0.31 

z.5 1+ C27H42N5O9 580.297706 580.29753 -0.30 

MH 2+ C53H85N11O18 582.810988 582.810938 -0.09 

c5 1+ C26H47N6O9 587.339905 587.339962 0.10 

y5 1+ C27H43N6O9 595.308605 595.308413 -0.32 

z6-C3H4O2 1+ C30H48N6O8 620.352815 620.352435 -0.61 

z6-C2H3O2. 1+ C31H49N6O8 633.360091 633.360528 0.69 

z6-C3H7 1+ C25H42N7O11S1 649.31917 649.319139 -0.05 

c6-NH3 1+ C30H51N6O11 671.361035 671.360376 -0.98 

z6-H2O 1+ C33H50N6O9 674.36338 674.36299 -0.58 

c6 1+ C30H54N7O11 688.387584 688.387536 -0.07 

z6 1+ C33H52N6O10 692.373945 692.373788 -0.23 

y6 1+ C33H54N7O10 708.392669 708.392854 0.26 

z7-C3H4O2 1+ C35H55N7O11 749.395409 749.395688 0.37 

z7-C2H3O2. 1+ C36H56N7O11 762.403235 762.403256 0.03 

c7-H2O 1+ C35H59N8O13 799.419613 799.419776 0.20 

c7-NH3 1+ C35H58N7O14 800.403629 800.403585 -0.05 

z7-H2O 1+ C38H57N7O12 803.405974 803.40669 0.89 

c.7 1+ C35H60N8O14 816.422353 816.421923 -0.53 

c7 1+ C35H61N8O14 817.430178 817.430204 0.03 

z7 1+ C38H59N7O13 821.416539 821.416496 -0.05 

z8-C3H4O2 1+ C39H60N8O14 864.422353 864.422629 0.32 

z8-C2O2H  1+ C40H63N8O14 879.445828 879.445864 0.04 

z8 1+ C42H64N8O16 936.443483 936.443114 -0.39 

c8-NH3 1+ C44H67N8O15 947.472043 947.472118 0.08 

c8 1+ C44H70N9O15 964.498592 964.498421 -0.18 

c9-NH3 1+ C47H72N9O16 1018.509157 1018.509687 0.52 

c9-CH3. 1+ C46H72N10O16 1020.511682 1020.512361 0.67 

c.9-H 1+ C47H73N10O16 1033.520056 1033.520917 0.83 
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Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

c9 1+ C47H75N10O16 1035.535706 1035.5357 -0.01 

MH 1+ C53H85N11O18 1164.6147 1164.61448 -0.19 

Average error (ppm): 0.10 

Absolute average error (ppm): 0.36 

Standard deviation (ppm): 0.30 

 

Table S2. 8 Peak assignment table for the synthetic peptide [TVMEDFVAFVDK+2H]2+ 

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z4-CO2 1+ C23H36N4O5 448.268022 448.268167 0.32 

z4 1+ C24H36N4O7 492.257852 492.257842 -0.02 

z.4 1+ C24H37N4O7 493.265677 493.265743 0.13 

z5-CO2 1+ C26H41N5O6 519.305136 519.305034 -0.20 

z5 1+ C27H41N5O8 563.294966 563.294964 0.00 

z.5 1+ C27H42N5O8 564.302791 564.302796 0.01 

z6 1+ C32H50N6O9 662.36338 662.363364 -0.02 

z.6 1+ C32H51N6O9 663.371205 663.371208 0.00 

MH 2+ C64H99N13O20S1 700.841938 700.842122 0.26 

c6 1+ C32H50N7O11S1 740.328355 740.328285 -0.09 

z7-CO2 1+ C40H59N7O8 765.441964 765.441859 -0.14 

z7 1+ C41H59N7O10 809.431794 809.431924 0.16 

c.7-NH3 1+ C37H55N7O12S1 821.362395 821.362828 0.53 

y7 1+ C41H61N8O10 825.450518 825.450045 -0.57 

c.7 1+ C37H58N8O12S1 838.388944 838.388948 0.00 

c7 1+ C37H59N8O12S1 839.396769 839.396209 -0.67 

z8-CO2 1+ C44H64N8O11 880.468908 880.46856 -0.40 

c8-NH3 1+ C40H61N8O13S1 893.407334 893.407022 -0.35 

c.8 1+ C40H63N9O13S1 909.426058 909.425495 -0.62 

c8 1+ C40H64N9O13S1 910.433883 910.433743 -0.15 

z8 1+ C45H64N8O13 924.458738 924.459073 0.36 

y8 1+ C45H66N9O13 940.477462 940.476781 -0.72 

z9-CO2 1+ C49H71N9O14 1009.511502 1009.510707 -0.79 

b9 1+ C49H70N9O14S1 1040.475748 1040.475148 -0.58 

z9 1+ C50H71N9O16 1053.501332 1053.501322 -0.01 

c9 1+ C49H73N10O14S1 1057.502297 1057.50166 -0.60 

c10-NH3 1+ C57H85N11O17S1 1139.544162 1139.544139 -0.02 

c10 1+ C54H82N11O15S1 1156.570711 1156.570092 -0.54 

z10 1+ C55H80N10O17S1 1184.541817 1184.54084 -0.82 

c11-NH3 1+ C58H84N11O18S1 1254.571106 1254.570958 -0.12 

c11 1+ C58H87N12O18S1 1271.597655 1271.597612 -0.03 
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Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z11 1+ C60H89N11O18S1 1283.610231 1283.608863 -1.07 

MH 1+ C64H98N13O20S1 1400.67663 1400.676643 0.01 

Average error (ppm): -0.20 

Absolute average error (ppm): 0.31 

Standard deviation (ppm): 0.30 

 

Table S2. 9 Peak assignment table for synthetic peptide [TVMEisoDFVAFVDK+2H]2+ 

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z3 1+ C15H27N3O6 345.189438 345.189623 0.54 

z4-CO2 1+ C23H36N4O5 448.268022 448.268064 0.09 

z4 1+ C24H36N4O7 492.257852 492.257846 -0.01 

z.4 1+ C24H37N4O7 493.265677 493.265739 0.13 

z5-CO2 1+ C26H41N5O6 519.305136 519.305082 -0.10 

z5 1+ C27H41N5O8 563.294966 563.294951 -0.03 

z.5 1+ C27H42N5O8 564.302791 564.302725 -0.12 

z6 1+ C32H50N6O9 662.36338 662.363431 0.08 

z.6 1+ C32H51N6O9 663.371205 663.371277 0.11 

MH 2+ C64H99N13O20S1 700.841938 700.842177 0.34 

c6 1+ C32H50N7O11S1 740.328355 740.327945 -0.55 

z7-CO2 1+ C40H59N7O8 765.441964 765.441914 -0.07 

z7-H2O 1+ C41H57N7O9 791.421229 791.42076 -0.59 

z7 1+ C41H59N7O10 809.431794 809.431895 0.12 

c.7-NH3 1+ C37H55N7O12S1 821.362395 821.362469 0.09 

c7-NH3 1+ C37H56N7O12S1 822.37022 822.370553 0.40 

y7 1+ C41H61N8O10 825.450518 825.450659 0.17 

c.7 1+ C37H58N8O12S1 838.388944 838.388247 -0.83 

c7 1+ C37H59N8O12S1 839.396769 839.39628 -0.58 

z8-C2O2H 1+ C43H63N8O11 867.4611215 867.461132 0.01 

z8-CO2 1+ C44H64N8O11 880.468908 880.468777 -0.15 

c8-NH3 1+ C40H61N8O13S1 893.407334 893.407047 -0.32 

c.8 1+ C40H63N9O13S1 909.426058 909.425484 -0.63 

c8 1+ C40H64N9O13S1 910.433883 910.43376 -0.14 

z8 1+ C45H64N8O13 924.458738 924.459151 0.45 

y8 1+ C45H66N9O13 940.477462 940.476969 -0.52 

z9-CO2 1+ C49H71N9O14 1009.511502 1009.511587 0.08 

b9 1+ C49H70N9O14S1 1040.475748 1040.474646 -1.06 

z9 1+ C50H71N9O16 1053.501332 1053.50093 -0.38 

c9 1+ C49H73N10O14S1 1057.502297 1057.501952 -0.33 

c10-NH3 1+ C57H85N11O17S1 1139.544162 1139.543194 -0.85 

c10 1+ C54H82N11O15S1 1156.570711 1156.57034 -0.32 

z10 1+ C55H80N10O17S1 1184.541817 1184.541128 -0.58 

a11+H 1+ C57H85N11O17S1 1227.584016 1227.583997 -0.02 
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Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

c11-NH3 1+ C58H84N11O18S1 1254.571106 1254.570939 -0.13 

c11 1+ C58H87N12O18S1 1271.597655 1271.597643 -0.01 

z11 1+ C60H89N11O18S1 1283.610231 1283.609295 -0.73 

MH 1+ C64H98N13O20S1 1400.67663 1400.67662 -0.01 

Average error (ppm): -0.17 

Absolute average error (ppm): 0.31 

Standard deviation (ppm): 0.28 

 

Table S2. 10 Peak assignment table for the synthetic peptide [LGEYGFQDALIVR+2H]2+ 

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z5 2+ C26H50N7O6 278.19058 278.190368 -0.76 

z6-H 2+ C30H54N8O9 335.20014 335.200054 -0.26 

z6 2+ C30H55N8O9 335.704052 335.703996 -0.17 

z4 2+ C23H44N6O5 484.33677 484.336446 -0.67 

z.4 1+ C23H45N6O5 485.344595 485.344353 -0.50 

y4 1+ C23H46N7O5 500.355494 500.355296 -0.40 

z5 1+ C26H49N7O6 555.373884 555.373879 -0.01 

z.5 1+ C26H50N7O6 556.381709 556.381672 -0.07 

y5 1+ C26H51N8O6 571.392608 571.392362 -0.43 

z6-CO2 1+ C29H54N8O7 626.410998 626.411271 0.44 

z6 1+ C30H54N8O9 670.400828 670.40126 0.64 

z.6 1+ C30H55N8O9 671.408653 671.409255 0.90 

y6 1+ C30H56N9O9 686.419552 686.419613 0.09 

MH 2+ C68H107N17O20 740.893368 740.894034 0.90 

z7-CO2 1+ C34H62N10O9 754.469576 754.469308 -0.36 

z7 1+ C35H62N10O11 798.459406 798.459387 -0.02 

c7 1+ C38H54N9O11 812.393732 812.393678 -0.07 

z8 -C4H8 1+ C40H63N11O12 889.46522 889.464993 -0.26 

c8 1+ C42H59N10O14 927.420676 927.420471 -0.22 

z8 1+ C44H71N11O12 945.52782 945.528234 0.44 

y8 1+ C44H73N12O12 961.546544 961.546332 -0.22 

z9 1+ C46H74N12O13 1002.549284 1002.549729 0.44 

y9 1+ C46H76N13O13 1018.568008 1018.568746 0.72 

z10-CO2 1+ C54H83N13O13 1121.622783 1121.623414 0.56 

z10 1+ C55H83N13O15 1165.612613 1165.613072 0.39 

y10 1+ C55H85N14O15 1181.631337 1181.631773 0.37 

c11 1+ C57H86N13O17 1224.625918 1224.626771 0.70 

z11-CO2 1+ C59H90N14O16 1250.665377 1250.665811 0.35 
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Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z11 1+ C60H90N14O18 1294.655207 1294.655618 0.32 

z12 1+ C62H93N15O19 1351.676671 1351.676272 -0.30 

MH 1+ C68H106N17O20 1480.7795 1480.77951 0.01 

Average error (ppm): 0.08 

Absolute average error (ppm): 0.39 

Standard deviation (ppm): 0.25 

 

Table S2. 11 Peak assignment table for synthetic peptide [LGEYGFQisoDALIVR+2H]2+ 

ECD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z4 2+ C23H45N6O5 242.672023 242.671813 -0.87 

z5 2+ C26H50N7O6 278.19058 278.190449 -0.47 

z6-H 2+ C30H54N8O9 335.20014 335.200147 0.02 

z6 2+ C30H55N8O9 335.704052 335.703961 -0.27 

z7-H 2+ C35H62N10O11 399.229429 399.22953 0.25 

z7 2+ C35H63N10O11 399.733341 399.733434 0.23 

z8-H 2+ C44H71N11O12 472.763636 472.76395 0.66 

z4 2+ C23H44N6O5 484.33677 484.336334 -0.90 

z.4 1+ C23H45N6O5 485.344595 485.344265 -0.68 

y4 1+ C23H46N7O5 500.355494 500.355051 -0.89 

z5 1+ C26H49N7O6 555.373884 555.373804 -0.14 

z.5 1+ C26H50N7O6 556.381709 556.381618 -0.16 

y5 1+ C26H51N8O6 571.392608 571.392172 -0.76 

z6-C2O2H 1+ C28H53N8O7 613.4032155 613.403217 0.00 

z6-CO2 1+ C29H54N8O7 626.410998 626.410409 -0.94 

z6 1+ C30H54N8O9 670.400828 670.401226 0.59 

z.6 1+ C30H55N8O9 671.408653 671.409126 0.70 

y6-H 1+ C30H55N9O9 685.411727 685.411117 -0.89 

y6 1+ C30H56N9O9 686.419552 686.419368 -0.27 

MH 2+ C68H107N17O20 740.893368 740.893966 0.81 

z7-CO2 1+ C34H62N10O9 754.469576 754.469688 0.15 

z7 1+ C35H62N10O11 798.459406 798.459638 0.29 

c7 1+ C38H54N9O11 812.393732 812.393057 -0.83 

z8 -C4H8 1+ C40H63N11O12 889.46522 889.465466 0.28 

c8 1+ C42H59N10O14 927.420676 927.420755 0.09 

z8 1+ C44H71N11O12 945.52782 945.52797 0.16 

y8 1+ C44H73N12O12 961.546544 961.546678 0.14 

z9 1+ C46H74N12O13 1002.549284 1002.549394 0.11 

y9 1+ C46H76N13O13 1018.568008 1018.568132 0.12 

z10-CO2 1+ C54H83N13O13 1121.622783 1121.622585 -0.18 

z10 1+ C55H83N13O15 1165.612613 1165.612513 -0.09 

y10 1+ C55H85N14O15 1181.631337 1181.631118 -0.19 

c11 1+ C57H86N13O17 1224.625918 1224.62658 0.54 
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Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z11-CO2 1+ C59H90N14O16 1250.665377 1250.66603 0.52 

z11 1+ C60H90N14O18 1294.655207 1294.655153 -0.04 

z12 1+ C62H93N15O19 1351.676671 1351.676688 0.01 

MH 1+ C68H106N17O20 1480.7795 1480.779542 0.03 

Average error (ppm): -0.08 

Absolute average error (ppm): 0.37 

Standard deviation (ppm): 0.31 

 

Table S2. 12 Peak assignment table for the ECD MS/MS spectrum of the peptide 

[LVNDeamELTEFAK+2H]2+ from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

z3 1+ C18H27N3O4 349.199608 349.199608 0.00 

y3 1+ C18H29N4O4 365.218332 365.218350 0.05 

z4-C2H3O2. 1+ C21H31N4O5 419.228898 419.228917 0.05 

z4 1+ C23H35N4O7 479.250027 479.249982 -0.09 

y4 1+ C23H36N5O7 494.260926 494.261233 0.62 

z5 1+ C27H41N5O9 579.289881 579.289880 0.00 

MH 2+ C53H88N12O17 582.318972 582.318919 -0.09 

MH+Deam 2+ C53H87N11O18 582.810981 582.811032 0.09 

y5 1+ C27H43N6O9 595.308605 595.308693 0.15 

z6-C3H7 1+ C30H45N6O10 649.319170 649.319208 0.06 

c6 1+ C30H55N8O10 687.403568 687.404202 0.92 

z6 1+ C33H52N6O10 692.373945 692.373947 0.00 

y6 1+ C33H54N7O10 708.392669 708.392726 0.08 

z7-C2H3O2 1+ C38H59N7O13 762.403235 762.403477 0.32 

z7-C4H8 1+ C34H51N7O13 765.353939 765.354003 0.08 

z7-C3H7. 1+ C35H52N7O13 778.361215 778.361858 0.83 

c7+Deam-H2O 1+ C35H59N8O13 799.419610 799.419789 0.22 

c7+Deam 1+ C35H61N8O14 817.430178 817.430300 0.15 

z7 1+ C38H59N7O13 821.416539 821.416646 0.13 

y7 1+ C38H61N8O13 837.435263 837.435447 0.22 

VNELTEFA-

CO 1+ C40H62N9O13 876.446160 876.446607 0.51 

z8-

C2O2H+Deam 1+ C40H63N8O14 879.445828 879.445860 0.04 

z8 1+ C42H65N9O15 935.459467 935.459112 -0.38 

z8+Deam 1+ C42H64N8O16 936.443479 936.443572 0.10 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b8 1+ C44H68N9O14 946.488027 946.488175 0.16 

c8 1+ C44H71N10O14 963.514573 963.514547 -0.03 

c8+Deam 1+ C44H70N9O15 964.498592 964.498894 0.31 

b9-H2O+Deam 1+ C47H70N9O15 1000.498589 1000.497963 -0.63 

b9 1+ C47H73N10O15 1017.525141 1017.525259 0.12 

b9+Deam 1+ C47H72N9O16 1018.509154 1018.509938 0.77 

c9 1+ C47H76N11O15 1034.551690 1034.551498 -0.19 

c9+Deam 1+ C47H75N10O16 1035.535706 1035.535984 0.27 

MH-NH3-CO2 1+ C50H78N11O17 1104.557717 1104.557438 -0.25 

MH 1+ C53H87N12O17 1163.630669 1163.630691 0.02 

MH+Deam 1+ C53H86N11O18 1164.614685 1164.615067 0.33 

Average error (ppm): 0.14 

Absolute average error (ppm): 0.24 

Standard deviation (ppm): 0.25 

 

Table S2. 13 Peak assignment table for the ECD MS/MS spectrum of the peptide 

[TVMENDeamFVAFVDK +2H]2+ from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

z4+H 1+ C24H37N4O7 493.265676 493.265702 0.05 

z5 1+ C27H41N5O8 563.294965 563.295562 1.06 

z5 + H 1+ C27H42N5O8 564.302791 564.302795 0.01 

z6 1+ C32H50N6O9 662.363379 662.363333 -0.07 

y6-H 1+ C32H51N7O9 677.374278 677.37384 -0.65 

y6 1+ C32H52N7O9 678.382103 678.382077 -0.04 

MH 2+ C64H99N14O19S1 700.349947 700.349967 0.03 

MH+Deam 2+ C64H98N13O20S1 700.841938 700.842516 0.82 

z7-CO2 1+ C40H59N7O8 765.441963 765.442035 0.09 

z7 1+ C41H59N7O10 809.431793 809.431808 0.02 

y7-H 1+ C41H60N8O10 824.442692 824.441861 -1.01 

z8-

C2O2H+Deam 1+ C43H63N8O11 867.4611215 867.460189 -1.07 

c8-H 1+ C40H64N10O12S1 908.442040 908.441838 -0.22 

z8 1+ C45H65N9O12 923.474720 923.475067 0.38 

z8+Deam 1+ C45H64N8O13 924.458738 924.457988 -0.81 

z9 1+ C50H72N10O15 1052.517313 1052.515998 -1.25 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

c9 1+ C49H74N11O13S1 1056.518279 1056.517189 -1.03 

c10 1+ C54H83N12O14S1 1155.586693 1155.585002 -1.46 

z10 1+ C55H81N11O16S1 1183.557798 1183.555389 -2.04 

z10+H 1+ C55H80N10O17S1 1184.565623 1184.566105 0.41 

c11 1+ C58H88N13O17S1 1270.613636 1270.613594 -0.03 

MH 1+ C64H99N14O19S1 1399.692915 1399.690568 -1.68 

Average error (ppm): -0.39 

Absolute average error (ppm): 0.65 

Standard deviation (ppm): 0.62 

 

Table S2. 14 Peak assignment table for the ECD MS/MS spectrum of the peptide 

[LGEYGFQNDeamALIVR+2H]2+ from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

z4+H 1+ C23H45N6O5 485.344595 485.344612 0.04 

z5 1+ C26H49N7O6 555.373884 555.373760 -0.22 

z5+H 1+ C26H50N7O6 556.381709 556.381700 -0.02 

z6-C2O2H+Deam 1+ C28H53N8O7 613.403216 613.403163 -0.09 

z6 1+ C30H55N9O8 669.416811 669.416767 -0.07 

z6+Deam 1+ C30H54N8O9 670.400828 670.400718 -0.16 

y6+Deam 1+ C30H56N9O9 686.419552 686.419148 -0.59 

MH 2+ C68H107N18O19 740.401358 740.401491 0.18 

MH+Deam 2+ C68H107N17O20 740.893368 740.893400 0.04 

z7-CO2+Deam 1+ C34H62N10O9 754.469576 754.469832 0.34 

z7+Deam 1+ C35H62N10O11 798.459406 798.459501 0.12 

z8+Deam 1+ C44H71N11O12 945.527820 945.527380 -0.47 

y8-H+Deam 1+ C44H72N12O12 960.538717 960.538822 0.11 

y8+Deam 1+ C44H73N12O12 961.546544 961.546216 -0.34 

z9 1+ C46H75N13O12 1001.565266 1001.565102 -0.16 

z9+Deam 1+ C46H74N12O13 1002.549284 1002.549038 -0.25 

y9+Deam 1+ C46H76N13O13 1018.568008 1018.568635 0.62 

z10+Deam 1+ C55H83N13O15 1165.612613 1165.612861 0.21 

y10+Deam 1+ C55H85N14O15 1181.631337 1181.630914 -0.36 

z11+Deam 1+ C60H90N14O18 1294.655207 1294.655200 -0.01 

c12+Deam 1+ C62H95N14O18 1323.694329 1323.694408 0.06 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

MH 1+ C68H106N17O20 1480.779500 1480.779500 0.00 

Average error (ppm): -0.05 

Absolute average error (ppm): 0.20 

Standard deviation (ppm): 0.18 

 

Table S2. 15 Peak assignment table for the synthetic peptide [LVDELTEFAK+2H]2+  

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

a2 1+ C10H21N2O1 185.164836 185.164836 0.00 

z2 1+ C9H18N2O3 202.131194 202.131269 0.37 

b2 1+ C11H21N2O2 213.159750 213.159728 -0.11 

y2 1+ C9H20N3O3 218.149918 218.149983 0.30 

DE 1+ C9H13N2O6 245.076812 245.076881 0.28 

v3+H 1+ C11H21N4O4 273.155732 273.155682 -0.18 

ELT-H2O 1+ C15H24N3O5 326.171047 326.171208 0.49 

b3 1+ C15H26N3O5 328.186690 328.186781 0.28 

z3 1+ C18H27N3O4 349.199604 349.199628 0.07 

DEL 1+ C15H24N3O7 358.160876 358.160986 0.31 

y3 1+ C18H29N4O4 365.218328 365.218387 0.16 

TEF 1+ C18H24N3O6 378.165961 378.166004 0.11 

x3+H 1+ C19H28N4O3 392.205418 392.205440 0.06 

a4+H 1+ C19H34N4O7 430.242202 430.242326 0.29 

TEFA-H2O 1+ C21H27N4O6 431.192511 431.192793 0.65 

b4 1+ C20H33N4O8 457.229280 457.229418 0.30 

y4-H2O 1+ C23H34N5O6 476.250354 476.250375 0.05 

z4 1+ C23H34N4O7 478.242194 478.242217 0.05 

y4 1+ C23H36N5O7 494.260918 494.260920 0.00 

MH-C7H7 2+ C46H80N11O18 537.283591 537.283843 0.47 

a5+H 1+ C25H45N5O8 543.326266 543.326380 0.21 

b5-H2O 1+ C26H42N5O8 552.302776 552.303032 0.46 

b5 1+ C26H44N5O9 570.313340 570.313355 0.03 

MH-H2O 2+ C53H85N11O17 573.805697 573.805808 0.19 

MH 2+ C53H87N11O18 582.810979 582.810745 -0.40 

y5 1+ C27H43N6O9 595.308598 595.308590 -0.01 

b6-H2O 1+ C30H49N6O10 653.350456 653.350703 0.38 

b6 1+ C30H51N6O11 671.361020 671.361284 0.39 

y6-H2O 1+ C33H52N7O9 690.382094 690.382067 -0.04 

y6 1+ C33H54N7O10 708.392658 708.392886 0.32 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

a7+H 1+ C34H59N7O13 773.416521 773.416704 0.24 

b7-H2O 1+ C35H56N7O13 782.393046 782.393456 0.52 

b7 1+ C35H58N7O14 800.403610 800.403773 0.20 

y7-H2O 1+ C38H59N8O12 819.424684 819.425187 0.61 

y7 1+ C38H61N8O13 837.435248 837.435272 0.03 

b8-CO2 1+ C43H67N8O13 903.482213 903.481520 -0.77 

a8+H 1+ C43H68N8O14 920.484953 920.484490 -0.50 

b8-H2O 1+ C44H65N8O14 929.461456 929.462287 0.89 

b8 1+ C44H67N8O15 947.472020 947.472612 0.62 

y8 1+ C42H66N9O16 952.462188 952.462164 -0.03 

b9-H2O 1+ C47H70N9O15 1000.498570 1000.498810 0.24 

b9 1+ C47H72N9O16 1018.509134 1018.509115 -0.02 

Average error (ppm): 0.18 

Absolute average error (ppm): 0.28 

Standard deviation (ppm): 0.23 

 

Table S2. 16 Peak assignment table for the synthetic peptide [LVisoDELTEFAK+2H]2+ 

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

a2 1+ C10H21N2O1 185.164836 185.164837 0.01 

z2 1+ C9H18N2O3 202.131194 202.131168 -0.13 

b2 1+ C11H21N2O2 213.159750 213.159735 -0.07 

y2 1+ C9H20N3O3 218.149918 218.149915 -0.01 

DE 1+ C9H13N2O6 245.076812 245.076782 -0.12 

v3+H 1+ C11H21N4O4 273.155732 273.155670 -0.23 

ELT-H2O 1+ C15H24N3O5 326.171047 326.171079 0.10 

b3 1+ C15H26N3O5 328.186690 328.186690 0.00 

z3 1+ C18H27N3O4 349.199604 349.199587 -0.05 

DEL 1+ C15H24N3O7 358.160876 358.160929 0.15 

y3 1+ C18H29N4O4 365.218328 365.218373 0.12 

TEF 1+ C18H24N3O6 378.165961 378.165956 -0.01 

x3+H 1+ C19H28N4O3 392.205418 392.205377 -0.10 

a4+H 1+ C19H34N4O7 430.242202 430.242322 0.28 

b4 1+ C20H33N4O8 457.229280 457.229375 0.21 

z4 1+ C23H34N4O7 478.242194 478.242347 0.32 

y4 1+ C23H36N5O7 494.260918 494.260977 0.12 

MH-C7H7 2+ C46H80N11O18 537.283591 537.283783 0.36 

a5+H 1+ C25H45N5O8 543.326266 543.326625 0.66 

b5 1+ C26H44N5O9 570.313340 570.313364 0.04 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

MH-H2O 1+ C53H85N11O17 573.805697 573.805865 0.29 

MH 2+ C53H87N11O18 582.810979 582.810308 -1.15 

y5 1+ C27H43N6O9 595.308598 595.308363 -0.40 

b6-H2O 1+ C30H49N6O10 653.350456 653.351008 0.85 

b6 1+ C30H51N6O11 671.361020 671.361139 0.18 

y6 1+ C33H54N7O10 708.392658 708.392974 0.45 

a7+H 1+ C34H59N7O13 773.416521 773.416113 -0.53 

b7 1+ C35H58N7O14 800.403610 800.404230 0.77 

y7-H2O 1+ C38H59N8O12 819.424684 819.425182 0.61 

y7 1+ C38H61N8O13 837.435248 837.435513 0.32 

a8+H 1+ C43H68N8O14 920.484953 920.485570 0.67 

y8 1+ C42H66N9O16 952.462188 952.462906 0.75 

b9 1+ C47H72N9O16 1018.509134 1018.509086 -0.05 

Average error (ppm): 0.13 

Absolute average error (ppm): 0.31 

Standard deviation (ppm): 0.29 

 

Table S2. 17 Peak assignment table for the synthetic peptide [TVMEDFVAFVDK+2H]2+ 

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

a2 1+ C8H17N2O2 173.128456 173.128495 0.23 

b2 1+ C9H17N2O3 201.123370 201.123371 0.00 

y2-H2O 1+ C10H18N3O4 244.129180 244.129186 0.03 

ME 1+ C10H16N2O4S1 261.090354 261.090348 -0.02 

y2 1+ C10H20N3O5 262.139744 262.139735 -0.04 

VAF/VFA/AFV 1+ C17H23N3O3 318.181218 318.181200 -0.06 

b3 1+ C14H26N3O4S1 332.163850 332.163866 0.05 

z3 1+ C15H27N3O6 345.189434 345.189478 0.13 

y3 1+ C15H29N4O6 361.208158 361.208155 -0.01 

DFV 1+ C18H23N3O5 362.171047 362.171003 -0.12 

MED 1+ C14H21N3O7S1 376.117297 376.117276 -0.06 

DFVA 1+ C21H28N4O6 433.208161 433.208130 -0.07 

b4 1+ C19H33N4O7S1 461.206440 461.206400 -0.09 

EDFV-H2O 1+ C23H28N4O7 473.203075 473.203058 -0.04 

y4 1+ C24H38N5O7 508.276568 508.276576 0.02 

MEDF 1+ C23H30N4O8S1 523.185711 523.185685 -0.05 

VAFVD 1+ C26H37N5O7 532.276575 532.276404 -0.32 

b5 1+ C23H38N5O10S1 576.233380 576.233429 0.08 

y5 1+ C27H43N6O8 579.313682 579.313710 0.05 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y10 2+ C55H83N11O17S1 600.783880 600.784375 0.82 

MH-C7H7 1+ C57H92N13O20S1 655.314550 655.314291 -0.40 

y6 1+ C32H52N7O9 678.382096 678.382145 0.07 

MH - CH3 1+ C63H96N13O20S1 693.330200 693.330152 -0.07 

MH 2+ C64H99N13O20S1 700.841938 700.841377 -0.80 

b6 1+ C32H47N6O11S1 723.30179 723.301802 0.02 

b7 1+ C37H56N7O12S1 822.370204 822.370395 0.23 

y7 1+ C41H61N8O10 825.450506 825.450192 -0.38 

b8 1+ C40H61N8O13S1 893.407318 893.407411 0.10 

y8 1+ C45H66N9O13 940.477446 940.477064 -0.41 

b9 1+ C49H70N9O14S1 1040.475748 1040.475455 -0.28 

y9-H2O 1+ C50H71N10O15 1051.509472 1051.508506 -0.92 

b10 1+ C54H79N10O15S1 1139.544142 1139.544038 -0.09 

y10 1+ C55H82N11O17S1 1200.560516 1200.560250 -0.22 

b11 1+ C58H84N11O18S1 1254.571082 1254.571067 -0.01 

Average error (ppm): -0.08 

Absolute average error (ppm): 0.18 

Standard deviation (ppm): 0.24 

 

Table S2. 18 Peak assignment table for synthetic peptide [TVMEisoDFVAFVDK+2H]2+ 

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

a2 1+ C8H17N2O2 173.128456 173.128538 0.47 

b2 1+ C9H17N2O3 201.123370 201.123370 0.00 

y2-H2O 1+ C10H18N3O4 244.129180 244.129263 0.34 

ME 1+ C10H16N2O4S1 261.090354 261.090333 -0.08 

y2 1+ C10H20N3O5 262.139744 262.139752 0.03 

VAF/VFA/AF

V 1+ C17H23N3O3 318.181218 318.181142 -0.24 

b3 1+ C14H26N3O4S1 332.163850 332.163871 0.06 

z3 1+ C15H27N3O6 345.189434 345.189541 0.31 

y3 1+ C15H29N4O6 361.208158 361.208160 0.01 

DFV 1+ C18H23N3O5 362.171047 362.170920 -0.35 

MED 1+ C14H21N3O7S1 376.117297 376.117342 0.12 

DFVA 1+ C21H28N4O6 433.208161 433.207998 -0.38 

b4 1+ C19H33N4O7S1 461.206440 461.206348 -0.20 

EDFV-H2O 1+ C23H28N4O7 473.203075 473.202897 -0.38 

y4 1+ C24H38N5O7 508.276568 508.276411 -0.31 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

MEDF 1+ C23H30N4O8S1 523.185711 523.185446 -0.51 

VAFVD 1+ C26H37N5O7 532.276575 532.276142 -0.81 

b5 1+ C23H38N5O10S1 576.233380 576.233295 -0.15 

y5 1+ C27H43N6O8 579.313682 579.313677 -0.01 

y10 2+ C55H83N11O17S1 600.783880 600.783860 -0.03 

MH-C7H7 2+ C57H92N13O20S1 655.314550 655.314410 -0.21 

y6 1+ C32H52N7O9 678.382096 678.382027 -0.10 

MH-CH3 2+ C63H96N13O20S1 693.330200 693.330118 -0.12 

a6+H 1+ C31H48N6O10S1 696.314716 696.315299 0.84 

MH 2+ C64H99N13O20S1 700.841938 700.841303 -0.91 

b6 1+ C32H47N6O11S1 723.301790 723.301020 -1.07 

b7 1+ C37H56N7O12S1 822.370204 822.369907 -0.36 

y7 1+ C41H61N8O10 825.450506 825.450584 0.09 

b8 1+ C40H61N8O13S1 893.407318 893.407774 0.51 

y8 1+ C45H66N9O13 940.477446 940.477256 -0.20 

b9 1+ C49H70N9O14S1 1040.475748 1040.475783 0.03 

y9-H2O 1+ C50H71N10O15 1051.509472 1051.509541 0.07 

b10 1+ C54H79N10O15S1 1139.544142 1139.543191 -0.83 

y10 1+ C55H82N11O17S1 1200.560516 1200.560773 0.21 

b11 1+ C58H84N11O18S1 1254.571082 1254.571092 0.01 

Average error (ppm): -0.12 

Absolute average error (ppm): 0.31 

Standard deviation (ppm): 0.30 

 

Table S2. 19 Peak assignment table for synthetic peptide [LGEYGFQDALIVR+2H]2+ 

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

b2 1+ C8H15N2O2 171.112800 171.112801 0.00 

y1 1+ C6H15N4O2 175.118952 175.118944 -0.05 

z2 1+ C11H22N4O3 258.168642 258.168595 -0.18 

a3 1+ C12H22N3O4 272.160483 272.160347 -0.50 

y2 1+ C11H24N5O3 274.187366 274.187274 -0.34 

EY 1+ C14H17N2O5 293.113198 293.113281 0.28 

b3 1+ C13H22N3O5 300.155390 300.155429 0.13 

c3 1+ C13H25N4O5 317.181940 317.181876 -0.20 

EYG/EGY 1+ C16H19N3O6 350.134661 350.134565 -0.28 

y3 1+ C17H35N6O4 387.271426 387.271389 -0.10 

a4 1+ C21H31N4O6 435.223806 435.223692 -0.26 

b4-H2O 1+ C22H29N4O6 445.208156 445.208011 -0.33 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

b4 1+ C22H31N4O7 463.218720 463.218451 -0.58 

EYGF-H2O 1+ C25H26N4O6 479.192511 479.192065 -0.93 

y4 1+ C23H46N7O5 500.355486 500.355487 0.00 

z5 1+ C26H49N7O6 555.373876 555.373742 -0.24 

y5 1+ C26H51N8O6 571.392600 571.392596 -0.01 

a6 1+ C32H43N6O8 639.313680 639.313256 -0.66 

b6-H2O 1+ C33H41N6O8 649.298030 649.298178 0.23 

b6 1+ C33H43N6O9 667.308594 667.309070 0.71 

y6 1+ C30H56N9O9 686.419540 686.419283 -0.37 

MH- C7H7O 2+ C61H100N17O19 687.368543 687.368865 0.47 

MH- C3H7 2+ C65H100N17O20 712.358175 712.357643 -0.75 

MH-H2O 2+ C68H105N17O19 731.888084 731.887637 -0.61 

MH 2+ C68H107N17O20 740.893388 740.892573 -1.10 

b7 1+ C38H51N8O11 795.367174 795.366234 -1.18 

y7-H2O 1+ C35H62N11O10 796.467565 796.467192 -0.47 

y7-NH3 1+ C35H61N10O11 797.451571 797.451399 -0.22 

y7 1+ C35H64N11O11 814.478120 814.477471 -0.80 

b8-H2O 1+ C42H54N9O13 892.383550 892.382686 -0.97 

b8 1+ C42H56N9O14 910.394114 910.394374 0.29 

y8 1+ C44H73N12O12 961.546530 961.546557 0.03 

b9-H2O 1+ C45H59N10O14 963.420664 963.420052 -0.64 

y9 1+ C46H76N13O13 1018.567994 1018.568487 0.48 

b10 1+ C51H72N11O16 1094.515305 1094.515067 -0.22 

b10-H2O 1+ C51H70N11O15 1076.504724 1076.505189 0.43 

y10 1+ C55H85N14O15 1181.631324 1181.631295 -0.02 

b11-H2O 1+ C57H81N12O16 1189.588784 1189.587602 -0.99 

x12+H 1+ C63H94N16O20 1394.682481 1394.680937 -1.11 

Average error (ppm): -0.28 

Absolute average error (ppm): 0.44 

Standard deviation (ppm): 0.34 

 

Table S2. 20 Peak assignment table for synthetic peptide [LGEYGFQisoDALIVR+2H]2+ 

UVPD MS/MS spectrum. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b2 1+ C8H15N2O2 171.112800 171.112801 0.00 

y1 1+ C6H15N4O2 175.118952 175.118933 -0.11 

z2 1+ C11H22N4O3 258.168642 258.168486 -0.60 

a3 1+ C12H22N3O4 272.160483 272.160253 -0.85 

y2 1+ C11H24N5O3 274.187366 274.187187 -0.65 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

EY 1+ C14H17N2O5 293.113198 293.113216 0.06 

b3 1+ C13H22N3O5 300.155390 300.155390 0.00 

c3 1+ C13H25N4O5 317.181940 317.181774 -0.52 

EYG/EGY 1+ C16H19N3O6 350.134661 350.134607 -0.16 

y3 1+ C17H35N6O4 387.271426 387.271319 -0.28 

a4 1+ C21H31N4O6 435.223806 435.223976 0.39 

b4-H2O 1+ C22H29N4O6 445.208156 445.207667 -1.10 

b4 1+ C22H31N4O7 463.218720 463.218383 -0.73 

EYGF-H2O 1+ C25H26N4O6 479.192511 479.192084 -0.89 

y4 1+ C23H46N7O5 500.355486 500.355489 0.01 

z5 1+ C26H49N7O6 555.373876 555.373274 -1.08 

y5 1+ C26H51N8O6 571.392600 571.392430 -0.30 

a6 1+ C32H43N6O8 639.313680 639.313067 -0.96 

b6-H2O 1+ C33H41N6O8 649.298030 649.297552 -0.74 

b6 1+ C33H43N6O9 667.308594 667.308404 -0.29 

y6-H2O 1+ C30H54N9O8 668.408976 668.408266 -1.06 

y6-NH3 1+ C30H53N8O9 669.392991 669.392415 -0.86 

y6 1+ C30H56N9O9 686.419540 686.419621 0.12 

MH-C7H7O 2+ C61H100N17O19 687.368543 687.368757 0.31 

MH - C7H7 2+ C61H100N17O20 695.365978 695.366128 0.22 

MH- C3H7 2+ C65H100N17O20 712.358175 712.358296 0.17 

MH-H2O 2+ C68H105N17O19 731.888084 731.888037 -0.06 

y13-NH3 2+ C68H104N16O20 732.380093 732.379634 -0.63 

MH 2+ C68H107N17O20 740.893388 740.892587 -1.08 

b7-H2O 1+ C38H49N8O10 777.356618 777.356054 -0.73 

b7 1+ C38H51N8O11 795.367174 795.366381 -1.00 

y7-H2O 1+ C35H62N11O10 796.467565 796.466796 -0.97 

y7-NH3 1+ C35H61N10O11 797.451571 797.451383 -0.24 

y7 1+ C35H64N11O11 814.478120 814.477494 -0.77 

b8-H2O 1+ C42H54N9O13 892.383550 892.382597 -1.07 

b8 1+ C42H56N9O14 910.394114 910.393433 -0.75 

y8 1+ C44H73N12O12 961.546530 961.545697 -0.87 

b9-H2O 1+ C45H59N10O14 963.420664 963.419968 -0.72 

y9 1+ C46H76N13O13 1018.567994 1018.567840 -0.15 

b10-H2O 1+ C51H70N11O15 1076.504724 1076.504450 -0.25 

y10 1+ C55H85N14O15 1181.631324 1181.631318 -0.01 

b11-H2O 1+ C57H81N12O16 1189.588784 1189.589741 0.80 

x12+H 1+ C63H94N16O20 1394.682481 1394.680873 -1.15 

Average error (ppm): -0.45 

Absolute average error (ppm): 0.55 

Standard deviation (ppm): 0.38 
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Table S2. 21 Peak assignment table for the UVPD MS/MS spectrum of the peptide 

[LVNDeamELTEFAK+2H]2+ from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

a2 1+ C10H21N2O1 185.1648358 185.164836 0 

b2 1+ C11H21N2O2 213.1597505 213.159706 -0.21 

y2 1+ C9H20N3O3 218.1499182 218.15002 0.47 

NE 1+ C9 H14 N3 O5 244.092797 244.092972 0.72 

b3 1+ C15H27N4O4 327.202682 327.20268 -0.01 

NEL 1+ C15H25N4O6 357.176861 357.176935 0.21 

y3 1+ C18H29N4O4 365.218332 365.218272 -0.16 

x3+H 1+ C19H28N4O3 392.2054178 392.205047 -0.95 

b4-NH3 1+ C20H31N4O7 439.2187158 439.218363 -0.8 

b4 1+ C20H34N5O7 456.245276 456.245455 0.39 

y4 1+ C23H36N5O7 494.260926 494.260846 -0.16 

MH-C7H7 2+ C46H80N11O18 537.2835914 537.283709 0.22 

LTEFA-H2O 1+ C27H38N5O7 544.276575 544.276481 -0.17 

b5-H2O 1+ C26H42N5O8 552.3027758 552.303011 0.43 

b5 1+ C26H45N6O8 569.32934 569.329353 0.02 

MH-H2O 2+ C53H84N12O16 573.8056967 573.80615 0.79 

MH 2+ C53H86N12O17 582.318971 582.318544 -0.73 

MH+Deam 2+ C53H87N11O18 582.810979 582.811547 0.97 

y5 1+ C27H43N6O9 595.308605 595.308613 0.01 

b6-NH3 1+ C30H49N6O10 653.35047 653.350785 0.48 

b6 1+ C30H52N7O10 670.377019 670.37724 0.33 

y6 1+ C33H54N7O10 708.392669 708.392969 0.42 

a7+H 1+ C34H60N8O12 772.432523 772.432802 0.36 

b7-NH3 1+ C35H56N7O13 782.393064 782.393423 0.46 

b7 1+ C35H59N8O13 799.419613 799.419816 0.25 

y7-H2O 1+ C38H59N8O12 819.424698 819.425386 0.84 

y7 1+ C38H61N8O13 837.435263 837.43561 0.41 

y8-NH3 1+ C42H64N9O15 934.451639 934.452691 1.13 

y8 1+ C42H67N10O15 951.478736 951.478966 0.24 

y8+Deam 1+ C42H66N9O16 952.4621882 952.463129 0.99 

b9-NH3 1+ C47H70N9O15 1000.498592 1000.499375 0.78 

b9 1+ C47H73N10O15 1017.525141 1017.525662 0.51 

Average error (ppm): 0.26 

Absolute average error (ppm): 0.46 

Standard deviation (ppm): 0.32 
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Table S2. 22 Peak assignment table for the UVPD MS/MS spectrum of the peptide 

[TVMENDeamFVAFVDK +2H]2+  from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

a2 1+ C8H17N2O2 173.1284558 173.128454 -0.01 

b2 1+ C9H17N2O3 201.1233705 201.123355 -0.08 

N(Deam)F-CO 1+ C12H15N2O3 235.107719 235.107699 -0.09 

y2-H2O 1+ C10H18N3O4 244.1291795 244.129164 -0.06 

ME 1+ C10H16N2O4S1 261.090354 261.09034 -0.05 

y2 1+ C10H20N3O5 262.1397442 262.139731 -0.05 

VAF/VFA/AFV 1+ C17H23N3O3 318.1812176 318.181199 -0.06 

b3 1+ C14H26N3O4S1 332.1638505 332.163829 -0.06 

y3-H2O 1+ C15H27N4O5 343.197596 343.19757 -0.08 

z3 1+ C15H27N3O6 345.1894335 345.189387 -0.13 

y3 1+ C15H29N4O6 361.2081582 361.208148 -0.03 

MEN(Deam) 1+ C14H22N3O7S1 376.117298 376.11729 -0.02 

AFVD-CO-H2O 1+ C20H27N4O4 387.202682 387.202663 -0.05 

VAFV-CO 1+ C21H33N4O3 389.254717 389.254676 -0.11 

AFVD-H2O 1+ C21H27N4O5 415.197596 415.19758 -0.04 

DFVA 1+ C21H28N4O6 433.2081606 433.208149 -0.03 

b4-H2O 1+ C19H31N4O6S1 443.195882 443.195827 -0.12 

b4 1+ C19H33N4O7S1 461.2064405 461.206445 0.01 

y4-H2O 1+ C24H36N5O6 490.26601 490.265912 -0.20 

y4 1+ C24H38N5O7 508.2765682 508.276593 0.05 

b5 1+ C23H39N6O9S1 575.249374 575.249321 -0.09 

b5+Deam 1+ C23H38N5O10S1 576.23339 576.233325 -0.11 

y5 1+ C27H43N6O8 579.3136822 579.313718 0.06 

FVAFVD-H2O 1+ C35H45N6O7 661.334424 661.334292 -0.20 

y6 1+ C32H52N7O9 678.3820962 678.382111 0.02 

MH 2+ C64H99N14O19S1 700.349946 700.349101 -1.21 

MH+Deam 2+ C64H98N13O20S1 700.841953 700.841987 0.05 

b6-H2O 1+ C32H45N6O10S1 705.291239 705.291173 -0.09 

b6 1+ C32H48N7O10S1 722.317788 722.317627 -0.22 

N(Deam)FVAF

VD-H2O 1+ C39H50N7O10 776.361367 776.361015 -0.45 

y7 1+ C41H61N8O10 825.4505062 825.450366 -0.17 

b8-H2O 1+ C40H60N9O11S1 874.412751 874.412413 -0.39 
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Table S2. 23 Peak assignment table for the UVPD MS/MS spectrum of the peptide 

[LGEYGFQNDeamALIVR+2H]2+   from the BSA digest sample (incubation day 5). 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b8-H2O+Deam 1+ C40H59N8O12S1 875.396767 875.396533 -0.27 

b8 1+ C40H62N9O12S1 892.423316 892.42347 0.17 

b8+Deam 1+ C40H61N8O13S1 893.4073185 893.407304 -0.02 

y8 1+ C45H67N10O12 939.493444 939.493255 -0.20 

y8+Deam 1+ C45H66N9O13 940.4774462 940.477124 -0.34 

b9 1+ C49H71N10O13S1 1039.49173 1039.491679 -0.05 

b9+Deam 1+ C49H70N9O14S1 1040.475746 1040.475684 -0.06 

y9-H2O 1+ C50H72N11O14 1050.525472 1050.525073 -0.38 

y9-H2O+Deam 1+ C50H71N10O15 1051.509488 1051.508793 -0.66 

b10 1+ C54H80N11O14S1 1138.560144 1138.560282 0.12 

b10+Deam 1+ C54H79N10O15S1 1139.544159 1139.543317 -0.74 

y10 1+ C55H83N12O16S1 1199.576522 1199.576511 -0.01 

y10+Deam 1+ C55H82N11O17S1 1200.560538 1200.55935 -0.99 

b11 1+ C58H85N12O17S1 1253.587087 1253.58691 -0.14 

Average error (ppm): -0.16 

Absolute average error (ppm): 0.18 

Standard deviation (ppm): 0.25 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

b2 1+ C8H15N2O2 171.112800 171.112801 0.00 

y1 1+ C6H15N4O2 175.118952 175.118922 -0.17 

z2 1+ C11H22N4O3 258.168642 258.168656 0.06 

a3 1+ C12H22N3O4 272.160483 272.160547 0.24 

y2 1+ C11H24N5O3 274.187366 274.187213 -0.56 

EY 1+ C14H17N2O5 293.113198 293.113278 0.27 

b3 1+ C13H22N3O5 300.155390 300.155425 0.12 

c3 1+ C13H25N4O5 317.181940 317.181679 -0.82 

EYG/EGY 1+ C16H19N3O6 350.134661 350.13455 -0.32 

y3 1+ C17H35N6O4 387.271426 387.271358 -0.18 

a4 1+ C21H31N4O6 435.223806 435.2239 0.22 

b4-H2O 1+ C22H29N4O6 445.208156 445.20812 -0.08 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

b4 1+ C22H31N4O7 463.218720 463.21875 0.06 

EYGF-H2O 1+ C25H26N4O6 479.192511 479.192326 -0.39 

y4 1+ C23H46N7O5 500.355486 500.355485 0.00 

y5 1+ C26H51N8O6 571.392600 571.392601 0.00 

b6-H2O 1+ C33H41N6O8 649.298030 649.298198 0.26 

y6+Deam 1+ C30H56N9O9 686.419551 686.419726 0.25 

MH-C7H7O 2+ C61H100N17O19 687.368543 687.368977 0.63 

MH-C7H7 2+ C61H100N17O20 695.365978 695.366215 0.34 

MH-H2O 2+ C68H105N17O19 731.888084 731.88832 0.32 

MH 2+ C68H108N18O19 740.401358 740.400332 -1.39 

MH+Deam 2+ C68H107N17O20 740.893388 740.893737 0.47 

b7-H2O 1+ C38H49N8O10 777.356618 777.356445 -0.22 

b7 1+ C38H51N8O11 795.367181 795.367157 -0.03 

y7-

NH3+Deam 1+ C35H61N10O11 797.451579 797.451684 0.13 

y7+Deam 1+ C35H64N11O11 814.478120 814.478469 0.43 

b8-

H2O+Deam 1+ C42H54N9O13 892.383550 892.384122 0.64 

b8+Deam 1+ C42H56N9O14 910.394114 910.394674 0.61 

y8+Deam 1+ C44H73N12O12 961.546530 961.546959 0.45 

y9 1+ C46H77N14O12 1017.583990 1017.583525 -0.46 

y9+Deam 1+ C46H76N13O13 1018.567994 1018.56909 1.08 

y10+Deam 1+ C55H85N14O15 1181.631324 1181.631323 0.00 

Average error (ppm): 0.06 

Absolute average error (ppm): 0.34 

Standard deviation (ppm): 0.32 
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Figure S2. 7 Fragmentation efficiency plot using different MS/MS methods on synthetic 

isoD and D BSA peptides.  

