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Oxidative stress is defined as an imbalance that favors the production of reactive oxygen 

species (ROS) over an organism’s antioxidant defense. ROS have the ability to damage, 

either directly or indirectly, biomolecules including DNA, proteins, carbohydrates, and 

lipids. Various pathological conditions and environmental and chronic diseases have 

been associated with elevated levels of oxidative stress. Protein carbonyls have been 

widely recognized as markers of oxidative damage to proteins. Protein carbonylation 

can occur by direct modifications of ROS and metal-catalyzed oxidation (MCO) of 

specific amino acid residues. Another source of generating carbonyl groups on proteins 

is the covalent modification of amino acid side chains by reactive lipid peroxidation 

products (LPPs), a large variety of which are produced during oxidation of 

polyunsaturated fatty acids (PUFAs). Many LPPs are electrophiles and thus readily 



react with nucleophilic groups in proteins.  

 

In this thesis, I describe the development, application and evaluation of contemporary 

mass spectrometric methods for the detection, characterization, and quantification of 

protein modifications associated with the conditions of elevated levels of oxidative 

stress and for profiling responses of the proteome to oxidative stress in the context of 

exposure to ionizing radiation with focus on mouse hippocampus, a brain region 

important for learning and memory.  

 

Firstly, we explored the applicability of travelling wave ion mobility mass spectrometry 

(TWIM-MS) in conjunction with collision-induced dissociation (CID) for 

characterizing protein modifications caused by reactive lipid peroxidation products 

with focus on a) 4-hydroxy-nonenal (HNE), an -unsaturated hydroxyalkenal, and 

b) levuglandins,  a group of isomeric γ-ketoaldehydes.  

 

We tested the capabilities of TWIM-MS in combination with collision-induced 

dissociation for the analysis of positional isomers of peptides modified by 4-hydroxy-

2-nonenal (HNE). The model peptides that we utilized for these experiments were 

derived from glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key enzyme of 

glycolysis and a known target of HNE. We were able to demonstrate that TWIM-MS 

can separate positional isomers of peptides with a HNE modification on histidine 



residues at different sequence positions by differentiating them according to drift time 

distributions (DTDs). Similarly, synthetic peptides, which had the same sequence as 

the first set of model peptides but the histidine residues were replaced by cysteine 

residues, were well resolved by TWIM-MS in the gas phase. The combination of ion 

mobility with CID resulted in product ion spectra drift-time aligned with the precursor 

ions and allowed the positional differentiation of the HNE adduction despite neutral 

loss of the modification during collision-induced dissociation. Extracted drift time 

chromatograms of distinct fragment ions provided a visualization tool that was 

beneficial for the site-specific assignments of HNE adduction. The combination of 

TWIM-MS with CID provides another opportunity beyond conventional tandem mass 

spectrometric methods for the analysis of positional isomers of peptides with PTMs. 

Although this study focused on peptide-HNE adducts, we expect that TWIM-MS is 

applicable to the analysis of other PTMs as well and advances our capability of 

obtaining site-specific information for PTMs.  

 

TWIM-MS was also explored for the analysis of levuglandins/isoketals (or γ-

ketoaldehydes) lysine adducts. Non-enzymatic oxidation and cyclization of arachidonic 

acid (AA) leads to the formation of four regio-isomers of γ-ketoaldehydes. The γ-

ketoaldehyde functionality is highly reactive toward primary amino groups in 

biomolecules. In proteins, modification by γ-ketoaldehydes leads to formation of 

lactam adducts. The development of a fast and reliable method is reported for the 

analysis and separation of four regio-isomeric isoketal-lysyl-lactam adducts by utilizing 



ultra performance liquid chromatography (UPLC) in conjunction with TWIM-MS. This 

novel strategy is potentially extendable toward the detection, characterization and 

quantification of isoketal-lactam adducts in pre-clinical studies, and ultimately possibly 

applicable in disease diagnosis and drug developmental efforts that target pathological 

conditions associated with oxidative stress. 

 

Secondly, a high resolution LC-MS/MS-based methodology was developed for 

quantification of α-amino adipic semialdehyde () in biological samples. Clinical and 

public health awareness of ionizing radiation (IR) has increased the number of studies 

concerned with injury and impact of IR on biological systems. Oxidative stress is one 

of the major injuries resulting from IR. and the development of a reliable and robust 

biodosimetry method for assessing the injury of irradiation at the level of oxidative 

stress is highly needed.  Protein carbonyls widely recognized as a biomarker of 

oxidative stress under various pathological conditions. However, due to the chemical 

diversity of protein carbonyls and their low concentrations, an analytical strategy was 

choosen that is based on using α-AAS as marker of protein carbonylation and oxidative 

insult after total proteolysis.. A strategy was developed for the quantitation of α-AAS 

that combines a high sensitivity LC-ESI-MS/MS MRMHR approach and a pronase-

based hydrolysis protocol. In addition, a novel derivatization reagent was utilized that 

features a permanently charged, quaternary aminooxy (QAO) reactive group that 

targets the aldehyde/keto functionality group The introduction of a permanent charge 

into the analyte enhances the ESI-MS/MS sensitivity for detection. The utilization of 



pronase allows mild hydrolysis and minimizes the artificial formation of oxidatively 

modified amino acids. The derivatization method was first applied as a “proof of 

concept” for quantitation of α-AAS in plasma samples after metal catalyzed oxidation 

(MCO). , The protocol was then extended to determine α-AAS levels in hippocampal 

tissues of individual mice that were exposed to low dose (1Gy) irradiation  The 

extension of the protocol to a multiplex MRMHR assay was allowed determining level 

estimates of three carbonylated amino acids, namely α-AAS, -glutamic semialdehyde 

and N-formyl kynurenine, semi-quantitatively in a single analytical run In summary, 

the methodology introduced here provides a sensitive, reliable and robust approach to 

quantify carbonylated amino acids without any enrichment, and greatly improves the 

measurement efficiency of carbonylated amino acids as markers of oxidative insult in 

complex biological samples... 

 

Thirdly, we applied and evaluated a label-free LC-IM-MSE quantification method for 

determining proteome changes of the mouse hippocampus to low dose irradiation at 1 

Gy. In the present study, 5.5-month-old male C57BL/6J mice underwent contextual 

fear conditioning training, were subsequent irradiated with low-dose whole body 

ionizing radiation (X-rays, 1 Gy) and then tested for hippocampus-dependent 

contextual fear memory 24 h post-irradiation. Under these experimental conditions, 

there was no significant effect of irradiation on contextual memory. We hypothesized 

that compensatory radiation-induced changes in the hippocampus might have masked 

cognitive injury. Analysis of the observed proteome changes using biological pathway 



enrichment tools suggested a shift in mitochondrial energy metabolism, down-

regulation of myelination and up-regulation of calcium-dependent synaptic plasticity. 

The proteome alterations were consistent with elevated long-term potentiation (LTP) 

and decreased long-term depression (LTD) suggesting improved synaptic transmission 

and an enhanced efficiency of neurotransmitter release, which would be consistent with 

the observed comparable contextual fear memory