 

Figure S2. 8 Sequence coverage cleavage plot using different MS/MS methods on 

synthetic isoD and D BSA peptides.  
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Figure S2. 9 Sequence cleavage coverage plot using different MS/MS methods on 

deamidated BSA digest peptides (incubation day 5).   

 

 

Figure S2. 10 Fragmentation efficiency plot using different MS/MS methods on 

deamidated BSA digest peptides (incubation day 5).   
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Table S2. 24 Comparison of MS/MS methods on y fragment intensity fold change 

between isoD and D synthetic BSA peptides.  

Peptide pair  

193 nm UVPD  213 nm UVPD  CAD IRMPD  

y fragment at modification site peak intensity change  

1 

D 1 1 1 1 

isoD 7.4 3.2 1.79 50 

2 

D 1 1 1 1.8 

isoD 6.1 2.5 2.51 1 

3 

D 1 1 1 1 

isoD 26.5 4.8 1.94 5.4 
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3. Distinguishing between methylated histidine isomers generated as a post-

translational modification of actin 

   This chapter focuses on the application of fragmentation methods available on the 

12 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) for the 

differentiation and relative quantification of isomeric N-methylated histidine peptides 

from the cytoskeletal protein, actin.    

   This was a collaborative project, where sample preparation, data acquisition and 

analysis results presented in this chapter were carried out by the thesis author and Dr. 

Yuko P. Y. Lam. Samples were provided by Dr. Hamdi Hussain in Professor Mohan 

Balasubramanian’s research group at the Warwick Medical School - Biomedical Sciences 

department, University of Warwick.  

   One manuscript entitled “Distinguishing between methylated histidine isomers 

generated as a post-translational modification of actin” by Anisha Haris, Yuko P. Y. Lam, 

Christopher A. Wootton, Hamdi Hussain, Mohan Balasubramanian, and Peter B. 

O’Connor, is being prepared for submission to the journal, Analytical Chemistry based on 

the results presented in this chapter. 
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3.1. Abstract  

   Methylation is a post-translational modification (PTM) involved in key cellular 

processes such as the regulation of gene transcription and expression. Actin methylation, 

specifically N-methylation at histidine-73 residue, has been identified as a regulatory 

mechanism, which contributes to the function of the cytoskeletal protein. Histidine N-

methylation can result in the formation of tele- or pros-methylhistidine, which is 

challenging to differentiate using various analytical techniques due to subtle changes in 

their structures and the zero-mass difference between the residues. Herein, we 

demonstrate the application of collisionally activated dissociation tandem mass 

spectrometry (CAD MS/MS) to differentiate and quantify the N-methylated histidine 

isomers, including amino acid residues and actin peptides, directly via the generation of 

characteristic fragments. We further demonstrate the applicability of various common 

fragmentation methods, including electron-mediated dissociation (ExD) and 

photodissociation methods, to differentiate the methylated isomeric products. We also 

applied CAD MS/MS to quantify the percentage of in actin from a complex proteomic 

sample. Using the characteristic fragments obtained in the CAD MS/MS, a good linearity 

relationship (R2 > 0.99) is easily obtained in the calibration curve of tele- and pros-N-

methylated H73 peptides. These results demonstrate the applicability of a direct infusion 

tandem mass spectrometry approach without prior separation, which is a fast, reliable, 

and robust method to differentiate and relatively quantify the isomeric N-methylated 

histidine actin peptides.  
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3.2. Introduction  

 Methylation is a frequently observed post-translational modification (PTM) in 

proteins, which plays an essential role in various cellular and biological processes 

including the regulation of gene transcription,1 cellular signalling,2 processing of RNA,3 

protein ageing/repair,4,5 and the regulation of protein-protein interactions.6 Muscle 

contractile proteins, as well as histone proteins and DNA are subject to methylation, 

which can be either necessary or detrimental to their function.7-9 Due to the significant 

effects of methylation on the activities of certain proteins and DNA, this prevalent 

modification has been implicated in diseases of major concern such as cancer,10 

neurodegenerative disorders,11 genomic imprinting disorders,12 and cardiovascular 

diseases.13     

 In protein methylation, a methyl group (CH3) is transferred to a nitrogen or oxygen 

atom (N-methylation or O-methylation respectively) on the amino acid side chains or at 

the protein N- and C-termini.14 The transfer of the methyl group is catalysed by specific 

enzymes called methyltransferases from a primary methyl group donor, known as S-

Adenosyl methionine (SAM/AdoMet) to the target substrate (Figure 3.1).15 Lysine and 

arginine residues predominantly undergo methylation and the role of lysine and arginine-

specific methylation on histone proteins, has been extensively studied.2,10 However, 

methylations of other amino acids such as histidine,16 cysteine,17 and carboxyl residues18 

have also been reported. 

 

Figure 3. 1 General reaction scheme for histone protein N-methylation on a lysine residue.  

 Over 50 years ago, histidine methylation was first reported in the muscle proteins, 

actin16 and myosin.19,20 Skeletal muscle tissues are composed of repeating units of both 
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proteins, which are crucial for muscle contraction. The thin and thick filaments in muscle 

cells are formed by actin and myosin respectively,21,22 where both are primarily involved 

in generating the force required for the contractile response of muscles. Interactions of 

actin and myosin have also shown to provide support in the cellular functions of non-

muscle cells, including cell movement23,24 and cell division.25,26 Furthermore, the actin 

cytoskeleton, which consists of a network of the polymers of actin and actin-binding 

proteins, is responsible for the movement across cell surfaces, driven by the interactions 

of actin and myosin interactions as well as the polymerisation of actin filaments.27  

 The detection of 3-methylhistidine (3-MeH) as a free amino acid in urine has been 

described previously.28,29 The modified amino acid is often excreted via urine and has 

often been used as a biomarker for measuring the rate of skeletal muscle protein 

breakdown.30,31 Histidine methylation, however, can take place at two different positions 

on the imidazole ring, and they are therefore noted as 1-methylhistidine (1-MeH) and 3-

methylhistidine (3-MeH). In contrast, 1-MeH has been used as a biomarker for meat 

consumption, as it is obtained from dietary sources.32,33 In 1967, Johnson et. al. isolated 

and detected 3-MeH in rabbit skeletal muscle actin via paper electrophoresis.16 3-MeH 

was obtained from an isolated tryptic peptide, where it appears to be restricted to the H73 

residue in the rabbit actin sample and the ratio of  3-MeHis:His was determined to be 1: 

7:6. 16 In previous studies, 3-MeH was also detected in myosin, however, the amount 

detected was minimal compared to actin and the content was also observed to decrease on 

purification.16,34,35   

 As mentioned earlier, methylation can take place at two different positions on the 

nitrogen atom on the imidazole ring of histidine (Figure 3.2). Different systems for 

numbering the atoms on the imidazole ring have been used previously by biochemists and 

organic chemists, where the nitrogen atom adjacent to the side chain was numbered as 1 

by biochemists and the same nitrogen atom was numbered as 3 by organic chemists. 

Therefore, to prevent confusion, numbers will not be used herein to designate the position 

of the methyl group. In accordance with IUPAC guidelines,36 the position of the methyl 

group will be referred to as tele/τ-MeH and pros/π-MeH. The nitrogen atom on the 

imidazole ring of histidine is denoted by tele ('far', abbreviated as τ) as it is further away 

from the histidine sidechain compared to the nitrogen atom denoted as pros ('near', 

abbreviated as π), which is closer to the side chain as shown in Figure 3.2 below.  
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Figure 3. 2 Structure of histidine with τ-Me and π-Me position and numbering according 

to IUPAC. 

 The methylation of H73 (MeH73) of actin affects the polymerisation of actin 

filaments, which is necessary for cell motility.37,38 His73 methylation is also known to 

regulate the interdomain flexibility and stability of actin. As mentioned earlier, SAM is 

generally known as the methyl group donor involved in methylation of mainly arginine 

and lysins residues, however for methylation of histidine, the SET domain containing 3 

(SETD3) was discovered as the first human methyltransferase enzyme, which targeted 

histidine and was responsible for the methylation of H73 in actin.39-43  

 Methylation of actin at H73 position in the protein sequence can result in either 

tele-methylhistidine (τ-MeH) or pros-methylhistidine (π-MeH) (Figure 3.3).  

 

Figure 3. 3 The chemical structures for the modified amino acids a) tele-methylhistidine 

(τ-MeH) and b) pros-methylhistidine (π-MeH). 

 Most PTMs can be easily detected using MS instrument due to the mass shift 

resulted from an additional of the modification. Methylation results in an additional  mass 

shift of 14.015650 Da which can be easily detected by various types of MS instrument. 

However, τ-MeH and π-MeH are isomeric products with same molecular composition but 

different methylation position at the side chain, which results in no mass difference 
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observes in a MS spectrum. Additional analyses, including prior GC or LC separation and 

MS fragmentation, are required for the differentiation.  

 The amino acid residues of τ-MeH and π-MeH metabolites have been qualitatively 

and quantitatively analysed previously using synthetic standards of the compounds and 

hyphenated mass spectrometry techniques such as GC-MS44,45 and LC-MS. 46,47 The 

metabolites are usually present in plasma and urine hence chromatographic separation is 

often required to reduce sample complexity and interference from other compounds 

present in the matrices. As the position of the methyl group on the modified histidine 

cannot be assigned only based on MS screening, the isomeric products differentiation is 

then solely determined by the difference of retention times obtained from GC or LC 

during compound elution. Other methods also include derivatization of the metabolites 

prior to chromatographic analysis to aid separation and identification.48  

 These methods are useful for the separation of the target compounds from other 

substances in the matrices. However, optimisation of the gradient and lengthy 

chromatographic separation is often required to ensure adequate detection of the species 

of interest. The retention times of compounds are also unique to each of the 

chromatography system, indicating various results maybe obtain from different research 

laboratories which results in poor reproducibility. In addition, it is challenging for these 

methods to identify the specific methylation position on the histidine residue, which 

means that synthetic standards are commonly required. Chemical derivatization can 

improve the ionisation efficiency of the compounds of interest and prevent interferences 

from other metabolites in the media by shifting the m/z range to a higher m/z values. 

However, derivatization involves an additional step to the sample preparation and it may 

lead to mixtures of partially and fully derivatized analytes, hence the reaction would need 

to be carefully optimised.49 

 Tandem mass spectrometry (MS/MS) has been developed over the years with the 

successful implementation and application of a wide range of fragmentation methods. 

MS/MS spectra generated by different fragmentation techniques can provide valuable 

structural information that is useful for peptide sequencing, identification of PTMs, as 

well as PTM site localization.50-53 Common MS/MS methods used in this work include 

collisionally activated dissociation (CAD), infrared multiphoton dissociation (IRMPD), 

ultraviolet photodissociation (UVPD), and electron-based dissociation (ExD) methods 

such as electron capture dissociation (ECD) and electron induced dissociation (EID).54,55 
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CAD is a slow-heating activation method, available on most mass spectrometers, which 

utilises inert gas molecules for collisions with the species of interest. ExD methods such 

as ECD and EID use low and high energy electrons respectively, which interact with 

trapped precursor ions resulting in fragmentation. Photodissociation methods such as 

IRMPD and UVPD depend on the absorption of IR or UV photons by the analyte ions for 

dissociation to occur. The ability to differentiate between isomers has been shown 

previously using MS/MS on molecules such as leucine and isoleucine using CAD56 as 

well as the isomeric products of deamidation (aspartic acid and isoaspartic acid) 

generating characteristic fragments for isoaspartic acid (cn + C2O2H and zi-n-C2O2H) via 

electron transfer dissociation (ETD) and ECD, which allow for the reliable discrimination 

between the isomers.57,58  

 Herein, we demonstrate the application of various fragmentation methods on an 

FT-ICR mass spectrometer including slow heating activation, electron-mediated and 

photodissociation methods for the differentiation of the isomeric τ-MeH and π-MeH 

amino acid residues as well as peptides of actin. The applied fragmentation methods are 

optimised for the detection and assignment of diagnostic fragments. The different MS/MS 

methods are also evaluated for their performance in distinguishing between the isomeric 

τ-MeH and π-MeH peptides of actin. Mixtures of the standards τ-MeH and π-MeH 

peptides are prepared for relative quantification using the characteristic fragments 

observed for one of the isomeric peptides by the selected MS/MS method. Calibration 

curves are generated and the relative quantification method is used to determine the 

percentage of τ-MeH and π-MeH in the tryptic digested actin peptides derived from rabbit, 

chicken, bovine, human platelet, and human recombinant actin for isomeric product 

quantification. The experimental results showcase the applicability and need for MS/MS 

methods in distinguishing between the methylated histidine isomers of actin peptides 

using critical isomer-differentiating fragments, which can further be applied to the 

relative quantification of the isomers in biologically significant samples.    
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3.3. Experimental Section 

Sample preparation for amino acids   

   τ-MeH and π-MeH amino acids (Sigma Aldrich Ltd, Dorset, England) were 

provided by collaborators from Warwick medical school. Samples were diluted to 10 µM 

with methanol and 0.1 % formic acid prior to direct infusion MS and MS/MS analysis.  

Sample preparation for synthetic peptides  

   τ-MeH and π-MeH peptides with the sequence YPIEHGIVTNWDDMEK were 

synthesised by GenScript Biotech Corporation (Netherlands). RP-HPLC was carried out 

by the supplier to estimate the purity percentage of the synthetic peptides based on UV 

absorbance at a wavelength of 220 nm. The percentage peptide purities were determined 

to be 95.4% for the τ-MeH peptide with the sequence YPIEτ-MeHGIVTNWDDMEK and 

95.6% for the π-MeH peptide with the sequence YPIEπ-MeHGIVTNWDDMEK.  

   The synthetic peptides were dissolved in Milli-Q (Direct-Q® 3 UV System, 

Millipore Corporation, US) H2O (~pH 7) at a concentration of 200 µM for storage in - 

80 °C freezer. The 200 µM stock solutions of each peptide were then diluted to 5 µM 

with 75:25:0.1 water/acetonitrile/formic acid prior to the MS and MS/MS experiments.  

   The calibration curve for the relative quantification by CAD MS/MS was 

obtained by mixing the τ-MeH and π-MeH containing peptides at 20 %, 40 %, 50 %, 

60 %, 80 %, and 100 % with concentration at 10 µM. 

Sample preparation for actin digestion  

   Actin powder samples from bovine heart muscle, rabbit skeletal muscle, chicken 

gizzard smooth muscle and human platelet (>99% purity for each protein determined by 

scanning densitometry of Coomassie Blue stained SDS-PAGE gel from the supplier) 

(Cytoskeleton, Inc., Denver, USA) were dissolved in 100 mM ammonium bicarbonate 

(ABC) solution to 1 µg/µL. Disulphide bonds were then reduced using 50 mM 

dithiothreitol (DTT, Sigma Aldrich Company Ltd.) for 30 minutes at 60 °C, followed by 

alkylation with 100 mM of iodoacetamide (IAA, Sigma Aldrich Company Ltd.) and the 

samples were stored in the dark at room temperature for 1 hour. The solution was then 

tryptic digested with 1 mg/mL trypsin (Sigma Aldrich Company Ltd.)  in 100 mM 

AmmBic at 37 °C for 16 hours. After the tryptic digestion, samples were desalted using 
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SOLAµ SPE C18 cartridges (ThermoFisher, Waltham, MA, USA) with the elution buffer 

80 % ACN and 0.1 % formic acid. The desalted samples were further diluted with 20 % 

ACN and 0.1 % formic acid into final concentrations of 0.2 µg/µL for direct infusion MS 

and MS/MS analysis. Purified human recombinant actin was provided and prepared by 

the Warwick medical school as previously described.59 The sample was then prepared for 

tryptic digestion and direct infusion MS and MS/MS analysis in an identical manner to 

the actin powder samples.  

Nano-LC separation   

   A homemade C18 RP nano capillary trap column (3cm, 150 μm I.D., 3 μm 

particle size, 300 Å pore size) and an in-house packed C18 RP nano capillary analytical 

column (20cm, 75 μm I.D., 3 μm particle size, 300 Å pore size) using Jupiter C18 

packing material (3 µm particle size, 300 Å pore size; Phenomenex, UK) was packed 

with an ultrahigh constant pressure pump (Teledyne SSI, US) operated at 5000 psi. The 

columns were connected to an EASY nLC II system (Proxeon, Hemel Hempstead, UK) 

for the online nLC separation of the tryptic digested actin samples. The sample was 

separated with solvent A (5% ACN, 0.1% formic acid in water) and solvent B (95% ACN, 

0.1% formic acid in water) on the nLC system. 15 uL of a 2 μM solution of the tryptic 

digested human platelet and human recombinant actin samples were loaded onto the C18 

RP column. The nLC gradient was optimised for the digested actin samples as follows: 0-

10 min, 5% B, 500 nL/min; 10-70 min, 5-40% B, 300 nL/min; 70-75 min, 40% B, 300 

nL/min; 75-90 min, 40-80% B, 300 nL/min; 90-135 min, 80% B, 600 nL/min; 135-136 

min, 80-5% B, 600 nL/min; 136-150 min, 5% B, 600 nL/min. The total run time of one 

sample is 150 minutes which includes sample loading, nLC separation, and the analytical 

column equilibration time.  

   A 50/50 mixture of the synthetic τ-MeH and π-MeH target peptide was also 

analysed via nano-LC. The 200 µM stock solutions of each synthetic peptide was diluted 

with H2O into 10 nM solutions to match the peptide intensity in the digested human actin 

samples. 50 % of 10 nM τ-MeH modified synthetic peptide was mixed with 10 nM π-

MeH modified synthetic peptide. 15 uL of the mixed solution was loaded onto the C18 

RP column. The sample nano-LC gradient optimised for the digested human actin 

samples was applied to the 50/50 τ-MeH and π-MeH target peptide mixture.  

   The nLC separation was automatically controlled by the Bruker Daltonics Hyster 

automation software (Bruker Daltonics, Bremen, Germany). The nLC platform was 
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coupled to the 12 Tesla Bruker SolariX FT-ICR-MS via a custom-made nanospray source 

using pre-cut conductively coated SilicaTipTM emitters of 5cm long, with a 360 μm tip 

O.D., 20 μm I.D., 10 μm tip I.D. (New Objective, MA, USA). 

FT-ICR MS analysis 

   All the experiments were carried out using a 12 tesla (T) SolariX Fourier 

transform ion cyclotron resonance mass spectrometer (FT-ICR MS; Bruker Daltonik 

GmbH, Bremen, Germany), equipped with a shielded superconducting magnet. 

Direct infusion experiments 

   For the direct infusion experiments, the samples were loaded into borosilicate 

glass capillary tips (purchased from World Precision Instruments, Inc., Sarasota, FL, 

USA), which were pulled using a Sutter P-97 capillary Flaming/Brown micropipette 

puller instrument (Sutter instruments Co., Novato, CA, USA). The pulled tips were 

optimised for a low-flow nano-electrospray ionisation (nESI) experiments. 

   All samples were sprayed in positive ionisation mode. Mass spectra were 

acquired with a 4 mega-word (MW) data-points (32 bits) over a mass range of m/z 147 – 

3,000 to produce a 1.68 s transient and ~460,000 resolving power at m/z 400. 

   Positively charged ions were transmitted through a glass capillary to a quadrupole 

and then externally accumulated in a hexapole collision cell for 0.35 s before transferred 

to an infinity cell for MS excitation and detection. 

   For CAD MS/MS experiments, 3+ precursor ions of the synthetic peptides and 

actin digested peptides were first quadrupole isolated at m/z 654.3 with an isolation 

window of 5 m/z.  The ions then underwent collisions with argon gas in the collision cell. 

The optimised collision energy (CE) of 17 V was applied to the peptides. Fragments, 

together with the precursor ions, were then transferred to the infinity cell for mass 

detection.  

   For IRMPD MS/MS, precursor ions were isolated with the quadrupole and then 

transmitted to the ICR cell. The ions were then fragmented using a continuous-wave CO2 

laser (Synrad, Washington, USA) with an output wavelength of 10.6 μm. An optimised 

pulse length of 0.18 s and 50 % laser power from a 25 W laser was used for 

fragmentation. The CO2 laser was introduced from the back of the ICR cell through a 
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BaF2 window and precursor ions were fragmented inside the ICR cell before excitation 

and detection. 

   For ECD MS/MS experiments, after quadrupole isolation, ions were directly 

transferred to the ICR cell, where they were irradiated with low energy electrons emitted 

from an indirectly heated hollow dispenser cathode heated via 1.5 A continuous current 

for ion fragmentation. The optimised ECD parameters for the peptide fragmentation were 

electron irradiation time of 0.25 s, extraction lens at 3.0 V, and cathode potential of 1.5 V.  

   With the pre-existing IRMPD setup, a 193 nm ArF excimer laser beam (10 Hz; 

Coherent, UK) was also introduced from the back of the ICR cell through a BaF2 window. 

Like the IRMPD MS/MS experiment, ions were first isolated in quadrupole, transmitted 

to the ICR cell, and eventually irradiated with 1 laser shot (~5 mJ/pulse measured at the 

laser head) to generate fragments.   

   For 213 nm UVPD fragmentation, a stable telescopic compact high energy Q-

switched pulsed Nd:YAG laser with an output wavelength of 213 nm (5th harmonic of the 

Nd:YAG laser) (10 Hz; Litron Lasers, UK) was also used and ions were irradiated with 

15 laser shots (~1.5 mJ/pulse at the laser head).  

nLC MS/MS experiment 

   Mass spectra were acquired with 1 M data-points with a 0.42 s transient and auto 

MS/MS was applied. All eluted peptides were analysed in positive ionisation mode with a 

capillary voltage of 1.3 kV and the source temperature at 180 oC. Ions were externally 

accumulated in a hexapole collision cell for 0.35 s before transferred to an infinity cell for 

MS excitation and detection. 

   Throughout the nLC experiment, one MS scan was followed with one auto 

MS/MS scan. 0.3 s accumulation time was used for MS scan. Auto MS/MS with 5 m/z 

isolation window was then applied to the peptides that were in the m/z range of 654 – 661 

and the intensities were higher than 2E6. Collisionally activated dissociation tandem MS 

(CAD MS/MS) with a rolling energy curve was used to fragment the target peptides with 

an accumulation for 1.5 s. All the ions were then excited and detected in the infinity cell. 
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 Data analysis  

   All spectra were analysed using DataAnalysis 4.3 (Bruker), internally calibrated 

and fragments were assigned manually with a mass error <3 ppm (supplementary table 

S3.3– S3.19). 

   All spectra were internally calibrated with known m/z fragmented peaks that 

contain minimum threshold of S/N >3 and peaks were picked with relative intensities 

higher than 1x106 according to the Bruker FTMS peak picking algorithm. 

 The CAD fragments that were observed in both digested actin and mixed 

synthetic peptide solutions (highlighted in the assignment tables) were used for 

calculating the relative abundance of τ-MeH modified peptide present in the mixed 

solution.  

 7-point calibration curves were generated by mixing the ratio of the τ-MeH and 

π-MeH synthetic peptides (YPIEHGIVTNWDDMEK) according to the Table 3.1 for the 

CAD MS/MS quantification experiments.  

Table 3. 1 Percentage of each synthetic peptide in mixtures for MS/MS quantification 

experiments.  

Calibration 

Point 

YPIE(τ-MeH)GIVTNWDDMEK (%) YPIE(π -MeH)GIVTNWDDMEK (%) 

1 0 100 

2 20 80 

3 40 60 

4 50 50 

5 60 40 

6 80 20 

7 100 0 

 

   The CAD fragments that were observed in both digested actin and mixed 

synthetic peptide solutions were used for calculating the relative abundance of τ-MeH 

modified peptide present in the mixed solution. Since the CAD MS/MS fragment m/z 

327.67 (b5
2+), obtained from the YPIEHGIVTNWDDMEK peptide could only be 

observed in the τ-MeH modified peptide, not in the π-MeH modified peptide; a 

calibration curve was then built by calculating the percentage of peak area of m/z 327.67 
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fragments against the peak area sum of 18 other fragments observed in the MS/MS 

spectra. 

   Hence the relative abundance of the τ-MeH peptides was estimated using the 

following equation [Eqn. 3.1]:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝜏 − 𝑀𝑒𝐻  (%)                                                  [Eqn. 3.1]

=
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 [𝑏5]2+𝑜𝑟 [𝑦11]+

𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
 ×  100                                      

   Each calibration point in the quantification experiment was calculated by 

averaging the peak area from 9 CAD MS/MS spectra. The R2 of the calibration curve was 

then calculated by linear fitting of the curve. For the actin digested samples, 9 CAD  

MS/MS spectra were also used for calculating the relative abundance of τ-MeH  peptide 

in the solution. The equation of the calibration curve was then used to determine the 

percentage of the τ-MeH modified peptide generated in the actin digest samples.    

   All calibration curves were plotted and a linear fit was applied using the software 

package of Origin 2019 (OriginLab Corporation, USA). 
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3.4. Results and Discussion  

Direct infusion MS and EID MS/MS analysis of isomeric τ-MeH and π-MeH amino 

acid residues 

   Methods such as GC-MS and HPLC generally require derivatization of τ-MeH 

and π-MeH, focusing on the retention time differences in the chromatograms as a mean 

for differentiation. In this work, the methylhistidine isomers were first analysed at the 

amino acid level via direct infusion MS and EID MS/MS. For both τ-MeH and π-MeH, 

the protonated molecular ions were observed at m/z 170.092403 in the mass spectra, 

which were identical (Supplementary Figure S3.1) therefore τ-MeH and π-MeH cannot be 

distinguished from one another solely based on MS screening analysis. The molecular ion 

was quadrupole isolated (Supplementary Figure S3.2) and after optimisation of the 

electron energy, EID MS/MS spectra were generated (Figure 3.4). The EID MS/MS 

spectra for both modified amino acids resulted in 8 assignable fragments for π-MeH and 5 

fragments were assigned for τ-MeH (Supplementary Table S3.1– S3.2).  

 

Figure 3. 4 EID spectra of a) τ-MeH and b) π-MeH. Peak assignment tables for the 

assigned EID MS/MS spectra are provided with absolute average mass errors 

approximately  < 0.3 ± 0.4 ppm for both amino acids (Supplementary Table S3.1– S3.2).   

   In principle, EID fragments are very similar to those generated by electron 

ionisation (EI) as both techniques use electrons with high energies to cause fragmentation. 

Previous experimental EI spectra obtained from GC-MS data did not demonstrate the 

differences in the non-derivatised methylhistidine isomers as focus was largely on the 
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differences observed in the retention time of the compounds that are normally 

derivatised.48,60,61  

   Predicted EI spectra available from the Human Metabolome Database (HMBD) 

suggest that the fragmentation patterns for the underivatized τ-MeH and π-MeH are 

generally the same with only a difference of 1 fragment noted in each EI spectra.62 In the 

predicted EI spectrum for τ-MeH, a fragment at m/z 82.0525 (𝐶4𝐻6𝑁2
+∙) is present, 

which is absent in the π-MeH spectra whereas an EI fragment at m/z 141.06585 

(𝐶4𝐻6𝑁2𝑂2
+) is only observed for π-MeH. The predicted diagnostic fragments are absent 

from the EID MS/MS spectra obtained in this work. However, in the EID MS/MS 

spectrum, 2 unique fragments were observed for π-MeH, which were absent in the τ-MeH 

spectrum. In the predicted EI spectra from the HMBD, fragment B in the EID spectrum of 

Figure 3.4b is expected to be present for both isomers and whereas the diagnostic 

fragment with the molecular formula C6H9N2 for π-MeH in Figure 3.4b is absent in the 

predicted EI spectra.  

   However, it should be noted that even though we cannot determine which 

nitrogen of the imidazole ring the methyl group is attached to as there are no fragments 

formed due to cleavage across the imidazole ring, two diagnostic fragments (fragment B 

and the fragment with the molecular formula C6H9N2) were observed only in the π-MeH 

EID spectrum, which can be used to differentiate between the isomeric τ-MeH and π-

MeH amino acids based on the differences in their relative intensities. The peaks 

observed in the region m/z 60-70 may be designated as electronic noise peaks as they 

were present in the acquired spectrum in the absence of the ionised sample. The 

electronic noise peaks are also typically caused by radiofrequency interference (RFI), but 

they do not overlap with any fragments in these fragmentation spectra and are easily 

distinguishable from real peaks as they have no isotopes.63  
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Direct infusion MS and MS/MS analysis of isomeric τ-MeH and π-MeH synthetic 

actin peptides  

 The modified methylhistidine isomers of actin peptides were then placed under 

consideration as methylation at a specific position (H73) in actin has been linked to 

significant biological and functional effects of the protein as mentioned previously.23,35,64-

66 The peptide with the sequence YPIEH(Me)GIVTNWDDMEK from actin, in which 

methylation takes place at H73 is isolated and studied herein. The synthetic actin peptides 

have the same sequence and the only difference between them is the position of the 

methyl group on the nitrogen atom of the imidazole ring in histidine, where methylation 

occurs at either the τ or the π position resulting in the isomeric peptides; YPIEH(τ-

Me)GIVTNWDDMEK and YPIEH(π-Me)GIVTNWDDMEK. The isomeric actin 

peptides were subjected to MS analysis, resulting in identical mass spectra 

(Supplementary Figure S3.3), thus discrimination between the τ-MeH and π-MeH 

peptides cannot be achieved simply based on the mass spectra. The triply charged 

molecular ion, [M+3H]3+ was observed at m/z 654.308498 and the protonated doubly 

charged molecular ion, [M+2H]2+ was observed at m/z 980.959108 in the mass spectra for 

both peptides.  

 The 3+ precursor ion at m/z 654.3 was quadrupole isolated for both peptides and 

CAD MS/MS was applied to each peptide individually. Figure 3.5 depicts the assigned 

CAD MS/MS spectra, where predominantly b/y fragments are observed as expected of 

the type of fragmentation method used and the cleavage coverage for both peptides is 

100 %.  
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Figure 3. 5 CAD spectra of a) τ-MeH and b) π-MeH modified actin peptides.  

 After close inspection and comparison between the τ-MeH and π-MeH peptide 

CAD spectra, diagnostic fragments were detected for τ-MeH peptide, which were absent 

or at significantly lower intensity in the π-MeH peptide spectra as shown in Figure 3.6. 

The two diagnostic fragments detected for the τ-MeH peptide are the [b5+Me]2+ fragment 

ion at m/z 327.665830 and the [y11]+ fragment ion at m/z 1307.593630.  

 The relative intensity of the characteristic fragment ions to the precursor ion are 

0.6 % and 6.1 % for the [b5+Me]2+ and [y11]+ fragments in τ-MeH CAD MS/MS spectrum, 

respectively (Figure 3.6). Both [b5+Me]2+ and [y11]+ fragment peaks were easily observed 

and peak-picked in the τ-MeH CAD MS/MS spectrum as the S/N ratio were 395.4 and 

2062.5 respectively after 200-scan accumulation. On the other hand, [b5+Me]2+ fragment 

was absent in the π-MeH CAD MS/MS spectrum (Figure 3.6a); while the relative peak 

intensity of [y11]+ fragment was significantly reduced to 0.06% compared to the precursor 

ion intensity after 200-scan accumulation (Figure 3.6b). Considering the relative peak 

intensity of other fragment peaks, including [y4]+, [y5]+, [y6]+, and [y7]+ (Supplementary 

Table S3.3), there are no significant difference between τ-MeH and π-MeH peptide CAD 

MS/MS spectra, indicating [b5+Me]2+ and [y11]+ fragments generated from the 3+ 

precursor ions were the characteristic fragments to differentiate τ-MeH and π-MeH 

peptides. 
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Figure 3. 6 Zoom in of the characteristic fragments at m/z 327.6 ([b5]2+) and m/z 1307 

([y11]+) present in the CAD MS/MS spectra of the τ-MeH synthetic peptide, which are 

absent or very low intensity for the π-MeH peptide.  

 To prevent the characteristic fragments were only generated under specific 

energy which results in poor reproducibility, various collision energies were used to 

fragment the τ-MeH and π-MeH peptides. Based on the experiments in the above section, 

the optimised CE was at 17V which resulted in the highest S/N ratio of most of the 

fragments. For [b5+Me]2+ fragment of τ-MeH peptide, the highest S/N ratio (S/N = 395) 

was obtained from the CAD MS/MS spectrum with 17V collision energy; while the 

under- (CE = 14V) and over-fragmentation (CE = 22 and 25) could still obtain a peak 

intensity with S/N over 100 (Figure 3.7a). In contrast,  [b5+Me]2+ fragment has never 

appeared in the CAD MS/MS spectra π-MeH peptide regarding the fragmentation 

energies, indicating fragmentation energy was not a factor to generate the characteristic 

[b5+Me]2+ fragment.  Similar result was observed from [y11]+ fragment between τ-MeH 

and π-MeH peptides CAD MS/MS spectra (Figure 3.7b). Even though [y11]+ fragment 

from τ-MeH peptide obtained the highest S/N ratio (S/N = 3366) when CE equalled to 22, 

the under- (CE = 14V and 17V) and over-fragmentation (CE = 25) could still generate 

S/N over 350. Comparing to  τ-MeH peptide, [y11]+ fragment of π-MeH peptides were 

significant reduced with the highest S/N below 50, showing this characteristic fragment 

([y11]+ ) can also be a potential marker for τ-MeH peptide regarding the change in 

collision energy.  
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Figure 3. 7 Collision energy (CE) optimisation demonstrated for characteristic fragments 

at m/z 327.6 ([b5]2+) ion and at m/z 1307 ([y11]+) detection for the CAD MS/MS 

experiments. 

 As expected, application of IRMPD MS/MS to the isomeric peptides produced 

mainly b/y fragment ions and 100 % cleavage coverage of the peptide sequence, like 

CAD MS/MS (Figure 3.8). The characteristic fragments [b5+Me]2+ and [y11]+ were also 

observed in the τ-MeH IRMPD MS/MS spectrum, whilst absent in the π-MeH MS/MS 

spectrum (Supplementary Figure S3.4). With IRMPD MS/MS, the relative percentage 

intensity of the [b5+Me]2+ and [y11]+ fragment ions to the 3+ precursor ion was 4.56 % and 

0.22 %, respectively. Interestingly, when compared to CAD MS/MS, the relative 

percentage intensity of the [b5+Me]2+ to the precursor ion in the τ-MeH peptide IRMPD 

MS/MS spectrum was 7.6-fold higher in intensity whereas the relative intensity 

percentage ratio of the [y11]+  fragment to the precursor ion was approximately 28-fold 

lower in intensity compared to the relative fragment intensities generated from τ-MeH 

peptide obtained using CAD MS/MS, indicating the fragmentation mechanism may be 

different between CAD and IRMPD MS/MS despite similar fragmentation patterns were 

observed.  
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Figure 3. 8 IRMPD spectra of a) τ-MeH and b) π-MeH modified actin peptides.  

 Application of UVPD MS/MS resulted in extensive fragmentation, as 100 % 

cleavage coverage was easily obtained for both peptides with 193 nm UVPD MS/MS and 

a cleavage coverage of 94 % was obtained with 213 nm UVPD MS/MS (Figure 3.9 and 

Figure 3.10). Additional fragment types were also observed in the UVPD MS/MS spectra 

for the isomeric peptides. The b/y fragments dominate the spectra due to internal 

conversion of the photon energy into vibrational modes, which is generally observed with 

CAD MS/MS and IRMPD MS/MS. However, c/z, a/x, and internal fragments were also 

present, resulting in complex UVPD MS/MS spectra. A distribution of the different 

fragment types detected with all the fragmentation methods used for the synthetic τ-MeH 

and π-MeH peptides is shown in the Supplementary Figure S3.8. With 193 nm and 213 

nm UVPD MS/MS, all fragment series were detected, although the fragmentation 

efficiency for both UVPD MS/MS methods were the lowest (approximately 30 % and 

lower) compared to CAD and IRMPD MS/MS (Supplementary Figure S3.7). 
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Figure 3. 9 The 193 nm UVPD spectra of a) τ-MeH and b) π-MeH modified actin 

peptides.  

 

Figure 3. 10 The 213 nm UVPD spectra of a) τ-MeH and b) π-MeH modified actin 

peptides.  

 The characteristic [b5+Me]2+ and [y11]+ fragment ions were detected when both 

193 nm and 213 nm UVPD MS/MS were applied to the τ-MeH peptide and the absence 

of the characteristic fragments was also observed in the π-MeH peptide UVPD MS/MS 

spectra (Supplementary Figures S3.5 and S3.6). With 213 nm UVPD MS/MS, for the 

[b5+Me]2+ and the [y11]+ fragment ions, the relative percentage intensities to the precursor 

ion were approximately 3.8-fold and  2.5-fold higher in intensity than what was observed 
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with 193 nm UVPD MS/MS. With 193 nm UVPD MS/MS, as mentioned in the 

experimental section, 1 laser shot was applied at 5 mJ/shot whereas for 213 nm UVPD 

MS/MS, the isomeric peptides were subjected to 15 laser shots at ~1.5 mJ/pulse. Hence, 

the differences in intensities may be explained by the number of laser pulses that were 

used as increasing the number of laser shots can result in extensive fragmentation as well 

as improve the relative intensities of the observed peaks.  

 ExD methods were also applied to the τ-MeH and π-MeH modified synthetic 

peptides as shown by the ECD MS/MS spectra in Figure 3.11 and the EID MS/MS 

spectra in Figure 3.12. A cleavage coverage of 94 % was observed with ECD compared 

to 88 % cleavage coverage was observed with EID MS/MS, possibly due to lower 

fragmentation efficiency obtained with the EID MS/MS experiments. The calculated 

fragmentation efficiency was approximately 60 % for the τ-MeH peptide and 62 % for the 

π- with ECD, whereas the fragmentation efficiency was lower for EID, with values of 23 % 

and 25 % obtained for the τ-MeH and π- MeH peptides, respectively. However, in 

comparison to ECD MS/MS, as higher electron energies are used for EID MS/MS, denser 

and complex spectra can be obtained as depicted by Figure 3.12, where predominantly c/z 

fragments were observed, accompanied with side chain losses, b/y fragments and 15 

assigned internal fragments compared to the 2 internal fragments assigned in the ECD 

MS/MS spectra.  

 

Figure 3. 11 ECD spectra of a) τ-MeH and b) π-MeH modified actin peptides.  
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Figure 3. 12 EID spectra of a) τ-MeH and b) π-MeH modified actin peptides.  

 In the ECD and EID MS/MS spectra, the corresponding fragments to the 

diagnostic [b5+Me]2+ and [y11]+ fragments previously observed in the CAD, IRMPD and 

UVPD MS/MS spectra for only the τ-MeH peptide, are the [c5+Me]2+ and [z11]+ 

fragments. However, unlike CAD and the photodissociation fragmentation methods, the 

[c5+Me]2+ and [z11]+ fragments can be observed in the ECD and EID MS/MS spectra for 

both peptides, hence it is not possible to differentiate between them based on the lack of 

diagnostic fragments.   

 In summary, application of all direct infusion MS/MS methods applied herein 

resulted in rich fragmentation spectra, demonstrating near or complete cleavage coverage 

of the isomeric peptides. The diagnostic fragments [b5+Me]2+ and [y11]+ fragments were 

observed in the τ-MeH synthetic peptide CAD, IRMPD and UVPD MS/MS spectra, 

which were absent in the π-MeH peptide spectra. Hence, the diagnostic fragments can be 

used to distinguish between the isomeric forms of the methylated target actin peptide. 

Since CAD MS/MS is the most general fragmentation technique applied in various types 

of MS instrument, the following complex sample experiments will solely focus on using 

CAD MS/MS to differentiate and quantify the τ-MeH and π-MeH peptides.  
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Detection of the target peptide and diagnostic τ-MeH peptide fragments in tryptic 

digested human actin samples using nano-LC coupled to FT-ICR MS  

 The synthetic τ-MeH and π-MeH actin peptides were analysed as 50/50 mixture 

under the same LC, MS, and CAD MS/MS conditions as the tryptic digested human actin 

samples. No differentiation between the τ-MeH and π-MeH peptides was observed in the 

retention time as the EIC of the 3+ target peptide precursor ion resulted in the presence of 

only one peak in the chromatogram at 21.25 mins, which is clearly demonstrated by 

Figure 3.13 below.  

 

Figure 3. 13 The nLC-FT-ICR-MS and CAD MS/MS results for 50/50 mixture of 

synthetic τ-MeH and π-MeH actin peptides, depicting the MS obtained from the EIC of 

the target peptide, the CAD MS/MS spectrum, and the presence of the diagnostic 

[b5+Me]2+ fragment ion. 
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 The mass spectrum in Figure 3.13 is identical to the mass spectra obtained for the 

individual τ-MeH and π-MeH synthetic peptides via direct infusion nanoESI-MS 

(Supplementary Figure S3.3) with the 3+ precursor ion present at m/z 654.308498 and the 

2+ precursor ion present at m/z 980.959108. Application of CAD MS/MS resulted in the 

presence of the confirmatory diagnostic [b5+Me]2+ fragment ion (bottom spectrum in 

Figure 3.13), which can be easily attributed to the 50 % τ-MeH peptide in the synthetic 

peptide mixture.  

  Subsequently, the tryptic digested human platelet actin and human 

recombinant actin were analysed via nano-LC MS and CAD MS/MS. Although the target 

peptide was detected in both samples, a difference in the elution profile was noted as the 

target peptide eluted earlier for the human platelet actin (65.79 mins) than for the human 

recombinant actin sample (75.71 mins). The nLC-MS and CAD MS/MS results for the 

tryptic digested human platelet actin and human recombinant actin are shown in Figure 

3.14 and Figure 3.15, respectively.   

 The TIC revealed 10 additional peaks in the chromatogram for the recombinant 

actin sample compared to 4 additional peaks in the TIC for the platelet actin. The MS 

acquired from the EIC of the target peptide (m/z 654.308498) at 75.71 mins was equally 

dense for the human recombinant actin sample as shown by Figure 3.14. The issue with 

peptide co-elution is also demonstrated herein and in Supplementary Figure S3.9 as 

another peak (3+ peptide ion at m/z 652.0263173) is present in the MS and close to the 

triply charged precursor ion of the target peptide (Figure 3.16).  

 Application of CAD MS/MS to the human actin samples clearly highlights the 

presence of the diagnostic τ-MeH peptide CAD fragment ion ([b5+Me]2+) in the bottom 

spectra of Figure 3.14 and Figure 3.15. However, the intensity of the diagnostic [y11]+ 

fragment ion in the MS/MS spectra was very low and below the chosen intensity 

threshold therefore the FTMS peak picking algorithm was unable to select them. Hence, 

the [y11]+ fragment ion was disregarded due to either very low intensity in the nanoLC-

MS/MS spectra for the human actin tryptic digest samples or the absence in the synthetic 

τ-MeH peptide nanoLC-MS/MS spectra.  

 More significantly, the isomeric τ-MeH and π-MeH modified target peptides 

were not separated in the retention time for either of the human actin digest samples nor 

the 50/50 τ-MeH and π-MeH synthetic peptide mixture as shown by the EIC of the target 

peptide m/z in Figures 3.13, 3.14, and 3.15.  
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Figure 3. 14 The nLC-FT-ICR-MS and CAD MS/MS results for tryptic digested human 

platelet actin, depicting the MS obtained from the EIC of the target peptide, the CAD 

MS/MS spectrum, and the presence of the diagnostic [b5+Me]2+ fragment ion.  
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Figure 3. 15 The nLC-FT-ICR-MS and CAD MS/MS results for tryptic digested human 

recombinant actin, depicting the MS obtained from the EIC of the target peptide, the 

CAD MS/MS spectrum, and the presence of the diagnostic [b5+Me]2+ fragment ion. 
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Figure 3. 16 The nLC-FT-ICR-MS results for human recombinant tryptic digest, 

depicting the MS obtained from the EIC of the target peptide, which highlights the triply 

charged precursor ion of the target peptide and a coeluting peptide in the m/z 652-658 

region of the MS.   

 Due to the observations in Figure 3.16, which may affect the fragments observed 

in the MS/MS spectra, a direct infusion MS experiment was carried out on a mixture of 

tryptic digest of rabbit actin with the synthetic τ-MeH peptide as shown in Figure 3.17 

below. As a result of the closeness in m/z of a triply charged peptide ion at m/z 

652.0263173 from the rabbit actin tryptic digest to the target peptide at m/z 654.308498 

from the τ-MeH synthetic peptide, a smaller isolation window of 2 m/z is required to 

prevent interference from the nearby peptide at m/z 652.0263173. Ultimately, as there 

was no retention time separation of the isomeric MeH peptides in the 50/50 synthetic 

peptide mixture or the digested human actin samples, peptide co-elution during the nano-

LC experiment and the presence of other peptides aside from the target peptide during 

mass isolation, this may lead to under-estimation or over-estimation of the τ-MeH and π-

MeH content in the actual sample mixture therefore direct infusion nano-ESI MS and 

MS/MS is preferred over nano-LC experiments.  
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Figure 3. 17 Direct infusion nESI-FT-ICR-MS zoom in of m/z 652-658 region for rabbit 

actin tryptic digest mixed with synthetic tau-MeH peptide (top spectrum), with a 5 m/z 

mass isolation window applied (middle spectrum), and a 2 m/z mass isolation window 

applied (bottom spectrum).  

Discussion of the formation of diagnostic fragments  

 The position of the τ-nitrogen and π-nitrogen on the imidazole ring of histidine 

may provide some valuable insight as to why the diagnostic fragments, particularly the 

[b5+Me]2+ fragment ion was only generated for the τ-MeH synthetic peptide. Both 

isomers contain strongly basic imidazole nitrogen groups with little difference between 

the methylated nitrogen pKa values; 9.25 and 9.43 for the τ-MeH isomer and the π-MeH 

isomer, respectively. Therefore, it may be of interest to consider other factors, which may 

influence the formation of the critical isomeric peptide differentiating fragments.   

 The mechanism for the formation of b fragment ions with CAD MS/MS resulting 

in a stable cyclic oxazolone structure is of interest due to the preferential fragmentation of 

the τ-MeH peptide at the methylated histidine residue in the target peptide sequence. The 

specific diagnostic [b5+Me]2+ fragment ion generated contains the methylhistidine 

modification site, whereas the τ-MeH peptide diagnostic [y11]+ fragment ion, resulting 

from cleavage at the glycine residue in the peptide sequence does not contain the 

modification site, hence the provided explanation is proposed for the [b5+Me]2+ fragment 

ion.  
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 As demonstrated by Figure 3.18; two isomers are present, one isomer with the H 

on the imine nitrogen (τ-nitrogen), then it can share the proton with the oxazolone, 

whereas if the H is on the amine nitrogen (π-nitrogen), it cannot bind to the oxazolone 

nitrogen due to the conversion to a tetrahedral structure. The structural flexibility for 

normal backbone reorientation is hindered due to the saturation of the nitrogen with 

hydrogens in the oxazolone structure of Figure 3.19b). Therefore, the preferential 

formation of the [b5+Me]2+ fragment ion may be attributed to the steric hindrance caused 

by the location of the methylated π-nitrogen. This may be supported by the HDX results 

presented by Gucinski et. al.67 who demonstrated that no HDX occurred at the π-methyl-

substituted histidine side chain site because methylation of the π-nitrogen causes steric 

hindrance of any proton bridging between the imidazole ring of histidine and other 

heteroatoms.  

 

Figure 3. 18 Structures of a) τ-MeH and b) π-MeH and their respective oxazolone ring 

formations.  

 Computational methods such as ab initio and density functional theory 

calculations have also been studied and support the experimental findings of Gucinski et. 

al. regarding the effects and reactions of histidine and histidine containing peptides upon 

fragmentation. 68,69 However, the primary focus of this study was regarding the 

differentiation of the isomeric methylhistidine actin peptides and their relative 

quantification using MS/MS methods. The tentative mechanism presented herein is 

purely to aid understanding of the data presented and highlight the previous work 

allowing the current study to occur. The observations demonstrate the effects of histidine 

methylation as a cleavage-inhibiting PTM, resulting in the absence of the diagnostic 
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[b5+Me]2+ fragment ion in the CAD, IRMPD, and UVPD MS/MS spectra of the π-MeH 

synthetic peptide and the presence of this fragment in the τ-MeH synthetic peptide 

MS/MS spectra.  

τ-MeH and π-MeH peptide quantification from different actin digest samples using 

CAD MS/MS 

 From the above sections, CAD MS/MS can generate characteristic fragments 

([b5+Me]2+ and [y11]+) which can be potentially applied in relative quantification of τ-

MeH and π-MeH peptides. Previous methods applied for relative isomeric peptide 

quantification using diagnostic fragments generated via MS/MS techniques were 

discussed in length in Chapter 2 in relation to isoD and D peptide quantification using 

diagnostic fragments generated via ECD MS/MS, however, the same principles and 

developed methods apply herein.  

 The synthetic isomeric τ-MeH and π-MeH peptides were mixed to obtain 

mixtures, in which the τ-MeH peptide percentage content varied from 0 % to 100 % in 

20 % increments, with the inclusion of the 50% of τ-MeH and 50 % π-MeH peptide 

mixture. Figure 3.19 exhibits a direct proportional change in the intensity of the 

diagnostic fragments at m/z 327.665932 ([b5+Me]2+) and m/z 1307.593629 ([y11]+) 

generated by CAD MS/MS to the percentage of the τ-MeH peptide concentration in the 

isomeric peptide mixtures.  

 

Figure 3. 19 Zoom in of characteristic fragments at m/z 327.6 ([b5+Me]2+) and m/z 1307 

([y11]+) in CAD MS/MS spectra of τ-MeH and π-MeH synthetic peptide mixtures (scaled 

to the same intensity at y-axis). 
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 A ratio was taken from the peak area of the diagnostic [b5+Me]2+ or the [y11]+ 

fragment ion to the sum of all the common fragments present in the CAD MS/MS spectra 

for each isomeric τ-MeH and π-MeH peptide mixture. The relative peak area ratio was 

then plotted against the percentage content of the τ-MeH and π-MeH synthetic peptide 

mixtures. The plotted data demonstrates a linear trend between the peak area ratio of the 

diagnostic [b5+Me]2+ or the [y11]+ fragment ion and the percentage content/concentration 

of the τ-MeH peptide in the τ-MeH and π-MeH peptide mixtures as shown by Figure 3.20. 

Calibration curves were obtained with a good linearity (R2>0.99) for both the τ-MeH 

peptide diagnostic [b5+Me]2+ and [y11]+ fragment ions.  

 

Figure 3. 20 Calibration curves composed of τ-MeH and π-MeH synthetic peptide 

mixtures using the a) [b5+Me]2+ at m/z 327.6 and b) [y11]+ at m/z 1307.6 fragments for 

quantification.  

 The methylated tryptic peptide from bovine, chicken, rabbit, human platelet, and 

human recombinant actin was fragmented using CAD MS/MS. Figure 3.21a) represents 

the CAD MS/MS spectra of the isolated methylated peptide from the different actin 

samples. When subjected to CAD MS/MS analysis, like the synthetic isomeric MeH 

peptides, 100 % cleavage coverage was also observed for the target peptide of the 

mammalian actin digest samples. Inserts of the zoomed in MS/MS region, where the 

diagnostic [b5+Me]2+ and [y11]+ fragment ions are present in the spectra are provided in 

Figure 3.21b). Thus, the percentage content of the of τ-MeH peptide in the tryptic 

digested actin samples can be determined using the detected diagnostic fragments and the 

highlighted common fragments in the CAD MS/MS spectra in Figure 3.21 a). 
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 For clarification, the target peptide sequence differs by change of one amino acid 

(V76I) in the bovine, chicken, and rabbit actin compared to the synthetic peptides, human 

platelet actin, and human recombinant actin. This is demonstrated by the triply charged 

protonated molecular ion m/z shift to higher mass (m/z 658.980383) in the mass spectra 

for the animal actin samples (Supplementary Figure S3.9). The difference in the peptide 

sequences is also noted by the peptide cleavage diagrams in Figure 3.21a) and the 

apparent mass shift to higher m/z of the [y11]+ fragment ion in Figure 3.21b) generated 

from the methylated tryptic peptide of bovine, chicken, and rabbit actin. 

 To minimise the underestimation or overestimation of the τ-MeH and π-MeH 

content in the target peptide due to the minor difference in the peptide sequence between 

the animal actin and human actin samples, only the “common” fragments observed for 

both types of actin samples were used for the relative quantification of the τ-MeH and π-

MeH peptides. The common fragments consist of the fragments present in the CAD 

MS/MS spectra of the target methylated tryptic peptide observed in all of actin samples 

studied, which are unaffected by or do not include the fragments generated via cleavage 

at V76I, where there is the amino acid change in the target peptide sequence.  

 

Figure 3. 21 CAD MS/MS spectra of the target methylated tryptic peptide from different 

actin samples and b) zoom in of the m/z region where the diagnostic [b5+Me]2+) and [y11]+ 

fragment ions are present for the tryptic peptide from the different actin digest samples 

(scaled to the same intensity at the y-axis). 
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 Following the determination of the peak area ratios of the diagnostic [b5+Me]2+ or 

the [y11]+ fragment ion to the sum of the common fragments, the equations of the linear 

calibration curves generated (Figure 3.20) were used to determine the percentage content 

of τ-MeH in the different actin samples. The relative quantification results of τ-MeH in 

the target peptide from bovine, chicken, rabbit, human platelet, and human recombinant 

actin are shown in Figure 3.22.  

 

Figure 3. 22 Relative τ-MeH peptide quantification results for different actin samples.  

 Multiple observations can be made based on the relative quantification results 

displayed in Figure 3.22. Firstly, the τ-MeH percentage content in the target peptide of 

the human platelet actin and human recombinant actin was higher (> 80 %) compared to 

the τ-MeH content of the target peptide derived from the animal actin samples (< 80 %).  

 Secondly, differences in the τ-MeH percentage content for the animal actin 

samples are observed when quantification is carried out using the [b5+Me]2+ fragment 

compared to the [y11]+ fragment ion. For example, a higher percentage of τ-MeH in the 

target peptide is detected for the animal actin samples when quantifying using the 

[b5+Me]2+ fragment when including the amount of variation of the results. However, if 

the standard deviation of the calculated τ-MeH percentage content in the target peptide of 
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the human actin samples is included, little to no difference is observed between 

quantification using the [b5+Me]2+ fragment or the [y11]+ fragment ion. 

   Thirdly, it is difficult to directly compare the τ-MeH and π-MeH content values 

obtained in this work to the values obtained by Johnson et. al.16 as the percentages 

mentioned Figure 3.22 are representative of the τ-MeH and pi-MeH content in the 

affected target peptide rather than the individual τ-MeH amino acid, which was quantified 

using electrophoresis in the work carried out by Johnson and co-workers. However, a 

significant trend is observed within the results that follow the ratio of τ-MeH to histidine 

in the order of the lowest ratio of τ-MeH to histidtine determined in the chicken actin 

(1:7.46), the rabbit actin (1:7.6), and the highest ratio of τ-MeH to histidine was observed 

in the human actin (1:8.62), which agree with the relative quantification results presented 

in this work.   
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3.5. Conclusions  

   The experimental results demonstrate the differentiation of the isomeric τ-MeH 

and π-MeH actin peptides via the generation of diagnostic MS/MS fragments. The 

[b5+Me]2+ and [y11]+ fragment ions were observed only for the synthetic τ-MeH peptide in 

the CAD, IRMPD, and UVPD MS/MS spectra but were absent in the π-MeH peptide 

MS/MS spectra. Although the [b5+Me]2+ and [y11]+ fragment ions are reliably produced 

for the τ-MeH peptide via the different MS/MS techniques, this means that the presence 

of the π-MeH peptide must be determined via the lack of the τ-MeH peptide diagnostic 

fragment ions as no fragments unique to the π-MeH peptide were detected.  

   However, based on the detection of the specific τ-MeH peptide fragments, a 

relative quantification method was successfully developed using CAD MS/MS. A linear 

trend was observed between the relative intensity of the diagnostic fragment ions and the 

τ-MeH content in the synthetic τ-MeH and π-MeH peptide mixtures. A ratio was taken of 

each diagnostic fragment peak area to the sum of the common fragments in the MS/MS 

spectra, which were plotted against the τ-MeH percentage content in the synthetic peptide 

mixtures. A good linearity (R2 > 0.99) was achieved for the calibration curves using the 

[b5+Me]2+ and [y11]+ fragment ions.  

   The equations of the generated calibration curves were then applied to quantify 

the τ-MeH and π-MeH content in the target peptide of 5 types of actin samples obtained 

from different species including bovine, chicken, rabbit, and human actin. The relative τ-

MeH quantification results show that the τ-MeH form is the dominant isomeric form in 

all mammalian actin samples studied herein, with the highest percentage of the τ-MeH 

content in the target peptide detected in the human actin samples (> 80 %). The results 

also demonstrate the strong potential for direct relative quantification of isomeric species 

using fragmentation techniques, which can be applicable to complex and biologically 

significant samples.  
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3.7 Supplementary Information  

 

 

Figure S3. 1 Mass spectra of a) tele-methylhistidine (τ-MeH) and b) pros-methylhistidine 

(π-MeH) acquired via direct infusion on the 12 T FTICR-MS. 

 

 

Figure S3. 2 Mass isolation spectra of a) tele-methylhistidine (τ-MeH) and b) pros-

methylhistidine (π-MeH) amino acids.   
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Table S3. 1 Peak assignment table for the EID MS/MS of the protonated τ-MeH. 

 

Table S3. 2 Peak assignment table for the EID MS/MS of the protonated π-MeH. 

Assignmen

t 

Elemental 

compositio

n Intensity 

Resolutio

n 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm

) 

A C4H5N2 2343732 552346 81.045273 81.045273 0.00 

B C5H7N2 14158620 495849 95.060923 95.060921 -0.02 

 C5H8N2 25775054 472434 96.068748 96.068744 -0.04 

 C5H9N2 3339416 485356 97.076573 97.076575 0.02 

 C6H9N2 11569543 392502 

109.07657

3 

109.07652

9 -0.40 

 C5H8N3 2579067 497596 

110.07182

2 

110.07177

8 -0.40 

C C6H10N3 4480046 418919 

124.08747

2 

124.08735

6 -0.93 

 C6H12N3 2565116 417394 

126.10312

2 

126.10299

9 -0.98 

 C7H11N3O2 

240904780

8 275886 

170.09240

3 

170.09240

3 0.00 

Average error -0.31 

Absolute average error 0.31 

Standard deviation 0.40 

 

 

 

Assignmen

t 

Elemental 

compositio

n Intensity 

Resolutio

n 

Theoretica

l m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

A C4H5N2 2293231 537992 81.045273 81.045272 -0.01 

 C4H7N2 2731547 602952 83.060923 83.060924 0.01 

 C5H8N2 11096744 478647 96.068748 96.068788 0.42 

C C6H10N3 

13953325 

383782 

124.08747

2 

124.08747

2 0.00 

 C7H11N3O2 

114236185

6 275604 

170.09240

3 

170.09240

3 0.00 

Average error 0.08 

Absolute average error 0.09 

Standard deviation 0.18 
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Figure S3. 3 Mass spectra of a) tele-methylhistidine (τ-MeH) and b) pros-methylhistidine 

(π-MeH) synthetic actin peptides.   

 

 

Figure S3. 4 Zoom in of the characteristic fragments at m/z 327.6 (b5
2+) and m/z 1307 

(y11
1+)  present in the IRMPD MS/MS spectra of the τ-MeH synthetic peptide, which are 

absent for the π-MeH peptide. 
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Figure S3. 5 Zoom in of the characteristic fragments at m/z 327.6 (b5
2+) and m/z 1307 

(y11
1+)  present in the 193 nm UVPD MS/MS spectra of the τ-MeH synthetic peptide, 

which are absent for the π-MeH peptide. 

 

 

Figure S3. 6 Zoom in of the characteristic fragments at m/z 327.6 (b5
2+) and m/z 1307 

(y11
1+)  present in the 213 nm UVPD MS/MS spectra of the τ-MeH synthetic peptide, 

which are absent for the π-MeH peptide. 
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Figure S3. 7 Fragmentation efficiency plot for τ-MeH and π-MeH modified synthetic 

actin peptides using different fragmentation methods.  

Figure S3. 8 Distribution of fragment types observed with different fragmentation 

methods for the synthetic actin peptides with the modification at a) τ-MeH and b) π-MeH 

in the peptide sequence.  
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Figure S3. 9 The nLC-FT-ICR-MS results for human platelet tryptic digest, depicting the 

MS obtained from the EIC of the target peptide, which highlights the triply charged 

precursor ion of the target peptide and a coeluting peptide in the m/z 652-658 region of 

the MS.   

Figure S3. 10  Mass spectral region m/z 651-663 depicting the m/z shift of the triply 

charged protonated molecular ion of the target peptide for the animal actin samples due to 

the V76I amino acid change in the peptide sequence. 

 



Chapter 3 – Distinguishing between methylated histidine isomers generated as a post-

translational modification of actin 

 

205 

 

Table S3. 3 Comparison of the relative peak intensities (%) of the [y4]+-[y7]+ fragments in 

the synthetic τ-MeH peptide and π-MeH peptide CAD MS/MS spectra.  

Fragment  

 

Charge 

state 

Normalised relative intensity (%) 

τ-MeH peptide π-MeH peptide 

y4 1+ 4.73 4.41 

y5 1+ 18.8 18.2 

y6 1+ 40.0 40.9 

y7 1+ 36.5 36.4 
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Table S3. 4 Peak assignment table for the CAD MS/MS spectrum of the synthetic peptide 

with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN-H2O 1+ C8 H12 N3 O3 198.087318 198.087464 0.74 

PI 1+ C11 H19 N2 O2 211.144104 211.144194 0.43 

TN 1+ C8 H14 N3 O4 216.097882 216.097971 0.41 

a2 1+ C13 H17 N2 O2 233.128454 233.128512 0.25 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144851 0.07 

ME 1+ C10 H17 N2 O4 S1 261.090354 261.090356 0.01 

b2 1+ C14 H17 N2 O3 261.123370 261.123371 0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113859 -0.03 

NW-CO 1+ C14 H17 N4 O2 273.134602 273.13459 -0.04 

y2 1+ C11 H22 N3 O5 276.155397 276.155375 -0.08 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124386 -0.16 

WD-H2O 1+ C15 H14 N3 O3 284.102968 284.102927 -0.14 

VTN-H2O 1+ C13 H21 N4 O4 297.155732 297.155661 -0.24 

NW 1+ C15 H17 N4 O3 301.129517 301.129437 -0.27 

b5+Me-CO 2+ C31 H44 N7 O7 313.668749 313.668364 -1.23 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665834 -0.30 

PIE 1+ C16 H26 N3 O5 340.186697 340.186579 -0.35 

b6+Me-CO 2+ C33 H47 N8 O8 342.179203 342.179091 -0.33 

b6+Me-H2O 2+ C34 H45 N8 O8 347.171382 347.171327 -0.16 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.176601 0.60 

TNW-CO 1+ C18 H24 N5 O4 374.182281 374.182029 -0.67 

b3 1+ C20 H28 N3 O4 374.207433 374.207276 -0.42 

DME 1+ C14 H22 N3 O7 S1 376.117297 376.117145 -0.40 

a7/b8+Me-CO 2+ C39 H58 N9 O9 398.721239 398.721212 -0.07 

y6-NH3 2+ 

C35 H48 N7 O13 

S1 403.654904 403.654908 0.01 

b7+Me-H2O 2+ C40 H56 N9 O9 403.713414 403.713216 -0.49 

y3 1+ C16 H31 N4 O6 S1 

407.195874

2 407.195792 -0.20 

y6 2+ 

C35 H51 N8 O13 

S1 

412.168171

8 412.168069 -0.25 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718589 -0.26 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255665 -0.27 

a8/b8+Me-CO 2+ C44 H67 N10 O10 448.255446 448.255446 0.00 

y7-NH3 2+ 

C39 H54 N9 O15 

S1 460.676368 460.676193 -0.38 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252815 -0.19 

y7 2+ 

C39 H58 N10 O15 

S1 469.189643 469.18951 -0.28 

a4 1+ C24 H35 N4 O6 475.255111 475.255026 -0.18 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

DDME 1+ 

C18 H27 N4 O10 

S1 491.14424 491.144273 0.07 

a9/b9+Me-CO 2+ C48 H74 N11 O12 498.779285 498.779314 0.06 

b4 1+ C25 H35 N4 O7 503.250026 503.250218 0.38 

b9+Me-H2O-CO 2+ C48 H72 N11 O11 503.77146 503.771229 -0.46 

y4-H2O 1+ C20 H34 N5 O8 S1 504.21226 504.212265 0.01 

y4-NH3 1+ C20 H33 N4 O9 S1 505.196276 505.196199 -0.15 

y8-H2O 2+ 

C43 H62 N11 O16 

S1 510.708199 510.707821 -0.74 

y8-NH3 2+ 

C43 H61 N10 O17 

S1 511.200207 511.200282 0.15 

y8 2+ 

C43 H64 N11 O17 

S1 519.713482 519.713344 -0.27 

y4 1+ C20 H36 N5 O9 S1 

522.222814

2 522.222962 0.28 

NWDD 1+ C23 H27 N6 O9 531.183403 531.183344 -0.11 

a10+Me-NH3 2+ C52 H77 N12 O14 547.287474 547.287366 -0.20 

b10+Me-CO 2+ C52 H80 N13 O14 555.801023 555.800582 -0.79 

y9-H2O 2+ 

C48 H71 N12 O17 

S1 560.242406 560.242404 0.00 

y9-NH3 2+ 

C48 H70 N11 O18 

S1 560.734414 560.734237 -0.32 

b10+Me-H2O 2+ C53 H78 N13 O14 560.792924 560.792667 -0.46 

b10+Me-NH3 2+ C53 H77 N12 O15 561.284931 561.284677 -0.45 

y14+Me 3+ 

C74 H114 N19 O25 

S1 567.603133 567.602767 -0.64 

y9 2+ 

C48 H73 N12 O18 

S1 

569.247683

8 569.247853 0.30 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.79827 0.11 

y15+Me -H2O 3+ 

C79 H119 N20 O25 

S1 593.950533 593.950201 -0.56 

y15+Me 3+ 

C79 H121 N20 O26 

S1 599.954055 599.95414 0.14 

y5-H2O 1+ 

C24 H39 N6 O11 

S1 619.239203 619.239466 0.42 

b5+Me -CO 1+ C31H44 N7 O7 626.329673 626.330701 1.64 

PIEH(Methyl)GI-CO 1+ C30 H49 N8 O7 633.372421 633.371859 -0.89 

y5 1+ 

C24 H41 N6 O12 

S1 

637.249754

2 637.249942 0.29 

b11+Me -CO 2+ C63H90 N15 O15 648.840679 648.840124 -0.86 

M+H 3+ 

C88 H132 N21 O28 

S1 654.308498 654.30916 1.01 

a6+Me 1+ C33 H47 N8 O8 683.351137 683.351597 0.67 

b6+Me -H2O 1+ C34 H45 N8 O8 693.335487 693.335809 0.46 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.346049 0.00 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b12+Me 2+ C68 H95 N16 O19 720.351334 720.351548 0.30 

y12+Me 1+ 

C63 H96 N17 O21 

S1 729.837734 729.837735 0.00 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.435248 0.06 

b13+Me -NH3 2+ C72 H97 N16 O22 769.351531 769.351892 0.47 

b13+Me 2+ C72 H100 N17 O22 777.864805 777.864655 -0.19 

y13+Me-H2O 2+ 

C68 H101 N18 O23 

S1 785.353748 785.35395 0.26 

y13+Me 2+ 

C68 H103 N18 O24 

S1 794.35903 794.359069 0.05 

b7+Me -CO 1+ C39 H58 N9 O9 796.43575 796.436446 0.87 

y6-H2O 1+ 

C35 H49 N8 O12 

S1 805.318516 805.319038 0.65 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.420115 0.70 

y6 1+ 

C35 H51 N8 O13 

S1 823.329081 823.330193 1.35 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430272 0.19 

b14+Me -H2O 2+ 

C77 H107 N18 O22 

S1 834.379765 834.380296 0.64 

b14+Me -NH3 2+ 

C77 H106 N17 O23 

S1 834.871773 834.872018 0.29 

y14+Me -H2O 2+ 

C74 H112 N19 O24 

S1 841.89578 841.896303 0.62 

y14+Me -NH3 2+ 

C74 H111 N18 O25 

S1 842.387787 842.387589 -0.24 

b14+Me 2+ 

C77 H109 N18 O23 

S1 843.385048 843.386344 1.54 

PIEH(Methyl)GIVT-

H2O 1+ C40 H63 N10 O10 843.472315 843.472533 0.26 

y14+Me 2+ 

C74 H114 N19 O25 

S1 850.901062 850.902122 1.25 

PIEH(Methyl)GIVT 1+ C40 H65 N10 O11 861.482879 861.483302 0.49 

y15+Me -H2O 2+ 

C79 H119 N20 O25 

S1 890.422162 890.421493 -0.75 

y15+Me -NH3 2+ 

C79 H118 N19 O26 

S1 890.914169 890.914174 0.01 

b8+Me -CO 1+ C44 H67 N10 O10 895.504163 895.503767 -0.44 

y15+Me 2+ 

C79 H121 N20 O26 

S1 899.427444 899.42863 1.32 

b8-H2O 1+ C45 H65 N10 O10 905.487965 905.48869 0.80 

b15+Me 2+ 

C82 H116 N19 O26 

S1 907.906344 907.906777 0.48 

b15+Me +H2O 2+ 

C82 H118 N19 O27 

S1 916.911627 916.911537 -0.10 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 920.34546 920.344953 -0.55 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.499766 1.34 

y7 1+ 

C39 H57 N10 O15 

S1 

937.372097

1 937.373669 1.68 

a9+Me 1+ C48 H74 N11 O12 996.551293 996.551874 0.58 

b9+Me -H2O 1+ C49 H72 N11 O12 

1006.53564

3 

1006.53545

9 -0.18 

y8-NH3 1+ 

C43 H61 N10 O17 

S1 

1021.39313

8 

1021.39283

3 -0.30 

b9+Me 1+ C49 H74 N11 O13 

1024.54620

8 

1024.54629

1 0.08 

y8 1+ 

C43 H64 N11 O17 

S1 

1038.41967

7 

1038.42175

1 2.00 

a10+Me -NH3 1+ C52 H77 N12 O14 

1093.56767

2 

1093.56719

4 -0.44 

y9 1+ 

C48 H73 N12 O18 

S1 

1137.48809

1 

1137.48891

7 0.73 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58732

2 -1.59 

y10-H2O 1+ 

C54 H82 N13 O18 

S1 1232.5616 

1232.56241

4 0.66 

y10 1+ 

C54 H84 N13 O19 

S1 

1250.57216

5 

1250.57597

4 3.05 

y11 1+ 

C56 H87 N14 O20 

S1 

1307.59362

9 

1307.59362

8 0.00 

Average error 0.11 

Absolute average error 0.47 

Standard deviation 0.49 
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Table S3. 5 Peak assignment table for the CAD MS/MS spectrum of the synthetic peptide 

with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN-H2O 1+ C8 H12 N3 O3 198.087318 198.087430 0.57 

PI 1+ C11 H19 N2 O2 211.144104 211.144210 0.50 

TN 1+ C8 H14 N3 O4 216.097882 216.097967 0.39 

a2 1+ C13 H17 N2 O2 233.128454 233.128507 0.23 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144843 0.04 

ME 1+ 

C10 H17 N2 O4 

S1 261.090354 261.090361 0.03 

b2 1+ C14 H17 N2 O3 

261.123370

5 261.123371 0.00 

NW-CO 1+ C14 H17 N4 O2 273.134602 273.134603 0.00 

y2 1+ C11 H22 N3 O5 276.155397 276.155384 -0.05 

WD-H2O 1+ C15 H14 N3 O3 284.102968 284.102937 -0.11 

VTN-H2O 1+ C13 H21 N4 O4 297.155732 297.155685 -0.16 

NW 1+ C15 H17 N4 O3 301.129517 301.129455 -0.21 

PIE 1+ C16 H26 N3 O5 340.186697 340.186578 -0.35 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.176584 0.56 

TNW-CO 1+ C18 H24 N5 O4 374.182281 374.182088 -0.52 

b3 1+ C20 H28 N3 O4 374.207433 374.207292 -0.38 

DME 1+ 

C14 H22 N3 O7 

S1 376.117297 376.117195 -0.27 

a7/b8+Me -CO 2+ C39 H58 N9 O9 398.721239 398.721235 -0.01 

y6-NH3 2+ 

C35 H48 N7 O13 

S1 403.654904 403.654908 0.01 

b7+Me -H2O 2+ C40 H56 N9 O9 403.713414 403.713267 -0.36 

y3 1+ 

C16 H31 N4 O6 

S1 

407.195874

2 407.195807 -0.17 

y6 2+ 

C35 H51 N8 O13 

S1 

412.168171

8 412.167986 -0.45 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718607 -0.22 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255515 -0.63 

a8/b8+Me -CO 2+ 

C44 H67 N10 

O10 448.255446 448.255467 0.05 

y7-NH3 2+ 

C39 H54 N9 O15 

S1 460.676368 460.67611 -0.56 

b8+Me 2+ 

C45 H68 N10 

O11 462.252903 462.252774 -0.28 

y7 2+ 

C39 H58 N10 

O15 S1 469.189643 469.189622 -0.04 

DDME 1+ 

C18 H27 N4 O10 

S1 491.14424 491.143612 -1.28 

a9/b9+Me -CO 2+ 

C48 H74 N11 

O12 498.779285 498.779283 0.00 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b4 1+ C25 H35 N4 O7 503.250026 503.249795 -0.46 

b9+Me -H2O-CO 2+ 

C48 H72 N11 

O11 503.77146 503.771188 -0.54 

y4-H2O 1+ 

C20 H34 N5 O8 

S1 504.21226 504.211504 -1.50 

y4-NH3 1+ 

C20 H33 N4 O9 

S1 505.196276 505.196265 -0.02 

y8-H2O 2+ 

C43 H62 N11 

O16 S1 510.708199 510.708134 -0.13 

y8-NH3 2+ 

C43 H61 N10 

O17 S1 511.200207 511.200335 0.25 

y8 2+ 

C43 H64 N11 

O17 S1 519.713482 519.713281 -0.39 

y4 1+ 

C20 H36 N5 O9 

S1 

522.222814

2 522.223005 0.37 

NWDD 1+ C23 H27 N6 O9 531.183403 531.184033 1.19 

a10+Me -NH3 2+ 

C52 H77 N12 

O14 547.287474 547.287589 0.21 

b10+Me -CO 2+ 

C52 H80 N13 

O14 555.801023 555.800644 -0.68 

y9-H2O 2+ 

C48 H71 N12 

O17 S1 560.242406 560.242537 0.23 

y9-NH3 2+ 

C48 H70 N11 

O18 S1 560.734414 560.734446 0.06 

b10+Me -H2O 2+ 

C53 H78 N13 

O14 560.792924 560.792697 -0.40 

b10+Me -NH3 2+ 

C53 H77 N12 

O15 561.284931 561.28473 -0.36 

y14+Me 3+ 

C74 H114 N19 

O25 S1 567.603133 567.602639 -0.87 

y9 2+ 

C48 H73 N12 

O18 S1 

569.247683

8 569.248403 1.26 

b10+Me 2+ 

C53 H80 N13 

O15 569.798206 569.798246 0.07 

y15+Me -H2O 3+ 

C79 H119 N20 

O25 S1 593.950533 593.950013 -0.88 

y15+Me 3+ 

C79 H121 N20 

O26 S1 599.954055 599.954112 0.10 

y5-H2O 1+ 

C24 H39 N6 O11 

S1 619.239203 619.239538 0.54 

PIEH(Methyl)GI-

CO 1+ C30 H49 N8 O7 633.372421 633.371569 -1.35 

y5 1+ 

C24 H41 N6 O12 

S1 

637.249754

2 637.250022 0.42 

b11+Me -CO 2+ 

C63H90 N15 

O15 648.840679 648.840013 -1.03 

M+H 3+ C88 H132 N21 654.308498 654.309366 1.33 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

O28 S1 

b6+Me -H2O 1+ C34 H45 N8 O8 693.335487 693.335608 0.17 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.347168 1.57 

b12+Me 2+ 

C68 H95 N16 

O19 720.351334 720.351354 0.03 

y12+Me 1+ 

C63 H96 N17 

O21 S1 729.837734 729.83893 1.64 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.434946 -0.34 

b13+Me -NH3 2+ 

C72 H97 N16 

O22 769.351531 769.351307 -0.29 

b13+Me 2+ 

C72 H100 N17 

O22 777.864805 777.864195 -0.78 

y13+Me -H2O 2+ 

C68 H101 N18 

O23 S1 785.353748 785.354361 0.78 

y13+Me 2+ 

C68 H103 N18 

O24 S1 794.35903 794.357908 -1.41 

b7-CO 1+ C39 H58 N9 O9 796.43575 796.435432 -0.40 

y6-H2O 1+ 

C35 H49 N8 O12 

S1 805.318516 805.318547 0.04 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.420557 1.25 

y6 1+ 

C35 H51 N8 O13 

S1 823.329081 823.33015 1.30 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.429725 -0.47 

b14+Me -NH3 2+ 

C77 H106 N17 

O23 S1 834.871773 834.872182 0.49 

y14+Me -H2O 2+ 

C74 H112 N19 

O24 S1 841.89578 841.895171 -0.72 

y14+Me -NH3 2+ 

C74 H111 N18 

O25 S1 842.387787 842.3879 0.13 

PIEH(Methyl)GIVT-

H2O 1+ 

C40 H63 N10 

O10 843.472315 843.472421 0.13 

y14+Me 2+ 

C74 H114 N19 

O25 S1 850.901062 850.902415 1.59 

PIEH(Methyl)GIVT 1+ 

C40 H65 N10 

O11 861.482879 861.483761 1.02 

y15+Me -H2O 2+ 

C79 H119 N20 

O25 S1 890.422162 890.421159 -1.13 

y15+Me -NH3 2+ 

C79 H118 N19 

O26 S1 890.914169 890.914266 0.11 

b8-CO 1+ 

C44 H67 N10 

O10 895.504163 895.502969 -1.33 

y15+Me 2+ 

C79 H121 N20 

O26 S1 899.427444 899.428459 1.13 

b8+Me -H2O 1+ 

C45 H65 N10 

O10 905.487965 905.488045 0.09 

b15+Me 2+ C82 H116 N19 907.906344 907.906983 0.70 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

O26 S1 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 920.34546 920.345257 -0.22 

b8+Me 1+ 

C45 H67 N10 

O11 923.498529 923.499758 1.33 

y7 1+ 

C39 H57 N10 

O15 S1 

937.372097

1 937.373543 1.54 

PIEH(Methyl)GIVT

N 1+ 

C44 H71 N12 

O13 975.525807 975.526076 0.28 

b9+Me -H2O 1+ 

C49 H72 N11 

O12 

1006.53564

3 1006.53514 -0.50 

y8-NH3 1+ 

C43 H61 N10 

O17 S1 

1021.39313

8 1021.39264 -0.49 

b9+Me 1+ 

C49 H74 N11 

O13 

1024.54620

8 

1024.54576

9 -0.43 

y8 1+ 

C43 H64 N11 

O17 S1 

1038.41967

7 

1038.42132

4 1.59 

y9 1+ 

C48 H73 N12 

O18 S1 

1137.48809

1 

1137.48810

3 0.01 

b10+Me 1+ 

C53 H80 N13 

O15 

1138.58913

5 

1138.58828

6 -0.75 

y10 1+ 

C54 H84 N13 

O19 S1 

1250.57216

5 

1250.57543

5 2.61 

y11 1+ 

C56 H87 N14 

O20 S1 

1307.59362

9 

1307.59359

5 -0.03 

Average error 0.03 

Absolute average error 0.55 

Standard deviation 0.52 
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Table S3. 6 Peak assignment table for the IRMPD MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN-H2O 1+ C8 H12 N3 O3 198.087318 198.087371 0.27 

PI 1+ C11 H19 N2 O2 211.144104 211.144152 0.23 

TN 1+ C8 H14 N3 O4 216.097882 216.097903 0.10 

a2 1+ C13 H17 N2 O2 233.128454 233.128483 0.12 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144858 0.10 

ME 1+ 

C10 H17 N2 O4 

S1 261.090354 261.090358 0.02 

b2 1+ C14 H17 N2 O3 261.123370 261.123371 0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113871 0.02 

NW-CO 1+ C14 H17 N4 O2 273.134602 273.134621 0.07 

y2 1+ C11 H22 N3 O5 276.155397 276.155396 0.00 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124403 -0.10 

WD-H2O 1+ C15 H14 N3 O3 284.102968 284.10297 0.01 

VTN-H2O 1+ C13 H21 N4 O4 297.155732 297.155627 -0.35 

NW 1+ C15 H17 N4 O3 301.129517 301.12949 -0.09 

b5+Me -CO 2+ C31 H44 N7 O7 313.668749 313.668378 -1.18 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665891 -0.13 

PIE 1+ C16 H26 N3 O5 340.186697 340.186674 -0.07 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.176675 0.81 

b3 1+ C20 H28 N3 O4 374.207433 374.207274 -0.42 

DME 1+ 

C14 H22 N3 O7 

S1 376.117297 376.117227 -0.19 

a7/b8+Me -CO 2+ C39 H58 N9 O9 398.721239 398.721206 -0.08 

y6-NH3 2+ 

C35 H48 N7 O13 

S1 403.654904 403.654936 0.08 

y3 1+ 

C16 H31 N4 O6 

S1 

407.195874

2 407.195774 -0.25 

y6 2+ 

C35 H51 N8 O13 

S1 

412.168171

8 412.168141 -0.07 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718611 -0.21 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255649 -0.31 

a8/b8+Me -CO 2+ C44 H67 N10 O10 448.255446 448.255445 0.00 

y7-NH3 2+ 

C39 H54 N9 O15 

S1 460.676368 460.676175 -0.42 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252818 -0.18 

y7 2+ 

C39 H58 N10 O15 

S1 469.189643 469.189561 -0.17 

DDME 1+ 

C18 H27 N4 O10 

S1 491.14424 491.144003 -0.48 

a9/b9+Me -CO 2+ C48 H74 N11 O12 498.779285 498.779252 -0.07 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b4 1+ C25 H35 N4 O7 503.250026 503.249939 -0.17 

b9+Me -H2O-CO 2+ C48 H72 N11 O11 503.77146 503.771364 -0.19 

y4-H2O 1+ 

C20 H34 N5 O8 

S1 504.21226 504.212027 -0.46 

y4-NH3 1+ 

C20 H33 N4 O9 

S1 505.196276 505.195871 -0.80 

y8-NH3 2+ 

C43 H61 N10 O17 

S1 511.200207 511.200111 -0.19 

y8 2+ 

C43 H64 N11 O17 

S1 519.713482 519.713236 -0.47 

y4 1+ 

C20 H36 N5 O9 

S1 

522.222814

2 522.222688 -0.24 

a10+Me -NH3 2+ C52 H77 N12 O14 547.287474 547.287325 -0.27 

b10+Me -CO 2+ C52 H80 N13 O14 555.801023 555.800441 -1.05 

y9-H2O 2+ 

C48 H71 N12 O17 

S1 560.242406 560.242048 -0.64 

b10+Me -H2O 2+ C53 H78 N13 O14 560.792924 560.792704 -0.39 

b10+Me -NH3 2+ C53 H77 N12 O15 561.284931 561.284854 -0.14 

y9 2+ 

C48 H73 N12 O18 

S1 

569.247683

8 569.247537 -0.26 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.798099 -0.19 

y5-H2O 1+ 

C24 H39 N6 O11 

S1 619.239203 619.23918 -0.04 

PIEH(Methyl)GI-

CO 1+ C30 H49 N8 O7 633.372421 633.371787 -1.00 

y5 1+ 

C24 H41 N6 O12 

S1 

637.249754

2 637.249757 0.00 

M+3H-2H2O 3+ 

C88 H126N21 O26 

S1 642.301455 642.301526 0.11 

M+3H-H2O 3+ 

C88 H128 N21 

O27 S1 648.304976 648.305162 0.29 

M+3H 3+ 

C88 H130 N21 

O28 S1 654.308498 654.307913 -0.89 

PIEH(Methyl)GI 1+ C29 H49 N8 O6 661.366787 661.366768 -0.03 

b11+Me 2+ C64 H91 N15 O16 662.837862 662.837084 -1.17 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.345691 -0.51 

b12+Me 2+ C68 H95 N16 O19 720.351334 720.351358 0.03 

y12+Me 1+ 

C63 H96 N17 O21 

S1 729.837734 729.83809 0.49 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.434953 -0.33 

b13+Me -NH3 2+ C72 H97 N16 O22 769.351531 769.351649 0.15 

b13+Me 2+ 

C72 H100 N17 

O22 777.864805 777.86466 -0.19 

y6-H2O 1+ 

C35 H49 N8 O12 

S1 805.318516 805.318176 -0.42 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y6 1+ 

C35 H51 N8 O13 

S1 823.329081 823.329475 0.48 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430079 -0.04 

b14+Me -NH3 2+ 

C77 H106 N17 

O23 S1 834.871773 834.871448 -0.39 

PIEH(Methyl)GIVT

-H2O 1+ C40 H63 N10 O10 843.472315 843.47256 0.29 

y14+Me 2+ 

C74 H114 N19 

O25 S1 850.901062 850.901451 0.46 

PIEH(Methyl)GIVT 1+ C40 H65 N10 O11 861.482879 861.482766 -0.13 

b8+Me -H2O 1+ C45 H65 N10 O10 905.487965 905.488203 0.26 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 920.34546 920.345379 -0.09 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.49906 0.57 

y7 1+ 

C39 H57 N10 O15 

S1 

937.372097

1 937.372763 0.71 

b9+Me -H2O 1+ C49 H72 N11 O12 

1006.53564

3 

1006.53532

8 -0.31 

y8-NH3 1+ 

C43 H61 N10 O17 

S1 

1021.39313

8 

1021.39389

4 0.74 

b9+Me 1+ C49 H74 N11 O13 

1024.54620

8 

1024.54634

8 0.14 

y8 1+ 

C43 H64 N11 O17 

S1 

1038.41967

7 

1038.42035

4 0.65 

b10+Me -NH3 1+ C53 H77 N12 O15 

1121.56258

6 

1121.56251

2 -0.07 

y9 1+ 

C48 H73 N12 O18 

S1 

1137.48809

1 

1137.48808

8 0.00 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58826

9 -0.76 

y11 1+ 

C56 H87 N14 O20 

S1 

1307.59362

9 1307.59504 1.08 

Average error -0.09 

Absolute average error 0.31 

Standard deviation 0.29 
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Table S3. 7 Peak assignment table for the IRMPD MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN-H2O 1+ C8 H12 N3 O3 198.087318 198.087307 -0.06 

PI 1+ C11 H19 N2 O2 211.144104 211.144106 0.01 

TN 1+ C8 H14 N3 O4 216.097882 216.097903 0.10 

a2 1+ C13 H17 N2 O2 233.128454 233.128475 0.09 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.14478 -0.21 

ME 1+ 

C10 H17 N2 O4 

S1 261.090354 261.090318 -0.14 

b2 1+ C14 H17 N2 O3 261.1233705 261.123371 0.00 

y2 1+ C11 H22 N3 O5 276.155397 276.155408 0.04 

NW 1+ C15 H17 N4 O3 301.129517 301.129494 -0.08 

PIE 1+ C16 H26 N3 O5 340.186697 340.186614 -0.24 

b3 1+ C20 H28 N3 O4 374.207433 374.207267 -0.44 

a7+Me 2+ C39 H58 N9 O9 398.721239 398.721222 -0.04 

y6-NH3 1+ 

C35 H48 N7 O13 

S1 403.654904 403.654855 -0.12 

y3 1+ 

C16 H31 N4 O6 

S1 407.1958742 407.19592 0.11 

y6 1+ 

C35 H51 N8 O13 

S1 412.1681718 412.168167 -0.01 

b7+Me 1+ C40 H58 N9 O10 412.718696 412.718636 -0.15 

a8+Me 2+ C44 H67 N10 O10 448.255446 448.25557 0.28 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 460.676368 460.676095 -0.59 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252841 -0.13 

y7 1+ 

C39 H58 N10 O15 

S1 469.189643 469.189603 -0.09 

a9+Me 2+ C48 H74 N11 O12 498.779285 498.779218 -0.13 

b4 1+ C25 H35 N4 O7 503.250026 503.249605 -0.84 

b9+Me -H2O 1+ C49 H72 N11 O12 503.77146 503.771297 -0.32 

y8-NH3 1+ 

C43 H61 N10 O17 

S1 511.200207 511.20018 -0.05 

y8 1+ 

C43 H64 N11 O17 

S1 519.713482 519.713232 -0.48 

y4 1+ 

C20 H36 N5 O9 

S1 522.2228142 522.222823 0.02 

a10+Me -NH3 2+ C52 H77 N12 O14 547.287474 547.287037 -0.80 

y9-H2O 1+ 

C48 H71 N12 O17 

S1 560.242406 560.242069 -0.60 

b10+Me -NH3 2+ C53 H77 N12 O15 561.284931 561.284784 -0.26 

y9 1+ 

C48 H73 N12 O18 

S1 569.2476838 569.247515 -0.30 



Chapter 3 – Distinguishing between methylated histidine isomers generated as a post-

translational modification of actin 

 

218 

 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.798018 -0.33 

y15+Me 2+ 

C79 H121 N20 O26 

S1 599.954055 599.953938 -0.20 

y5 1+ 

C24 H41 N6 O12 

S1 637.2497542 637.249753 0.00 

M+3H-2H2O 3+ 

C88 H126N21 O26 

S1 642.301455 642.301161 -0.46 

M+3H-H2O 3+ 

C88 H128 N21 O27 

S1 648.304976 648.305392 0.64 

M+3H 3+ 

C88 H132 N21 O28 

S1 654.308498 654.309033 0.82 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.365728 -1.60 

b11+Me 2+ C64 H90 N15 O16 662.837862 662.837837 -0.04 

b6+Me 2+ C34 H47 N8 O9 711.346052 711.345745 -0.43 

b12+Me -NH3 2+ C68 H92 N15 O19 711.838059 711.837656 -0.57 

b12+Me 2+ C68 H95 N16 O19 720.351334 720.351638 0.42 

b13+Me -NH3 2+ C72 H97 N16 O22 769.351531 769.350739 -1.03 

b13+Me 2+ C72 H100 N17 O22 777.864805 777.864484 -0.41 

y6 1+ 

C35 H51 N8 O13 

S1 823.329081 823.329726 0.78 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.429788 -0.40 

PIEH(Methyl)GIVT-

H2O 1+ C40 H63 N10 O10 843.472315 843.47121 -1.31 

y14+Me 2+ 

C74 H114 N19 O25 

S1 850.901062 850.90148 0.49 

y15+Me 2+ 

C79 H121 N20 O26 

S1 899.427444 899.426425 -1.13 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 920.34546 920.344013 -1.57 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.498949 0.45 

y7 1+ 

C39 H57 N10 O15 

S1 937.3720971 937.372608 0.55 

b9+Me -H2O 1+ C49 H72 N11 O12 1006.535643 1006.53434 -1.29 

y8 1+ 

C43 H64 N11 O17 

S1 1038.419677 1038.41975 0.07 

b10+Me -NH3 1+ C53 H77 N12 O15 1121.562586 1121.5609 -1.51 

y9 1+ 

C48 H73 N12 O18 

S1 1137.488091 1137.48808 -0.01 

b10+Me 1+ C53 H80 N13 O15 1138.589135 1138.59108 1.71 

Average error -0.19 

Absolute average error 0.44 

Standard deviation 0.47 
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Table S3. 8 Peak assignment table for the 193 nm MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

W 1+ C10 H11 N2 159.091675 159.09178 0.66 

PI-CO 1+ C10 H19 N2 O1 183.14919 183.149251 0.33 

TN 1+ C8 H14 N3 O4 216.097882 216.097916 0.16 

a2 1+ C13 H17 N2 O2 233.128454 233.128477 0.10 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144854 0.08 

b2 1+ C14 H17 N2 O3 

261.123370

5 

261.123371 

0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113883 0.06 

y2 1+ C11 H22 N3 O5 276.155397 276.155409 0.04 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124448 0.06 

NW 1+ C15 H17 N4 O3 301.129517 301.129514 -0.01 

H(Methyl)GI 1+ C15 H24 N5 O3 322.187366 322.187362 -0.01 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665952 0.06 

PIE 1+ C16 H26 N3 O5 340.186697 340.18669 -0.02 

a3 1+ C19 H28 N3 O3 346.212518 346.212498 -0.06 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.176656 0.76 

b3 1+ C20 H28 N3 O4 374.207433 374.20742 -0.03 

z3 1+ C16 H29 N3 O6 S1 391.177158 391.177145 -0.03 

c3 1+ C20 H31 N4 O4 391.233982 391.233926 -0.14 

IEH(Methyl) 1+ C18 H28 N5 O5 394.208495 394.208496 0.00 

a7+Me 2+ C39 H58 N9 O9 398.721239 398.721234 -0.01 

y3 1+ C16 H31 N4 O6 S1 

407.195874

2 

407.195842 

-0.08 

y6 2+ 

C35 H51 N8 O13 

S1 

412.168171

8 

412.168169 

-0.01 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718704 0.02 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255767 -0.03 

IEH(Methyl)G-H2O 1+ C20 H29 N6 O5 433.219394 433.219358 -0.08 

a8+Me 2+ C44 H67 N10 O10 448.255446 448.255388 -0.13 

y7-NH3 2+ 

C39 H54 N9 O15 

S1 

460.676368 460.676279 

-0.19 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252934 0.07 

y7 2+ 

C39 H58 N10 O15 

S1 

469.189643 469.189575 

-0.14 

a4 1+ C24 H35 N4 O6 475.255111 475.255044 -0.14 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261188 -0.14 

b4 1+ C25 H35 N4 O7 503.250026 503.249981 -0.09 

b9+Me -H2O 2+ C49 H72 N11 O12 503.77146 503.771525 0.13 

z4 1+ C20 H34 N4 O9 S1 506.204101 506.204054 -0.09 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y8-NH3 1+ 

C43 H61 N10 O17 

S1 

511.200207 511.200362 

0.30 

b9+Me 2+ C49 H74 N11 O13 512.776742 512.776726 -0.03 

y8 1+ 

C43 H64 N11 O17 

S1 

519.713482 519.713469 

-0.03 

y4 1+ C20 H36 N5 O9 S1 

522.222814

2 

522.222798 

-0.03 

EH(Methyl)GIV-

H2O 1+ C25 H38 N7 O6 

532.287808 532.287844 

0.07 

PIEH(Methyl)G 1+ C25 H38 N7 O7 548.282723 548.282702 -0.04 

b10+Me -NH3 2+ C53 H77 N12 O15 561.284931 561.285026 0.17 

y9 2+ 

C48 H73 N12 O18 

S1 

569.247689 569.247688 

0.00 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.798258 0.09 

c10+Me 2+ C53 H83 N14 O15 578.31148 578.311542 0.11 

y15+Me 3+ 

C79 H121 N20 O26 

S1 

599.954055 599.954147 

0.15 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329656 -0.03 

b5+Me -H2O 1+ C32 H42 N7 O7 636.314023 636.314105 0.13 

y5 1+ 

C24 H41 N6 O12 

S1 

637.249754

2 

637.249756 

0.00 

GIVTNW-CO 1+ C31 H47 N8 O7 643.356222 643.35612 -0.16 

M+3H-H2O 3+ 

C88 H128 N21 O27 

S1 

648.304976 648.305091 

0.18 

M+3H 3+ 

C88 H132 N21 O28 

S1 

654.308498 654.307583 

-1.40 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.366605 -0.28 

b11+Me 2+ C64 H90 N15 O16 662.837862 662.838152 0.44 

c5+Me 1+ C32 H47 N8 O8 671.351137 671.351108 -0.04 

b6+Me -H2O 1+ C34 H45 N8 O8 693.335487 693.335456 -0.04 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.345955 -0.14 

b12+Me 2+ C68 H95 N16 O19 720.351334 720.351286 -0.07 

c6+Me 1+ C34 H50 N9 O9 728.372601 728.372567 -0.05 

y12+Me 2+ 

C63 H96 N17 O21 

S1 

729.837734 729.8378 

0.09 

x12 2+ C64 H95 N17 O22 

S1 

742.827366 742.827145 -0.30 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.435123 -0.10 

b13+Me 2+ C72 H100 N17 O22 777.864805 777.864693 -0.14 

y13+Me -H2O 2+ 

C68 H101 N18 O23 

S1 

785.353748 785.353911 

0.21 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.434967 -0.29 

y6-H2O 1+ 

C35 H49 N8 O12 

S1 

805.318516 805.31855 

0.04 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.419551 0.00 

x13 2+ C69 H102 N18 O25 

S1 

807.348662 807.34893 0.33 

y6 1+ 

C35 H51 N8 O13 

S1 

823.329081 823.329089 

0.01 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430128 0.01 

b14+Me 2+ 

C77 H109 N18 O23 

S1 

843.385048 843.385706 

0.78 

y14+Me 2+ 

C74 H114 N19 O25 

S1 

850.901062 850.900851 

-0.25 

PIEH(Methyl)GIVT 1+ C40 H65 N10 O11 861.482879 861.482681 -0.23 

x14 2+ C75 H113 N19 O26 

S1 

863.890694 863.891243 0.64 

y15+Me -H2O 2+ 

C79 H119 N20 O25 

S1 

890.422162 890.422613 

0.51 

y15+Me 2+ 

C79 H121 N20 O26 

S1 

899.427444 899.428128 

0.76 

b8+Me -H2O 1+ C45 H65 N10 O10 905.487965 905.487793 -0.19 

b15+Me 2+ 

C82 H116 N19 O26 

S1 

907.906344 907.906079 

-0.29 

y7-H2O 1+ 

C39 H55 N10 O14 

S1 

919.361444 919.361158 

-0.31 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 

920.34546 920.345251 

-0.23 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.498428 -0.11 

y7 1+ 

C39 H57 N10 O15 

S1 

937.372097

1 

937.372029 

-0.07 

c8+Me 1+ C45 H70 N11 O11 940.525079 940.524844 -0.25 

PIEH(Methyl)GIVT

N 1+ C44 H71 N12 O13 

975.525807 975.526052 

0.25 

b9+Me -H2O 1+ C49 H72 N11 O12 

1006.53564

3 

1006.53539

1 -0.25 

y8-H2O 1+ 

C43 H62 N11 O16 

S1 

1020.40912

2 

1020.40868

7 -0.43 

y8-NH3 1+ 

C43 H61 N10 O17 

S1 

1021.39313

8 

1021.39295

4 -0.18 

b9+Me 1+ C49 H74 N11 O13 

1024.54620

8 

1024.54613

5 -0.07 

y8 1+ 

C43 H64 N11 O17 

S1 

1038.41967

7 

1038.41966

4 -0.01 

y9-H2O 1+ 

C48 H71 N12 O17 

S1 

1119.47753

6 

1119.47759

7 0.05 

b10+Me -NH3 1+ C53 H77 N12 O15 

1121.56258

6 

1121.56250

3 -0.07 

y9 1+ 

C48 H73 N12 O18 

S1 

1137.48809

1 

1137.48807

3 -0.02 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58885 

-0.25 

c10+Me 1+ C53 H83 N14 O15 

1155.61568

4 

1155.61532

4 -0.31 

y10 1+ 

C54 H84 N13 O19 

S1 

1250.57216

5 

1250.57272

4 0.45 

y11 1+ 

C56 H87 N14 O20 

S1 

1307.59362

9 

1307.59318

8 -0.34 

Average error -0.01 

Absolute average error 0.17 

Standard deviation 0.21 

 

 

Table S3. 9 Peak assignment table for the 193 nm MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

W 1+ C10 H11 N2 159.091675 159.091667 -0.05 

PI-CO 1+ C10 H19 N2 O1 183.14919 183.149305 0.63 

TN 1+ C8 H14 N3 O4 216.097882 216.097801 -0.37 

a2 1+ C13 H17 N2 O2 233.128454 233.128452 -0.01 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.14484 0.03 

b2 1+ C14 H17 N2 O3 

261.123370

5 

261.123371 

0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113881 0.05 

y2 1+ C11 H22 N3 O5 276.155397 276.155352 -0.16 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124426 -0.02 

NW 1+ C15 H17 N4 O3 301.129517 301.129392 -0.42 

H(Methyl)GI 1+ C15 H24 N5 O3 322.187366 322.18734 -0.08 

PIE 1+ C16 H26 N3 O5 340.186697 340.18667 -0.08 

a3 1+ C19 H28 N3 O3 346.212518 346.212471 -0.14 

b3 1+ C20 H28 N3 O4 374.207433 374.207225 -0.56 

z3 1+ 

C16 H29 N3 O6 

S1 

391.177158 391.177023 

-0.35 

IEH(Methyl) 1+ C18 H28 N5 O5 394.208495 394.208495 0.00 

a7+Me 1+ C39 H58 N9 O9 398.721239 398.721143 -0.24 

y3 1+ 

C16 H31 N4 O6 

S1 

407.195874

2 

407.195871 

-0.01 

y6 2+ 

C35 H51 N8 O13 

S1 

412.168171

8 

412.168089 

-0.20 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718706 0.02 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255719 -0.14 

IEH(Methyl)G-H2O 1+ C20 H29 N6 O5 433.219394 433.219336 -0.13 

a8+Me 2+ 

C44 H67 N10 

O10 

448.255446 448.255399 

-0.10 

y7-NH3 2+ 

C39 H54 N9 O15 

S1 

460.676368 460.67623 

-0.30 

b8+Me 2+ 

C45 H68 N10 

O11 

462.252903 462.252843 

-0.13 

y7 2+ 

C39 H58 N10 

O15 S1 

469.189643 469.189533 

-0.23 

a4 1+ C24 H35 N4 O6 475.255111 475.254945 -0.35 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261196 -0.13 

b4 1+ C25 H35 N4 O7 503.250026 503.249855 -0.34 

b9+Me -H2O 2+ 

C49 H72 N11 

O12 

503.77146 503.771445 

-0.03 

z4 1+ 

C20 H34 N4 O9 

S1 

506.204101 506.203867 

-0.46 

y8-NH3 1+ 

C43 H61 N10 

O17 S1 

511.200207 511.200203 

-0.01 

b9+Me 1+ 

C49 H74 N11 

O13 

512.776742 512.776624 

-0.23 

y8 1+ 

C43 H64 N11 

O17 S1 

519.713482 519.713461 

-0.04 

y4 1+ 

C20 H36 N5 O9 

S1 

522.222814

2 

522.22282 

0.01 

EH(Methyl)GIV-H2O 1+ C25 H38 N7 O6 532.287808 532.287675 -0.25 

PIEH(Methyl)G 1+ C25 H38 N7 O7 548.282723 548.282531 -0.35 

b10+Me -NH3 2+ 

C53 H77 N12 

O15 

561.284931 561.284854 

-0.14 

y9 2+ 

C48 H73 N12 

O18 S1 

569.247689 569.24763 

-0.10 

b10+Me 2+ 

C53 H80 N13 

O15 

569.798206 569.798197 

-0.02 

c10+Me 2+ 

C53 H83 N14 

O15 

578.31148 578.31148 

0.00 

y15+Me 2+ 

C79 H121 N20 

O26 S1 

599.954055 599.954395 

0.57 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329626 -0.08 

b5+Me -H2O 1+ C32 H42 N7 O7 636.314023 636.313986 -0.06 

y5 1+ 

C24 H41 N6 O12 

S1 

637.249754

2 

637.249876 

0.19 

GIVTNW-CO 1+ C31 H47 N8 O7 643.356222 643.35644 0.34 

M+3H-H2O 3+ 

C88 H128 N21 

O27 S1 

648.304976 648.30529 

0.48 

M+3H 3+ 

C88 H132 N21 

O28 S1 

654.308498 654.306831 

-2.55 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.366865 0.12 

b11+Me 2+ 

C64 H90 N15 

O16 

662.837862 662.837833 

-0.04 

c5+Me 1+ C32 H47 N8 O8 671.351137 671.351159 0.03 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.3458 -0.35 

b12+Me 2+ 

C68 H95 N16 

O19 

720.351334 720.351649 

0.44 

c6+Me 1+ C34 H50 N9 O9 728.372601 728.372222 -0.52 

y12+Me 2+ 

C63 H96 N17 

O21 S1 

729.837734 729.838107 

0.51 

x12 2+ C64 H95 N17 

O22 S1 

742.827366 742.82722 -0.20 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.435269 0.09 

b13+Me 2+ 

C72 H100 N17 

O22 

777.864805 777.864824 

0.02 

y13+Me -H2O 2+ 

C68 H101 N18 

O23 S1 

785.353748 785.353689 

-0.08 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.434924 -0.35 

y6-H2O 1+ 

C35 H49 N8 O12 

S1 

805.318516 805.318189 

-0.41 

x13 2+ C69 H102 N18 

O25 S1 

806.419551 806.419569 0.31 

b7+Me -H2O 1+ C40 H56 N9 O9 807.348662 807.348914 0.02 

y6 1+ 

C35 H51 N8 O13 

S1 

823.329081 823.329326 

0.30 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430208 0.11 

b14+Me 2+ 

C77 H109 N18 

O23 S1 

843.385048 843.384241 

-0.96 

y14+Me 2+ 

C74 H114 N19 

O25 S1 

850.901062 850.901291 

0.27 

PIEH(Methyl)GIVT 1+ 

C40 H65 N10 

O11 

861.482879 861.482385 

-0.57 

x14 2+ C75 H113 N19 

O26 S1 

863.890694 863.890991 0.34 

y15+Me -H2O 2+ 

C79 H119 N20 

O25 S1 

890.422162 890.422119 

-0.05 

y15+Me 2+ 

C79 H121 N20 

O26 S1 

899.427444 899.427824 

0.42 

b8+Me -H2O 1+ 

C45 H65 N10 

O10 

905.487965 905.487673 

-0.32 

b15+Me 2+ 

C82 H116 N19 

O26 S1 

907.906344 907.906553 

0.23 

y7-NH3 1+ 

C39 H54 N9 O15 

S1 

920.34546 920.34538 

-0.09 

b8+Me 1+ 

C45 H67 N10 

O11 

923.498529 923.498854 

0.35 



Chapter 3 – Distinguishing between methylated histidine isomers generated as a post-

translational modification of actin 

 

225 

 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y7 1+ 

C39 H57 N10 

O15 S1 

937.372097

1 

937.372011 

-0.09 

c8+Me 1+ 

C45 H70 N11 

O11 

940.525079 940.525239 

0.17 

PIEH(Methyl)GIVT

N 1+ 

C44 H71 N12 

O13 

975.525807 975.52586 

0.05 

b9+Me -H2O 1+ 

C49 H72 N11 

O12 

1006.53564

3 

1006.53563

6 -0.01 

y8-H2O 1+ 

C43 H62 N11 

O16 S1 

1020.40912

2 

1020.40851

2 -0.60 

y8-NH3 1+ 

C43 H61 N10 

O17 S1 

1021.39313

8 

1021.39326

8 0.13 

b9+Me 1+ 

C49 H74 N11 

O13 

1024.54620

8 

1024.54624

4 0.04 

y8 1+ 

C43 H64 N11 

O17 S1 

1038.41967

7 

1038.41989

6 0.21 

y9-H2O 1+ 

C48 H71 N12 

O17 S1 

1119.47753

6 

1119.47815

2 0.55 

y9 1+ 

C48 H73 N12 

O18 S1 

1137.48809

1 

1137.48808

5 -0.01 

b10+Me 1+ 

C53 H80 N13 

O15 

1138.58913

5 

1138.58916

6 0.03 

c10+Me 1+ 

C53 H83 N14 

O15 

1155.61568

4 

1155.61568 

0.00 

Average error -0.09 

Absolute average error 0.24 

Standard deviation 0.32 
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Table S3. 10 Peak assignment table for the 213 nm MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

W 1+ C10 H11 N2 159.091675 159.091675 0.00 

PI-CO 1+ C10 H19 N2 O1 183.14919 183.149196 0.03 

TN 1+ C8 H14 N3 O4 216.097882 216.097884 0.01 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144834 0.00 

b2 1+ C14 H17 N2 O3 

261.123370

5 261.123367 -0.01 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113877 0.04 

y2 1+ C11 H22 N3 O5 276.155397 276.155405 0.03 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124441 0.04 

NW 1+ C15 H17 N4 O3 301.129517 301.129507 -0.03 

H(Methyl)GI 1+ C15 H24 N5 O3 322.187366 322.187391 0.08 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665933 0.00 

PIE 1+ C16 H26 N3 O5 340.186697 340.186724 0.08 

b3 1+ C20 H28 N3 O4 374.207433 374.207461 0.07 

z3 1+ 

C16 H29 N3 O6 

S1 391.177158 391.177196 0.10 

IEH(Methyl) 1+ C18 H28 N5 O5 394.208495 394.208521 0.07 

a7+Me 2+ C39 H58 N9 O9 398.721239 398.721237 -0.01 

y3 1+ 

C16 H31 N4 O6 

S1 

407.195874

2 407.195873 0.00 

b7+Me 2+ 

C40 H58 N9 

O10 412.718696 412.718706 0.02 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255835 0.13 

IEH(Methyl)G-H2O 1+ C20 H29 N6 O5 433.219394 433.219441 0.11 

a8+Me 2+ 

C44 H67 N10 

O10 448.255446 448.255463 0.04 

b8+Me 2+ 

C45 H68 N10 

O11 462.252903 462.252916 0.03 

y7 2+ 

C39 H58 N10 

O15 S1 469.189643 469.189645 0.00 

c8+Me 2+ 

C45 H70 N11 

O11 470.766178 470.766195 0.04 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261334 0.15 

a9+Me 2+ 

C48 H74 N11 

O12 498.779285 498.779298 0.03 

b4 1+ C25 H35 N4 O7 503.250026 503.250083 0.11 

b9+Me -H2O 2+ 

C49 H72 N11 

O12 503.77146 503.771493 0.07 

z4 1+ 

C20 H34 N4 O9 

S1 506.204101 506.204153 0.10 

b9+Me 2+ C49 H74 N11 512.776742 512.776756 0.03 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

O13 

c4 1+ C25 H38 N5 O7 520.276575 520.276598 0.04 

y4 1+ 

C20 H36 N5 O9 

S1 

522.222814

2 522.222838 0.05 

EH(Methyl)GIV-

H2O 1+ C25 H38 N7 O6 532.287808 532.287866 0.11 

PIEH(Methyl)G 1+ C25 H38 N7 O7 548.282723 548.282811 0.16 

a10+Me 2+ 

C52 H80 N13 

O14 555.800749 555.800834 0.15 

b10+Me -NH3 2+ 

C53 H77 N12 

O15 561.284931 561.28498 0.09 

y9 2+ 

C48 H73 N12 

O18 S1 569.247689 569.24769 0.00 

b10+Me 2+ 

C53 H80 N13 

O15 569.798206 569.798267 0.11 

c10+Me 2+ 

C53 H83 N14 

O15 578.31148 578.311496 0.03 

z5 1+ 

C24 H39 N5 

O12 S1 621.231044 621.231019 -0.04 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329807 0.21 

b5+Me -H2O 1+ C32 H42 N7 O7 636.314023 636.314094 0.11 

y5 1+ 

C24 H41 N6 

O12 S1 

637.249754

2 637.249794 0.06 

GIVTNW-CO 1+ C31 H47 N8 O7 643.356222 643.356278 0.09 

M+3H-H2O 3+ 

C88 H128 N21 

O27 S1 648.304976 648.304893 -0.13 

M+3H 3+ 

C88 H132 N21 

O28 S1 654.308498 654.307622 -1.34 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.366846 0.09 

b11+Me 2+ 

C64 H90 N15 

O16 662.837862 662.838092 0.35 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.34611 0.08 

b12+Me 2+ 

C68 H95 N16 

O19 720.351334 720.351289 -0.06 

y12+Me 2+ 

C63 H96 N17 

O21 S1 729.837734 729.837737 0.00 

x12 2+ C64 H95 N17 

O22 S1 

742.827366 742.827318 -0.06 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 760.435201 760.4353 0.13 

b13+Me 2+ 

C72 H100 N17 

O22 777.864805 777.864751 -0.07 

y13+Me -H2O 2+ 

C68 H101 N18 

O23 S1 785.353748 785.353739 -0.01 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.435154 -0.06 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.419621 0.09 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

x13 2+ C69 H102 N18 

O25 S1 

807.348662 807.349682 1.26 

y6 1+ 

C35 H51 N8 

O13 S1 823.329081 823.328988 -0.11 

b7+Me 1+ 

C40 H58 N9 

O10 824.430116 824.430295 0.22 

y14+Me 2+ 

C74 H114 N19 

O25 S1 850.901062 850.900879 -0.22 

PIEH(Methyl)GIVT 1+ 

C40 H65 N10 

O11 861.482879 861.483007 0.15 

y15+Me 2+ 

C79 H121 N20 

O26 S1 899.427444 899.427984 0.60 

b8+Me -H2O 1+ 

C45 H65 N10 

O10 905.487965 905.488022 0.06 

y7-NH3 1+ 

C39 H54 N9 

O15 S1 920.34546 920.345438 -0.02 

b8+Me 1+ 

C45 H67 N10 

O11 923.498529 923.498578 0.05 

y7 1+ 

C39 H57 N10 

O15 S1 

937.372097

1 937.372008 -0.10 

c8+Me 1+ 

C45 H70 N11 

O11 940.525079 940.525202 0.13 

PIEH(Methyl)GIVT

N 1+ 

C44 H71 N12 

O13 975.525807 975.525821 0.01 

b9+Me -H2O 1+ 

C49 H72 N11 

O12 

1006.53564

3 1006.53566 0.02 

y8-NH3 1+ 

C43 H61 N10 

O17 S1 

1021.39313

8 

1021.39282

4 -0.31 

b9+Me 1+ 

C49 H74 N11 

O13 

1024.54620

8 

1024.54631

3 0.10 

y8 1+ 

C43 H64 N11 

O17 S1 

1038.41967

7 1038.4196 -0.07 

b10+Me -NH3 1+ 

C53 H77 N12 

O15 

1121.56258

6 

1121.56260

1 0.01 

y9 1+ 

C48 H73 N12 

O18 S1 

1137.48809

1 

1137.48807

2 -0.02 

b10+Me 1+ 

C53 H80 N13 

O15 

1138.58913

5 

1138.58909

5 -0.04 

c10+Me 1+ 

C53 H83 N14 

O15 

1155.61568

4 

1155.61555

2 -0.11 

y11 1+ 

C56 H87 N14 

O20 S1 

1307.59362

9 

1307.59319

8 -0.33 

Average error 0.02 

Absolute average error 0.10 

Standard deviation 0.17 
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Table S3. 11 Peak assignment table for the 213 nm MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

W 1+ C10 H11 N2 159.091675 159.091677 0.01 

PI-CO 1+ C10 H19 N2 O1 183.14919 183.149194 0.02 

TN 1+ C8 H14 N3 O4 216.097882 216.097884 0.01 

a2 1+ C13 H17 N2 O2 233.128454 233.128456 0.01 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144834 0.00 

b2 1+ C14 H17 N2 O3 

261.123370

5 

261.123372 

0.01 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113887 0.08 

y2 1+ C11 H22 N3 O5 276.155397 276.155403 0.02 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124454 0.08 

NW 1+ C15 H17 N4 O3 301.129517 301.129499 -0.06 

H(Methyl)GI 1+ C15 H24 N5 O3 322.187366 322.187394 0.09 

PIE 1+ C16 H26 N3 O5 340.186697 340.186715 0.05 

b3 1+ C20 H28 N3 O4 346.212518 374.207457 0.06 

z3 1+ C16 H29 N3 O6 S1 374.207433 391.177177 0.05 

IEH(Methyl) 1+ C18 H28 N5 O5 391.177158 394.208531 0.09 

a7+Me 2+ C39 H58 N9 O9 394.208495 398.72125 0.03 

y3 1+ C16 H31 N4 O6 S1 398.721239 407.195871 -0.01 

y6 2+ C35 H51 N8 O13 S1 

407.195874

2 

412.168226 

0.13 

b7+Me 2+ C40 H58 N9 O10 

412.168171

8 

412.718694 

0.00 

H(Methyl)GIV 1+ C20 H33 N6 O4 412.718696 421.25583 0.12 

IEH(Methyl)G-H2O 1+ C20 H29 N6 O5 421.25578 433.21945 0.13 

a8+Me 2+ C44 H67 N10 O10 433.219394 448.255438 -0.02 

y7-NH3 2+ C39 H54 N9 O15 S1 448.255446 460.676394 0.06 

b8+Me 2+ C45 H68 N10 O11 460.676368 462.252907 0.01 

y7 2+ C39 H58 N10 O15 S1 462.252903 469.189618 -0.05 

PIEH(Methyl) 1+ C23 H35 N6 O6 469.189643 491.261334 0.15 

a9+Me 2+ C48 H74 N11 O12 475.255111 498.779322 0.07 

b4 1+ C25 H35 N4 O7 491.261259 503.250057 0.06 

b9+Me -H2O 2+ C49 H72 N11 O12 503.250026 503.77148 0.04 

z4 1+ C20 H34 N4 O9 S1 503.77146 506.20416 0.12 

y8-NH3 1+ C43 H61 N10 O17 S1 506.204101 511.200202 -0.01 

b9+Me 1+ C49 H74 N11 O13 511.200207 512.776744 0.00 

y8 1+ C43 H64 N11 O17 S1 512.776742 519.713478 -0.01 

y4 1+ C20 H36 N5 O9 S1 519.713482 522.222831 0.03 

EH(Methyl)GIV- 1+ C25 H38 N7 O6 522.222814 532.287858 0.09 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

H2O 2 

PIEH(Methyl)G 1+ C25 H38 N7 O7 532.287808 548.282825 0.19 

a10+Me 2+ C52 H80 N13 O14 548.282723 555.800798 0.09 

b10-NH3 2+ C53 H77 N12 O15 561.284931 561.284943 0.02 

y9 2+ C48 H73 N12 O18 S1 569.247689 569.247649 -0.07 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.798216 0.02 

c10+Me 2+ C53 H83 N14 O15 578.31148 578.311472 -0.01 

y15+Me 2+ C79 H121 N20 O26 S1 599.954055 599.954193 0.23 

z5 1+ C24 H39 N5 O12 S1 626.329673 621.231057 0.02 

a5+Me 1+ C31 H44 N7 O7 636.314023 626.329666 -0.01 

y5 1+ C24 H41 N6 O12 S1 

637.249754

2 

637.249768 

0.02 

M+3H-H2O 3+ C88 H128 N21 O27 S1 643.356222 648.304874 -0.16 

M+3H 3+ C88 H132 N21 O28 S1 648.304976 654.307797 -1.07 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 654.308498 661.366809 0.03 

b11+Me 2+ C64 H90 N15 O16 661.366787 662.83818 0.48 

c5+Me 1+ C32 H47 N8 O8 662.837862 671.351176 0.06 

b6+Me 1+ C34 H47 N8 O9 671.351137 711.346041 -0.02 

b12+Me 2+ C68 H95 N16 O19 711.346052 720.351272 -0.09 

c6+Me 1+ C34 H50 N9 O9 720.351334 728.372632 0.04 

PIEH(Methyl)GIV 1+ C36 H58 N9 O9 728.372601 760.435251 0.07 

b13+Me 2+ C72 H100 N17 O22 729.837734 777.864734 -0.09 

x12 2+ C64 H95 N17 O22 S1 742.827366 742.827004 -0.49 

y13+Me -H2O 2+ C68 H101 N18 O23 S1 760.435201 785.353765 0.02 

a7+Me 1+ C39 H58 N9 O9 777.864805 796.435281 0.10 

b7+Me -H2O 1+ C40 H56 N9 O9 785.353748 806.41951 -0.05 

y6 1+ C35 H51 N8 O13 S1 796.435201 823.328962 -0.14 

b7+Me 1+ C40 H58 N9 O10 805.318516 824.430166 0.06 

y14+Me 2+ C74 H114 N19 O25 S1 806.419551 850.900971 -0.11 

x13 2+ C69 H102 N18 O25 S1 807.348662 807.348837 0.22 

y15+Me 2+ C79 H121 N20 O26 S1 823.329081 899.427932 0.54 

b8+Me -H2O 1+ C45 H65 N10 O10 824.430116 905.488163 0.22 

y7-NH3 1+ C39 H54 N9 O15 S1 843.385048 920.345458 0.00 

b8+Me 1+ C45 H67 N10 O11 850.901062 923.498529 0.00 

y7 1+ C39 H57 N10 O15 S1 861.482879 937.372048 -0.05 

c8+Me 1+ C45 H70 N11 O11 890.422162 940.525028 -0.05 

PIEH(Methyl)GIVT

N 1+ C44 H71 N12 O13 

899.427444 975.525874 

0.07 

b9+Me -H2O 1+ C49 H72 N11 O12 

905.487965 1006.53564

2 0.00 

y8-NH3 1+ C43 H61 N10 O17 S1 907.906344 1021.39322 0.08 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

4 

b9+Me 1+ C49 H74 N11 O13 

920.34546 1024.54637

1 0.16 

y8 1+ C43 H64 N11 O17 S1 

923.498529 1038.41950

1 -0.17 

y9 1+ C48 H73 N12 O18 S1 

937.372097

1 

1137.48806

7 -0.02 

b10+Me 1+ C53 H80 N13 O15 

940.525079 1138.58907

6 -0.05 

c10+Me 1+ C53 H83 N14 O15 

975.525807 1155.61559

4 -0.08 

Average error 0.02 

Absolute average error 0.09 

Standard deviation 0.15 

  

Table S3. 12 Peak assignment table for the ECD MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

VT 1+ C9 H17 N2 O3 201.123369 201.123386 0.08 

z2 1+ C11 H20 N2 O5 260.136678 260.136673 -0.02 

y2 1+ C11 H22 N3 O5 276.155397 276.155432 0.13 

c2 1+ C14 H20 N3 O3 278.149918 278.149952 0.12 

z3-C3H6S 1+ C13 H23 N3 O6 317.158138 317.158178 0.13 

z3 1+ C16 H29 N3 O6 S1 391.177159 391.177158 0.00 

c3 1+ C20 H31 N4 O4 391.233982 391.234009 0.07 

y3 1+ C16 H31 N4 O6 S1 407.195882 407.19591 0.07 

z4-CO2 1+ C19 H34 N4 O7 S1 462.214273 462.214336 0.14 

z4 1+ C20 H34 N4 O9 S1 506.204101 506.204102 0.00 

c4 1+ C25 H38 N5 O7 520.276575 520.276556 -0.04 

y4 1+ C20 H36 N5 O9 S1 522.222827 522.222951 0.24 

z5-CO2 1+ C23 H39 N5 O10 S1 577.241217 577.2414 0.32 

z5 1+ C24 H39 N5 O12 S1 621.231044 621.231167 0.20 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329903 0.37 

y5 1+ C24 H41 N6 O12 S1 637.249771 637.24989 0.19 

M+3H 3+ C88 H132 N21 O28 S1 654.308498 654.308453 -0.07 

c5+Me 1+ C32 H47 N8 O8 671.351138 671.351148 0.01 

c6+Me 1+ C34 H50 N9 O9 728.372602 728.37274 0.19 

z6-C3H6S 1+ C32 H43 N7 O13 733.291339 733.291638 0.41 

z6-CO2 1+ C34 H49 N7 O11 S1 763.32053 763.320694 0.21 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z7-C9H7N 1+ C30 H48 N8 O15 S1 792.295439 792.295879 0.56 

y13+Me 2+ C68 H103 N18 O24 S1 794.359033 794.358949 -0.11 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.435441 0.30 

z6 1+ C35 H49 N7 O13 S1 807.310357 807.310613 0.32 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.329297 0.26 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430633 0.63 

c7+Me 1+ C40 H61 N10 O10 841.456666 841.456959 0.35 

z14+Me 1+ C74 H112 N18 O25 S1 842.891702 842.892216 0.61 

z7-C3H6S 1+ C36 H49 N9 O15 847.334267 847.334503 0.28 

c14+Me 2+ C77 H112 N19 O23 S1 851.898324 851.898949 0.73 

z7-CO2 1+ C38 H55 N9 O12 S1 877.363458 877.36382 0.41 

c15+Me 2+ C82 H119 N20 O26 S1 916.419619 916.419752 0.15 

z7 1+ C39 H55 N9 O15 S1 921.353288 921.353668 0.41 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.499135 0.66 

c8+Me 1+ C45 H70 N11 O11 940.525079 940.525366 0.31 

z8-C3H6S 1+ C40 H62 N10 O17 S1 948.381946 948.382353 0.43 

VTNWDDME-

CO 1+ C41 H59 N10 O15 S1 963.387658 963.388112 0.47 

M+2H 2+ C88 H130 N21 O28 S1 980.959108 980.959565 0.47 

b9+Me-H2O 1+ C49 H72 N11 O12 1006.535643 

1006.53589

3 0.25 

y8-NH3 1+ C43 H61 N10 O17 S1 1021.393138 

1021.39302

2 -0.11 

z8 1+ C43 H62 N10 O17 S1 1022.400963 

1022.40279

3 1.79 

b9+Me 1+ C49 H74 N11 O13 1024.546208 

1024.54755

5 1.31 

y8 1+ C43 H64 N11 O17 S1 1038.419677 

1038.42037

7 0.67 

c9+Me 1+ C49 H77 N12 O13 1041.572757 

1041.57279

9 0.04 

z9 1+ C48 H71 N11 O18 S1 1121.469377 

1121.47066

2 1.15 

y9 1+ C48 H73 N12 O18 S1 1137.488091 1137.48903 0.83 

b10+Me 1+ C53 H80 N13 O15 1138.589135 

1138.59054

1 1.23 

c10+Me 1+ C53 H83 N14 O15 1155.615687 1155.61621 0.45 

z10-CO2 1+ C53 H82 N12 O17 S1 1190.563615 

1190.56460

9 0.83 

z10 1+ C54 H82 N12 O19 S1 1234.553445 

1234.55435

9 0.74 

z11-CO2 1+ C55 H85 N13 O18 S1 1247.585079 

1247.58590

9 0.67 

y10 1+ C54 H84 N13 O19 S1 1250.572165 

1250.57300

4 0.67 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z11 1+ C56 H85 N13 O20 S1 1291.574904 

1291.57629

8 1.08 

y11 1+ C56 H87 N14 O20 S1 1307.593629 

1307.59546

6 1.40 

c11+Me 1+ C64 H93 N16 O16 1341.694997 

1341.69639

7 1.04 

z12-CO2+Me 1+ C62 H94 N16 O19 S1 1398.659641 

1398.66045

7 0.58 

z12+Me 1+ C63 H94 N16 O21 S1 1442.649466 

1442.65046

4 0.69 

c12+Me 1+ C68 H98 N17 O19 1456.721944 

1456.72213

4 0.13 

c13+Me 1+ C72 H103 N18 O22 1571.748884 

1571.75055

4 1.06 

c14+Me 1+ C77 H112 N19 O23 S1 1702.789373 

1702.78864

2 -0.43 

Average error 0.43 

Absolute average error 0.45 

Standard deviation 0.40 
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Table S3. 13 Peak assignment table for the ECD MS/MS spectrum of the synthetic 

peptide with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

VT 1+ C9 H17 N2 O3 201.123369 201.12337 0.00 

z2 1+ C11 H20 N2 O5 260.136678 260.136673 -0.03 

y2 1+ C11 H22 N3 O5 276.155397 276.155425 0.12 

c2 1+ C14 H20 N3 O3 278.149918 278.149948 0.12 

z3-C3H6S 1+ C13 H23 N3 O6 317.158138 317.158166 0.10 

z3 1+ C16 H29 N3 O6 S1 391.177159 391.177158 0.00 

c3 1+ C20 H31 N4 O4 391.233982 391.233994 0.02 

y3 1+ C16 H31 N4 O6 S1 407.195882 407.195896 0.04 

z4-CO2 1+ C19 H34 N4 O7 S1 462.214273 462.214286 0.04 

z4 1+ C20 H34 N4 O9 S1 506.204101 506.204079 -0.04 

c4 1+ C25 H38 N5 O7 520.276575 520.276614 0.07 

y4 1+ C20 H36 N5 O9 S1 522.222827 522.222895 0.14 

z5-CO2 1+ C23 H39 N5 O10 S1 577.241217 577.241296 0.14 

z5 1+ C24 H39 N5 O12 S1 621.231044 621.231051 0.01 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329997 0.52 

y5 1+ C24 H41 N6 O12 S1 637.249771 637.249785 0.01 

M+H 3+ C88 H132 N21 O28 S1 654.308498 654.308157 -0.52 

c5+Me 1+ C32 H47 N8 O8 671.351138 671.351102 -0.06 

c6+Me 1+ C34 H50 N9 O9 728.372602 728.372557 -0.06 

z6-C3H6S 1+ C32 H43 N7 O13 733.291339 733.291416 0.11 

z6-CO2 1+ C34 H49 N7 O11 S1 763.32053 763.320576 0.07 

z7-C9H7N 1+ C30 H48 N8 O15 S1 792.295439 792.29566 0.28 

y13+Me 2+ C68 H103 N18 O24 S1 794.359033 794.359363 0.41 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.435472 0.34 

z6 1+ C35 H49 N7 O13 S1 807.310357 807.310397 0.05 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.32907 -0.01 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430327 0.26 

c7+Me 1+ C40 H61 N10 O10 841.456666 841.456663 -0.01 

z14+Me 1+ C74 H112 N18 O25 S1 842.891702 842.891945 0.29 

z7-C3H6S 1+ C36 H49 N9 O15 847.334267 847.334228 -0.04 

c14+Me 2+ C77 H112 N19 O23 S1 851.898324 851.898568 0.29 

z7-CO2 1+ C38 H55 N9 O12 S1 877.363458 877.363478 0.03 

c15+Me 2+ C82 H119 N20 O26 S1 916.419619 916.41932 -0.33 

z7 1+ C39 H55 N9 O15 S1 921.353288 921.353292 0.00 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.498841 0.34 

c8+Me 1+ C45 H70 N11 O11 940.525079 940.524966 -0.12 

z8-C3H6S 1+ C40 H62 N10 O17 S1 948.381946 948.381936 -0.01 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

VTNWDDME-

CO 1+ C41 H59 N10 O15 S1 963.387658 963.387889 0.24 

M+2H 2+ C88 H130 N21 O28 S1 980.959108 980.95889 -0.22 

b9+Me-H2O 1+ C49 H72 N11 O12 

1006.53564

3 

1006.53628

3 0.63 

y8-NH3 1+ C43 H61 N10 O17 S1 

1021.39313

8 

1021.39292

7 -0.20 

z8 1+ C43 H62 N10 O17 S1 

1022.40096

3 

1022.40208

6 1.10 

b9+Me 1+ C49 H74 N11 O13 

1024.54620

8 

1024.54651

3 0.29 

y8 1+ C43 H64 N11 O17 S1 

1038.41967

7 

1038.41987

9 0.20 

c9+Me 1+ C49 H77 N12 O13 

1041.57275

7 

1041.57220

8 -0.53 

z9 1+ C48 H71 N11 O18 S1 

1121.46937

7 

1121.46991

8 0.48 

y9 1+ C48 H73 N12 O18 S1 

1137.48809

1 

1137.48827

8 0.17 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58965

5 0.45 

c10+Me 1+ C53 H83 N14 O15 

1155.61568

7 

1155.61539

3 -0.26 

z10-CO2 1+ C53 H82 N12 O17 S1 

1190.56361

5 

1190.56375

4 0.11 

z10 1+ C54 H82 N12 O19 S1 

1234.55344

5 

1234.55340

3 -0.04 

z11-CO2 1+ C55 H85 N13 O18 S1 

1247.58507

9 

1247.58544

8 0.30 

y10 1+ C54 H84 N13 O19 S1 

1250.57216

5 

1250.57213

4 -0.03 

z11 1+ C56 H85 N13 O20 S1 

1291.57490

4 

1291.57575

2 0.66 

y11 1+ C56 H87 N14 O20 S1 

1307.59362

9 

1307.59456

5 0.71 

c11+Me 1+ C64 H93 N16 O16 

1341.69499

7 

1341.69508

8 0.07 

z12-CO2+Me 1+ C62 H94 N16 O19 S1 

1398.65964

1 

1398.65937

8 -0.19 

z12+Me 1+ C63 H94 N16 O21 S1 

1442.64946

6 

1442.64955

1 0.06 

c12+Me 1+ C68 H98 N17 O19 

1456.72194

4 

1456.72066

6 -0.87 

c13+Me 1+ C72 H103 N18 O22 

1571.74888

4 1571.74889 0.00 

c14+Me 1+ C77 H112 N19 O23 S1 1702.78937 1702.78731 -1.21 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

3 7 

Average error 0.07 

Absolute average error 0.23 

Standard deviation 0.27 

  

Table S3. 14 Peak assignment table for the EID MS/MS spectrum of the synthetic peptide 

with the sequence [YPIEH(τ-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

VT 1+ C9 H17 N2 O3 201.123369 201.123381 0.06 

PI 1+ C11 H19 N2 O2 211.144104 211.14413 0.12 

IE 1+ C11 H19 N2 O4 243.133934 243.133965 0.13 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144869 0.14 

z2 1+ C11 H20 N2 O5 260.136678 260.136678 0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113901 0.13 

y2 1+ C11 H22 N3 O5 276.155397 276.155412 0.05 

c2 1+ C14 H20 N3 O3 278.149918 278.149926 0.03 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.12448 0.17 

z3-C3H6S 1+ C13 H23 N3 O6 317.158138 317.158172 0.11 

EH(Methyl)G-

H2O 1+ C14 H18 N5 O4 320.135331 320.13541 0.25 

PIE 1+ C16 H26 N3 O5 340.186697 340.186705 0.02 

z3 1+ C16 H29 N3 O6 S1 391.177159 391.177171 0.03 

c3 1+ C20 H31 N4 O4 391.233982 391.23399 0.02 

y3 1+ C16 H31 N4 O6 S1 407.195882 407.195894 0.03 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.255844 0.15 

IEH(Methyl)G-

H2O 1+ C20 H29 N6 O5 433.219394 433.219525 0.30 

z4-CO2 1+ C19 H34 N4 O7 S1 462.214273 462.214384 0.24 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261318 0.12 

H(Methyl)GIVT-

H2O 1+ C24 H38 N7 O5 504.292894 504.293019 0.25 

z4 1+ C20 H34 N4 O9 S1 506.204101 506.204023 -0.15 

c4 1+ C25 H38 N5 O7 520.276575 520.276535 -0.08 

y4 1+ C20 H36 N5 O9 S1 522.222827 522.22283 0.01 

EH(Methyl)GIV-

H2O 1+ C25 H38 N7 O6 532.287808 532.287954 0.27 

EH(Methyl)GIV 1+ C25 H40 N7 O7 550.298373 550.298696 0.59 

z5-CO2 1+ C23 H39 N5 O10 S1 577.241217 577.241103 -0.20 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

z5 1+ C24 H39 N5 O12 S1 621.231044 621.230943 -0.16 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329627 -0.07 

y5 1+ C24 H41 N6 O12 S1 637.249771 637.249828 0.09 

M+3H 3+ 

C88 H132 N21 O28 

S1 654.308498 654.307111 -2.12 

c5+Me 1+ C32 H47 N8 O8 671.351138 671.351186 0.07 

IVTNWD-H2O 1+ C34 H47 N8 O9 711.346052 711.346249 0.28 

c6+Me 1+ C34 H50 N9 O9 728.372602 728.372588 -0.02 

z6-C3H6S 1+ 1+ C32 H43 N7 O13 733.291339 733.291327 -0.02 

z7-C9H7N 1+ C30 H48 N8 O15 S1 792.295439 792.295349 -0.11 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.43525 0.06 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.419898 0.43 

z6 1+ C35 H49 N7 O13 S1 807.310357 807.310517 0.20 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.329109 0.03 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.429993 -0.15 

c7+Me 1+ C40 H61 N10 O10 841.456666 841.456721 0.07 

z7-C3H6S 1+ C36 H49 N9 O15 847.334267 847.334272 0.01 

z7-CO2 1+ C38 H55 N9 O12 S1 877.363458 877.363417 -0.05 

c15+Me 2+ 

C82 H119 N20 O26 

S1 916.419619 916.419199 -0.46 

y7-NH3 1+ C39 H54 N9 O15 S1 920.345459 920.345255 -0.22 

z7 1+ C39 H55 N9 O15 S1 921.353288 921.353157 -0.14 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.498484 -0.05 

c8+Me 1+ C45 H70 N11 O11 940.525079 940.52506 -0.02 

VTNWDDME-

CO 1+ C41 H59 N10 O15 S1 963.387658 963.387841 0.19 

M+H-H2O 2+ 

C88 H128 N21 O27 

S1 971.953826 971.953183 -0.66 

M+H 2+ 

C88 H130 N21 O28 

S1 980.959108 980.958428 -0.69 

b9+Me -H2O 1+ C49 H72 N11 O12 1006.535643 1006.535648 0.00 

y8-NH3 1+ C43 H61 N10 O17 S1 1021.393138 1021.393274 0.13 

b9+Me 1+ C49 H74 N11 O13 1024.546208 1024.545998 -0.20 

y8 1+ C43 H64 N11 O17 S1 1038.419677 1038.419214 -0.45 

c9+Me 1+ C49 H77 N12 O13 1041.572757 1041.57257 -0.18 

z9 1+ C48 H71 N11 O18 S1 1121.469377 1121.468447 -0.83 

b10+Me -NH3 1+ C53 H77 N12 O15 1121.562586 1121.561721 -0.77 

y9 1+ C48 H73 N12 O18 S1 1137.488091 1137.487905 -0.16 

b10+Me 1+ C53 H80 N13 O15 1138.589135 1138.588931 -0.18 

c10+Me 1+ C53 H83 N14 O15 1155.615687 1155.615605 -0.07 

z10-CO2 1+ C53 H82 N12 O17 S1 1190.563615 1190.563945 0.28 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

z10 1+ C54 H82 N12 O19 S1 1234.553445 1234.552382 -0.86 

y10 1+ C54 H84 N13 O19 S1 1250.572165 1250.571757 -0.33 

z11 1+ C56 H85 N13 O20 S1 1291.574904 1291.574644 -0.20 

y11 1+ C56 H87 N14 O20 S1 1307.593629 1307.592854 -0.59 

c11+Me 1+ C64 H93 N16 O16 1341.694997 1341.694643 -0.26 

z12+Me 1+ C63 H94 N16 O21 S1 1442.649466 1442.650279 0.56 

c12+Me 1+ C68 H98 N17 O19 1456.721944 1456.721231 -0.49 

c13+Me 1+ C72 H103 N18 O22 1571.748884 1571.747918 -0.61 

c14+Me 1+ 

C77 H112 N19 O23 

S1 1702.789373 1702.789408 0.02 

Average error -0.08 

Absolute average error 0.24 

Standard deviation 0.31 
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Table S3. 15 Peak assignment table for the EID MS/MS spectrum of the synthetic peptide 

with the sequence [YPIEH(π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

VT 1+ C9 H17 N2 O3 201.123369 201.123386 0.08 

PI 1+ C11 H19 N2 O2 211.144104 211.144125 0.10 

IE 1+ C11 H19 N2 O4 243.133934 243.134005 0.29 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144872 0.15 

z2 1+ C11 H20 N2 O5 260.136678 260.136678 0.00 

EH(Methyl)-H2O 1+ C12 H15 N4 O3 263.113867 263.113942 0.29 

y2 1+ C11 H22 N3 O5 276.155397 276.155419 0.08 

c2 1+ C14 H20 N3 O3 278.149918 278.149941 0.08 

EH(Methyl) 1+ C12 H17 N4 O4 281.124431 281.124498 0.24 

z3-C3H6S 1+ C13 H23 N3 O6 317.158138 317.158183 0.14 

EH(Methyl)G-

H2O 1+ C14 H18 N5 O4 320.135331 320.135432 0.32 

PIE 1+ C16 H26 N3 O5 340.186697 340.186742 0.13 

z3 1+ C16 H29 N3 O6 S1 391.177159 391.177184 0.06 

c3 1+ C20 H31 N4 O4 391.233982 391.23402 0.10 

y3 1+ C16 H31 N4 O6 S1 407.195882 407.195916 0.08 

H(Methyl)GIV 1+ C20 H33 N6 O4 421.25578 421.25589 0.26 

IEH(Methyl)G-

H2O 1+ C20 H29 N6 O5 433.219394 433.219525 0.30 

z4-CO2 1+ C19 H34 N4 O7 S1 462.214273 462.214257 -0.03 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261385 0.26 

H(Methyl)GIVT-

H2O 1+ C24 H38 N7 O5 504.292894 504.293055 0.32 

z4 1+ C20 H34 N4 O9 S1 506.204101 506.204097 -0.01 

c4 1+ C25 H38 N5 O7 520.276575 520.276576 0.00 

y4 1+ C20 H36 N5 O9 S1 522.222827 522.222829 0.00 

EH(Methyl)GIV-

H2O 1+ C25 H38 N7 O6 532.287808 532.288041 0.44 

EH(Methyl)GIV 1+ C25 H40 N7 O7 550.298373 550.298545 0.31 

z5-CO2 1+ C23 H39 N5 O10 S1 577.241217 577.241096 -0.21 

z5 1+ C24 H39 N5 O12 S1 621.231044 621.231083 0.06 

a5+Me 1+ C31 H44 N7 O7 626.329673 626.329792 0.19 

y5 1+ C24 H41 N6 O12 S1 637.249771 637.249821 0.08 

M+H 3+ C88 H132 N21 O28 S1 654.308498 654.307089 -2.15 

c5+Me 1+ C32 H47 N8 O8 671.351138 671.351193 0.08 

IVTNWD-H2O 1+ C34 H47 N8 O9 711.346052 711.346289 0.33 

c6+Me 1+ C34 H50 N9 O9 728.372602 728.372595 -0.01 

z6-C3H6S 1+ C32 H43 N7 O13 733.291339 733.29123 -0.15 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

z7-C9H7N 1+ C30 H48 N8 O15 S1 792.295439 792.295452 0.02 

a7+Me 1+ C39 H58 N9 O9 796.435201 796.43535 0.19 

b7+Me -H2O 1+ C40 H56 N9 O9 806.419551 806.419783 0.29 

z6 1+ C35 H49 N7 O13 S1 807.310357 807.310236 -0.15 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.329146 0.08 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430133 0.02 

c7+Me 1+ C40 H61 N10 O10 841.456666 841.456701 0.04 

z7-C3H6S 1+ C36 H49 N9 O15 847.334267 847.334276 0.01 

z7-CO2 1+ C38 H55 N9 O12 S1 877.363458 877.363632 0.20 

c15+Me 2+ C82 H119 N20 O26 S1 916.419619 916.419245 -0.41 

y7-NH3 1+ C39 H54 N9 O15 S1 920.345459 920.345504 0.05 

z7 1+ C39 H55 N9 O15 S1 921.353288 921.353484 0.21 

c8+Me 1+ C45 H70 N11 O11 940.525079 940.525054 -0.03 

VTNWDDME-

CO 1+ C41 H59 N10 O15 S1 963.387658 963.387677 0.02 

M+H-H2O 2+ C88 H128 N21 O27 S1 971.953826 971.953425 -0.41 

M+H 2+ C88 H130 N21 O28 S1 980.959108 980.958715 -0.40 

b9+Me -H2O 1+ C49 H72 N11 O12 

1006.53564

3 

1006.53570

8 0.06 

y8-NH3 1+ C43 H61 N10 O17 S1 

1021.39313

8 

1021.39329

5 0.15 

b9+Me 1+ C49 H74 N11 O13 

1024.54620

8 

1024.54628

2 0.07 

y8 1+ C43 H64 N11 O17 S1 

1038.41967

7 

1038.41975

2 0.07 

c9+Me 1+ C49 H77 N12 O13 

1041.57275

7 

1041.57259

6 -0.15 

z9 1+ C48 H71 N11 O18 S1 

1121.46937

7 

1121.46908

5 -0.26 

b10+Me -NH3 1+ C53 H77 N12 O15 

1121.56258

6 1121.56157 -0.91 

y9 1+ C48 H73 N12 O18 S1 

1137.48809

1 

1137.48794

4 -0.13 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58910

9 -0.02 

c10+Me 1+ C53 H83 N14 O15 

1155.61568

7 

1155.61567

6 -0.01 

z10-CO2 1+ C53 H82 N12 O17 S1 

1190.56361

5 1190.56367 0.05 

z10 1+ C54 H82 N12 O19 S1 

1234.55344

5 

1234.55344

7 0.00 

y10 1+ C54 H84 N13 O19 S1 

1250.57216

5 

1250.57207

3 -0.07 

z11 1+ C56 H85 N13 O20 S1 1291.57490 1291.57162 -2.54 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass error 

(ppm) 

4 

y11 1+ C56 H87 N14 O20 S1 

1307.59362

9 

1307.59325

5 -0.29 

c11+Me 1+ C64 H93 N16 O16 

1341.69499

7 

1341.69453

1 -0.35 

z12+Me 1+ C63 H94 N16 O21 S1 

1442.64946

6 

1442.64980

2 0.23 

c12+Me 1+ C68 H98 N17 O19 

1456.72194

4 

1456.72168

4 -0.18 

c13+Me 1+ C72 H103 N18 O22 

1571.74888

4 

1571.74805

2 -0.53 

c14+Me 1+ C77 H112 N19 O23 S1 

1702.78937

3 

1702.78940

3 0.02 

Average error -0.04 

Absolute average error 0.23 

Standard deviation 0.40 
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Table S3. 16 Peak assignment table for the CAD MS/MS spectrum of the tryptic peptide 

from bovine actin with the sequence [YPIEH(τ/π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN 1+ C8 H14 N3 O4 216.097882 216.097882 0.00 

a2 1+ C13 H17 N2 O2 233.128454 233.128491 0.16 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144746 -0.34 

b2 1+ C14 H17 N2 O3 261.1233705 261.123293 -0.30 

y2 1+ C11 H22 N3 O5 276.155397 276.155374 -0.08 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665914 -0.05 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.17647 0.24 

a7/b8-CO 2+ C39 H58 N9 O9 398.721239 398.721704 1.17 

y6-NH3 2+ C35 H48 N7 O13 S1 403.654904 403.654834 -0.17 

y3 1+ C16 H31 N4 O6 S1 407.1958742 407.195872 -0.01 

y6 2+ C35 H51 N8 O13 S1 412.1681718 412.16773 -1.07 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718715 0.05 

EH(Methyl)GI 1+ C20 H31 N6 O6 451.229959 451.22955 -0.91 

a8+Me 2+ C45 H69 N10 O10 455.263271 455.263717 0.98 

y7-NH3 2+ C39 H54 N9 O15 S1 460.676368 460.675837 -1.15 

y7 2+ C39 H58 N10 O15 S1 469.189643 469.18926 -0.82 

b8+Me 2+ C46H70N10O11 469.260729 469.260318 -0.88 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.261075 -0.37 

y8-NH3 2+ C43 H61 N10 O17 S1 511.200207 511.200388 0.35 

y8 2+ C43 H64 N11 O17 S1 519.713482 519.713483 0.00 

y4 1+ C20 H36 N5 O9 S1 522.2228142 522.223552 1.41 

EH(Methyl)GII 1+ C26 H42 N7 O7 564.314023 564.313605 -0.74 

b10+Me 2+ C54H83N13O15 576.806032 576.805378 -1.13 

y15-NH3 3+ C80 H120 N19 O26 S1 598.950422 598.95055 0.21 

y15+Me 3+ C80H125N20O26S1 604.62594 604.625927 -0.02 

y5 1+ C24 H41 N6 O12 S1 637.2497542 637.250649 1.40 

M+3H-H2O 3+ C89H132N21O27S1 652.976861 652.976677 -0.28 

M+3H 3+ C89H134N21O28S1 658.980383 658.980804 0.64 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.367427 0.97 

b6+Me 1+ C34 H47 N8 O9 711.3461052 711.344565 -2.17 

y12+Me 2+ C64 H98 N17 O21 S1 736.845558 736.843823 -2.35 

PIEH(Methyl)GII 1+ C37 H60 N9 O9 774.450851 774.451381 0.68 

y6 1+ C35H51N8O13S1 823.329084 823.330823 2.11 

b7+Me 1+ C40H58N9O10 824.430117 824.431836 2.09 

y14+Me 2+ C75H117N19O25S1 857.908889 857.908909 0.02 

y15+Me 2+ C80 H123 N20 O26 S1 906.435269 906.433823 -1.60 

y7 1+ C39H57N10O15S1 937.372012 937.374074 2.20 

b8+Me 1+ C46H69N10O11 937.514181 937.513597 -0.62 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y8 1+ C43H64N11O17S1 1038.419691 1038.421612 1.85 

y9 1+ C49 H75 N12 O18 S1 1151.503751 1151.502296 -1.26 

y11 1+ C57H89N14O20S1 1321.609283 1321.609251 -0.02 

Average error 0.00 

Absolute average error 0.80 

Standard deviation 0.72 

 

Table S3. 17 Peak assignment table for the CAD MS/MS spectrum of the tryptic peptide 

from chicken actin with the sequence [YPIEH(τ/π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN 1+ C8 H14 N3 O4 216.097882 216.097882 0.00 

a2 1+ C13 H17 N2 O2 233.128454 233.128437 -0.07 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144685 -0.57 

b2 1+ C14 H17 N2 O3 261.1233705 261.123204 -0.64 

y2 1+ C11 H22 N3 O5 276.155397 276.155296 -0.37 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665757 -0.53 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.17616 -0.63 

a7+Me/b8+Me-

CO 2+ C39 H58 N9 O9 398.721239 398.721328 0.22 

y6-NH3 2+ C35 H48 N7 O13 S1 403.654904 403.65431 -1.47 

y3 1+ C16 H31 N4 O6 S1 407.1958742 407.195526 -0.86 

y6 2+ C35 H51 N8 O13 S1 412.1681718 412.16714 -2.50 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718362 -0.81 

EH(Methyl)GI 1+ C20 H31 N6 O6 451.229959 451.229184 -1.72 

a8+Me 2+ C45 H69 N10 O10 455.263271 455.263272 0.00 

y7-NH3 2+ C39 H54 N9 O15 S1 460.676368 460.675797 -1.24 

y7 2+ C39 H58 N10 O15 S1 469.189643 469.189165 -1.02 

b8+Me 2+ C46H70N10O11 469.260729 469.26001 -1.53 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.260734 -1.07 

y8-NH3 2+ C43 H61 N10 O17 S1 511.200207 511.199922 -0.56 

y8 2+ C43 H64 N11 O17 S1 519.713482 519.713218 -0.51 

y4 1+ C20 H36 N5 O9 S1 522.2228142 522.222968 0.29 

EH(Methyl)GII 1+ C26 H42 N7 O7 564.314023 564.313004 -1.81 

b10+Me 2+ C54H83N13O15 576.806032 576.804836 -2.07 

y15-NH3 3+ C80 H120 N19 O26 S1 598.950422 598.950121 -0.50 

y15+Me 3+ C80H125N20O26S1 604.62594 604.625059 -1.46 

y5 1+ C24 H41 N6 O12 S1 637.2497542 637.249914 0.25 

b16+Me 2+ C89H132N21O27S1 652.976861 652.976786 -0.11 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

M+3H 3+ C89H134N21O28S1 658.980383 658.980443 0.09 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.367047 0.39 

b6+Me 1+ C34 H47 N8 O9 711.3461052 711.344158 -2.74 

y12+Me 2+ C64 H98 N17 O21 S1 736.845558 736.843613 -2.64 

PIEH(Methyl)GII 1+ C37 H60 N9 O9 774.450851 774.450844 -0.01 

y6 1+ C35H51N8O13S1 823.329084 823.330012 1.13 

b7+Me 1+ C40H58N9O10 824.430117 824.431474 1.65 

y14+Me 2+ C75H117N19O25S1 857.908889 857.909101 0.25 

y15+Me 2+ C80 H123 N20 O26 S1 906.435269 906.432991 -2.51 

y7 1+ C39H57N10O15S1 937.372012 937.373883 2.00 

b8+Me 1+ C46H69N10O11 937.514181 937.51297 -1.29 

y8 1+ C43H64N11O17S1 1038.419691 1038.419834 0.14 

y9 1+ C49 H75 N12 O18 S1 1151.503751 1151.50227 -1.29 

y11 1+ C57H89N14O20S1 1321.609283 1321.609295 0.01 

Average error -0.64 

Absolute average error 0.95 

Standard deviation 0.81 

 

Table S3. 18 Peak assignment table for the CAD MS/MS spectrum of the tryptic peptide 

from rabbit actin with the sequence [YPIEH(τ/π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN 1+ C8 H14 N3 O4 216.097882 216.097882 0.00 

a2 1+ C13 H17 N2 O2 233.128454 233.128412 -0.18 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144595 -0.92 

b2 1+ C14 H17 N2 O3 261.1233705 261.123139 -0.89 

y2 1+ C11 H22 N3 O5 276.155397 276.155205 -0.70 

b5 2+ C32 H44 N7 O8 327.665932 327.665581 -1.07 

b6 2+ C34 H47 N8 O9 356.176386 356.176048 -0.95 

a7/b8-CO 2+ C39 H58 N9 O9 398.721239 398.721218 -0.05 

y6-NH3 2+ C35 H48 N7 O13 S1 403.654904 403.654268 -1.58 

y3 1+ C16 H31 N4 O6 S1 407.1958742 407.19534 -1.31 

y6 2+ C35 H51 N8 O13 S1 412.1681718 412.167736 -1.06 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.71825 -1.08 

EH(Methyl)GI 1+ C20 H31 N6 O6 451.229959 451.229226 -1.62 

a8+Me 2+ C45 H69 N10 O10 455.263271 455.263124 -0.32 

y7-NH3 2+ C39 H54 N9 O15 S1 460.676368 460.675613 -1.64 

y7 2+ C39 H58 N10 O15 S1 469.189643 469.188853 -1.68 

b8+Me 2+ C46H70N10O11 469.260729 469.259706 -2.18 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

PIEH(Methyl) 1+ C23 H35 N6 O6 491.261259 491.260426 -1.70 

y8-NH3 2+ C43 H61 N10 O17 S1 511.200207 511.199622 -1.14 

y8 2+ C43 H64 N11 O17 S1 519.713482 519.712887 -1.14 

y4 1+ C20 H36 N5 O9 S1 522.2228142 522.222797 -0.03 

EH(Methyl)GII 1+ C26 H42 N7 O7 564.314023 564.312924 -1.95 

b10+Me 2+ C54H83N13O15 576.806032 576.804549 -2.57 

y15+Me 3+ C80H125N20O26S1 604.62594 604.624793 -1.90 

y5 3+ C24 H41 N6 O12 S1 637.2497542 637.249758 0.01 

M+3H-H2O 3+ C89H132N21O27S1 652.976861 652.976707 -0.24 

M+3H 3+ C89H134N21O28S1 658.980383 658.980568 0.28 

PIEH(Methyl)GI 3+ C31 H49 N8 O8 661.366787 661.366814 0.04 

b6+Me 1+ C34 H47 N8 O9 711.3461052 711.345408 -0.98 

y12+Me 1+ C64 H98 N17 O21 S1 736.845558 736.844006 -2.11 

PIEH(Methyl)GI

I 2+ C37 H60 N9 O9 774.450851 774.450867 0.02 

y6 1+ C35H51N8O13S1 823.329084 823.329994 1.11 

b7+Me 1+ C40H58N9O10 824.430117 824.431169 1.28 

y14+Me 1+ C75H117N19O25S1 857.908889 857.909587 0.81 

y15+Me 2+ 

C80 H123 N20 O26 

S1 906.435269 906.433263 -2.21 

y7 2+ C39H57N10O15S1 937.372012 937.374664 2.83 

b8+Me 1+ C46H69N10O11 937.514181 937.513082 -1.17 

y8 1+ C43H64N11O17S1 1038.419691 1038.42061 0.88 

y9 1+ C49 H75 N12 O18 S1 1151.503751 

1151.50180

8 -1.69 

y11 1+ C57H89N14O20S1 1321.609283 

1321.60923

1 -0.04 

Average error -0.72 

Absolute average error 1.08 

Standard deviation 0.77 
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Table S3. 19 Peak assignment table for the CAD MS/MS spectrum of the tryptic peptide 

from human platelet actin with the sequence [YPIEH(τ/π-Me)GIVTNWDDMEK +3H]3+. 

Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN 1+ C8 H14 N3 O4 216.097882 216.097882 0.00 

a2 1+ C13 H17 N2 O2 233.128454 233.128483 0.12 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144803 -0.12 

b2 1+ C14 H17 N2 O3 261.1233705 261.123344 -0.10 

y2 1+ C11 H22 N3 O5 276.155397 276.155331 -0.24 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.66587 -0.19 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.17658 0.54 

a7+Me/b8+Me-CO 2+ C39 H58 N9 O9 398.721239 398.721435 0.49 

y6-NH3 2+ C35 H48 N7 O13 S1 403.654904 403.654664 -0.59 

y3 1+ C16 H31 N4 O6 S1 407.1958742 407.195818 -0.14 

y6 2+ C35 H51 N8 O13 S1 412.1681718 412.167716 -1.11 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718563 -0.32 

a8+Me 2+ C44 H67 N10 O10 448.255446 448.255509 0.14 

y7-NH3 2+ C39 H54 N9 O15 S1 460.676368 460.676244 -0.27 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252677 -0.49 

y7 2+ 

C39 H58 N10 O15 

S1 469.189643 469.189013 -1.34 

a9+Me/b9+Me-CO 2+ C48 H74 N11 O12 498.779285 498.778812 -0.95 

b9+Me-H2O-CO 2+ C48 H72 N11 O11 503.77146 503.771152 -0.61 

y8 2+ 

C43 H64 N11 O17 

S1 519.713482 519.713483 0.00 

y4 1+ C20 H36 N5 O9 S1 522.2228142 522.223344 1.01 

y9 2+ 

C48 H73 N12 O18 

S1 569.2476838 569.247062 -1.09 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.797544 -1.16 

y15+Me-NH3 2+ 

C79 H118 N19 O26 

S1 594.278538 594.278348 -0.32 

y15+Me 3+ 

C79 H121 N20 O26 

S1 599.954055 599.953397 -1.10 

y5 1+ C24 H41 N6 O12 S1 637.2497542 637.250441 1.08 

M+3H-NH3 3+ 

C88 H127 N20 O28 

S1 648.632981 648.634 1.57 

M+3H 3+ 

C88 H132 N21 O28 

S1 654.308498 654.309429 1.42 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.367293 0.77 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.344665 -1.95 

y12+Me 1+ 

C63 H96 N17 O21 

S1 729.837734 729.837714 -0.03 

PIEH(Methyl)GI

V 1+ C36 H58 N9 O9 760.435201 760.436635 1.89 
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Assignment 

Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.33027 1.44 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.431024 1.10 

y14+Me 2+ 

C74 H114 N19 O25 

S1 850.901062 850.900892 -0.20 

y15+Me 2+ 

C79 H121 N20 O26 

S1 899.427444 899.427208 -0.26 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.497943 -0.63 

y7 1+ 

C39 H57 N10 O15 

S1 937.3720971 937.373923 1.95 

b9+Me 1+ C49 H74 N11 O13 1024.546208 1024.54601 -0.19 

y8 1+ 

C43 H64 N11 O17 

S1 1038.419677 

1038.42164

4 1.89 

y9 1+ 

C48 H73 N12 O18 

S1 1137.488091 

1137.48632

4 -1.55 

b10+Me 1+ C53 H80 N13 O15 1138.589135 

1138.59002

9 0.79 

y11 1+ 

C56 H87 N14 O20 

S1 1307.593629 

1307.59365

5 0.02 

Average error 0.03 

Absolute average error 0.74 

Standard deviation 0.61 
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Table S3. 20 Peak assignment table for the CAD MS/MS spectrum of the tryptic peptide 

from human recombinant actin with the sequence [YPIEH(τ/π-Me)GIVTNWDDMEK 

+3H]3+. 

Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

TN 1+ C8 H14 N3 O4 216.097882 216.097882 0.00 

a2 1+ C13 H17 N2 O2 233.128454 233.128426 -0.12 

y2-H2O 1+ C11 H20 N3 O4 258.144833 258.144703 -0.50 

b2 1+ C14 H17 N2 O3 

261.123370

5 261.123181 -0.73 

y2 1+ C11 H22 N3 O5 276.155397 276.155282 -0.42 

NW 1+ C15 H17 N4 O3 301.129517 301.129351 -0.55 

b5+Me 2+ C32 H44 N7 O8 327.665932 327.665811 -0.37 

b6+Me 2+ C34 H47 N8 O9 356.176386 356.176174 -0.60 

a7+Me/b8+Me-CO 2+ C39 H58 N9 O9 398.721239 398.721385 0.37 

y6-NH3 2+ C35 H48 N7 O13 S1 403.654904 403.654412 -1.22 

y3 1+ C16 H31 N4 O6 S1 

407.195874

2 407.195596 -0.68 

y6 2+ C35 H51 N8 O13 S1 

412.168171

8 412.167339 -2.02 

b7+Me 2+ C40 H58 N9 O10 412.718696 412.718438 -0.63 

a8+Me 2+ C44 H67 N10 O10 448.255446 448.255449 0.01 

b8+Me 2+ C45 H68 N10 O11 462.252903 462.252445 -0.99 

y7 2+ C39 H58 N10 O15 S1 469.189643 469.188951 -1.47 

a9+Me/b9+Me-CO 2+ C48 H74 N11 O12 498.779285 498.778705 -1.16 

b9+Me-H2O-CO 2+ C48 H72 N11 O11 503.77146 503.771078 -0.76 

y8-NH3 2+ C43 H61 N10 O17 S1 511.200207 511.19999 -0.42 

y8 2+ C43 H64 N11 O17 S1 519.713482 519.713061 -0.81 

y4 1+ C20 H36 N5 O9 S1 

522.222814

2 522.223148 0.64 

b10+Me-NH3 2+ C53 H77 N12 O15 561.284931 561.284688 -0.43 

b10+Me 2+ C53 H80 N13 O15 569.798206 569.797109 -1.93 

y15+Me-H2O 3+ C79 H119 N20 O25 S1 593.950533 593.950701 0.28 

y5 1+ C24 H41 N6 O12 S1 

637.249754

2 637.250162 0.64 

M+3H-NH3 3+ C88 H127 N20 O28 S1 648.632981 648.634636 2.55 

M+3H 3+ C88 H132 N21 O28 S1 654.308498 654.309578 1.65 

PIEH(Methyl)GI 1+ C31 H49 N8 O8 661.366787 661.367421 0.96 

b6+Me 1+ C34 H47 N8 O9 711.346052 711.344128 -2.70 

y12+Me 2+ C63 H96 N17 O21 S1 729.837734 729.83783 0.13 

PIEH(Methyl)GI

V 1+ C36 H58 N9 O9 760.435201 760.437183 2.61 

y6 1+ C35 H51 N8 O13 S1 823.329081 823.330419 1.63 

b7+Me 1+ C40 H58 N9 O10 824.430116 824.430948 1.01 
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Assignment 

Charg

e state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y14+Me 2+ C74 H114 N19 O25 S1 850.901062 850.901036 -0.03 

y15+Me-NH3 2+ C79 H118 N19 O26 S1 890.914169 890.910849 -3.73 

y15+Me 2+ C79 H121 N20 O26 S1 899.427444 899.427193 -0.28 

b8+Me 1+ C45 H67 N10 O11 923.498529 923.497787 -0.80 

y7 1+ C39 H57 N10 O15 S1 

937.372097

1 937.373878 1.90 

y8 1+ C43 H64 N11 O17 S1 

1038.41967

7 

1038.41950

9 -0.16 

y9 1+ C48 H73 N12 O18 S1 

1137.48809

1 

1137.48679

2 -1.14 

b10+Me 1+ C53 H80 N13 O15 

1138.58913

5 

1138.58726

9 -1.64 

y11 1+ C56 H87 N14 O20 S1 

1307.59362

9 

1307.59366

9 0.03 

Average error -0.28 

Absolute average error 0.97 

Standard deviation 0.85 
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4. Exploring Tandem Mass Spectrometry Methods for the Analysis of 

Dihydroxylated Vitamin D3 Isomers 

   Vitamin D compounds are a group of steroids derived from cholesterol, which are 

vital for maintaining bone health in humans, especially the biologically active hormone 

1,25-dihydroxyvitamin D3, which can be difficult to distinguish from the inactive 

isomeric form, 24,25-dihydroxyvitamin D3 as both metabolites have the exact same mass. 

Therefore, this chapter demonstrates the capabilities of tandem mass spectrometry 

methods to differentiate between the dihydroxylated vitamin D3 isomers using Fourier 

transform ion cyclotron resonance mass spectrometry (FT-ICR MS).  

 Sample preparation, data acquisition and analysis results presented in this chapter 

were carried out by the thesis author. Vitamin D3 metabolites were provided by Professor 

Dietrich A. Volmer and Pascal Schorr from the Volmer group at the Humboldt University 

of Berlin.  

 One manuscript entitled “Differentiation of dihydroxylated vitamin D3 isomers 

using tandem mass spectrometry” by Anisha Haris, Yuko P. Y. Lam, Christopher A. 

Wootton, Alina Theisen, Bryan P. Marzullo, Pascal Schorr, Dietrich Volmer, and Peter B. 

O'Connor, was accepted for publication in The Journal of the American Society for Mass 

Spectrometry based on the results presented in this chapter. 
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4.1 Abstract  

 Recent studies have shown that the dihydroxylated vitamin D3 compounds: 1,25-

dihydroxyvitamin D3 (active form) and 24,25-dihydroxyvitamin D3 (inactive form) have 

significant biological effects, playing a role in diseases such as osteoporosis. 

Differentiation and characterization of the isomers by mass spectrometry can be 

challenging due to the zero-mass difference and minor structural differences between 

them.  

 Herein, we investigated the use of various fragmentation methods such as 

collisional activated dissociation (CAD), infrared multiphoton dissociation (IRMPD), 

electron induced dissociation (EID), and ultraviolet photodissociation (UVPD), available 

on a Bruker 12 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR 

MS) to generate characteristic fragments for the dihydroxylated vitamin D3 isomers that 

can be used to distinguish between them.  

 Isomer-specific fragments were observed and confirmed for the highly active 

1,25-dihydroxyvitamin D3, which were clearly absent in the 24,25-dihydroxyvitamin D3 

MS/MS spectra using all the mentioned fragmentation methods. Thus, enabling clear 

differentiation between the two dihydroxylated vitamin D3 isomers, without the need for 

prior chromatographic separation or derivatization of the metabolites. 
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4.2 Introduction  

 Vitamin D refers to a group of fat-soluble organic compounds, often exhibiting 

certain biological activities. The two major forms of vitamin D are vitamin D2 

(ergocalciferol) and vitamin D3  (cholecalciferol) (Figure 4.1). Vitamin D2 is found and 

formed naturally in UV-irradiated plants and fungi.1 Humans are unable to generate 

vitamin D2; instead it is extracted from the plants, which do make it and can be used, for 

example, to fortify foods such as cereal.2 Vitamin D3, on the other hand, is synthesised in 

the skin of mammals when exposed to UV radiation from the sun. Compared to plant-

sourced vitamin D2, dietary vitamin D3 is generally only found in animal-sourced foods 

such as fatty fish and fish liver oil.3 Although both vitamin D2 and D3 enter the 

bloodstream, supplementation with vitamin D3 has been shown to be more effective at 

raising the circulating vitamin D concentrations in the serum compared to vitamin D2.4,5  

 

Figure 4. 1 Chemical structures of a) vitamin D2 and b) vitamin D3 with the differences 

between the structures encircled in red on vitamin D2. 

 For over a century, it is well known that vitamin D3 plays an essential role in the 

absorption and regulation of important minerals such as calcium and phosphate in the 

body.6 These nutrients are needed to promote normal bone formation and mineralisation. 

Vitamin D3 also provides support for normal muscle function and prevents calcium loss 

from the kidneys.7-9 A severe lack of vitamin D3, also known as vitamin D 

deficiency/insufficiency can lead to bone deformities, such as rickets in young children 

and bone pain in adults caused by osteomalacia.10-13 The physical symptoms of both 

conditions include bowed legs, muscle weakness as well as soft and fragile bones, which 

often result in an increased tendency for bone fractures.14 Vitamin D deficiency has also 
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been linked to various diseases of concern such as diabetes, heart disease, and 

neurological disorders, such as Alzheimer’s disease and schizophrenia.15-18   

 A simplified diagram of the metabolic pathway for vitamin D3, resulting in the 

formation of the dihydroxylated vitamin D3 isomers of interest is provided in Figure 4.2. 

Vitamin D3 (cholecalciferol) is made in the skin from the cholesterol precursor molecule, 

7-dehydrocholesterol (7-DHC) under the influence of UV light (290-315 nm, UVB) from 

the sun.1,19 7-DHC is found in the epidermis, the outer layer of the skin and is crucial for 

the synthesis of vitamin D3 in humans and animals. Vitamin D3 metabolises first to 

calcidiol, otherwise known as 25-hydroxyvitamin D3 (25OHD3) in the liver and is then 

further oxidized to the highly biologically active compound, calcitriol also called 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3).19 During catabolism of vitamin D3, 24,25-

dihydroxyvitamin D3 (24,25(OH)2D3) is also formed, which is an isomer of calcitriol and 

considered to be inactive as a hormone.19 However, some studies showed that 24,25-

dihydroxyvitamin D3 may have some biological properties of its own.20-23 For example, in 

1982, Sömjen et. al.24 found that 24,25-dihydroxyvitamin D3 may play a role in the 

metabolism of developing skeletal tissues of new-born mice; while Seo et. al.25 showed 

that increased levels of 24,25-dihydroxyvitamin D3 levels in the serum may correlate to 

the healing of tibial fractures in chicks. 

 The biological actions of vitamin D are carried out by the active metabolite, 

calcitriol because it is a major controlling hormone, known for promoting and stimulating 

intestinal calcium and phosphate absorption.8,9,19,26-30 It binds to and directly interacts with  

the vitamin D receptor (VDR), which is present in the nucleus of cells. Calcitriol is well 

known to play a critical role in the transcription and expression of genes such as the gene 

encoding the calcium binding protein, which is involved in the transport of intestinal 

calcium and other important minerals.31,32  

 The most abundant metabolite, calcidiol is clinically used as a marker compound 

for determining vitamin D status because of its high concentration levels and its direct 

link to the vitamin D substrate. However, like 24,25-dihydroxyvitamin D3, it is 

biologically inactive. It is difficult to use the active compound, calcitriol, as a biomarker 

to determine vitamin D3 sufficiency levels as its half-life is only a few hours and it is only 

present at very low concentration levels e.g. picomolar range in the blood and serum.33 
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Figure 4. 2 Pathway for vitamin D metabolism with the highlighted OH groups to 

emphasise the difference in structures of the dihydroxylated isomers (adapted and 

redrawn from Müller et. al. clinical chemistry).34  

 Currently, the methods routinely used for determining vitamin D status in 

humans include immunoassays35,36 and liquid chromatography-tandem mass spectrometry 

(LC-MS/MS)37,38 via measurement of serum calcidiol levels. Early immunoassays such as 

competitive protein binding assays with the vitamin D binding protein (DBP) as the 

binder were used as DBP was able to recognise and bind to calcidiol in the serum. 

However, the common problem with many of the different types of immunoassays is the 

difficulty in separating out the intermediate products such as 24,25-dihydroxyvitamin D3 

and other vitamin D metabolites in the serum, which can result in significant variation of 

the total calcidiol levels. Immunoassays can also take time as only one metabolite is often 

measured per assay so the selectivity, accuracy and reproducibility may suffer as a result.  

 LC-MS/MS assays however, provide better selectivity, sensitivity and 

reproducibility and are widely considered the “gold-standard” method for the 

measurement of calcidiol and other vitamin D metabolites.39-43 However, due to the low 

abundance of certain metabolites such as 1,25-dihydroxyvitamin D3 and the complex 

matrices they are detected in such as human serum and blood, qualitative and quantitative 
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analysis can be difficult due to isomeric interferences that can arise from biological 

fluids.44  

 Qualitative analysis of the vitamin D metabolites has also been performed using 

gas chromatography-mass spectrometry (GC-MS) but the metabolites tend to require 

modification or derivatization using agents such as trimethylsilyl (TMS)45, 4-phenyl-

1,2,4-triazoline-3,5-dione (PTAD)46-48 or Amplifex49,50 prior to GC-MS analysis (Figure 

4.3).51 An example of the reaction scheme for calcidiol derivatization with Amplifex is 

also shown in Figure 4.4.   

 

Figure 4. 3 Common derivatization agents used for vitamin D metabolites.  

 

Figure 4. 4 Reaction scheme for calcidiol derivatization with the Amplifex (adapted and 

redrawn from Yang et. al.)45  

 Derivatization agents can also be used with other hyphenated chromatography 

mass spectrometry technique such as LC-MS/MS. Derivatization can improve the 

ionisation efficiency of the sample and also decreases any interference from metabolites 

close in m/z to the target species present in the biological media e.g. blood or serum by 

shifting the m/z range of the vitamin D metabolites to higher m/z values.52 However an 

additional step is required during sample preparation (as shown by Figure 4.4) and may 
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require the data to be interpreted more carefully. Problems of steric hindrance might lead 

to mixtures of partially and fully derivatized analytes, hence the under-reaction and over-

reaction when carrying out derivatization would need to be carefully controlled and 

optimised.  

 Recently, tandem MS methods have been further developed to differentiate 

between isomeric and epimeric vitamin D3 metabolites. For example, Qi et. al.53 

developed a matrix assisted laser desorption ionisation (MALDI) combined with CAD-

MS/MS method based on reactive analyte/matrix adducts using hydrogen-donor matrices 

such as 1,5-diaminonaphthalene (1,5-DAN), which enabled hydrogen transfers between 

matrix and analyte prior to desorption of ions. They demonstrated that it was possible to 

easily differentiate between 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 

using the reactive adducts generated via MALDI, resulting in characteristic CAD MS/MS 

fragments for the isomers post ionisation by MALDI.53 Chouinard et. al.54 tested the 

separation capabilities of ion mobility-mass spectrometry (IMS-MS) to distinguish 

between the gas-phase conformations of 25OHD3 epimers (Figure 4.5) with the aid of 

theoretical modelling of the epimers.54,55  

 

Figure 4. 5 Chemical structures of a) 25-hydroxyvitamin D3 (also known as calcidiol)  

and b) 3-epi-25-hydroxyvitamin D3 (the epimeric form of calcidiol). 

 These recent developments have encouraged use of different mass spectrometry 

techniques to further characterise and elucidate the structures of vitamin D metabolites. In 

this work, the use of a 12 T FT-ICR MS, equipped with various fragmentation methods as 

investigated, to enable differentiation of the two dihydroxylated vitamin D3 isomers, 

without prior chromatographic separation or derivatization of the samples. Slow heating 

fragmentation methods such as CAD MS/MS were also revisited as a higher resolution 

MS technique was applied herein compared to previous experiments.  

 Photodissociation methods including IRMPD and UVPD MS/MS, as well as 

electron mediated fragmentation techniques such as EID MS/MS were also explored. 

Multiple diagnostic fragments were observed from the highly active metabolite, 1,25-

dihydroxyvitamin D3, in every tandem MS fragmentation experiment, demonstrating the 
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capability of using MS/MS on the 12 T FT-ICR MS instrument solely for clear and 

accurate  differentiation of the dihydroxylated vitamin D3 isomers.  

 

4.3 Experimental Section  

Sample preparation  

   Solvent evaporated standards of 1,25-dihydroxyvitamin D3 (15 µg) and 24,25-

dihydroxyvitamin D3 (10 µg) were provided by the Volmer group from Humboldt 

University of Berlin, Germany and prepared as previously described.53 Ultra-pure water 

was obtained from a Millipore (Merck Millipore, MA, USA) Direct-Q Milli-Q UV III 

purification system (18.2 Ω). LC-MS grade methanol (≥99.9 %) was purchased from 

VWR Chemicals (Germany) and formic acid was purchased from Honeywell Fluka 

(Germany). The samples were prepared to stock solutions of 36 µM for the 

dihydroxylated vitamin D3 isomers in methanol, which were then stored in a -80 °C 

freezer. Final samples were diluted with water: methanol (50:50, v/v) with 1 % v/v formic 

acid into concentrations of 10 µM for MS, CAD, IRMPD, EID and UVPD MS/MS 

experiments. For the direct infusion relative quantification of 1,25-dihydroxyvitamin D3 

by IRMPD MS/MS, the standard samples of 1,25-dihydroxyvitamin D3 and 24,25-

dihydroxyvitamin D3 were mixed at 20 %, 40 %, 60 %, 80 %, and 100 % with the final 

concentration at 10 µM. 

FT-ICR MS analysis 

   A 12 tesla (T) SolariX Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR MS; Bruker Daltonik GmbH, Bremen, Germany), equipped with 

an actively shielded superconducting magnet was used for the experiments.  

   The samples were loaded into borosilicate glass capillary tips (purchased from 

World Precision Instruments, Inc., Sarasota, FL, USA), which were pulled into nESI 

emitter tips using a Sutter P-97 capillary Flaming/Brown micropipette puller instrument 

(Sutter instruments Co., Novato, CA, USA) for nanoelectrospray ionisation (nESI). The 

samples were sprayed using a homemade nano-electrospray ion source in positive 

ionisation mode. Ions were externally accumulated in a hexapole collision cell for 0.5 s 

before they were transferred to an Infinity ICR analyser cell for MS detection. 
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   Mass spectra were acquired with a 4 mega-word (M) data-points (32 bits) over a 

mass range of m/z 98.2 – 1,000 to produce a 1.12 s transient and ~300,000 resolving 

power at m/z 400. Spectra were calibrated to less than 100 parts-per billion (ppb) standard 

deviation, then assigned to less than 1 ppm.  

FT-ICR MS/MS analysis 

   For all MS/MS experiments, the 1+ protonated precursor ions were isolated at 

m/z 417.3 using the quadrupole mass filter with an isolation window of 5 m/z. For CAD 

MS/MS after mass isolation of the precursor ions, argon was used as the collision gas and 

the resulting fragments were accumulated in the collision cell. The collision energy was 

optimized to 10 V. Fragments were then transferred to the ICR cell for detection.  

   For IRMPD MS/MS, precursor ions were first isolated with the quadrupole and 

then transmitted to the ICR cell. The ions were then fragmented using a continuous-wave 

CO2 laser (Synrad, Washington, USA) with an output wavelength of 10.6 μm. The 

optimised pulse length of 0.1 s and 50 % laser power from the 25 W laser was used for 

the fragmentation. The CO2 laser was introduced from the back of the ICR cell through a 

BaF2 window and precursor ions were fragmented inside the ICR cell before excitation 

and detection. 

   For the EID MS/MS experiments, the quadrupole isolated ions were accumulated 

in the hexapole for 1 s. Isolated ions of interest were transferred and trapped in the ICR 

cell. The trapped ions were then irradiated with medium energy electrons from an 

indirectly heated hollow dispenser cathode via 1.5 A continuous current for ion 

fragmentation. The optimised EID MS/MS parameters for the fragmentation of the 

dihydroxylated vitamin D3 isomers were a pulse length of 0.4 s, cathode bias/electron 

energy of 19 V, and extraction lens voltage of 3 V.  

   Along with a pre-existing IRMPD setup, a 193 nm ArF excimer laser beam (10 

Hz; Coherent, UK) was co-introduced from the back of the ICR cell through a BaF2 

window for the UVPD MS/MS experiments. Ions were first quadrupole isolated and then 

transmitted to the ICR cell for ion fragmentation. The trapped ions were irradiated with 5 

laser shots (~5 mJ/pulse measured at the laser head).  

   A stable telescopic compact high-energy Q-switched pulsed Nd:YAG laser with 

an output wavelength of 213 nm (5th harmonic of the Nd:YAG laser) (10 Hz; Litron 
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Lasers, UK) was also used for the UVPD MS/MS experiments and ions were irradiated 

with 10 laser shots (~1.5 mJ/pulse measured at the laser head).  

Data analysis  

   All spectra were internally calibrated, analysed and manually assigned via 

DataAnalysis 4.3 software (Bruker Daltonik, GmbH, Bremen, Germany) to achieve sub-

ppm accuracy for all assigned fragment peaks. For the relative quantification of 1,25-

dihydroxyvitamin D3 using IRMPD MS/MS data, the significant parameters are 

mentioned below.  

   All spectra were calibrated using the fragmented peaks with a minimum threshold 

of S/N >3 and intensities higher than 1x106 determined by the Bruker FTMS peak picking 

algorithm. Each calibration point was averaged from three IRMPD MS/MS spectra for 

each isomer mixture and the R-square of the calibration curve using two different 

characteristic fragments of 1,25-dihydroxyvitamin D3 was calculated to be higher than 

0.99.  

   To generate the calibration points using the IRMPD MS/MS data, the following 

equation [Eqn. 4.1] was used:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 1,25(𝑂𝐻)2𝐷3 (%)                                                  [Eqn. 4.1]

=
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 1,25(𝑂𝐻)2𝐷3  𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡

𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
 ×  100 

   The percentage ratios calculated using the equation above were then used as 

points to build a linear calibration curve. The equations of the calibration curves were 

used to determine the percentage of 1,25(𝑂𝐻)2𝐷3  generated in biological samples. 

However, application of the in-silico calibration curves to human samples in serum or 

blood is not explored within this body of work as the focus was on the implementation of 

various fragmentation methods available of the SolariX 12 T FT-ICR MS platform to 

distinguish between the isomeric dihydroxylated vitamin D3 metabolites.  

   All calibration curves were plotted and a linear fit was applied using Origin 2019 

(OriginLab Corporation, USA).  
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4.4 Results and Discussion  

 The mass spectra of the dihydroxylated vitamin D3 isomers showed that the 

singly charged, protonated species was observed for both isomers of interest, 

demonstrating that it was not possible to differentiate between them solely based on 

single MS screening (Figure 4.6). In Figure 4.6, the mass spectra showed a significant 

intensity difference between 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 

protonated and sodiated peaks. However, the exact purities, synthetic processes, and 

storage conditions of both molecules were not completely understood, therefore it was  

not possible to differentiate the molecules using purely the intensity differences between 

the mass spectra of the isomers either.  

 Although the molecular ions of the target species could be readily observed and 

assigned, there is no mass difference between the isomeric dihydroxylated vitamin D3 

metabolites as both isomers have the same exact mass with the same elemental 

composition (C27H44O3), hence no further information regarding the structural 

characterisation of both isomers can be obtained from only the mass spectra.    

 

 

Figure 4. 6 a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3 mass spectra.  
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 As illustrated in Figure 4.7, three major peaks ([M+H-H2O]+, [M+H-2H2O]+, and 

[M+H-3H2O]+) were identified in the CAD MS/MS spectra, corresponding to the loss of 

the hydroxyl groups from both metabolites. This was also observed in the mass spectra, 

confirming the fragile nature of the hydroxyl groups on the ring of both isomeric species. 

A homologous series of hydrocarbon losses (-CH2) resulting from direct carbon-carbon 

(C-C) cleavages were also observed in all the fragmentation spectra. These fragments 

contribute to the complex spectra, providing limited structural and no isomer-specific 

information as these fragments were observed for both 1,25-dihydroxyvitamin D3 and 

24,25-dihydroxyvitamin D3.  

 In previous studies, application of CAD MS/MS to vitamin D3 compounds 

resulted in dense spectra, which was also observed in this work due to the typical “picket 

fence” ion series of hydrocarbon chain losses.44,56 Other problems noted in the studies 

include the lack of more easily ionizable groups on the molecules as well as the difficult 

separation and analysis of the vitamin D metabolites when in complex matrices such as 

serum or urine. This is because in human samples, the compounds are present in low 

levels and interference from other species in the matrices can contribute to the ion 

suppression of the vitamin D3 compounds, particularly for the active metabolite 1,25-

dihydroxyvitamin D3. Therefore, the experiments conducted in this work were tested on 

the provided vitamin D3 standards as a basis for method development.  
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Figure 4. 7 CAD MS/MS spectra with inserts of m/z 100 – 350 regions with fragment 

peaks labelled for a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3 with 

structure specific fragments denoted by the star symbol. The peak assignment tables a) 

S4.1 and b) S4.2 are displayed in the supplementary information for a) 1,25-

dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3, respectively.  

 After collision energy optimisation and detailed analysis of the CAD MS/MS 

spectra, diagnostic fragments were detected for 1,25-dihydroxyvitamin D3, which were 

absent in the 24,25-dihydroxyvitamin D3 MS/MS spectra. 
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 For each MS/MS method studied (CAD, EID, IRMPD, and UVPD), the 

parameters required for fragmentation optimisation were individually optimised and up to 

100 scans were accumulated to ensure that the characteristic fragments observed for 1,25-

dihydroxyvitamin D3  spectra, were absent for 24,25-dihydroxyvitamin D3 spectra. This 

included optimisation of the collision energy for CAD MS/MS experiments, the pulse 

length for ion interaction with IR or UV photons for both IRMPD and UVPD MS/MS as 

well as the cathode bias voltage, which is responsible for the energy of the electrons for 

the EID MS/MS experiments. Figure 4.8 demonstrates the importance of collision energy 

optimisation for the detection of one of the multiple characteristic fragments detected for 

1,25-dihydroxyvitamin D3, which was absent when a collision energy of 5 V was applied 

but present with a collision energy of 8 V. The S/N of the characteristic fragment D was 

further improved (approximately 2-fold increase in S/N) when the optimised collision 

energy of 10 V was used.  

 Although fragment D was detected at low m/z with a resolving power of 825,058, 

the benefits of high mass resolution is observed and required to separate the critical 

isomer-differentiating fragments from other detected peaks in the spectrum. High 

resolution was also useful for resolving the lower intensity diagnostic fragment ions from 

the series of CH2 losses, which dominated all MS/MS spectra of these species.  
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Figure 4. 8 m/z scale expansions of the region m/z 152.05 – 152.10, highlighting the 

presence of a structure specific fragment (labelled D) in the CAD MS/MS spectra of the 

active metabolite, 1,25-dihydroxyvitamin D3 after collision energy optimisation.  

 As observed with the CAD MS/MS spectra, IRMPD MS/MS also resulted in 

complex fragmentation spectra for the dihydroxylated vitamin D3 isomers. An additional 

cleavage for 1,25-dihydroxyvitamin D3 was observed using IRMPD resulting in the 

formation of the diagnostic fragment B as shown in Figure 4.9a). Both CAD MS/MS and 

IRMPD MS/MS are based on the excitation of vibrational energy modes and 

energetically weaker bonds often cleave preferentially. However, testing all the available 

fragmentation methods presents an opportunity for comparison of the suitability of each 

method for qualitative and quantitative analysis. Depending on the MS/MS method used, 

the metabolites may undergo a different fragmentation pathway, resulting in secondary 

fragmentation, improvement in the number of diagnostic fragments detected or an 

improvement in the relative intensities of those diagnostic fragments.          
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Figure 4. 9 IRMPD MS/MS spectra with inserts of m/z 100 – 350 region with fragments 

labelled for a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3 with 

structure specific fragments denoted by the star symbol. The corresponding peak 

assignment tables a) S4.3 and b) S4.4 are displayed in the supplementary information for 

a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3, respectively. 

 An example of a key diagnostic fragment observed is shown in Figure 4.10, 

which was observed with CAD, IRMPD MS/MS, and the other MS/MS methods, where 
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the detected fragment C in the MS/MS spectra for 1,25-dihydroxyvitamin D3 was present, 

while absent in the 24,25-dihydroxyvitamin D3 MS/MS spectra. This indicates that both 

fragile hydroxyl groups on the ring can be preserved during dissociation of the active 

1,25-dihydroxyvitamin D3 metabolite but not for the inactive 24,25-dihydroxyvitamin D3 

isomer. The sensitivity of the test criteria can also be significantly improved by using 

IRMPD as a fragmentation technique instead of CAD as an 8-fold improvement in the 

S/N ratio for the fragment C generated by IRMPD MS/MS is observed compared to the 

same fragment generated by CAD MS/MS.   

 

Figure 4. 10 Zoom in of m/z 139.02 -139.2 region of a) CAD MS/MS spectra and b) 

IRMPD MS/MS spectra of 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 

showing 1,25-dihydroxyvitamin D3 specific fragment C. An 8-fold improvement in the 

S/N is also noted for the diagnostic fragment C using IRMPD MS/MS compared to CAD 

MS/MS. 

   The internal calibration of all fragmentation spectra resulted in sub-ppm mass 

accuracy assignment errors. Peak Assignments were made based on closely following the 

criteria mentioned here. For example, all product ions and in particular the characteristic 

fragment ions which enabled differentiation between the isomers, were checked manually 

and based on low mass errors (<1 ppm). The isotopic simulation of each characteristic 

fragment ion was checked and matched with the observed fragment ion in the MS/MS 

spectra obtained. It is important to have sub-ppm mass errors for such dense 

fragmentation spectra as multiple assignments are possible for each nominal m/z, hence it 

is also necessary to accompany this with detailed exact mass calculation and matching 

simulation of the assigned elemental formulae as shown in Figure 4.11 a) and b). 
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Figure 4. 11 m/z scale expansions of IRMPD spectra obtained of a) m/z 123.0 – 123.2 and 

b) m/z 139– 139.2 for the IRMPD fragment ions of 1,25(OH)2D3 (top traces) and 

24,25(OH)2D3  (middle traces). The exact mass calculation and simulation of the assigned 

elemental formulae with chemical structures are shown in the bottom trace. 
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 As the vitamin D metabolites are singly charged species, ECD MS/MS is not 

viable due to the charge limitation effect of the ECD process, however EID MS/MS can 

be applied. Irradiation of singly charged ions with higher energy electrons can be used to 

perform EID, which results in fragments like those generated with electron ionisation (EI). 

Both techniques result in extensive fragmentation yet EID produces relatively low 

intensity fragments and retains precursor ions. This is in contrast with  EI, where many 

are mostly, if not fully fragmented so the molecular ion is low in intensity or absent from 

the spectra, potentially making a definitive identification of unknown compounds more 

difficult.  

 For the vitamin D metabolites studied in this work, with EID MS/MS, the 

molecular ion can be clearly identified (Figure 4.12). However, this would not be an issue 

even if the molecular ion was absent from the MS/MS spectra as the MS spectra were 

obtained and the structures, as well as the identity of the metabolites of interest are known. 

Both electron-mediated fragmentation methods are radical-based processes and may also 

result in the formation of secondary and tertiary fragments. This contributes to the 

complexity of the MS/MS spectra obtained, which often require careful manual 

interpretation.       

 After optimisation of the electron energy and pulse length, fragmentation of both 

dihydroxylated vitamin D3 isomers resulted in complex EID spectra (Figure 4.12). 

Although the relative intensity of the diagnostic and non-diagnostic fragments generated 

by EID were overall lower compared to both CAD and IRMPD (Table 4.1), 

complementary structural information was obtained with EID.       
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Figure 4. 12 EID MS/MS spectra with inserts of m/z 100 – 350 regions with fragment 

peaks labelled for a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3 with  

structure specific fragments are denoted by the star symbol. The corresponding peak 

assignment tables a) S4.5 and b) S4.6 are displayed in the supplementary information for 

a) 1,25-dihydroxyvitamin D3 and b) 24,25-dihydroxyvitamin D3, respectively. 

 Compared to IRMPD, UVPD is a higher energy activation method based on the 

absorption of UV photons by the analyte ions, which is possible due to the UV 

chromophore properties of the C=C double bonds present in the 5,6-cistriene system of 

the vitamin D compounds.   
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 UVPD MS/MS experiments were carried out at 193 nm and 213 nm wavelengths 

using an ArF Excimer laser and a Nd:YAG laser, respectively. The structural information 

obtained with 193 nm UVPD for the dihydroxylated vitamin D3 compounds (Figure 4.13) 

compared well with the MS/MS data obtained with CAD, IRMPD, and EID MS/MS. This 

observation may be supported by a combination of the previously proposed UVPD 

mechanisms, which are known as direct dissociation and internal conversion.57 Direct 

dissociation is a result of electronic excitation or relaxation into a dissociative orbital, like 

that of electron-based fragmentation methods, whereas internal conversion of the photon 

energy into vibrational modes results in fragmentation in the ground state so the 

fragments generated will be like those generated by CAD and IRMPD.57  

 With 213 nm UVPD, the fragments obtained were low intensity compared to 

other MS/MS methods yet structure-specific fragments and cross-ring cleavages across 

both molecules were observed (Figure 4.14). It is difficult to make a direct comparison 

between the performance of the 193 nm and 213 nm UVPD on the data obtained as the 

number of laser shots and the energy output for each laser were different. For the 193 nm 

UVPD MS/MS experiments, 5 laser shots at 5 mJ/pulse were used and 10 laser shots at 

1.5 mJ/pulse were used for 213 nm UVPD MS/MS. However, as shown in Table 4.1, 

although most fragments were low intensity, many of the isomer-specific fragments (9 

out of the 12) listed for 1,25-dihydroxyvitamin D3 were detected with 213 nm UVPD 

MS/MS.  
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Figure 4. 13 The 193 nm UVPD MS/MS spectra with inserts of m/z 100 – 350 regions 

with the fragment peaks labelled for a) 1,25-dihydroxyvitamin D3 and b) 24,25-

dihydroxyvitamin D3 with structure specific fragments are denoted by the star symbol.  

The corresponding peak assignment tables a) S4.7 and b) S4.8 are displayed in the 

supplementary information for a) 1,25-dihydroxyvitamin D3 and b) 24,25-

dihydroxyvitamin D3, respectively. 
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Figure 4. 14 The 213 nm UVPD MS/MS spectra with inserts of m/z 100 – 350 regions 

with the fragment peaks labelled for a) 1,25-dihydroxyvitamin D3 and b) 24,25-

dihydroxyvitamin D3 with structure specific fragments are denoted by the star symbol.   

The corresponding peak assignment tables a) S4.9 and b) S4.10 are displayed in the 

supplementary information for a) 1,25-dihydroxyvitamin D3 and b) 24,25-

dihydroxyvitamin D3, respectively. 

 

 Multiple diagnostic fragments were detected as shown in Table 4.1. The table 

displays the main diagnostic fragments detected in the 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) MS/MS spectra, which were definitively absent in the MS/MS spectra of 

24,25-dihydroxyvitamin D3 (24,25(OH)2D3), using the various fragmentation methods 

available. This was shown mainly for the 1,25-dihydroxyvitamin D3 isomer as this 
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metabolite had fragments that were also generated for 24,25-dihydroxyvitamin D3, due to 

the fragile nature of the hydroxyl groups on the A ring and the aliphatic side chain of the 

molecule. Extensive fragmentation including cross-ring cleavages of both dihydroxylated 

vitamin D3 isomers was observed with all fragmentation methods applied. The assignment 

of the diagnostic fragments in Table 4.1 corresponds to the assigned cleavages of the 

1,25(OH)2D3 compound e.g., fragment “AD” refers to bonds “A” and “D” broken in 

1,25(OH)2D3, as shown by the cleavage diagram in Figure 4.14. 

Table 4. 1 Fragmentation table for diagnostic fragments, where one or both OH groups 

were retained on the ring for 1,25-dihydroxyvitamin D3, which are absent in the 24,25-

dihydroxyvitamin D3 spectra. In the table, “X” denotes the absence of the fragment in the 

1,25-dihydroxyvitamin D3 MS/MS spectra and further explanation about the fragment 

intensity level (S4.12) is provided in the supplementary information along with an 

expanded version of the fragmentation table (S4.11).  

 

 The development of vitamin D detection and quantification methods are essential 

for the diagnosis of patients with vitamin D deficiency and other diseases. Methods for 

quantification of vitamin D metabolites in human serum and plasma samples are often 

carried out with immunoassays. However, recently LC-MS/MS assays are used for 

routine analysis and quantification of vitamin D compounds. The success and use of LC-

MS/MS methods for quantification can be contributed to the sensitivity, reproducibility, 

and the capability for detection of several of the vitamin D3 metabolites used as 

biomarkers for vitamin D deficiency.   

 Although LC provides an extra dimension for the separation of compounds in 

complex mixtures, identification cannot be confirmed based on the retention time alone as 

co-elution with the many other metabolites of vitamin D remains to be a significant 

problem. This is particularly an issue for the separation and detection of very low 

Intensity S/N Intensity S/N Intensity S/N Intensity S/N Intensity S/N

109.064791 AB X X X X medium 18.1 medium 53.6 medium 58

127.075356 B X X high 231.5 medium 18.9 low 23.1 low 42

135.080441 AD high 346.4 high 639.4 high 106.7 high 585.7 high 507

139.075356 C low 26.8 high 224.3 medium 12.6 low 29.5 low 27.1

147.080441 AE low 20 low 27.7 low 21.2 medium 40.9 low 40.6

152.083181 D low 30.8 medium 63.6 high 42.2 medium 36.9 low 24.7

165.091006 E low 44.2 medium 70.2 low 12.8 low 14.7 low 12.2

287.200557 L high 390.1 high 423.9 medium 198.7 high 141.2 low 25.3

315.231857 M high 27.2 medium 77.6 low 39.6 medium 38.3 low 9.2

329.247507 N low 128.1 low 26.5 low 12.1 low 15.8 X X

343.263157 O high 493.1 medium 67.6 low 53.3 medium 36.9 X X

357.278807 P medium 78 low 16.7 X X X X X X

Fragmentation Method 

Assignment

1,25(OH)2D3 

characteristic 

theoretical 

fragment (m/z )

CAD IRMPD EID 193 nm UVPD 213 nm UVPD 
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abundant metabolites such as 1,25-dihydroxyvitamin D3. Therefore, chromatographic 

separation and isolation of the metabolites can be beneficial with the aid of MS/MS 

methods, which can be used for the structural characterization of the compounds.  

 With the MS/MS methods applied in this work, the fragmentation patterns for 

dihydroxylated vitamin D isomers were similar yet isomer-specific fragments were 

detected, particularly for 1,25-dihydroxyvitamin D3. An alternative direct infusion 

MS/MS approach is discussed herein using mixtures of the standard vitamin D isomers, 

where the specific fragments detected for the active dihydroxylated vitamin D3. The aim 

is to demonstrate the potential of this method for the relative quantification of vitamin D 

metabolites in biological matrices. 

 The highlighted fragment ions at m/z 135.08 and m/z 287.20 in Table 4.1 were 

chosen to test the relative quantitation of the isomers as these fragments had the highest 

relative intensities and S/N out of the characteristic fragments listed in Table 4.1. The 

isomers, 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 were mixed to obtain 

mixtures, in which the 1,25-dihydroxyvitamin D3 content varied from 0 % to 100 % in 

20 % increments. Figure 4.15a) demonstrates clear discrimination between the 

dihydroxylated vitamin D3 isomers. As the percentage of 1,25-dihydroxyvitamin D3 in the 

standard mixtures of 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 were 

increased, the intensity of the fragments at m/z 135.08 and m/z 287.2 generated by 

IRMPD MS/MS also increased in intensity.  

 A ratio was calculated using the peak area of the 1,25-dihydroxyvitamin D3 

specific fragment to the sum of all the fragments present in the IRMPD MS/MS spectrum 

for each isomer mixture. Fluctuations were observed in the calibration curve when only 

the peak area or the peak intensities of the diagnostic fragment was plotted against the 

percentage of 1,25-dihydroxyvitamin D3 in the dihydroxylated vitamin D3 isomeric 

mixture, thus this was avoided using the ratio equation [Eqn. 4.1], which is also reiterated 

below: 

Relative ratio of 1,25(OH)2D3 (%)

=
peak area of characteristic 1,25(OH)2D3  fragment

sum of all fragment peak areas
 ×  100 

A calibration curve was obtained with good linearity (R2>0.99) with the inclusion of the 

confidently assigned (mass error < 1 ppm) fragments and using the equation [Eqn. 4.1].  
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Figure 4. 15  m/z scale expansion of a) m/z 135.05– 135.10 and b) m/z 287.15 – 287.25 

from the IRMPD spectra for the characteristic 1,25(OH)2D3 IRMPD fragment ions with 

increasing increments of 1,25(OH)2D3 in percentage concentration in the mixture (all 

spectra scaled to same y-axis intensity), c) structure of 1,25(OH)2D3 with associated 

cleavages to produce the diagnostic fragments “AD” and “L” and d) calibration curves 

generated using the peak area ratio of the 1,25(OH)2D3 specific “AD” and “L” fragments. 
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4.5 Conclusions 

 In this study, the use of CAD MS/MS was revisited and alternative fragmentation 

methods such as IRMPD, UVPD implemented at two different wavelengths, and EID 

MSMS/MS were investigated for the differentiation of the isomeric dihydroxylated 

vitamin D3 compounds. Isomer-specific fragments were detected for the active metabolite, 

1,25-dihydroxyvitamin D3, which were absent for the inactive metabolite, 24,25-

dihydroxyvitamin D3 after optimisation of the parameters for each MS/MS method and 

accumulation of scans. The structure-specific fragments generated due to cleavage of the 

C-6/C-7 bond in the 1,25-dihydroxyvitamin D3 compound successfully demonstrate the 

retention of the fragile hydroxyl groups during dissociation using all the available 

fragmentation methods.  

 It should be noted that the loss of the hydroxyl groups and series of hydrocarbon 

chain decompositions for both vitamin D3 metabolites dominated all the MS/MS spectra 

obtained. However, after detailed analysis, multiple diagnostic fragments were detected 

and assigned with high confidence aided by the high resolving power and high mass 

accuracy capabilities provided by FT-ICR MS.  

 In summary, diagnostic fragments generated via all MS/MS methods were 

observed for 1,25-dihydroxyvitamin D3, enabling quick and easy differentiation between 

the two dihydroxylated vitamin D3, without the need for prior chromatographic separation 

or derivatization of the molecules.  

 Accurate quantification of the vitamin D metabolites is essential and continues to 

have a profound impact on the clinical diagnosis of vitamin D deficiency and other 

related diseases. The issues surrounding quantification include the difficulty in analysis of 

the samples as the vitamin D metabolites are structurally very similar and they are often 

directly measured in complex biological matrices such as human serum or blood. 

Therefore, adequate separation of the metabolites is necessary and definitive product 

confirmation is required depending on which vitamin D metabolites are targeted.  

 Preliminary experiments for the quantitative analysis of 1,25-dihydroxyvitamin 

D3 were also carried out. Herein, we developed a quantification method that uses the peak 

area of a selected diagnostic fragment of 1,25-dihydroxyvitamin D3 divided by the sum of 

the fragments peak areas to reduce the fluctuation caused by a single fragmented peak. A 

calibration curve using the diagnostic fragments of 1,25-dihydroxyvitamin D3 was 

established with good linearity (R2> 0.99).  
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 This direct infusion quantification method using MS/MS has the potential to be 

applied to the vitamin D3 metabolites detected in matrices such as serum or urine, which 

are routinely found in low concentrations and often masked by other endogenous material. 

Hence, chromatographic separation prior to MS/MS analysis may be beneficial whilst the 

characteristic fragments listed in this work can be used to identify and quantify the 

biologically active 1,25-dihydroxyvitamin D3 compound.  
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4.7 Supplementary Information  

Table S4. 1 Peak assignment table for the CAD MS/MS of the protonated 1,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C9H11 2061866 1077261 119.085527 119.085441 -0.72 

 C9H9O 5472289 947214 133.064791 133.064727 -0.48 

AD C9H11O 23938552 920511 135.080441 135.080393 -0.36 

 C9H13O 15070955 912936 137.096091 137.096044 -0.34 

C C8H11O2 1983347 950057 139.075356 139.07532 -0.26 

 C11H13 5323683 868950 145.101177 145.10113 -0.32 

AE C10H11O 1526401 949151 147.080441 147.080399 -0.29 

 C10H13O 9244278 824438 149.096091 149.096066 -0.17 

 C9H11O2 25602036 833988 151.075356 151.075332 -0.16 

 C10H15O 2383356 878831 151.111742 151.111715 -0.18 

D C9H12O2 2293053 825058 152.083181 152.083144 -0.24 

 C9H13O2 22569352 820295 153.091006 153.090978 -0.18 

 C12H15 9021058 803599 159.116827 159.116812 -0.09 

AF C11H13O 3294005 801681 161.096091 161.096086 -0.03 

 C11H15O 2908662 829572 163.111742 163.111731 -0.07 

E C10H12O2 3280050 774403 165.091006 165.090998 -0.04 

 C13H15 10664191 749222 171.116827 171.116816 -0.06 

 C13H17 12257985 716753 173.132477 173.132466 -0.06 

AG C12H15O 4327030 729898 175.111742 175.111746 0.02 

 C13H19 11398270 722067 175.148127 175.148116 -0.06 

 C13H21 13291060 715052 177.163777 177.163786 0.05 

 C13H23 9741283 695438 179.179427 179.179421 -0.03 

 C14H17 15953049 681392 185.132477 185.132492 0.08 

 C14H19 13559317 672381 187.148127 187.148127 0.00 

AH C13H17O 9007994 670989 189.127392 189.127389 -0.02 

 C14H21 20266880 670093 189.163777 189.163776 -0.01 

 C14H23 22655194 652927 191.179427 191.179424 -0.02 

 C12H17O2 2021912 643289 193.122306 193.122326 0.10 

 C14H25 6070819 667615 193.195077 193.195111 0.18 

 C15H17 13907062 653713 197.132477 197.132507 0.15 

 C15H19 26645904 632977 199.148127 199.148148 0.11 

 C15H21 16617116 623389 201.163777 201.163789 0.06 

 C15H23 21587866 621190 203.179427 203.179429 0.01 

CO C15H25 9506955 611478 205.195077 205.195091 0.07 

 C16H17 11917886 609393 209.132477 209.132477 0.00 

 C16H19 19204876 594058 211.148127 211.148169 0.20 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C16H21 25816014 592531 213.163777 213.163809 0.15 

 C16H23 19586184 584901 215.179427 215.17945 0.11 

 C16H25 27176248 579544 217.195077 217.195081 0.02 

CP C16H27 23883234 574684 219.210727 219.210734 0.03 

 C16H19O 33476658 552356 227.143042 227.143073 0.14 

 C17H23 34156596 552632 227.179427 227.179442 0.07 

AI C16H21O 17477818 544501 229.158692 229.158702 0.04 

 C17H25 24039612 542390 229.195077 229.195124 0.21 

 C16H23O 15388990 537950 231.174342 231.174342 0.00 

AJ C17H23O 26235928 518740 243.174342 243.174335 -0.03 

 C18H27 81663000 515083 243.210727 243.210792 0.27 

 C18H29 201938064 509890 245.226377 245.226437 0.24 

I C16H23O2 19768582 504654 247.169256 247.169277 0.08 

D'Q C18H31 205870352 507123 247.242027 247.242063 0.15 

 C19H27 55498488 493964 255.210727 255.210728 0.00 

 C19H29 75192184 488940 257.226377 257.226408 0.12 

 C19H31 147085312 484034 259.242027 259.242058 0.12 

J C17H25O2 12384383 480345 261.184906 261.184876 -0.11 

 C18H29O 6879361 470525 261.221292 261.221314 0.08 

 C18H31O 9625863 469322 263.236942 263.236988 0.17 

 C19H23O 5939731 420864 267.174342 267.17431 -0.12 

 C19H25O 166222496 466510 269.189992 269.19006 0.25 

AL C19H27O 97180456 463452 271.205642 271.205654 0.04 

B'Q C20H33 84089784 458038 273.257677 273.257724 0.17 

 C18H27O2 11697216 450225 275.200557 275.200592 0.13 

 C21H29 115039728 447404 281.226377 281.226436 0.21 

 C21H31 46259840 443816 283.242027 283.24206 0.12 

 C20H29O 48783116 442013 285.221292 285.221289 -0.01 

L C19H27O2 332488608 436153 287.200557 287.20064 0.29 

 C19H29O2 36806704 434029 289.216207 289.216236 0.10 

 C22H29 52945236 429591 293.226377 293.226361 -0.05 

 C22H31 16298472 425753 295.242027 295.242021 -0.02 

 C22H33 18879100 418298 297.257677 297.257696 0.06 

AM C21H31O 84763408 420850 299.236942 299.236906 -0.12 

 C22H35 14971663 406694 299.273328 299.273275 -0.18 

 C23H31 144401744 408611 307.242027 307.242037 0.03 

 C23H33 42034664 407296 309.257677 309.257699 0.07 

 C23H35 13117050 389140 311.273328 311.273278 -0.16 

AN C22H33O 4190985 394200 313.252592 313.252551 -0.13 

M C21H31O2 26888088 399910 315.231857 315.231733 -0.39 

 C24H35 69429728 390699 323.273328 323.273317 -0.03 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C24H37 21056110 378065 325.288978 325.288971 -0.02 

AO C23H35O 26847998 382999 327.268242 327.268124 -0.36 

N C22H33O2 10656654 365106 329.247507 329.247367 -0.43 

 C24H35O 29355636 365382 339.268242 339.268127 -0.34 

AP C24H37O 18161420 358362 341.283892 341.283732 -0.47 

O C23H35O2 41643940 369087 343.263157 343.263035 -0.36 

P C24H37O2 6802424 332705 357.278807 357.2786 -0.58 

[M+H]+ - 

3H2O C27H39 1894413824 343871 363.304628 363.304715 0.24 

[M+H]+ - 

2H2O C27H41O 3714219008 327414 381.315192 381.315269 0.20 

[M+H]+ - 

H2O C27H43O2 4040327936 313373 399.325757 399.325759 0.01 

[M+H]+ C27H44O3 66586640 303294 417.336322 417.336034 -0.69 

Average error 0.04 

Absolute average error 0.16 

Standard deviation 0.15 

 

Table S4. 2 Peak assignment table for the CAD MS/MS of the protonated 24,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

AB C9H11 1869928 1071496 119.085527 119.085556 0.24 

 C9H13 12396664 1061040 121.101177 121.101208 0.26 

 C8H13O 1181563 1089584 125.096091 125.096129 0.30 

AC C10H11 1677959 937313 131.085527 131.085554 0.21 

 C10H13 2038017 889944 133.101177 133.101211 0.26 

AD C11H13 6366844 893308 145.101177 145.101194 0.12 

 C11H15 6961119 883805 147.116827 147.116847 0.14 

 C11H17 6275924 882670 149.132477 149.132509 0.21 

AE C12H15 12733265 829922 159.116827 159.11685 0.14 

 C13H15 5637053 780588 171.116827 171.116848 0.12 

AF C13H17 14657403 741502 173.132477 173.132494 0.10 

 C13H19 22800692 729735 175.148127 175.148134 0.04 

 C14H15 2614706 648983 183.116827 183.116852 0.14 

 C14H17 10953016 670327 185.132477 185.132503 0.14 

 C14H19 21418670 664199 187.148127 187.148127 0.00 

 C14H21 21595156 662008 189.163777 189.163778 0.01 

 C15H19 27630082 618707 199.148127 199.148133 0.03 

 C15H21 34540292 609773 201.163777 201.163772 -0.02 

AG C16H21 37326840 573471 213.163777 213.163774 -0.01 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C16H23 34091172 561218 215.179427 215.179413 -0.07 

 C17H21 16966516 541964 225.163777 225.163773 -0.02 

AH C17H23 37188592 540647 227.179427 227.179404 -0.10 

 C17H25 28857444 532460 229.195077 229.195077 0.00 

 C16H25O 11507003 525096 233.189992 233.189972 -0.09 

 C18H23 30439008 514971 239.179427 239.179425 -0.01 

 C18H25 84186816 512230 241.195077 241.19504 -0.15 

 C18H27 100554520 509859 243.210727 243.210708 -0.08 

 C18H29 39622516 501056 245.226377 245.226365 -0.05 

 C17H27O 10186701 488821 247.205642 247.205644 0.01 

 C19H23 22505600 492517 251.179427 251.179396 -0.12 

 C19H25 80828640 490115 253.195077 253.19503 -0.19 

 C19H27 142137664 489376 255.210727 255.210663 -0.25 

 C18H27O 70392304 478417 259.205642 259.205622 -0.08 

 C18H29O 79927888 473736 261.221292 261.221258 -0.13 

I C19H27O 65494068 458462 271.205642 271.205596 -0.17 

 C19H29O 174578832 457433 273.221292 273.221247 -0.16 

 C21H27 52501960 446115 279.210727 279.210707 -0.07 

 C21H29 70016560 443005 281.226377 281.226357 -0.07 

 C20H27O 2186903 449643 283.205642 283.20561 -0.11 

 C21H31 95444632 443805 283.242027 283.242002 -0.09 

 C20H29O 73539328 439120 285.221292 285.221254 -0.13 

 C20H31O 53714796 436218 287.236942 287.236927 -0.05 

 C20H33O 5771226 430141 289.252592 289.252551 -0.14 

 C22H31 339894560 424902 295.242027 295.241989 -0.13 

J C21H31O 73474568 418451 299.236942 299.236895 -0.16 

 C21H33O 24789626 414105 301.252592 301.252594 0.01 

 C21H35O 38273776 410898 303.268242 303.268233 -0.03 

 C23H31 75506648 409239 307.242027 307.241997 -0.10 

 C23H33 60367956 403800 309.257677 309.257678 0.00 

 C23H35 8760529 404676 311.273328 311.273337 0.03 

K C22H33O 30573900 398151 313.252592 313.252589 -0.01 

 C24H33 71788360 389017 321.257677 321.257667 -0.03 

 C24H35 147974096 388923 323.273328 323.273313 -0.05 

 C24H37 1444946 425976 325.288978 325.288984 0.02 

L C23H35O 4925655 389572 327.268242 327.26822 -0.07 

 C24H35O 23751706 369922 339.268242 339.268238 -0.01 

 C24H37O 119270576 368247 341.283892 341.283874 -0.05 

M C24H37O2 2125161 366485 357.278807 357.278835 0.08 

[M+H]+ - 

3H2O C27H39 1050571584 346006 363.304628 363.304579 -0.13 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

[M+H]+ - 

2H2O C27H41O 3261233408 329163 381.315192 381.315092 -0.26 

[M+H]+ - 

H2O C27H43O2 640581440 313847 399.325757 399.325756 0.00 

[M+H]+ C27H44O3 43943192 301238 417.336322 417.336392 0.17 

Average error 0.01 

Absolute average error 0.10 

Standard deviation 0.08 

 

 

Table S4. 3 Peak assignment table for the IRMPD MS/MS of the protonated 1,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H15 4141042 1223797 111.116827 111.116828 0.01 

 C9H9 3162382 1207595 117.069877 117.069883 0.05 

AB C9H11 9180172 1110064 119.085527 119.085527 0.00 

 C8H9O 4794784 1067511 121.064791 121.064792 0.01 

 C9H13 9434145 1027320 121.101177 121.101177 0.00 

 C8H11O 1227280 1198025 123.080441 123.080442 0.01 

 C9H15 13603153 1043694 123.116827 123.116833 0.05 

 C7H10O2 22377998 988679 127.075356 127.075359 0.02 

 C9H9O 3407312 893098 133.064791 133.064785 -0.05 

AD C9H11O 61992800 912006 135.080441 135.080441 0.00 

 C9H13O 14729875 886280 137.096091 137.09609 -0.01 

C C8H11O2 21955042 880931 139.075356 139.075355 -0.01 

 C11H13 13500047 849301 145.101177 145.101166 -0.08 

AE C10H11O 2899916 841614 147.080441 147.080426 -0.10 

 C10H13O 7497256 821052 149.096091 149.09609 -0.01 

 C9H11O2 35243024 814615 151.075356 151.075353 -0.02 

D C9H12O2 6456592 830834 152.083181 152.083173 -0.05 

 C9H13O2 42139156 808019 153.091006 153.090996 -0.07 

 C12H11 3405859 799996 155.085527 155.085512 -0.10 

 C12H13 10882631 812535 157.101177 157.101162 -0.10 

 C12H15 17157238 782252 159.116827 159.116821 -0.04 

AF C11H13O 3969191 760310 161.096091 161.096092 0.01 

 C12H17 16109234 771371 161.132477 161.132468 -0.06 

 C11H15O 5644011 764213 163.111742 163.111733 -0.06 

 C12H19 44210420 765603 163.148127 163.148117 -0.06 

E C10H12O2 7188778 770119 165.091006 165.091003 -0.02 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C13H15 22198802 734421 171.116827 171.116815 -0.07 

 C13H17 21697632 716744 173.132477 173.132466 -0.06 

AG C12H15O 4840097 721043 175.111742 175.111733 -0.05 

 C13H21 39102704 708411 177.163777 177.163773 -0.02 

 C14H13 2501446 757234 181.101177 181.101175 -0.01 

 C14H15 14540652 688350 183.116827 183.116816 -0.06 

 C14H17 29294980 675596 185.132477 185.132474 -0.02 

 C14H19 20597644 668850 187.148127 187.148114 -0.07 

AH C13H17O 11246969 677449 189.127392 189.12738 -0.06 

 C15H15 5799643 655948 195.116827 195.116805 -0.11 

 C15H17 19758214 633614 197.132477 197.132476 -0.01 

 C15H19 35409440 626339 199.148127 199.148122 -0.03 

 C15H21 21475238 622075 201.163777 201.163768 -0.04 

 C15H23 30118174 614343 203.179427 203.179413 -0.07 

CO C15H25 8950406 609094 205.195077 205.195067 -0.05 

 C16H17 10781976 602120 209.132477 209.132468 -0.04 

 C16H19 22222418 594429 211.148127 211.148132 0.02 

 C16H21 33290112 583929 213.163777 213.163777 0.00 

 C16H23 25520288 578839 215.179427 215.179424 -0.01 

 C16H25 34314676 574544 217.195077 217.195065 -0.06 

CP C16H27 15055544 564836 219.210727 219.210712 -0.07 

 C17H19 10728598 560044 223.148127 223.148113 -0.06 

 C17H21 31931770 549860 225.163777 225.163775 -0.01 

 C16H19O 11527761 547202 227.143042 227.143041 0.00 

AI C16H21O 14839585 543657 229.158692 229.158679 -0.06 

 C17H25 26799908 539293 229.195077 229.195084 0.03 

 C16H23O 20008936 539591 231.174342 231.174326 -0.07 

 C17H27 34766828 537008 231.210727 231.210734 0.03 

 C17H29 13113514 527816 233.226377 233.226389 0.05 

 C18H21 28041734 522105 237.163777 237.163785 0.03 

 C18H23 35480236 518591 239.179427 239.179433 0.03 

 C18H25 31261516 518563 241.195077 241.195069 -0.03 

AJ C17H23O 21914594 513123 243.174342 243.174322 -0.08 

 C18H27 58065892 510607 243.210727 243.210737 0.04 

 C18H29 156288128 507276 245.226377 245.226381 0.02 

I C16H22O2 24454404 499315 247.169256 247.169252 -0.02 

D'Q C18H31 149341456 502566 247.242027 247.242018 -0.04 

 C19H25 90932888 491510 253.195077 253.195064 -0.05 

 C19H29 38602640 480314 257.226377 257.226373 -0.02 

 C19H31 68454408 478619 259.242027 259.242016 -0.04 

J C17H24O2 10025082 478826 261.184906 261.184886 -0.08 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C18H29O 10991740 476765 261.221292 261.221295 0.01 

 C18H31O 24353010 468928 263.236942 263.236958 0.06 

AL C19H27O 82430648 457319 271.205642 271.20563 -0.04 

B'Q C20H33 89410344 452369 273.257677 273.25768 0.01 

 C18H26O2 8926107 443503 275.200557 275.20057 0.05 

 C21H27 33991812 436608 279.210727 279.210731 0.01 

 C21H29 39603452 434783 281.226377 281.226386 0.03 

 C21H31 23899508 427873 283.242027 283.242028 0.00 

L C19H27O2 42282604 428683 287.200557 287.200563 0.02 

 C19H29O2 28569328 420913 289.216207 289.21622 0.04 

 C22H31 6949008 429052 295.242027 295.242035 0.03 

AM C21H31O 20066750 404205 299.236942 299.236911 -0.10 

 C23H31 73815136 397661 307.242027 307.242011 -0.05 

 C23H33 28136736 393719 309.257677 309.257688 0.04 

AN C22H33O 1278894 331561 313.252592 313.252607 0.05 

M C21H31O2 8755069 374332 315.231857 315.231813 -0.14 

 C21H33O2 9345112 390307 317.247507 317.247525 0.06 

 C24H33 19081760 369762 321.257677 321.257666 -0.03 

 C24H35 36993808 371881 323.273328 323.273328 0.00 

 C24H37 17722374 368194 325.288978 325.288993 0.05 

AO C23H35O 15183102 363428 327.268242 327.268218 -0.07 

N C22H33O2 3162620 388905 329.247507 329.247431 -0.23 

 C25H37 21881404 353321 337.288978 337.288963 -0.04 

 C24H35O 13845332 350171 339.268242 339.268217 -0.07 

AP C24H37O 13186168 342876 341.283892 341.283849 -0.13 

O C23H35O2 7857562 348589 343.263157 343.263133 -0.07 

P C24H37O2 2128920 356065 357.278807 357.278835 0.08 

[M+H]+ - 

3H2O C27H39 827027968 341771 363.304628 363.30462 -0.02 

[M+H]+ - 

2H2O C27H41O 2130935296 326424 381.315192 381.315202 0.03 

[M+H]+ - 

H2O C27H43O2 5138254336 314268 399.325757 399.325692 -0.16 

[M+H]+ C27H44O3 263033312 294122 417.336322 417.336321 0.00 

Average error 0.03  

Absolute average error 0.05  

Standard deviation 0.04  
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Table S4. 4 Peak assignment table for the IRMPD MS/MS of the protonated 24,25 

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H13 32794890 1196925 109.101177 109.101222 0.41 

AB C9H11 12499045 1054654 119.085527 119.085564 0.31 

 C9H13 144448384 1052295 121.101177 121.101209 0.26 

 C8H13O 39061508 994911 125.096091 125.096125 0.27 

 C8H15O 649833600 988496 127.111742 127.111758 0.13 

AC C10H11 14868465 922309 131.085527 131.085566 0.30 

 C10H13 13019374 945840 133.101177 133.101205 0.21 

 C10H15 61624340 917892 135.116827 135.116853 0.19 

 C11H11 3722737 850705 143.085527 143.085542 0.10 

AD C11H13 34826168 853145 145.101177 145.101195 0.12 

 C11H15 28377496 841503 147.116827 147.116845 0.12 

 C11H17 46254992 821634 149.132477 149.132502 0.17 

 C12H11 3924427 833354 155.085527 155.085545 0.12 

 C12H13 23462916 796546 157.101177 157.101189 0.08 

AE C12H15 44738120 776744 159.116827 159.116842 0.09 

 C12H17 64866452 775570 161.132477 161.132488 0.07 

 C12H19 38963944 766225 163.148127 163.14814 0.08 

 C13H13 9758154 744709 169.101177 169.101186 0.05 

 C13H15 40191004 725762 171.116827 171.116834 0.04 

AF C13H17 52295268 721671 173.132477 173.132484 0.04 

 C13H19 80894112 713751 175.148127 175.14813 0.02 

 C14H17 55722736 671054 185.132477 185.132485 0.04 

 C14H19 69469384 666583 187.148127 187.148127 0.00 

 C14H21 66283140 662398 189.163777 189.163776 -0.01 

 C15H19 99904936 626481 199.148127 199.148128 0.01 

 C15H21 72232656 621101 201.163777 201.163775 -0.01 

AG C16H21 111981648 585253 213.163777 213.163777 0.00 

 C16H25 43210168 573491 217.195077 217.195068 -0.04 

 C17H21 62961672 553554 225.163777 225.163775 -0.01 

AH C17H23 106985616 550762 227.179427 227.179418 -0.04 

 C17H25 77232400 542255 229.195077 229.195079 0.01 

 C16H25O 24463878 537023 233.189992 233.189983 -0.04 

 C18H23 111393656 520174 239.179427 239.179428 0.00 

 C18H25 209632240 517834 241.195077 241.195065 -0.05 

 C18H27 141704320 512010 243.210727 243.21073 0.01 

 C18H29 135478528 507500 245.226377 245.226376 0.00 

 C19H25 211566448 491770 253.195077 253.195061 -0.06 

 C19H27 282148896 487686 255.210727 255.210708 -0.07 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C19H29 84312272 482227 257.226377 257.226366 -0.04 

 C18H27O 81723792 481220 259.205642 259.205644 0.01 

 C18H29O 54116944 475520 261.221292 261.22129 -0.01 

 C20H27 176374960 465600 267.210727 267.21071 -0.06 

 C20H29 169002384 462490 269.226377 269.226357 -0.07 

I C19H27O 88802920 458558 271.205642 271.205628 -0.05 

 C19H29O 259344192 455485 273.221292 273.221287 -0.02 

 C21H27 95635952 442722 279.210727 279.210725 -0.01 

 C21H29 141118176 441552 281.226377 281.22638 0.01 

 C20H29O 131976368 436108 285.221292 285.221282 -0.04 

 C20H31O 61017504 430867 287.236942 287.236945 0.01 

 C20H33O 6254222 436577 289.252592 289.252576 -0.06 

 C22H31 365646144 420677 295.242027 295.242024 -0.01 

J C21H31O 81548064 413280 299.236942 299.236919 -0.08 

 C21H33O 18985990 405109 301.252592 301.252601 0.03 

 C21H35O 18855146 403445 303.268242 303.268234 -0.03 

 C23H31 116414112 402309 307.242027 307.242013 -0.05 

 C23H33 56039292 397078 309.257677 309.257688 0.04 

K C22H33O 13269278 396106 313.252592 313.252599 0.02 

 C24H33 67525688 379972 321.257677 321.257679 0.01 

 C24H35 139746560 379937 323.273328 323.273331 0.01 

L C23H35O 1291381 435373 327.268242 327.268255 0.04 

 C24H35O 14357176 350233 339.268242 339.268244 0.01 

 C24H37O 51864428 353125 341.283892 341.28389 -0.01 

[M+H]+ - 

3H2O C27H39 996371264 339751 363.304628 363.304616 -0.03 

[M+H]+ - 

2H2O C27H41O 2313384448 325828 381.315192 381.315177 -0.04 

[M+H]+ - 

H2O C27H43O2 1206090240 308590 399.325757 399.325759 0.01 

[M+H]+ C27H44O3 62603664 278062 417.336322 417.33637 0.12 

Average error 0.04  

Absolute average error 0.07  

Standard deviation 0.09  
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Table S4. 5 Peak assignment table for the EID MS/MS of the protonated 1,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 21745554 1151374 105.069877 105.069877 0.00 

AB C7H9O 5964417 1105781 109.064791 109.064792 0.01 

 C9H9 11830329 1049674 117.069877 117.06988 0.03 

 C9H11 15875639 1043152 119.085527 119.085529 0.02 

 C8H9O 3233805 1072666 121.064791 121.064791 0.00 

B C7H10O2 4893909 1030521 127.075356 127.075358 0.02 

 C9H9O 23503828 941431 133.064791 133.064793 0.02 

AD C9H11O 23789826 921376 135.080441 135.080445 0.03 

 C9H13O 7391829 931763 137.096091 137.096097 0.04 

C C8H11O2 6098119 899829 139.075356 139.075361 0.04 

 C11H13 15155438 865594 145.101177 145.101182 0.03 

AE C10H11O 2339543 861627 147.080441 147.080436 -0.03 

 C10H13O 3729634 866417 149.096091 149.0961 0.06 

 C9H11O2 34396920 831224 151.075356 151.075357 0.01 

D C9H12O2 102794256 822435 152.083181 152.083181 0.00 

 C9H13O2 18203950 821412 153.091006 153.091007 0.01 

 C12H15 14861349 785008 159.116827 159.116829 0.01 

AF C11H13O 3069574 776242 161.096091 161.096087 -0.02 

 C11H15O 2252282 763080 163.111742 163.11173 -0.07 

E C10H12O2 2562152 793103 165.091006 165.091009 0.02 

 C13H15 12708566 738795 171.116827 171.116827 0.00 

 C13H17 11684174 727635 173.132477 173.13248 0.02 

AG C12H15O 1432756 795431 175.111742 175.111754 0.07 

 C13H19 8393663 722879 175.148127 175.148132 0.03 

 C13H21 9359911 697506 177.163777 177.163776 -0.01 

 C13H23 5438596 702218 179.179427 179.179425 -0.01 

 C14H17 11805476 682507 185.132477 185.132479 0.01 

 C14H19 7968060 679133 187.148127 187.148134 0.04 

 C13H17O 3351859 707028 189.127392 189.127388 -0.02 

 C14H21 8966972 660049 189.163777 189.163777 0.00 

 C14H23 7812389 669199 191.179427 191.179423 -0.02 

 C14H25 1819381 692395 193.195077 193.195078 0.01 

 C15H17 8963647 649317 197.132477 197.132482 0.03 

 C15H19 10753998 624941 199.148127 199.14813 0.02 

 C15H21 6139208 647897 201.163777 201.163775 -0.01 

 C15H23 6394542 625112 203.179427 203.179428 0.00 

CO C15H25 2119169 606449 205.195077 205.195085 0.04 

 C16H17 6609508 597781 209.132477 209.13248 0.01 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C16H19 6869892 615474 211.148127 211.148129 0.01 

 C16H21 7071892 595982 213.163777 213.16378 0.01 

 C16H23 4808084 589301 215.179427 215.179422 -0.02 

 C16H25 6851207 591871 217.195077 217.195076 0.00 

CP C16H27 3515756 608398 219.210727 219.210726 0.00 

 C16H19O 2532989 565614 227.143042 227.143049 0.03 

 C17H23 6315648 549340 227.179427 227.179433 0.03 

AI C16H21O 2878762 536560 229.158692 229.158691 0.00 

 C17H25 4610862 572738 229.195077 229.195075 -0.01 

 C16H23O 3845072 575035 231.174342 231.174344 0.01 

 C18H25 5171871 530008 241.195077 241.195059 -0.07 

AJ C17H23O 3675934 528060 243.174342 243.174345 0.01 

 C18H27 11402016 520715 243.210727 243.210729 0.01 

 C18H29 27061150 520987 245.226377 245.226381 0.02 

I C16H22O2 4609046 519625 247.169256 247.169249 -0.03 

D'Q C18H31 32082970 504844 247.242027 247.242027 0.00 

 C19H29 5105265 493262 257.226377 257.226377 0.00 

 C19H31 6321896 483961 259.242027 259.24203 0.01 

J C17H24O2 2180443 494168 261.184906 261.184897 -0.03 

 C18H29O 1826141 541555 261.221292 261.22132 0.11 

 C18H31O 8505301 484603 263.236942 263.236941 0.00 

 C19H25O 10422584 472959 269.189992 269.189992 0.00 

AL C19H27O 12378546 464222 271.205642 271.205649 0.03 

B'Q C20H33 11559471 463605 273.257677 273.257673 -0.01 

 C21H29 4465699 471764 281.226377 281.226371 -0.02 

 C21H31 2718886 455237 283.242027 283.242009 -0.06 

L C19H27O2 6839726 445370 287.200557 287.200554 -0.01 

 C19H29O2 13039160 434836 289.216207 289.216206 0.00 

 C22H29 4446035 440516 293.226377 293.226373 -0.01 

AM C21H31O 3420436 448597 299.236942 299.236934 -0.03 

 C23H31 8723357 415981 307.242027 307.242026 0.00 

 C23H33 2063947 428409 309.257677 309.257723 0.15 

M C21H31O2 2054762 401182 315.231857 315.231882 0.08 

 C24H35 3794304 423870 323.273328 323.273321 -0.02 

 C23H33O 3541580 430028 325.252592 325.252612 0.06 

 C24H37 2174544 408656 325.288978 325.289004 0.08 

AO C23H35O 2199328 411714 327.268242 327.268246 0.01 

N C22H33O2 2251236 384755 329.247507 329.247513 0.02 

 C24H35O 1669210 402380 339.268242 339.268286 0.13 

AP C24H37O 1953095 399336 341.283892 341.283854 -0.11 

O C23H35O2 1248819 413526 343.263157 343.263223 0.19 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

[M+H]1+ - 

3H2O C27H39 102396960 346378 363.304628 363.304631 0.01 

[M+H]1+ - 

2H2O C27H41O 366968256 330378 381.315192 381.315188 -0.01 

[M+H]1+ - 

H2O C27H43O2 

117358784

0 313586 399.325757 399.325738 -0.05 

[M+H]1+ C27H44O3 350588896 299779 417.336322 417.336317 -0.01 

Average error 0.01  

Absolute average error 0.03  

Standard deviation 0.03  

 

 

Table S4. 6 Peak assignment table for the EID MS/MS of the protonated 24,25 

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 18844638 1145651 105.069877 105.069888 0.10 

 C9H9 7289019 1045181 117.069877 117.069884 0.06 

AB C9H11 22662456 1035656 119.085527 119.085536 0.08 

 C8H13O 22515680 979822 125.096091 125.096103 0.10 

 C8H15O 134854240 955111 127.111742 127.11175 0.06 

AC C10H11 21878770 940167 131.085527 131.085534 0.05 

 C10H13 21992704 915657 133.101177 133.101181 0.03 

 C10H15 31024698 900174 135.116827 135.116834 0.05 

 C9H12O 1864736 984297 136.088266 136.088268 0.01 

 C11H11 10245764 853042 143.085527 143.085531 0.03 

 C8H15O2 123945096 856517 143.106656 143.106661 0.03 

AD C11H13 33323628 843867 145.101177 145.101181 0.03 

 C11H15 26104944 824577 147.116827 147.116831 0.03 

 C11H17 21757580 825650 149.132477 149.132481 0.03 

 C12H13 17960866 788574 157.101177 157.101179 0.01 

AE C12H15 37380624 769875 159.116827 159.116828 0.01 

 C12H17 35484812 768739 161.132477 161.132477 0.00 

 C12H19 13694730 761122 163.148127 163.148129 0.01 

 C13H15 21231864 713370 171.116827 171.116827 0.00 

AF C13H17 30528370 707578 173.132477 173.132477 0.00 

 C13H19 34203104 707453 175.148127 175.148127 0.00 

 C14H15 9874170 687268 183.116827 183.116826 -0.01 

 C14H17 26177814 660014 185.132477 185.132476 -0.01 

 C14H19 27771674 655968 187.148127 187.148127 0.00 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C14H21 22107396 655496 189.163777 189.163779 0.01 

 C15H19 34209000 622183 199.148127 199.148122 -0.03 

 C15H21 26725944 621027 201.163777 201.163774 -0.01 

 C15H23 10372977 605300 203.179427 203.179424 -0.01 

AG C16H21 30389346 578700 213.163777 213.163772 -0.02 

 C16H23 21472560 575191 215.179427 215.179422 -0.02 

 C16H25 8388079 579923 217.195077 217.195076 0.00 

 C17H21 13865070 551834 225.163777 225.163784 0.03 

AH C17H23 21498104 549497 227.179427 227.179424 -0.01 

 C17H25 15128954 540581 229.195077 229.19507 -0.03 

 C16H25O 5815914 527677 233.189992 233.189989 -0.01 

 C18H23 19471284 518914 239.179427 239.179429 0.01 

 C18H25 35908640 512497 241.195077 241.195072 -0.02 

 C19H27 48688972 484809 255.210727 255.210725 -0.01 

 C18H27O 20942936 482884 259.205642 259.205635 -0.03 

 C18H29O 21471460 481776 261.221292 261.221285 -0.03 

I C19H27O 23004112 464644 271.205642 271.205643 0.00 

 C19H29O 41301104 457314 273.221292 273.221289 -0.01 

 C21H29 19285780 441858 281.226377 281.226382 0.02 

 C20H29O 24590454 438562 285.221292 285.221291 0.00 

 C20H33O 3975654 444339 289.252592 289.252564 -0.10 

 C22H31 54287388 425696 295.242027 295.24203 0.01 

J C21H31O 14200228 421688 299.236942 299.236951 0.03 

 C21H33O 4520557 430555 301.252592 301.252611 0.06 

 C23H33 10482078 403587 309.257677 309.25769 0.04 

K C22H33O 2728770 417195 313.252592 313.252566 -0.08 

 C24H35 29329280 387861 323.273328 323.273336 0.02 

L C24H37O2 4873906 379840 357.278807 357.278775 -0.09 

 C24H35O 1655922 353743 339.268242 339.268249 0.02 

[M+H]1+ - 

3H2O 
C27H39 

215382672 342927 363.304628 363.304639 0.03 

[M+H]1+ - 

2H2O 
C27H41O 

1077642368 323776 381.315192 381.315187 -0.01 

[M+H]1+ - 

H2O 
C27H43O2 

1103859200 309031 399.325757 399.325755 -0.01 

[M+H]1+ C27H44O3 8841828352 295556 417.336322 417.33614 -0.44 

Average error 0.00  

Absolute average error 0.04  

Standard deviation 0.06  
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Table S4. 7 Peak assignment table for the 193 nm UVPD MS/MS of the protonated 1,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 13742154 1084022 105.069877 105.069877 0.00 

AB C7H9O 7533579 1062180 109.064791 109.064789 -0.02 

 C8H15 5477098 1012224 111.116827 111.116824 -0.03 

 C9H9 15969965 1046541 117.069877 117.069875 -0.02 

 C9H11 55903916 1014701 119.085527 119.085522 -0.04 

 C8H9O 5620035 1018142 121.064791 121.064787 -0.03 

 C9H13 30283972 1002986 121.101177 121.101172 -0.04 

 C8H11O 3166527 1049248 123.080441 123.080442 0.01 

 C9H15 16803584 1010279 123.116827 123.116824 -0.02 

B C7H10O2 3403886 1039053 127.075356 127.075349 -0.06 

 C9H9O 11441856 950805 133.064791 133.064783 -0.06 

AD C9H11O 80283672 914365 135.080441 135.080437 -0.03 

 C9H13O 29013398 905520 137.096091 137.096088 -0.02 

C C8H11O2 4315962 968182 139.075356 139.075354 -0.01 

 C11H13 40700184 865289 145.101177 145.101172 -0.03 

AE C10H11O 5923146 871874 147.080441 147.080431 -0.07 

 C10H13O 8735650 848776 149.096091 149.096091 0.00 

 C9H11O2 23089162 830598 151.075356 151.075354 -0.01 

D C9H12O2 5398861 820900 152.083181 152.08318 -0.01 

 C9H13O2 14555797 817125 153.091006 153.091001 -0.03 

 C12H11 13179184 821729 155.085527 155.085523 -0.03 

 C12H13 28868582 801816 157.101177 157.101173 -0.03 

 C12H15 40034988 791246 159.116827 159.116825 -0.01 

AF C11H13O 12022132 789447 161.096091 161.09609 -0.01 

 C12H17 37172608 781012 161.132477 161.132475 -0.01 

 C11H15O 5187670 791056 163.111742 163.111744 0.01 

 C12H19 15282275 775113 163.148127 163.148126 -0.01 

E C10H12O2 2351923 930356 165.091006 165.090986 -0.12 

 C13H15 31032332 734899 171.116827 171.116827 0.00 

 C13H17 24809220 731732 173.132477 173.132476 -0.01 

AG C12H15O 11332077 732250 175.111742 175.11174 -0.01 

 C14H11 2253488 766817 179.085527 179.085508 -0.11 

 C14H13 10928782 702038 181.101177 181.101176 -0.01 

 C14H15 22586718 693794 183.116827 183.116827 0.00 

 C14H17 26925088 684101 185.132477 185.132478 0.01 

 C14H19 16456400 672931 187.148127 187.148128 0.01 

AH C13H17O 5110624 683570 189.127392 189.127396 0.02 

 C15H13 1843524 756056 193.101177 193.101171 -0.03 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C15H15 16852128 649942 195.116827 195.116829 0.01 

 C15H17 21890790 631269 197.132477 197.132479 0.01 

 C15H19 22853914 633091 199.148127 199.148128 0.01 

 C15H21 13421368 635914 201.163777 201.163781 0.02 

 C15H23 6365509 635533 203.179427 203.179428 0.00 

CO C15H25 1789758 613906 205.195077 205.195107 0.15 

 C16H17 15434469 596630 209.132477 209.132476 0.00 

 C16H19 14826666 608144 211.148127 211.148133 0.03 

 C16H21 12764766 596733 213.163777 213.163782 0.02 

 C16H23 7185410 600084 215.179427 215.179431 0.02 

 C16H25 7505302 585992 217.195077 217.195082 0.02 

CP C16H27 4112154 605066 219.210727 219.210723 -0.02 

 C16H19O 4104325 586179 227.143042 227.143041 0.00 

AI C16H21O 3130308 574432 229.158692 229.158664 -0.12 

 C17H25 5494218 544845 229.195077 229.195076 0.00 

 C16H23O 5563127 530303 231.174342 231.174343 0.00 

 C17H27 15667964 539172 231.210727 231.210733 0.03 

 C18H23 9920324 529900 239.179427 239.179439 0.05 

 C18H25 7086143 518414 241.195077 241.195084 0.03 

AJ C17H23O 6746412 520511 243.174342 243.174346 0.02 

 C18H27 19552560 510063 243.210727 243.210741 0.06 

 C18H29 66312728 509273 245.226377 245.226386 0.04 

I C16H22O2 10736366 507724 247.169256 247.169264 0.03 

D'Q C18H31 68590328 502623 247.242027 247.242037 0.04 

 C19H25 15773016 497725 253.195077 253.195084 0.03 

 C19H29 11185875 491779 257.226377 257.226392 0.06 

 C19H31 12033928 480198 259.242027 259.242035 0.03 

J C17H24O2 7000114 493796 261.184906 261.184916 0.04 

 C18H29O 8517685 485959 261.221292 261.221297 0.02 

 C18H31O 52945120 472063 263.236942 263.236954 0.05 

AL C19H27O 32801638 456819 271.205642 271.205653 0.04 

B'Q C20H33 31007750 453624 273.257677 273.2577 0.08 

 C21H29 9762418 432742 281.226377 281.226396 0.07 

 C21H31 4469521 429681 283.242027 283.24204 0.05 

L C19H27O2 21755982 428818 287.200557 287.200571 0.05 

 C19H29O2 41707764 425396 289.216207 289.216223 0.06 

 C22H31 1740028 432588 295.242027 295.24201 -0.06 

AM C21H31O 13532269 413723 299.236942 299.236951 0.03 

 C23H31 16314276 406376 307.242027 307.242042 0.05 

 C23H33 4263047 421120 309.257677 309.257707 0.10 

M C21H31O2 6241120 391991 315.231857 315.23185 -0.02 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C21H33O2 9477224 388439 317.247507 317.247535 0.09 

 C24H35 10581947 383473 323.273328 323.273353 0.08 

 C24H37 5118188 391997 325.288978 325.288994 0.05 

AO C23H35O 7850529 388796 327.268242 327.268244 0.01 

N C22H33O2 2713440 368619 329.247507 329.247471 -0.11 

 C24H35O 2443857 387737 339.268242 339.268281 0.11 

AP C24H37O 8188888 347207 341.283892 341.283882 -0.03 

O C23H35O2 6172003 371085 343.263157 343.263171 0.04 

[M+H]+ - 

3H2O C27H39 453302144 333248 363.304628 363.30462 -0.02 

[M+H]+ - 

2H2O C27H41O 2120543232 318552 381.315192 381.315147 -0.12 

[M+H]+ - 

H2O C27H43O2 1.1182E+10 307498 399.325757 399.325664 -0.23 

[M+H]+ C27H44O3 2048201216 288484 417.336322 417.336247 -0.18 

Average error 0.00  

Absolute average error 0.04  

Standard deviation 0.04  

 

Table S4. 8 Peak assignment table for the 193 nm UVPD MS/MS of the protonated 

24,25- dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 17712800 1059487 105.069877 105.069944 0.64 

 C8H11 23954304 963545 107.085527 107.085587 0.56 

 C8H13 24980924 967380 109.101177 109.101235 0.53 

 C9H9 5715644 893719 117.069877 117.069921 0.38 

AB C9H11 31213176 919667 119.085527 119.085572 0.38 

 C9H13 68264080 925553 121.101177 121.101219 0.35 

 C8H13O 7556916 902875 125.096091 125.096129 0.30 

 C8H15O 19691976 871688 127.111742 127.111777 0.28 

AC C10H11 26288002 864176 131.085527 131.085561 0.26 

 C10H13 38538416 866276 133.101177 133.101208 0.23 

 C10H15 35796492 856483 135.116827 135.116855 0.21 

 C11H11 14143775 829719 143.085527 143.08555 0.16 

AD C11H13 49407816 819100 145.101177 145.101197 0.14 

 C11H15 45961620 803419 147.116827 147.116846 0.13 

 C11H17 18154492 793348 149.132477 149.132496 0.13 

 C12H11 5500855 821106 155.085527 155.085539 0.08 

 C12H13 24680066 759477 157.101177 157.10119 0.08 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

AE C12H15 63619420 750320 159.116827 159.116839 0.08 

 C12H17 41079884 744070 161.132477 161.132488 0.07 

 C12H19 9879364 731004 163.148127 163.14814 0.08 

 C13H13 8218688 710857 169.101177 169.101184 0.04 

 C13H15 23843668 706342 171.116827 171.116832 0.03 

AF C13H17 36017768 699663 173.132477 173.132482 0.03 

 C13H19 25557372 695992 175.148127 175.148131 0.02 

 C14H17 27445308 652846 185.132477 185.132478 0.01 

 C14H19 28957452 653374 187.148127 187.148126 -0.01 

 C14H21 11576778 659773 189.163777 189.163774 -0.02 

 C15H19 31545894 614969 199.148127 199.148125 -0.01 

 C15H21 17646698 608502 201.163777 201.163772 -0.02 

AG C16H21 17848420 578889 213.163777 213.163767 -0.05 

 C16H25 3725319 550113 217.195077 217.195077 0.00 

 C17H21 8090119 546034 225.163777 225.163759 -0.08 

AH C17H23 10290032 538181 227.179427 227.179413 -0.06 

 C17H25 5512396 531586 229.195077 229.195081 0.02 

 C16H25O 4806484 554746 233.189992 233.18998 -0.05 

 C18H23 10001087 520395 239.179427 239.179417 -0.04 

 C18H25 16190413 508650 241.195077 241.195068 -0.04 

 C18H27 12840144 501549 243.210727 243.21072 -0.03 

 C18H29 10198472 503112 245.226377 245.226375 -0.01 

 C19H25 17187124 492462 253.195077 253.195063 -0.06 

 C19H27 26493434 478186 255.210727 255.210712 -0.06 

 C19H29 9011897 474156 257.226377 257.226371 -0.02 

 C18H27O 15508332 475697 259.205642 259.205634 -0.03 

 C18H29O 22930460 456872 261.221292 261.221288 -0.02 

 C20H27 9348607 470450 267.210727 267.210708 -0.07 

 C20H29 24659606 458857 269.226377 269.226365 -0.04 

I C19H27O 29632296 453861 271.205642 271.20563 -0.04 

 C19H29O 42338232 443223 273.221292 273.221287 -0.02 

 C21H27 10482003 438130 279.210727 279.210727 0.00 

 C21H29 8143322 450387 281.226377 281.226392 0.05 

 C20H29O 23407330 425577 285.221292 285.22129 -0.01 

 C20H31O 25021286 419411 287.236942 287.236942 0.00 

 C20H33O 7351276 421495 289.252592 289.252588 -0.01 

 C22H31 42511748 413578 295.242027 295.242027 0.00 

J C21H31O 14384799 401733 299.236942 299.23693 -0.04 

 C21H33O 5789493 419512 301.252592 301.252609 0.06 

 C21H35O 10422222 405905 303.268242 303.268239 -0.01 

 C23H31 7698702 391351 307.242027 307.24204 0.04 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C23H33 11489721 400825 309.257677 309.257698 0.07 

K C22H33O 3940607 388112 313.252592 313.252593 0.00 

 C24H33 6899268 389133 321.257677 321.257699 0.07 

 C24H35 34338592 372583 323.273328 323.273335 0.02 

 C24H35O 7132963 366082 339.268242 339.268259 0.05 

 C24H37O 32473164 350800 341.283892 341.283905 0.04 

L C24H37O2 17230564 343238 357.278807 357.27882 0.04 

[M+H]+ - 

3H2O 
C27H39 

271241088 333614 363.304628 363.30465 0.06 

[M+H]+ - 

2H2O 
C27H41O 

1960107904 315056 381.315192 381.315208 0.04 

[M+H]+ - 

H2O 
C27H43O2 

2450845952 300639 399.325757 399.325759 0.01 

[M+H]+ C27H44O3 4.3386E+10 295929 417.336322 417.336044 -0.67 

Average error 0.06  

Absolute average error 0.11  

Standard deviation 0.15  

 

Table S4. 9 Peak assignment table for the 213 nm UVPD MS/MS of the protonated 1,25-

dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 15672403 1151259 105.069877 105.069877 0.00 

AB C7H9O 5671770 1056906 109.064791 109.064791 0.00 

 C8H15 6888588 1090361 111.116827 111.116824 -0.03 

 C9H9 13430582 1011544 117.069877 117.069875 -0.02 

 C9H11 49778484 990567 119.085527 119.085524 -0.03 

 C8H9O 5599569 999581 121.064791 121.064791 0.00 

 C9H13 22951762 977536 121.101177 121.101176 -0.01 

 C8H11O 2289688 938768 123.080441 123.080442 0.01 

 C9H15 13836954 966363 123.116827 123.116825 -0.02 

B C7H10O2 4159928 962405 127.075356 127.075358 0.02 

 C9H9O 9463323 894363 133.064791 133.064794 0.02 

AD C9H11O 48670132 889956 135.080441 135.080442 0.01 

 C9H13O 35000188 876406 137.096091 137.096094 0.02 

C C8H11O2 2791150 823341 139.075356 139.075361 0.04 

 C11H13 22749264 829030 145.101177 145.101181 0.03 

AE C10H11O 4133081 884212 147.080441 147.080446 0.03 

 C10H13O 5150603 857740 149.096091 149.0961 0.06 

 C9H11O2 11786313 811135 151.075356 151.075359 0.02 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

D C9H12O2 2610871 849275 152.083181 152.08318 -0.01 

 C9H13O2 18639658 788350 153.091006 153.091011 0.03 

 C12H11 10544663 790102 155.085527 155.085534 0.05 

 C12H13 16558361 770181 157.101177 157.101184 0.04 

 C12H15 22596648 765381 159.116827 159.116834 0.04 

AF C11H13O 7331118 744543 161.096091 161.096102 0.07 

 C12H17 25896764 752798 161.132477 161.132483 0.04 

 C11H15O 2998087 744423 163.111742 163.111737 -0.03 

 C12H19 13368918 745713 163.148127 163.148134 0.04 

E C10H12O2 1414098 761802 165.091006 165.091028 0.13 

 C13H15 16768625 714157 171.116827 171.116835 0.05 

 C13H17 16210278 707726 173.132477 173.132486 0.05 

AG C12H15O 6639675 729354 175.111742 175.111749 0.04 

 C14H11 3494311 693657 179.085527 179.085535 0.04 

 C14H13 7539774 672597 181.101177 181.101187 0.06 

 C14H15 12363443 672572 183.116827 183.116836 0.05 

 C14H17 14874883 658403 185.132477 185.132482 0.03 

 C14H19 12227371 654713 187.148127 187.148139 0.06 

AH C13H17O 3160862 625464 189.127392 189.12741 0.10 

 C15H13 1939845 666314 193.101177 193.101185 0.04 

 C15H15 9479680 636826 195.116827 195.116836 0.05 

 C15H17 11967316 623179 197.132477 197.132486 0.05 

 C15H19 12997762 613691 199.148127 199.148138 0.06 

 C15H21 7969165 592310 201.163777 201.163788 0.05 

 C15H23 4253304 602797 203.179427 203.179441 0.07 

 C16H17 8211585 586414 209.132477 209.132492 0.07 

 C16H19 9263358 574695 211.148127 211.14814 0.06 

 C16H21 8128870 584929 213.163777 213.163793 0.08 

 C16H23 3685306 617326 215.179427 215.179433 0.03 

 C16H25 2767356 557563 217.195077 217.195104 0.12 

CP C16H27 1415982 569506 219.210727 219.210722 -0.02 

 C16H19O 4412040 546302 227.143042 227.143056 0.06 

AI C16H21O 2011789 593723 229.158692 229.158665 -0.12 

 C17H25 2292877 568617 229.195077 229.195095 0.08 

 C16H23O 1421712 564422 231.174342 231.174373 0.13 

 C17H27 2171024 583507 231.210727 231.210728 0.00 

 C18H23 4945581 518261 239.179427 239.179442 0.06 

 C18H25 4529859 485225 241.195077 241.195099 0.09 

AJ C17H23O 1498339 484873 243.174342 243.174346 0.02 

 C18H27 5268196 490698 243.210727 243.210743 0.07 

 C18H29 12161809 494207 245.226377 245.226387 0.04 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

I C16H22O2 2013515 507795 247.169256 247.16925 -0.02 

D'Q C18H31 6907725 488724 247.242027 247.242034 0.03 

 C19H25 4780132 488605 253.195077 253.195092 0.06 

 C19H29 2540403 442551 257.226377 257.226368 -0.03 

 C19H31 3244561 495967 259.242027 259.242022 -0.02 

J C17H24O2 1328823 483799 261.184906 261.1849 -0.02 

 C18H31O 5919603 446807 263.236942 263.236967 0.09 

AL C19H27O 4820673 425219 271.205642 271.205643 0.00 

B'Q C20H33 4935604 457158 273.257677 273.257695 0.07 

K C18H26O2 1314466 449077 275.200557 275.20055 -0.03 

 C21H29 2633134 422861 281.226377 281.226386 0.03 

L C19H27O2 2932959 405613 287.200557 287.200568 0.04 

 C19H29O2 6208506 414032 289.216207 289.216208 0.00 

AM C21H31O 1698177 477998 299.236942 299.236952 0.03 

 C23H31 2934216 414648 307.242027 307.242035 0.03 

M C21H31O2 1232320 422446 315.231857 315.23174 -0.37 

 C21H33O2 1666228 454891 317.247507 317.247464 -0.14 

 C24H35 1740154 392020 323.273328 323.273315 -0.04 

AP C24H37O 1661324 401187 341.283892 341.2839 0.02 

[M+H]+ - 

3H2O C27H39 57241780 310990 363.304628 363.304615 -0.04 

[M+H]+ - 

2H2O C27H41O 2.58E+08 290981 381.315192 381.315144 -0.13 

[M+H]+ - 

H2O C27H43O2 1.82E+09 274191 399.325757 399.325579 -0.45 

[M+H]+ C27H44O3 3.58E+08 257406 417.336322 417.336218 -0.25 

Average error 0.01 

Absolute average error 0.06 

Standard deviation 0.07 
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Table S4. 10 Peak assignment table for the 213 nm UVPD MS/MS of the protonated 

24,25-dihydroxylated vitamin D3 isomer. 

Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C8H9 32881288 993093 105.069877 105.069924 0.45 

 C8H11 33115198 956632 107.085527 107.085572 0.42 

 C8H13 43788144 942111 109.101177 109.101221 0.40 

 C9H9 9479829 797628 117.069877 117.069922 0.38 

AD C9H11 36245648 851076 119.085527 119.085567 0.34 

 C9H13 1.39E+08 886775 121.101177 121.101203 0.21 

 C8H11O 1322552 998741 123.080441 123.080476 0.28 

 C8H13O 13515112 780069 125.096091 125.096127 0.29 

 C8H15O 38782480 794507 127.111742 127.111779 0.29 

AE C10H11 30194694 745352 131.085527 131.085563 0.27 

 C10H13 43497820 678928 133.101177 133.101206 0.22 

 C10H15 48274152 675628 135.116827 135.11686 0.24 

 C11H11 14663380 678338 143.085527 143.085561 0.24 

AF C11H13 50556216 644653 145.101177 145.101206 0.20 

 C11H15 54138816 661344 147.116827 147.116855 0.19 

 C11H17 27239012 630114 149.132477 149.132508 0.21 

 C12H11 7587517 625584 155.085527 155.085556 0.19 

 C12H13 22403510 586650 157.101177 157.101202 0.16 

AF C12H15 74735800 571460 159.116827 159.116844 0.11 

 C12H17 59220936 595874 161.132477 161.132497 0.12 

 C12H19 13951708 581309 163.148127 163.148153 0.16 

 C13H13 8712179 465072 169.101177 169.101198 0.12 

 C13H15 21958396 443574 171.116827 171.116844 0.10 

AH C13H17 47961592 480775 173.132477 173.132481 0.02 

 C13H19 35442920 455054 175.148127 175.148136 0.05 

 C14H17 31116826 453005 185.132477 185.132478 0.01 

 C14H19 41693288 440129 187.148127 187.148127 0.00 

 C14H21 19845776 442528 189.163777 189.163771 -0.03 

 C15H15 4023556 471765 195.116827 195.116818 -0.05 

 C15H17 14429588 418279 197.132477 197.132469 -0.04 

 C15H19 37749508 427533 199.148127 199.148124 -0.02 

 C15H21 27561042 436697 201.163777 201.163777 0.00 

 C15H23 6179202 402756 203.179427 203.179439 0.06 

AI C16H21 25207266 413414 213.163777 213.163764 -0.06 

 C17H25 4449089 412414 229.195077 229.195061 -0.07 

 C18H23 9479774 376462 239.179427 239.179408 -0.08 

 C19H27 11292916 372238 255.210727 255.210742 0.06 

 C18H27O 2620914 389771 259.205642 259.205649 0.03 
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Assignment 

Elemental 

composition Intensity Resolution 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

 C18H29O 3801215 335258 261.221292 261.221264 -0.11 

L C19H27O 4223906 353120 271.205642 271.205602 -0.15 

 C19H29O 7267927 370413 273.221292 273.221293 0.00 

 C21H29 3108691 332520 281.226377 281.226385 0.03 

 C20H29O 3475175 334525 285.221292 285.221285 -0.02 

 C20H33O 1850505 424272 289.252592 289.252642 0.17 

 C22H31 12050177 331542 295.242027 295.242051 0.08 

M C21H31O 3499177 403852 299.236942 299.236933 -0.03 

 C21H33O 1760126 423229 301.252592 301.252547 -0.15 

 C23H33 2759874 357867 309.257677 309.257675 -0.01 

 C24H35 11633214 314116 323.273328 323.273397 0.21 

[M+H]+ - 

3H2O C27H39 1.14E+08 289404 363.304628 363.304735 0.29 

[M+H]+ - 

2H2O C27H41O 9.16E+08 277034 381.315192 381.315195 0.01 

[M+H]+ - 

H2O C27H43O2 1.3E+09 264409 399.325757 399.325758 0.00 

[M+H]+ C27H44O3 1.43E+10 272661 417.336322 417.335761 -1.34 

Average error 0.08 

Absolute average error 0.16 

Standard deviation 0.20 
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Table S4. 11 Fragmentation table for characteristic fragments, where one or both OH 

groups retained on the ring for 1,25(OH)2D3 which are absent in the 24,25(OH)2D3 

MS/MS spectra. 
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Table S4. 12 Table showing the relative intensity range used to designate the low-high 

fragment intensity levels (low-high) for the characteristic fragments of 1,25-

dihydroxyvitamin D3. 

  

Fragment intensity level Relative intensity range 

Low 1x106 – 5x106 

Medium 5x106 – 1x107 

High >1x107 

 

 

 

Equation S4. 1 Equation to calculate the percentage fragmentation intensity to precursor 

intensity ratio for the characteristic fragments for 1,25-dihydroxyvitamin D3. 

 

Fragment to precursor intensity ratio (%) =
Fragment intensity 

Precursor intensity
× 100 
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5. Development of matrix-assisted laser desorption ionisation-time of flight mass 

spectrometry for the detection of SARS-COV-2 proteins  

   In this chapter, the application of matrix-assisted laser desorption ionisation-time 

of flight mass spectrometry (MALDI-TOF MS) to the novel severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) proteins is discussed with primary focus placed 

on sample preparation techniques for the enrichment and extraction of SARS-CoV-2 

proteins.  

 This was a collaborative project, where sample preparation, data acquisition and 

analysis results presented in this chapter were carried out by the thesis author and Dr. 

Yuko P. Y. Lam. In-house software for batch processing of the MALDI-TOF data was 

provided by Bryan P. Marzullo and Hugh Jones. Samples, including standard viral 

proteins and patient samples were provided by the Arden Tissue Bank from the 

University Hospital Coventry & Warwickshire (UHCW) NHS Trust as well as the 

Facilitating Accelerated Clinical Validation of Novel Diagnostics for COVID-19 

(FALCON) repository.   

 MALDI-TOF MS instrumentation and consumables, which were utilised for this 

project was provided by Bruker Daltonics.  
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5.1. Abstract  

   Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus 

responsible for causing the coronavirus disease 2019 (COVID-19) pandemic, which has 

resulted in over 150,000 deaths in the UK alone. During the initial COVID-19 outbreak, 

the COVID-19 testing rate was low due to the limitations of human resources and the 

necessary equipment required for diagnostic tests. The aim of this project was to optimise 

the methodology for the screening of biomarker proteins in COVID-19 patient samples 

using mass spectrometry within 4 months to cope with the high demand of testing in the 

early stages of the COVID-19 outbreak. With the limited time, the focus of the project 

was placed on optimising methods for the benchtop MALDI-TOF MS instrument as it is 

a common MS instrument found in clinical test centres and hospital microbiology 

laboratories in the UK. Using the standard SARS-CoV-2 proteins, the most suitable 

protein enrichment and detection methods for COVID-19 samples were determined via 

testing of 73 variables from over 20 different optimisation experiments. A further 34 

variables were tested and applied for the detection and enrichment of the COVID-19 

proteins in the patient swab samples. A tryptic digest of the biomarker N-protein was also 

analysed by FT-ICR MS, which was compared to the results obtained from the MALDI-

TOF instrument. The optimised method was further applied to the patient samples; the 

result, however, was not conclusive due to the limited replicates provided from the source 

of the patient samples as well as inconsistent sample preparation methods between 

various testing centres.  
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5.2. Introduction  

 The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 

large, enveloped ribonucleic acid (RNA) virus responsible for causing the global outbreak 

of the coronavirus disease 2019 (COVID-19).1 SARS-CoV-2 belongs to the 

Coronaviridae family and is categorised into the genus known as β coronavirus, showing 

similarities to known coronaviruses in the same category such as the severe acute 

respiratory syndrome coronavirus (SARS-CoV)2 and the Middle East respiratory 

syndrome coronavirus (MERS-CoV).3 SARS-CoV-2 has four main structural proteins, 

which are the spike (S) glycoprotein, envelope (E) glycoprotein, membrane (M) 

glycoprotein, and the nucleocapsid (N) protein as well as sixteen non-structural proteins 

(nsp1-16). The main structural proteins play a crucial role in the infection of host cells,4 

fusion between viral and host cell membranes,5 assembly of the virus6 and release of the 

viral particles7 whereas the non-structural proteins are responsible for viral replication 

and transcription (also known as messenger RNA (mRNA) production.8,9  

 

Figure 5. 1 Schematic diagram of the SARS-CoV-2 structure.  

 The protruding projections on the surface of SARS-CoV-2, known as the S 

glycoprotein, is of special interest. It is responsible for directly recognising the host cell 

surface receptors, as well as mediating attachment and cellular entry of the virus by 

assisting in the fusion of the viral and host cell membranes.5,10,11  

 The mutations in the SARS-CoV-2 genome and more specifically in the S protein 

sequence has been linked to changes in the properties of the virus. For example, one of 

the major S protein variants of interest is D614G. This is a single point amino acid 

mutation in the S protein, where the aspartic acid (D) at position 614 in the amino acid 
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sequence is replaced by glycine (G). Studies have shown that the variant D614G may be 

associated with a higher viral load in patients with COVID-19 as well as enhanced 

transmission of the virus between people.12-14  

 The S protein is also a critical target for drug development and vaccine studies as it 

ultimately enables viral transmission into the host cells. This takes place via binding of 

the receptor-binding domain (RBD) in the S protein to angiotensin-converting enzyme 2 

(ACE2), which has been identified as the cellular receptor for SARS-CoV-2.5,11 Targeting 

this domain of the S protein of SARS-CoV-2 with a vaccine could be effective in 

blocking the virus from entering the host cells and prevent the viral replication process.15-

18 Therefore, it is also important to assess the many different mutations of the spike 

protein to understand the impact these changes may cause in the functional properties of 

the virus, which may also impact vaccine efficacy. This is crucial in the development of 

effective vaccine therapies so that the general population can be protected against the 

severe consequences of infection and re-infection of SARS-CoV-2.  

Methods for testing COVID-19 and clinical diagnosis 

 Some of the current diagnostic tests for SARS-CoV-2 infection uses nucleic acid 

(e.g., RNA),19 immune-based assays (serological tests),20 and protein-based (enzyme-

linked immunosorbent assay (ELISA)21 detection methods. However, the main 

recommended diagnostic test involves detection and amplification of the viral RNA using 

methods such as reverse transcription polymerase chain reaction (RT-PCR), which is 

generally carried out on symptomatic patients during the acute phase of SARS-CoV-2 

infection.  

 A nasopharyngeal and an oropharyngeal swab is taken from the patient and tested 

for the presence of viral RNA using RT-PCR. As SARS-CoV-2 contains only RNA, the 

first step involves extraction and isolation of all the RNA from the patient’s sample. The 

RNA in the sample is then converted to complementary-deoxyribonucleic acid (cDNA) 

using the enzyme reverse transcriptase as PCR uses DNA polymerase and therefore only 

recognises DNA. The PCR enables amplification and detection of a specific DNA 

molecule, which in this case is the viral cDNA. In real-time PCR, the levels of viral 

cDNA can be monitored via the addition of a probe during the PCR process, which gives 

off fluorescence when a new DNA molecule is formed, hence an increase in viral cDNA 

can be monitored by an increase in the fluorescent signal.  
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 More recently, single-use antigen rapid diagnostic tests (Ag-RDT), which target 

specific antigens from SARS-CoV-2 have been developed.  Samples are obtained from a 

nasopharyngeal and an oropharyngeal swab, which is mixed with a viral protein 

extraction buffer. This mixture is then applied to the specimen well of the test device that 

allows the sample to flow past the specific protein antibody via capillary action to the test 

line. If the viral proteins are present, the antibodies on the substrate will bind to the 

proteins forming an antigen-antibody complex and a colour develops to indicate the result, 

which can be visually read. These tests also have the benefit of speed and ease of use as 

they can provide a result within 30 minutes and can be carried out by people without the 

need for special training or expertise in a laboratory environment.   

 However, the rapid antigen tests lack in sensitivity compared to RT-PCR, resulting 

in an increased risk of false-negative results, especially when there is a low viral load. 

Hence the analytical specificity and sensitivity of the methods need to be considered to 

determine the rate of false negative and false positive results as this may have a 

significant impact on a positive COVID-19 diagnosis or when ruling out infection.  

MS methods for SARS-CoV-2 detection 

 Matrix assisted laser desorption ionization-time of flight mass spectrometry 

(MALDI-TOF MS) has emerged as a promising analytical tool for the rapid and sensitive 

detection of microorganisms. Over recent years, MALDI-TOF MS has found routine use 

in clinical microbiology laboratories as it is an easy to use, fast and high throughput 

technique. It has increasingly been used for microbial identification including detection of 

harmful bacteria in contaminated water and food, as well as detection of pathogens in 

blood and urine samples.22    

 Commercial MALDI-TOF platforms such as the MALDI Biotyper (Bruker 

Daltonics) and Vitek MS (BioMérieux) have successfully been implemented into routine 

clinical testing in hospital microbiology laboratories. Many studies have demonstrated the 

potential of MALDI-TOF for the sensitive detection of microbiological species. For 

example, in 2010, comparisons between MALDI-TOF MS with traditional biochemical 

tests routinely used for the identification of bacterial species were carried out and a high-

confidence correct identification was found in 99.1% of cases.23 MALDI-TOF MS can 

also be performed directly for identifying bacterial isolates in blood cultures. In a 

previous study, 584 positive blood cultures were tested and 562 were found to contain 

unique bacterial species.24 
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 Identification of microbes by MALDI-TOF MS is generally based on matching the 

peptide mass fingerprint (PMF) of the unknown organism with known PMFs contained in  

a database.22 Peptide mass fingerprinting involves digesting the unknown protein sample 

or organism with a specific enzyme e.g. trypsin to generate peptides and then the 

experimental peptide molecular masses are  matched to theoretical peptide masses from 

spectral reference databases.25 Microbes can also be identified via matching the m/z of 

biomarkers in the unknown organism to biomarkers in a proteome database.  

 The spectral reference databases of known organisms are continuously expanding 

but there are limitations to the use of databases such as the similarities between organisms 

and the limited number of spectra for unique species in the database can lead to 

difficulties in identifications, which may result in a misdiagnosis. These issues can be 

overcome by additional testing and tandem MS/MS. The use of MALDI-TOF MS has 

generally shown overall improvements in microbial disease diagnosis, diagnosis time as 

well as clinical care.  

 Although RT-PCR is the current “gold standard” method for COVID-19 testing, 

there is an urgent need to increasing testing capacity to meet the global demands as the 

different variants of the virus continue to spread across the population. An alternative yet 

highly sensitive, reliable, and rapid testing method is required to directly detect the virus 

from patient samples such as nasopharyngeal swabs, oropharyngeal swabs, swab, and 

gargle solutions. MS platforms in general offer high mass accuracy, sensitivity, and 

specificity with the ability to detect and identify viral peptides to viral proteins as well as 

whole viruses. MALDI-TOF MS can be an ideal platform for the analysis of the SARS-

CoV-2 virus as it is a fast technique, capable of providing higher specificity and 

sensitivity compared to RT-PCR and lateral flow antigen tests.  

 Recent studies have demonstrated the potential for implementing MS and MALDI-

TOF MS as rapid detection methods for SARS-CoV-2. Iles et al. used a Shimadzu 

MALDI-TOF 8020 on gargle solutions spiked with cultures of SARS-CoV-2 to test for 

the viral proteins.26 Gargle samples were filtered and acetone precipitated for enrichment 

of the virus particles. The viral proteins were then extracted and solubilized using a 

specific extraction formulation buffer called LBSD-X. With the MALDI-TOF, for the 

gargle solutions, the S1 subunit of the spike protein was detected. Ihling et al. used nano-

HPLC/Nano-ESI-Orbitrap-MS/MS also on acetone precipitated gargle solutions for the 

detection of the tryptic peptides of the N protein.27. Nikolaev et al. successfully developed 

an LC-MS/MS method utilising a nano-HPLC coupled to a tims-TOF Pro (Bruker 
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Daltonics) for the detection of tryptic peptides of the viral N protein from nasal epithelial 

swabs.28 The use of chromatography in combination with MS also provides an extra 

dimension of separation of the species, particularly for the digested viral proteins. 

 For SARS-CoV-2, patient samples are generally collected as nasopharyngeal swabs, 

oropharyngeal swabs and more recently swab samples, which must be fully inactivated 

using chemicals, heat, or ultraviolet radiation. The extraction of the virus from the 

specimens are often based on traditional methods of cell lysis and protein extraction prior 

to MS analysis such as acetone precipitation. Therefore, the optimisation of sample 

preparation and the development of viral protein extraction methods are crucial for MS 

and in particular MALDI-TOF MS detection. 
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5.3. Experimental Section 

Sample preparation for recombinant SARS-CoV-2 proteins     

   The S1 subunit of the recombinant SARS-CoV-2 spike S protein and the S2 

subunit, derived from Escherichia Coli (E.Coli), were provided by RayBiotech Inc. 

(RayBiotech Inc., Peachtree Corners, GA, USA). The full-length SARS-COV-2 Spike 

trimer, derived from Hek293 cells, was obtained from Peak Proteins Ltd. (Peak Proteins 

Ltd., Alderley Park, Macclesfield, UK). The His-tagged SARS-COV-2 Nucleocapsid 

Protein (NCAP or N), produced in E.Coli, was obtained from Sheffield University. All 

samples were aliquoted into smaller volumes to reduce multiple freeze–thaw cycles and 

stored at -80 °C until thawed prior to sample preparation and analysis. Details of the 

various sample preparation methods for the  recombinant SARS-CoV-2 proteins are 

provided in Supplementary Table S5.1.  

Standard N and S-protein enrichment by SpeedVac dry down 

   The standard N-protein and S-protein were mixed and diluted in 3mL 80% 

ethanol solution to 0.005 μM. The mixture sample was dried in a Savant SPD121P 

SpeedVac concentrator (Thermo Scientific, Waltham, MA, USA)with heat at 45 °C for 6 

hours. After the drying down, the sample was reconstituted in 50:50 H2O:ACN with 

0.1%TFA and sonicated for 30 minutes. Prior to MALDI-TOF MS analysis, the sample 

was mixed with 40 mg/mL Sinapinic Acid (SA) in a 2:1 volume ratio and spotted on the 

MALDI plate). 

Digestion of recombinant SARS-CoV-2 proteins     

   The N-protein was dissolved in 100 mM ammonium bicarbonate (ABC) solution 

to 1 µg/µL. Disulphide bonds were then reduced using 50 mM dithiothreitol (DTT, Sigma 

Aldrich Company Ltd.) for 30 minutes at 60 °C, followed by alkylation with 100 mM of 

iodoacetamide (IAA, Sigma Aldrich Company Ltd.) and the samples were stored in the 

dark at room temperature for 1 hour. The solution was then tryptic digested with 1 

mg/mL trypsin (Sigma Aldrich Company Ltd.)  in 100 mM ABC solution at 37 °C for 16 

hours. After the tryptic digestion, samples were desalted using SOLAµ SPE C18 

cartridges (ThermoFisher, Waltham, MA, USA) with the elution buffer 80 % ACN and 

0.1 % formic acid. The desalted samples were further diluted with 20 % ACN and 0.1 % 

formic acid into final concentrations of 0.2 µg/µL for direct infusion MS and CAD 

MS/MS analysis. 
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Sample preparation for patient samples   

Virus inactivation 

   Chemically inactivated (concentration of 80 % ethanol and 20 % water) COVID-

19 positive and negative patient swab samples were provided by the Arden Tissue Bank 

at the University Hospital Coventry & Warwickshire (UHCW) NHS Trust (Table 5.1). 

The sample tubes were disinfected on arrival and all work was carried out in accordance 

with the guidelines within the designation of a P1 laboratory.  

Table 5. 1 Table of the COVID-19 negative and positive tested patient swab samples.  

Patient sample number COVID-19 status Additional information 

2 Negative 
 

3 Negative 
 

10 Negative 
 

17 Positive Symptoms shown (as stated on the 

sample vial) 

18 Positive Symptoms shown (as stated on the 

sample vial) 

19 Positive 
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Centrifugation method 

   Each of the patient swab samples were transferred to a 15 mL Falcon conical tube, 

which were then sonicated for 30 minutes. The solutions in the tubes were transferred to 

1.5 mL Eppendorf tube for centrifugation at 14,000 rpm at room temperature for 30 

minutes. The supernatant and pellet were separated, and the supernatant was transferred 

to a new Eppendorf tube. The pellet was then reconstituted in 50:50 H2O:ACN with 0.1% 

TFA.  

Protein enrichment by SpeedVac dry down 

 The centrifugation method was followed as mentioned above. After the pellet 

was reconstituted in 50:50 H2O:ACN with 0.1% TFA, 400 μL of the pellet solution was 

transferred to a to 1.5 mL Eppendorf tube. The samples were then dried with a Savant 

SPD121P SpeedVac concentrator (Thermo Scientific, Waltham, MA, USA). After the 

drying down, the sample was reconstituted in 50:50 H2O:ACN with 0.1%TFA and 

sonicated for 30 minutes. Prior to MALDI-TOF MS analysis, the sample was mixed with 

40 mg/mL Sinapinic Acid (SA) in a 2:1 volume ratio and spotted on the MALDI plate.  

MALDI-TOF MS analysis 

   Experiments were carried out using a Bruker Microflex LT MALDI-TOF MS 

(Bruker Daltonik GmbH, Bremen, Germany), equipped with an accelerating voltage 20 

kV and a nitrogen laser (337 nm). The experiments were performed in positive ion, 

linear-ion mode. The standard settings for MALDI MS profiling of proteins using the 

Bruker default method for the 66 kDa bovine serum album (BSA) protein was used with 

changes made to the parameters mentioned in this section and in Supplementary Table 

S5.3. The  random   rastering   of   the   sample   spot   on the MALDI target  plate was 

set to automatic, with 50 laser shots fired per raster spot. For the standard protein 

optimisation experiments and for the patient swab samples, 2000 scans were acquired 

over the mass range of m/z 5,000-300,000. Further details of the instrument detection 

parameters used are listed in the Supplementary Table S5.3.  
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FT-ICR MS analysis 

   Experiments were also carried out using a 12 tesla (T) SolariX Fourier transform 

ion cyclotron resonance mass spectrometer (FT-ICR MS; Bruker Daltonik GmbH, 

Bremen, Germany), equipped with a shielded superconducting magnet. 

Direct infusion experiments 

   For the direct infusion experiments, the samples were loaded into borosilicate 

glass capillary tips (purchased from World Precision Instruments, Inc., Sarasota, FL, 

USA), which were pulled using a Sutter P-97 capillary Flaming/Brown micropipette 

puller instrument (Sutter instruments Co., Novato, CA, USA). The pulled tips were 

optimised for a low-flow nano-electrospray ionisation (nESI) experiments. 

   All samples were sprayed in positive ionisation mode. Mass spectra were 

acquired with a 4 mega-word (MW) data-points (32 bits) over a mass range of m/z 147 – 

3,000 to produce a 1.68 s transient and ~460,000 resolving power at m/z 400. 

   Positively charged ions were transmitted through a glass capillary to a quadrupole 

and then externally accumulated in a hexapole collision cell for 0.5 s before transferred to 

an infinity cell for MS excitation and detection. 

   For CAD MS/MS experiments, 2+ precursor ions of the tryptic peptides of the N-

protein digest were first quadrupole isolated at m/z 443.7 and m/z 563.8 with an isolation 

window of 5 m/z.  The ions were then subjected to collisions with argon gas in the 

collision cell. The optimised collision energy (CE) of 6 V and 10 V was applied to the 

tryptic peptides detected and isolated at m/z 443.7 and m/z 563.8, respectively. Fragments, 

together with the precursor ions, were then transferred to the infinity cell for mass 

detection.  

Data analysis  

   All mass spectra acquired on the Microflex MALDI-TOF were processed and 

analysed using the flexAnalysis software (Bruker). All FT-ICR mass spectra were 

analysed using DataAnalysis 4.3 (Bruker), internally calibrated  and fragments were 

assigned manually with a mass error <1 ppm (supplementary table S5.4– S5.5). All 

spectra were internally calibrated with known m/z fragmented peaks that contain 

minimum threshold of S/N >3 and peaks were picked with relative intensities higher than 

1x106 according to the Bruker FTMS peak picking algorithm.  
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5.4. Results and Discussion  

Optimisation of matrices for MALDI-TOF MS analysis of the S1 and S2 subunits of 

the spike protein  

   Sample-matrix conditions are known to significantly influence the detection of 

peptides and proteins using MALDI-TOF MS.29 In this work, 10 different matrices were 

tested and the results indicate that out of all the matrices, Ferulic acid (FA) resulted in the 

detection of the S1 and S2 subunits of the spike protein with the highest signal-to-noise 

ratio (S/N) compared to other matrices. The best signal for both S1 and S2 units were 

achieved by mixing 30 mg/mL FA solution with 500 fmol/µL of the protein in 1:1 ratio. 

The mass spectra of the S1 and S2 subunits are displayed in Figure 5.2, where the S1 

monomer is detected around m/z 80,000 and the S2 monomer and dimer were detected at 

m/z 60,000 and m/z 120,000, respectively.  

 

Figure 5. 2 MALDI-TOF MS detection of a) S1 subunit of the spike protein and b) S2 

subunit of the spike protein using FA as a matrix.  

   Although, the use of FA as the matrix resulted in the best signal detection for 

both the S1 and S2 subunits of the spike protein, manual control to search for regions of 

“sweet spots” within the MALDI samples was necessary. This can be attributed to the 

observed uneven co-crystallisation of the protein sample and the FA matrix as depicted 

by the images of the sample spots on the MALDI target plate in Figure 5.4b. In contrast, 

when sinapinic acid (SA) was used as the matrix, the co-crystallisation of the SA matrix 

and the protein was homogenous as shown by Figure 5.4a, indicating SA matrix is more 

suitable for a robust and high throughput experiment.  
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Figure 5. 3 Images of sample spot on MALDI target plate a) SA matrix mixed with S1 

subunit and S2 subunit of the S-protein and b) FA matrix mixed with S1 subunit and S2 

subunit of the S-protein 

   Previous studies have shown that SA is highly suitable matrix, known to provide 

consistent signal detection for large proteins and also viral glycoproteins.30-33 Although, 

the S/N for the S2 monomer using FA as the matrix was approximately 3-fold higher than 

when SA was used, the same peaks were detected with SA and it proved to be the second 

best matrix out of the 10 matrices tested for the detection of the S1 and S2 subunits 

(Figure 5.3). The best signal obtained for both S1 and S2 was mixing 500 fmol/µL of the 

protein solutions with 40 mg/mL of the SA matrix in a 2:1 ratio. When matrices such as 

α-Cyano-4-hydroxycinnamic acid (CHCA) were used, neither the S1 nor S2 subunit was 

detected, as CHCA is commonly used for the detection of lower mass ions such as small 

molecules and peptides. The additional benefit of using SA as the matrix is that due to the 

homogeneity of co-crystallisation of the sample and matrix, the random walk movement 

on the MALDI spot can be applied, where the laser irradiation spot moves automatically, 

instead of manually searching for the sweet spots due to the uneven co-crystallisation 

when FA is used as a matrix.  
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Figure 5. 4 MALDI-TOF MS detection of a) S1 subunit of the spike protein and b) S2 

subunit of the spike protein using SA as a matrix.  

N-protein and full-length S-protein mixture detection by MALDI-TOF MS 

 It is expected that the detection of the viral proteins in the patient samples will be 

affected by the presence of other proteins. To further develop the sample preparation and 

methods for optimisation, the standard N-protein and S-protein were mixed in a 1:1 

concentration ratio into 0.5 µM, with SA (40 mg/mL) as the matrix (2:1 ratio of protein 

sample mixture to the matrix).  

 Figure 5.5 clearly demonstrates the presence of N-protein monomer at m/z 46,000, 

the doubly charged (2+) form and the dimer in both the N-protein MS and in the mixture 

of N and S-protein spectrum. On the other hand, the S-protein monomer peak and doubly 

charged protein peak were only detected at low intensities in the MS of the S-protein, 

where the S/N of the S-protein monomer was approximately 50 times lower compared to 

the N-protein monomer. It was easier to detect of the N-protein in the N and S-protein 

mixture sample as the S-protein is at a much higher m/z ratio (m/z 180,000 compared to 

m/z 46,000 for the N-protein) and there is also the ion suppression effect resulting from 

increased signal detection of the N-protein, which may explain the absence of the S-

protein in the N and S-protein mixture spectrum. 
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Figure 5. 5 MALDI-TOF MS detection of N-protein (top), S-protein (middle) and a 

mixture of the N and S-protein (1:1 concentration ratio) using SA matrix.  
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Further mixing method optimisation  for the detection of the standard N and S-

proteins in the sample mixture  

 As MALDI is strongly affected by the behaviour of the matrix and sample 

crystallisation, different mixing methods were investigated for the optimum detection of 

the N and S-proteins in the sample mixture. Both slow and fast crystallisation of the 

matrix and sample can result in the formation of different kinds of crystals, therefore the 

best method for embedding the sample molecules into the matrix crystals is required. 

MALDI spotting methods tested include the dried droplet technique,34 three-layered 

sandwich method,35 the two-layered method,36 and mixing the sample and matrix in a 96-

well plate prior to spotting on the MALDI target plate.  

 Although the S-protein was not detected in the MS of the sample mixture, the N-

protein monomer and 2+ peak was detected, when FA, SA and a combination of both 

matrices were used (Figure 5.6). The best N-protein monomer signal detected was using 

the SA matrix (40 mg/mL) with mixing in 96-well plate before spotting on MALDI target 

plate. The lowest S/N for the N-protein in the N and S mixture sample was detected with 

the FA matrix, which was approximately 7 times lower compared to when the SA matrix 

was used. A mixture of the FA and SA matrix did show an improvement in the S/N 

compared to when only FA was used as a matrix. The S/N of the N-protein monomer 

peak increased 6-fold compared to when only the FA matrix was used.  However, simply 

using SA as the matrix and the 96-well plate mixing method proved to be the most 

effective at improving the protein signal detection. 
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Figure 5. 6 Effect of FA matrix, SA matrix, and a combination of both matrices on the 

detected N-protein in the N and S-protein mixture when sample and matrix in a 96-well 

plate mixing method was used (y-axis for each spectrum was set to same relative 

intensity).   

Matrix solvent variation for N and S protein mixture 

 The solvents used for the matrices and the samples also play an important role. 

Figure 5.7 depicts the matrix solvent, which resulted in the highest signal of the N-protein 

as well as the matrix solvent combination, which resulted in the lowest S/N of the N-

protein in the N and S protein mixture sample. With acetonitrile/water (50/50) + 0.1 % 

TFA as the matrix solvent, the N-protein monomer S/N was approximately 14-fold higher 

than when hexane/ethanol (50/50) + 0.1 % TFA was used as the matrix solvent, 

suggesting that acetonitrile/water (50/50) + 0.1 % TFA was the optimal matrix solvent. 

Other matrix solvent variations with the detection percentages, relative intensities, and 

S/N values are provided in the Supplementary Table S5.1.  
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Figure 5. 7 MALDI-TOF MS of the mixture of the N and S-protein (1:1 concentration 

ratio) sample with different SA matrix solvents.  

Enrichment of the standard N and S-proteins in the sample mixture by the 

SpeedVac dry down method  

 As the patient samples were provided in a viral deactivation buffer (high 

percentage concentration of ethanol), the conditions were reproduced for the standard N 

and S protein mixture. This is necessary to determine an effective way for the viral N and 

S protein enrichment when the viral biomarker proteins are diluted, which would decrease 

the concentration in the sample, making detection of the proteins difficult.  

 The mass spectrum for the diluted N and S-protein mixture sample in 80 % 

ethanol and the mass spectrum for the enrichment method involving drying down the 

sample and reconstitution in solvent is provided in Figure 5.8. The data shows, as 

expected, that at a low concentration (0.005µM), when diluted with ethanol, the N-protein 

and S-protein were not detected whereas the drying the samples down with the SpeedVac 

is an effective way to concentrate N-protein from ethanol as both the N-protein monomer 

and the N-protein 2+ peak are observed. 
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Figure 5. 8 MALDI-TOF MS of standard N and S-protein mixture diluted in ethanol (top 

spectrum) and dried down to concentration the N and S-protein (bottom spectrum).  

Tryptic digestion of the standard N-protein and analysis via FT-ICR MS  

 It can be challenging to characterise the viral biomarker proteins via top-down 

methods due to the high mass of the species and because many of the viral proteins are 

post-translationally modified such as the heavily glycosylated spike protein, which can 

negatively impact the sensitivity of detection. Therefore, bottom-up methods were also 

considered. The tryptic digest results for the N-protein using MALDI-TOF MS can be 

difficult to interpret as there is no isotopic resolution and because of the interference of 

matrix-related peaks in the low mass region.  

 Figure 5.9 depicts the mass spectra obtained on the FT-ICR MS for the tryptic 

digested N-protein with no sample pre-treatment and the tryptic digested N-protein 

desalted with the SPE C18 cartridges. Significant differences between both spectra can be 

observed, as without sample pre-treatment, the signal was unstable, the peptides were 

highly charged, and the peptide signal intensities were approximately 15.6 times lower 

than the peak intensities of the peptides observed in the desalted N-protein tryptic digest 

mass spectrum.   

 Sample pre-treatment has improved the sensitivity of detection of the peptides in 

the N-protein tryptic digest spectrum. This was also observed for the N-protein tryptic 

digest using MALDI-TOF MS (Supplementary Figure S5.1). As a result, two peptides 
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were selected and subjected to CAD MS/MS analysis on the solariX 12 T FT-ICR mass 

spectrometer to confirm the peptide sequence as shown by Figure 5.10. Fragment peaks 

were assigned with high confidence as sub-ppm mass errors were obtained. Isotopic 

resolution was also easily achieved using FT-ICR MS, as for the MS results, a resolving 

power of approximately 420,000 was obtained at m/z 400 and for the CAD MS/MS of 

both peptides, a resolving power of approximately 460,000 was obtained at m/z 400.  

 

  

Figure 5. 9 FT-ICR MS of tryptic digested N-protein with no sample pre-treatment (top 

spectrum) and the tryptic digested N-protein desalted with the SPE C18 cartridges 

(bottom spectrum).  
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Figure 5. 10 CAD MS/MS spectra of two tryptic peptides of the N-protein. Peak 

assignment tables for the assigned CAD MS/MS spectra with absolute average mass 

errors approximately  < 0.29 ± 0.27 ppm for both peptides (Table S5.4– S5.5). 

 

MALDI-TOF MS analysis of COVID-19 positive and negative patient swab samples  

  The provided swabs in solution were sonicated first to aid movement of any 

proteins/viral particles present on the cotton bud back into the solution. Sonication  uses 

sound energy to agitate particles, which is traditionally applied in cell lysis experiments 

for disruption of the cell membrane, to release the contents of the cell.37 Previous studies 

have shown that sonication of the swab has provided greater recovery of cells, with more 

consistency, than for the standard swabs without sonication.38-40  

 After sonication of the swabs, the samples were subjected to centrifugation, 

which is a method to separate molecules based on their densities by spinning them in 

solution around an axis i.e., in a centrifuge rotor and applying centrifugal force at high 

speed. This method has been used to collect cells, to precipitate DNA, as well as to purify 

and concentrate virus particles. Recent studies for the detection of SARS-CoV-2 

biomarkers have demonstrated the retention of the pellet for further experiments as the 

viral particles were detected in the pellet, whilst the centrifugation process resulted in the 

removal of lipids, particulates, and other unwanted proteins in the supernatant.26,27,41 

 Figure 5.11 depicts the mass spectra obtained using MALDI-TOF MS of the 

COVID-19 positive and negative patient swab samples. Peaks in the MS, common to all 

samples were detected. However, due to the variation of samples provided, such as 

patient sample number 17 and 18, were displaying symptoms, peaks unique to those 

samples were observed. For example, human serum albumin was detected at 

approximately m/z 66,000 in the MS of COVID-19 positive patient sample number 17. 
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Although sonication and centrifugation steps were taken, the N-protein, S-protein or the S 

protein fragments (S1 and S2 subunit) were not detected in the MALDI-TOF mass 

spectra.  

 

Figure 5. 11 MALDI-TOF MS of COVID-19 negative and positive patient swab pellet 

samples with no enrichment methods applied.  

 

 Figure 5.11 depicts the mass spectra obtained using MALDI-TOF MS of the 

COVID-19 positive and negative patient swab samples. Peaks in the MS, common to all 

samples were detected. However, due to the variation of samples provided, such as 

patient sample number 17 and 18, were displaying symptoms, peaks unique to those 

samples were observed. For example, human serum albumin was detected at 

approximately m/z 66,000 in the MS of COVID-19 positive patient sample number 17. 

Although sonication and centrifugation steps were taken, the N-protein, S-protein or the S 

protein fragments (S1 and S2 subunit) were not detected in the MALDI-TOF mass 

spectra.  
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Figure 5. 12 MALDI-TOF MS of COVID-19 negative and positive patient swab pellet 

samples were dried down to concentrate the viral proteins in the samples.   

   Other sample pre-treatment methods include the use of centrifugal filters, such as 

molecular weight cut off (MWCO) filters, which can be used to concentrate, purify, 

desalt and remove detergents.42,43 In this case, the 100k MWCO filter was used to enrich 

the high mass viral proteins e.g. S-protein (180 kDa). Other methods include the use of 

detergents such as dimethyl sulfoxide (DMSO), which  is a polar organic solvent able to 

dissolve both polar and non-polar compounds. It’s commonly used to dissolve neurotoxic 

agents, used in cell lysis, acts as a chemical penetration enhancer.44-46  

   Figure 5.13 shows that with the 100k MWCO filter more proteins are observed 

for COVID-19 positive patient number 17 compared to the fresh sample even though the 

peaks are low in intensity. DMSO has a negative impact on the co-crystallisation process 

but is a good solubilising agent. The peak at m/z 66,000 is suspected to be  human serum 

albumin, which was detected and the improvement in the S/N of an unknown protein at 

m/z 150.00 was also observed. However, although the enrichment and purification steps 

applied herein, the SARS-CoV-2 viral biomarker N and S-proteins were not detected.   
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Figure 5. 13 Effect of the individual sample pre-treatment and combination of MWCO 

filter and detergents for the improvement of protein signal detection for COVID-19 

positive patient sample number 17.   

 

  



Chapter 5 – Development of matrix-assisted laser desorption ionisation mass 

spectrometry for the detection of SARS-CoV-2 proteins  

332 

 

5.5. Conclusions  

   The experimental results demonstrate the different methods for protein 

enrichment and extraction were investigated, which were subsequently applied to the 

novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) standard proteins, 

including the SARS-CoV-2 positive and negative swab patient samples.  

   The different approaches explored herein identified sample pre-treatment 

methods such as high molecular weight cut-off filters and the use of detergents often used 

in cell lysis, aided the enrichment and extraction of proteins present in the patient samples. 

This was characterised by improved signal intensities of proteins such as human serum 

albumin present in the MALDI-TOF MS of sample number 17. The various sample 

preparation techniques were firstly applied to the standard viral SARS-COV-2 proteins, 

which demonstrated enrichment of the proteins and improved S/N of the detected species. 

However, due to the complexity of the patient swab samples, the same enrichment and 

extraction approaches did not result in detection of the N and S viral biomarker proteins 

in the SARS-COV-2 positive patient swab samples.  

   Overall, the experimental results demonstrate that it is crucial to optimise the 

both the sample preparation and the MALDI matrix preparation, which includes the type 

of matrix used, solvents, mixing methods, and detergents to name a few. Optimisation of 

the sample pre-treatment steps applied to the standard viral SARS-CoV-2 proteins prior 

to MALDI-TOF analysis of the complex patient swab samples is also necessary. In future, 

the sample preparation methods discussed herein for viral protein enrichment and 

extraction can be expanded to include different assays, such as affinity capture beads, 

which target the critical biomarkers of SARS-CoV-2. Thus, further studies are required to 

explore the full potential of MALDI-TOF MS as a clinically useful tool for the screening 

of SARS-CoV-2. 
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5.7 Supplementary Information  

Table S5. 1 Results and summary table of spike protein S1 and S2 subunit optimisation 

experiments obtained on the Bruker microflex MALDI-TOF MS.  

Experiment Details Spike protein S1 Unit Spike protein S2 Unit Summary 

Detect 

(%) 

Ave. 

Intensity 

(a.u) 

Ave. S/N Detect 

(%) 

Ave. 

Intensit

y (a.u) 

Ave.

S/N 

Mixing 

methods 

Mix on 

MALD

I plate 

(direct 

spottin

g) 

0/4 

(0%) 

N/A N/A 2/4 

(50%) 

198.5 9.5  

Protein and 

matrix 

mixed in 

96-well 

plate 

provides a 

more 

constant 

detection 

percentage 

in both 

instrument

s. 

Mix in 

96-well 

plate 

0/4 

(0%) 

N/A N/A 4/4 

(100%) 

343 ± 

115.87 

19.25 

± 6.1 

Protein 

dilution 

solvent 

H2O 0/4 

(0%) 

N/A N/A 0/4 (0%) N/A N/A 50:50 

ACN:0.1%

TFA 

solution is 

required to 

dilution the 

spike 

protein 

unit 1 and 

2. 

H2O/0.

1% 

TFA 

0/4 

(0%) 

N/A N/A 0/4 (0%) N/A N/A 

H2O 

/0.1% 

TFA/A

CN 

0/4 

(0%) 

N/A N/A 4/4 

(100%) 

343 ± 

115.87 

19.25 

± 6.1 

Matrix 

optimisation 

α-

Cyano-

4-

hydrox

ycinna

mic 

acid 

(CHCA

) 

0/6 

(0%) 

N/A N/A 0/6 (0%) N/A N/A Sinapinic 

Acid (SA) 

has been 

reported to 

provide 

consistent 

signal 

detection 

for large 

proteins  

but Ferulic 

Acid (FA) 

matrix 

provides 

the best 

signal for 

both S1 

and S2 

units of 

spike 

protein in 

these 

experiment

sinapini

c acid 

(SA) 

5/6 

(83.3%

) 

93.2 ± 

8.1 

2 6/6 

(100%) 

48.7 ± 

23.6 

1283.

1 ± 

659.6 

2-

nitrophl

orogluc

inol (2-

NPG) 

0/2 

(0%) 

N/A N/A 2/2 

(100%) 

6 289.5 

2,5-

Dihydr

oxyben

zoic 

acid 

(2,5-

0/6 

(0%) 

N/A N/A 0/6 (0%) N/A N/A 
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Experiment Details Spike protein S1 Unit Spike protein S2 Unit Summary 

Detect 

(%) 

Ave. 

Intensity 

(a.u) 

Ave. S/N Detect 

(%) 

Ave. 

Intensit

y (a.u) 

Ave.

S/N 

DHB) s. 

However, 

FA 

requires 

manual 

control on 

MALDI as 

uneven co-

crystallisat

ion is 

observed 

with FA. 

With SA, 

co-

crystallisat

ion of 

sample and 

matrix is 

more 

homogeno

us so 

automatic 

run is 

possible. 

2-(4-

Hydrox

ypheny

lazo)be

nzoic 

acid 

(HABA

) 

2/2 

(100%) 

169.5 2 2/2 

(100%) 

289.5 4 

2,5-

DHB+

CHCA 

0/2 

(0%) 

N/A N/A 1/2 

(50%) 

171 2 

Ferulic 

acid 

(FA) 

(4-

hydrox

y-3-

methox

ycinna

mic 

acid) 

2/2 

(100%) 

225 6.5 2/2 

(100%) 

79 2263.

5 

2,6-

dihydro

xyaceto

phenon

e 

(DHAP

) 

0/2 

(0%) 

N/A N/A 0/2 (0%) N/A N/A 

Super-

DHB (a 

mixture 

of 2,5-

DHB 

and the 

additiv

e 2-

hydrox

y-5-

methox

ybenzoi

c acid.) 

0/6 

(0%) 

N/A N/A 0/6 (0%) N/A N/A 

Sinapinic 

acid (SA) 

matrix conc. 

optimisation 

(matrix: 

sample) 

Matrix 

conc.: 

 
The best 

signal 

obtained 

for both S1 

and S2 

units is 

mixing the 

500 

fmol/µL 

protein 

1:1 

ratio, 

20 

mg/mL 

SA 

0/3 

(0%) 

N/A N/A 3/3 

(100%) 

204 ± 

66.6 

9.3 ± 

3.7 

2:1 

ratio, 

20 

1/3 

(33%) 

71 2 3/3 

(100%) 

271.6 ± 

125.8 

12.6 

± 6.5 
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Experiment Details Spike protein S1 Unit Spike protein S2 Unit Summary 

Detect 

(%) 

Ave. 

Intensity 

(a.u) 

Ave. S/N Detect 

(%) 

Ave. 

Intensit

y (a.u) 

Ave.

S/N 

mg/mL 

SA 

solutions 

with 40 

mg/mL SA 

matrix in 

2:1 ratio. 

2:1 

ratio, 

40 

mg/mL 

SA 

3/3 

(100%) 

81.8 ± 

0.08 

2 ± 0 3/3 

(100%) 

619.3 ± 

380.4 

23.0 

± 8.8 

2:1 

ratio, 

60 

mg/mL 

SA 

3/3 

(100%) 

89.7 ± 

7.0 

2.33 ± 

0.47 

3/3 

(100%) 

345.6 ± 

164.6 

15.7 

± 7.3 

Ferulic acid 

(FA) matrix 

conc. 

optimisation 

1:1 

ratio, 

30 

mg/mL 

FA 

2/2 

(100%) 

427 12.5 2/2 

(100%) 

2615 80 The best 

signal for 

both S1 

and S2 

units are 

achieved 

by mixing 

30 mg/mL 

FA 

solution 

with 500 

fmol/µL 

protein in 

1:1 ratio. 

2:1 

ratio, 

60 

mg/mL 

FA 

0/2 

(0%) 

N/A N/A 2/2 

(100%) 

238 2.5 

Effect of 

matrix 

reaction time 

and 

temperature 

Method

: 

 
Incubation 

for 30 

mins at 

37°C can 

improve 

S1 protein 

detection 

using SA 

matrix but 

destroys 

the signal 

for both S1 

and S2 

using FA 

matrix. 

The best 

signal is 

achieved 

by using 

FA matrix 

and spots 

immediatel

y on 

MALDI 

plate after 

mixing. 

SA: 

Immedi

ately 

5/6 

(83.3%

) 

93.2 ± 

8.1 

2 ± 0 6/6 

(100%) 

1283.1 

± 659.6 

48.7 

± 

23.6 

SA: 

Incubat

ed 30 

mins 

6/6 

(100%) 

146.3 ± 

29.0 

4.3 ± 1.2 6/6 

(100%) 

784.6 ± 

388.0 

33.8 

± 

15.7 

FA: 

Immedi

ately 

2/2 

(100%) 

427 12.5 2/2 

(100%) 

2615 80 

FA: 

Incubat

ed 30 

mins 

 

 

 

 

 

 

 

 

 

  

0/2 

(0%) 

N/A N/A 0/2 (0%) N/A N/A 
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Experiment Details Spike protein S1 Unit Spike protein S2 Unit Summary 

Detect 

(%) 

Ave. 

Intensity 

(a.u) 

Ave. S/N Detect 

(%) 

Ave. 

Intensit

y (a.u) 

Ave.

S/N 

Limit of 

detection 

Matrix 

conc. 

(fmol/µ

L): 

 
1.The 

purity of 

S1 unit 

provided 

by the 

company is 

~ 80%, 

thus the 

LOD 

achieved is 

100 

fmol/µL * 

0.8 = 80 

fmol/µL. 

2.The 

purity of 

S2 unit 

provided 

by the 

company is 

~ 95%, 

thus the 

LOD 

achieved is 

75 

fmol/µL * 

0.95 = 71.3 

fmol/µL. 

3.FA 

matrix 

increases 

the 

sensitivity 

of 

detecting 

S1 and S2 

units. 

FA 50 2/12 

(16.7%

) 

97.7 2 4/12 

(33.3%) 

107.4 ± 

11.3 

2.75 

± 0.4 

75 8/12 

(66.7%

) 

99.3 ± 

9.9 

2.25 ± 

0.43 

12/12 

(100%) 

139.8 ± 

24.0 

4.6 ± 

1.3 

100 12/12 

(100%) 

112.8 ± 

10.2 

2.91 ± 

0.3 

12/12 

(100%) 

329.7 ± 

116.3 

13.8 

± 5.3 

500 12/12 

(100%) 

308.1 

±71.4 

9.75 ± 

2.8 

12/12 

(100%) 

1618.3 

± 902.5 

64.7 

±32.5 

SA 50 0/6 

(0%) 

N/A N/A 0/6 (0%) N/A N/A 

250 0/6 

(0%) 

N/A N/A 8/12 

(66.7%) 

142 ± 

58.5 

5.2 ± 

3.7 

500 10/12 

(83.3%

) 

105.7 ± 

9.1 

3.1 ± 0.5 12/12 

(100%) 

359.2 ± 

86.6 

15.4 

± 4.2 
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Table S5. 2 Results and summary table of the N-protein and the S-protein optimisation 

experiments obtained on the Bruker microflex MALDI-TOF MS. 

Experiment  Details  N-Protein S-Protein Summary 

Detect 

(%) 

Ave. 

Intensity 

(a.u) 

Ave

. 

S/N 

Detect 

(%) 

Ave. 

Intensit

y (a.u) 

Ave

. 

S/N 

Mixed 

detection of 

N and S 

protein mix 

(0.5 µM ) in 

SA (40 

mg/mL) 

Protein:   N-protein 

is easier to 

detect in 

the mixed 

sample as 

S-protein 

is at a 

much 

higher m/z 

ratio and 

there is 

also the 

ion 

suppressio

n effect 

resulting 

from 

increased 

signal 

detection 

of the N-

protein.  

N-

Protein 

Only 

(0.5 

µM ) 

4/4 

(100%) 

1919.97 

±285.76 

602.

21 

±19.

18 

0/4 

(0%) 

N/A N/A 

S-

Protein 

Only 

(0.5 

µM ) 

0/4 

(0%) 

N/A N/A 4/4 

(100%) 

12.017 

± 1.56 

4.64 

± 

1.01 

N- & 

S-

Protein 

Mixed 

(1:1) 

(0.5 

µM ) 

4/4 

(100%) 

3816.56 

± 617.12 

783.

89 ± 

72.1 

0/4 

(0%) 

N/A N/A 

Further 

mixing 

method 

optimisation 

of N and S 

protein 

mixture (0.5 

µM): 

Matrix 

and 

order 

of the 

matrix: 

  Best N-

protein 

signal 

detected 

using SA 

(40 

mg/mL) 

with 

mixing in 

96-well 

plate 

before 

spotting on 

MALDI 

target 

plate. 

Mix in 96-

well plate 

sinapini

c acid 

(SA) 

4/4 

(100%) 

4136.08 

± 

1584.05 

649.

82 ± 

209.

55 

0/4 

(0%) 

N/A N/A 

Ferulic 

acid 

(FA) 

4/4 

(100%) 

710.80 ± 

172.72 

221.

49 ± 

42.0

6 

0/4 

(0%) 

N/A N/A 

SA+FA 

(1:1) 

4/4 

(100%) 

3449.16 

± 356.62 

670.

82 ± 

48.4

1 

0/4 

(0%) 

N/A N/A 

Dried 

sandwich 

spotting 

method  

SA 

(bottom 

layer) -

>  

sample 

(middle 

4/4 

(100%) 

1162.12 

± 508.56 

303.

72 ± 

135.

62 

0/4 

(0%) 

N/A N/A 
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layer)  -

>FA 

(top 

layer) 

FA 

(bottom 

layer) -

>  

sample 

(middle 

layer)  -

>SA 

(top 

layer) 

4/4 

(100%) 

2076.67 

± 195.26 

514.

32 ± 

72.6

4 

0/4 

(0%) 

N/A N/A 

SA 

(bottom 

layer) -

>  

sample 

(middle 

layer)  -

>SA 

(top 

layer) 

4/4 

(100%) 

1558.13 

± 311.6 

255.

80± 

30.5

2 

0/4 

(0%) 

N/A N/A 

FA 

(bottom 

layer) -

>  

sample 

(middle 

layer)  -

>FA 

(top 

layer) 

4/4 

(100%) 

1753.61 

± 164.98 

478.

92 ± 

124.

52 

0/4 

(0%) 

N/A N/A 

FA+SA 

(bottom 

layer) -

>  

sample 

(middle 

layer)  -

> 

FA+SA 

(top 

layer) 

4/4 

(100%) 

1335.33 

± 641.87 

381.

26 ± 

204.

11 

0/4 

(0%) 

N/A N/A 

N and S 

protein mix 

in SA (40 

mg/mL) 

TFA % 

optimisation  

TFA 

(%): 

  0.05 % 

TFA gives 

highest 

signal 

detection 

of N-

protein in 

N and S 

protein 

mix. 

However, 

variation is 

high (st. 

0.05 4/4 

(100%) 

5003 ± 

1005.4 

151.

6  ± 

14.7 

0/4 

(0%) 

N/A N/A 

0.1 4/4 

(100%) 

2473.8 ± 

415.1 

93.8 

± 

11.7 

0/4 

(0%) 

N/A N/A 

0.5 4/4 

(100%) 

1537 ± 

339.7 

67.2 

± 

10.6 

0/4 

(0%) 

N/A N/A 

1 4/4 1070.8 ± 49.7 0/4     
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(100%) 200.3 ± 

15.2 

(0%) dev. 

1005.4) so 

0.1% TFA 

(standard 

TFA 

concentrati

on in most 

MALDI 

publication

s) is used.  

N and S 

protein mix 

(0.5 µM) in 

SA (40 

mg/mL) 

matrix  

solvent 

variation 

Solvent

s 

(50/50) 

with 

0.1% 

TFA: 

  Highest 

signal 

intensity of 

N protein 

in N and S 

mixture 

with SA is 

in the 

matrix 

solvent of 

water/acet

onitrile 

(50/50). 

 

Ammo

nium 

phosph

ate (10 

mM) / 

Acetoni

trile 

4/4 

(100%) 

3610.93 

± 

1581.03 

810.

28 ± 

84.8

2 

0/4 

(0%) 

N/A N/A 

Methan

ol / 

Acetoni

trile 

4/4 

(100%) 

544.86 ± 

182.1 

221.

67 ± 

73.5

6 

0/4 

(0%) 

N/A N/A 

Ethanol 

/ 

Acetoni

trile 

4/4 

(100%) 

430.56 ± 

155.84 

176.

57 ± 

63.0

5 

0/4 

(0%) 

N/A N/A 

Chlorof

orm / 

Methan

ol 

4/4 

(100%) 

1051.71 

± 629.5 

324.

08 ± 

149.

18 

0/4 

(0%) 

N/A N/A 

Dichlor

ometha

ne/ 

Methan

ol 

4/4 

(100%) 

2907.28 

± 

1292.42 

695.

64 ± 

140.

05 

0/4 

(0%) 

N/A N/A 

Toluen

e / 

Methan

ol 

4/4 

(100%) 

2908.05 

± 350.72 

727.

26 ± 

96.1

1 

0/4 

(0%) 

N/A N/A 

Hexane 

/ 

Ethanol 

4/4 

(100%) 

220.41 ± 

47.1 

75.6

4± 

17.6 

0/4 

(0%) 

N/A N/A 

Aceton

e / 

Methan

ol 

4/4 

(100%) 

2192.07 

± 887.69 

657.

33 ± 

157.

66 

0/4 

(0%) 

N/A N/A 

Water 

/Aceton

itrile 

4/4 

(100%) 

3614.89 

± 518.6 

813.

80 ± 

72.5

3 

0/4 

(0%) 

N/A N/A 

Addition of Polyme   No protein 
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polymer to 

the matrix 

ferulic acid 

(FA) 30 

mg/mL 

r type 

and 

concent

ration:  

detected 

because 

the 

addition of 

the 

polymers 

resulted in 

the sample 

solution to 

run on 

MALDI 

target 

plate. The 

hydrophob

ic ring 

around the 

barrier of 

each 

MALDI 

spot is 

broken due 

to the  

polymers 

added. 

Final 

concentrati

on of 

analyte 

may be too 

low for 

detection.  

TWEE

N 80 

0.01% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

TWEE

N 80 

0.1% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

TWEE

N 80 

1% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

Triton-

X 100 

0.01% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

Triton-

X 100 

0.1% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

Triton-

X 100 

1% 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

Detection of 

N- & S-

Protein in 

sputum and 

oral fluid 

with matrix 

SA (40 

mg/mL) 

Sample 

dilution 

media: 

  N S-

protein 

detected 

but N-

protein 

was 

detected at 

low 

intensity in 

the oral 

fluid only.  

Standar

d 

Sample 

(no 

dilution 

with 

media) 

4/4 

(100%) 

2821.44 

± 381.5 

829.

11 ± 

89.3

3 

0/4 

(0%) 

N/A N/A 

Diluted 

with 

Sputum 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

Diluted 

with 

Oral 

Fluid 

4/4 

(100%) 

46.86 ± 

20.09 

12.7

1 ± 

4.5 

0/4 

(0%) 

N/A N/A 

N and S 

protein 

mixture in 

synthetic 

sputum 

solvent 

extraction 

with matrix 

SA (40 

Solvent 

used 

for 

extracti

on:  

  Highest 

signal 

detection 

of N-

protein in 

toluene 

aqueous 

layer. 

No/very 

chlorof

orm 

aqueou

s layer  

4/4 

(100%) 

3658.5 ± 

521.9 

130.

8  ± 

14.5 

0/4 

(0%) 

N/A N/A 



Chapter 5 – Development of matrix-assisted laser desorption ionisation mass 

spectrometry for the detection of SARS-CoV-2 proteins  

347 

 

mg/mL) dichlor

ometha

ne 

aqueou

s layer 

4/4 

(100%) 

3954.3 ± 

425.4 

135.

7 ± 

11.9 

0/4 

(0%) 

N/A N/A low 

protein 

detected in 

solvent 

organic 

layer.  hexane 

aqueou

s layer 

4/4 

(100%) 

1797.8 ± 

261.4 

79.5 

± 

11.4 

0/4 

(0%) 

N/A N/A 

toluene 

aqueou

s layer  

4/4 

(100%) 

4254.5 ± 

286.3 

144.

4 ± 

12.5 

0/4 

(0%) 

N/A N/A 

COVID-19 

test kit 

spiked with 

N and S 

protein  

Protein 

detectio

n from: 

  Difficult to 

detect N 

and S 

protein 

spiked 

using 

COVID-19 

test kit. 

Only 

cotton bud 

sonication 

with ACN 

- able to 

detect very 

low 

intensity of 

N-protein. 

Further 

enrichment 

steps 

required.  

1. 

Cotton 

Bud 

directly 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

2. 

Cotton 

Bud 

sonicat

ed with 

ACN  

yes 

(low) 

N/A N/A 0/4 

(0%) 

N/A N/A 

3. ACN 

sonicat

ed 

solutio

n 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 

4. 

Testing 

kit 

solutio

n 

0/4 

(0%) 

N/A N/A 0/4 

(0%) 

N/A N/A 
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Table S5. 3 Table of instrument parameters for the Bruker Microflex MALDI-TOF MS 

experiments.   

Detection parameters Values  

Laser Power 90% 

Mass Range 5k – 300k 

Detector Gain x20 

Attenuator offset 35% 

Number of scans 2,000 

Sampling Random 

Shots/raster spot 50 

 

Table S5. 4 Peak assignment table for the standard N-protein tryptic peptide 

[GFYAEGSR]2+ CAD MS/MS spectrum.  

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y1 1+ C6 H15 N4 O2 175.118952 175.118857 -0.54 

a2 1+ C10 H13 N2 O1 177.102239 177.102239 0.00 

b2 1+ C11 H13 N2 O2 205.097154 205.09715 -0.02 

YA 1+ C12 H15 N2 O3 235.107719 235.107567 -0.65 

y2 1+ C9 H20 N5 O4 262.150981 262.150872 -0.42 

y3 1+ C11 H23 N6 O5 319.172444 319.172444 0.00 

a3-NH3 1+ C19 H19 N2 O3 323.139019 323.139038 0.06 

y6 2+ C28 H44 N9 O11 341.661378 341.661349 -0.08 

b3 1+ C20 H22 N3 O4 368.160483 368.160491 0.02 

a4 1+ C22 H27 N4 O4 411.202682 411.202763 0.20 

MH-H2O 2+ C22 H27 N4 O4 434.701035 434.701022 -0.03 

b4 1+ C23 H27 N4 O5 439.197596 439.1978 0.46 

MH 2+ C39 H57 N11 O13 443.706317 443.706305 -0.03 

y4 1+ C16 H30 N7 O8 448.215037 448.215361 0.72 

y5 1+ C19 H35 N8 O9 519.252151 519.252051 -0.19 

b5 1+ C28 H34 N5 O8 568.240189 568.239784 -0.71 

y6 1+ C28 H44 N9 O11 682.31548 682.315488 0.01 

Average error -0.07 

Absolute average error 0.24 

Standard deviation 0.27 
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Table S5. 5 Peak assignment table for the standard N-protein tryptic peptide 

[AYNVTQAFGR]2+ CAD MS/MS spectrum. 

Assignment Charge 

state 

Elemental 

composition 

Theoretical 

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

y1 1+ C6 H15 N4 O2 175.118952 175.118842 -0.63 

a2 1+ C11 H15 N2 O2 207.112804 207.112804 0.00 

y2 1+ C8 H18 N5 O3 232.140416 232.140459 0.19 

b2 1+ C12 H15 N2 O3 235.107719 235.107819 0.43 

a3 1+ C15 H21 N4 O4 321.155732 321.15571 -0.07 

b3 1+ C16 H21 N4 O5 349.150646 349.150712 0.19 

y3 1+ C17 H27 N6 O4 379.20883 379.208839 0.02 

a4 1+ C20 H30 N5 O5 420.224146 420.224174 0.07 

b4 1+ C21 H30 N5 O6 448.21906 448.219046 -0.03 

y4 1+ C20 H32 N7 O5 450.245944 450.245892 -0.12 

b5 1+ C25 H37 N6 O8 549.266739 549.266608 -0.24 

MH-H2O 2+ C50 H74 N15 O14 554.780347 554.779933 -0.75 

MH 2+ C50 H77 N15 O15 563.78563 563.785546 -0.15 

y5 1+ C25 H40 N9 O7 578.304521 578.304949 0.74 

b6 1+ C30 H45 N8 O10 677.325316 677.325601 0.42 

y6 1+ C29 H47 N10 O9 679.3522 679.351951 -0.37 

b7 1+ C33 H50 N9 O11 748.36243 748.36291 0.64 

y7 1+ C34 H56 N11 O10 778.420613 778.420516 -0.12 

y8 1+ C38 H62 N13 O12 892.463541 892.463551 0.01 

b8 1+ C42 H59 N10 O12 895.430844 895.430329 -0.58 

Average error -0.02 

Absolute average error 0.29 

Standard deviation 0.26 
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Figure S5. 1 MALDI-TOF MS of tryptic digested N-protein with no sample pre-treatment 

(top spectrum) and the tryptic digested N-protein desalted with the SPE C18 cartridge 

(bottom spectrum). 
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6. Conclusions and Future Work  

   The work presented in this thesis has demonstrated the implementation of mass 

spectrometry (MS) together with various advanced fragmentation methods for the 

differentiation and relative quantification of biologically significant isomeric species. In 

addition, MS studies and viral enrichment optimisation experiments were conducted on 

SARS-CoV-2 proteins for the improved detection of viral biomarkers obtained from 

human swab samples. This chapter aims to provide a summary, conclusion, and final 

outlook for each of the experimental results chapters previously discussed.  

Chapter 2: Differentiation and Relative Quantification of the Isomeric Products of 

Deamidation using ECD and UVPD Tandem Mass Spectrometry 

 

Figure 6. 1 Summary figure for chapter 2, illustrating the fragments used for isoD and D 

peptide differentiation and quantification using ECD MS/MS and 193 nm UVPD MS/MS, 

resulting in the determination of the isoD percentage content of three target peptides in 

deamidated BSA digest mixture samples.  
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   The process and products of asparagine (N) deamidation, aspartic acid (D) and 

isoaspartic acid (isoD) are associated with significant neurological disorders, such as 

Alzheimer’s and Parkinson’s disease. The main aim of chapter 2 was to fully utilise ECD 

MS/MS and UVPD MS/MS on a 12 T Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR MS) to distinguish between the isomeric deamidation products, 

isoD and D, via generation of diagnostic fragments, which can then be used for the 

relative quantification of isoD in a deamidated tryptic digested protein sample. Thus, 

improved methods for the relative quantification using diagnostic MS/MS fragments were 

developed to determine the percentage content of isoD, which has been previously 

identified and implicated as a biomarker of the neurological diseases mentioned herein.  

   Tryptic digested bovine serum albumin (BSA) was used as a model protein for 

this study and a series of deamidated BSA peptides were observed in the MS, with three 

deamidated peptides chosen as the key deamidation target peptides. This is because the 

selected peptides were sufficiently deamidated during the accelerated ageing experiments, 

which could be used for the relative quantification experiments. Synthetic isoD and D 

peptide standards were purchased for each target BSA peptide and diagnostic zn-i-C2O2H 

fragment ions were detected in the ECD MS/MS spectra for all isoD peptides, which were 

absent for the corresponding D peptides. Although the zn-i-C2O2H fragment ion was not 

detected in the UVPD MS/MS spectra for the isoD peptides, a significant difference in 

the intensities of the y fragment generated at the specific isoD and D positions in the 

peptide sequence by UVPD can be used to discriminate between the isomeric peptides. 

This is due to the isoD peptides containing higher y-ion intensities at the deamidated sites 

compared to the D peptides. 

   A modified and improved relative quantification method for isoD using ECD and 

UVPD was demonstrated. Herein, we improved the ECD quantification method, 

determining the percentage isoD content based on the peak area of the characteristic zn-i-

C2O2H fragment ion fragment divided by the sum of all the fragment peak areas. 

Furthermore,  the UVPD relative quantification method was based on the ratio of the peak 

area of the y fragment generated at the deamidation modification site to the sum of all the 

fragment peak areas. A good linearity (R2 > 0.99) was obtained in all calibration curves of 

synthetic peptides using ECD and UVPD.  

   The relative direct infusion ECD and UVPD quantification results were also 

compared to those obtained via nano-LC ECD MS/MS; and overall, the direct infusion 

ECD provides the best results due to the detection of diagnostic fragments as for direct 
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infusion UVPD, although the difference in relative intensities of isoD and D peptides is 

significant, other factors such as instrument stability and sample infusion concentration 

may affect the observed intensities, which would ultimately affect the reliability of the 

quantification results. Nano-LC ECD MS/MS analysis of the deamidated peptides on the 

other hand, requires time for optimisation of LC parameters such as the gradient and 

column conditions to ensure sufficient separation of the isomeric forms for relative 

quantification.  

   In conclusion, although no modifications prior to analysis of the deamidated 

peptides were necessary, synthetic standards of the deamidated target peptides aided the 

direct infusion MS/MS quantification experiments, with direct infusion ECD proving to 

be a fast and reliable fragmentation method and UVPD as an alternative and easily 

applied fragmentation method for the relative quantification of isoD in the tryptic 

peptides of BSA.   
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Chapter 3: Distinguishing between methylated histidine isomers generated as a post-

translational modification of actin 

 

Figure 6. 2 Summary figure for chapter 3, demonstrating the CAD MS/MS detection of 

diagnostic [b5+Me]2+ and [y11]+ fragment ions fragments used for τ-MeH and π-MeH 

peptide differentiation and quantification, resulting in the determination of the τ-MeH 

percentage content of the target actin peptide in the mixture samples of actin digest 

obtained from different species.   

   Chapter 3 focuses on the application of various fragmentation methods, available 

on a 12 T FT-ICR MS, for the differentiation and relative quantification of isomeric N-

methylated histidine containing peptides from the cytoskeletal protein, actin.    

   Actin methylation, specifically N-methylation at the histidine-73 (H73) residue in 

actin, has been identified as a regulatory mechanism, which contributes to the function of 

the cytoskeletal protein. Previous studies have shown that H73 N-methylation of the 

isolated target actin peptide (YPIEH(Me)GIVTNWDDMEK) can result in the formation 

of tele- or pros-methylhistidine (τ-MeH or π-MeH), which are difficult to differentiate 

between using analytical techniques due to the minor changes in their structures and zero 

mass difference between the residues, as they are isomers. 
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   In this study, the τ-MeH and π-MeH target actin peptides were subjected to 

various fragmentation methods, including CAD, ExD, and photodissociation methods. 

The experimental results have successfully demonstrated the differentiation of the 

isomeric τ-MeH and π-MeH actin peptides via the generation of diagnostic [b5+Me]2+ and 

[y11]+ MS/MS fragment ions for the τ-MeH peptide, which were absent in the π-MeH 

peptide CAD, IRMPD, and UVPD MS/MS spectra.  

   Based on the detection of the fragments unique to the τ-MeH peptide, a relative 

quantification method was developed using CAD MS/MS. Isomeric mixtures of the target 

peptide were prepared and a linear trend was observed between the relative intensity of 

the diagnostic fragment ions and the τ-MeH content in the synthetic τ-MeH and π-MeH 

peptide mixtures.  A ratio was taken of each diagnostic fragment peak area to the sum of 

the common fragments in the MS/MS spectra, which were plotted against the τ-MeH 

percentage content in the synthetic peptide mixtures. Calibration curves were achieved 

with good linearity (R2 > 0.99) using the diagnostic [b5+Me]2+ and [y11]+ fragment ions. 

   The linear calibration curves were then applied to quantify the relative τ-MeH 

and π-MeH content in the target peptide of 5 types of actin samples obtained from 

different species including bovine, chicken, rabbit, and human actin. The relative τ-MeH 

quantification results show that the τ-MeH form is the dominant isomeric form in all 

mammalian actin samples studied herein, with the highest percentage of the τ-MeH 

content in the target peptide detected in the human actin samples (> 80 %). Overall, the 

results also highlight the benefits of utilising direct infusion fragmentation approaches for 

relative quantification of isomeric species, which can also be applied to the complex actin 

digest mixtures obtained from various species.  
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Chapter 4: Exploring tandem mass spectrometry methods for the analysis of 

dihydroxylated vitamin D3 isomers 

 

Figure 6. 3 Summary figure for chapter 4, showing the structures of the dihydroxylated 

vitamin D3 isomers and the comparative IRMPD MS/MS spectra for both metabolites, 

highlighting four of the various diagnostic fragments obtained for 1,25-dihydroxyvitamin 

D3 (biologically active), which were absent in the 24,25-dihydroxyvitamin D3 (inactive 

form).  

   Chapter 4 explores the application of all available fragmentation methods on the 

12 T FT-ICR MS such as CAD, IRMPD, UVPD and EID MS/MS for the differentiation 

of the isomeric dihydroxylated vitamin D3 compounds. 

 Vitamin D compounds are a group of secosteroids derived from cholesterol, 

which are vital for maintaining bone health in humans. Recent studies have shown 

extraskeletal effects of vitamin D, involving vitamin D metabolites such as the 

dihydroxylated vitamin D3 compounds 1,25-dihydroxyvitamin D3 and 24,25-

dihydroxyvitamin D3. Differentiation and characterization of these isomers by mass 

spectrometry can be challenging due to the zero-mass difference and subtle structural 

differences between them. The isomers usually require separation by liquid 

chromatography (LC) prior to mass spectrometry, which adds extra complexity to the 

analysis.  

   Isomer-specific fragments were observed for the 1,25-dihydroxyvitamin D3, 

which were absent in the 24,25-dihydroxyvitamin D3 MS/MS spectra using all 
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fragmentation methods mentioned herein. The structure-specific fragments generated due 

to cleavage of the C-6/C-7 bond in the 1,25-dihydroxyvitamin D3 compound successfully 

demonstrate the retention of the fragile hydroxyl groups during dissociation using all the 

available fragmentation methods.  

   It should be noted that the loss of the hydroxyl groups and series of hydrocarbon 

chain decompositions for both vitamin D3 metabolites dominate all the MS/MS spectra 

obtained and therefore detailed analysis of the MS/MS spectra is required. Nevertheless, 

multiple diagnostic fragments were detected and assigned with high confidence, aided by 

the high resolving power and high mass accuracy capabilities provided by FT-ICR MS.  

   In summary, diagnostic fragments generated via all MS/MS methods were 

observed for 1,25-dihydroxyvitamin D3, enabling differentiation between the two 

dihydroxylated vitamin D3 isomers, without the need for prior chromatographic 

separation or derivatization of the molecules.  

   The development of vitamin D quantification methods are essential for the 

determination of vitamin D status in humans. Preliminary experiments for the quantitative 

analysis of 1,25-dihydroxyvitamin D3 were also carried out. Herein, a quantification 

method was developed, which uses the peak area of a selected diagnostic fragment of 

1,25-dihydroxyvitamin D3 divided by the sum of the fragments peak areas to reduce the 

fluctuation caused by a single fragmented peak. A calibration curve using the diagnostic 

fragments of 1,25-dihydroxyvitamin D3 was established with good linearity (R2> 0.99).  

   For future work, application of this direct infusion MS/MS quantification method 

has the potential to be applied to the vitamin D3 metabolites detected in matrices such as 

serum or urine, which are routinely found in low concentrations and often masked by 

other endogenous material. Hence, chromatographic separation prior to MS/MS analysis 

may be beneficial whilst the confirmatory characteristic fragments highlighted in chapter 

4 can be used to identify and quantify the biologically active 1,25-dihydroxyvitamin D3 

compound.  
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Chapter 5: Development of matrix-assisted laser desorption ionisation mass 

spectrometry for the detection of SARS-CoV-2 proteins 

 

Figure 6. 4 The summary figure for chapter 5, highlights examples of standard SARS-

CoV-2 biomarker proteins and samples prepared for the viral enrichment optimisation 

experiments, subjected to MALDI-TOF MS and the resulting top-down mass spectra 

obtained for data analysis.    

   In chapter 5, different methods for protein enrichment and extraction were 

investigated, which were subsequently applied to the novel severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) standard proteins, including the SARS-CoV-2 

positive and negative patient swab samples. Analytical results were obtained on a Bruker 

MALDI-TOF MS platform as well as the 12 T Bruker SolariX FT-ICR MS, where 

possible.  

   The establishment and use of linear MALDI-TOF MS for the analysis of clinical 

microorganisms has rapidly evolved over the years. The available commercial 

instruments have demonstrated the capability of providing high speed detection and 

identification of large molecular weight proteins, bacteria, and other microbial species. 

As a result of global spread and significant impact of the SARS-CoV-2 virus, there is an 

urgent need for the development of rapid screening methods.  

   SARS-CoV-2 has four main structural proteins, which include the spike (S) 

glycoprotein, envelope (E) glycoprotein, membrane (M) glycoprotein, and the 

nucleocapsid (N) protein. The N and S protein is of special interest, as the N protein is 

essential for viral genome packaging and the S protein is responsible for mediating 

attachment and cellular entry of the virus. Thus, in this work, focus is placed on the 
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optimisation of the detection of the N and S proteins in the standard proteins and in the 

SARS-CoV-2 negative and positive patient samples.   

   The different approaches explored in chapter 5 identified sample preparation 

methods such as high molecular weight cut-off filters and the use of detergents often used 

in cell lysis for enrichment and extraction of proteins present in the patient samples. The 

various sample preparation techniques were firstly applied to the standard viral SARS-

COV-2 proteins, which demonstrated enrichment of the proteins and improved intensity 

of the detected species. However, due to the complex nature of the patient samples, the 

same enrichment and extraction approaches did not result in detection of the N and S viral 

biomarker proteins in the SARS-COV-2 positive patient swab samples.  

   Overall, the experimental results demonstrate that it is crucial to optimise sample 

preparation techniques for the detection and enrichment of SARS-CoV-2 proteins in the 

patient samples prior to MALDI-TOF analysis. This is supported by the information 

obtained from the experiments conducted, which resulted in a total of 107 variables tested 

on the standard COVID-19 proteins and the patient swab samples to improve the 

detection of the proteins of interest. In future, the sample preparation methods discussed 

herein for viral protein enrichment and extraction can be expanded to include different 

assays, such as affinity capture beads, which target the critical biomarkers of SARS-CoV-

2. Thus, further studies are required to explore the full potential of MALDI-TOF MS as a 

clinically useful tool for the screening of SARS-CoV-2.  
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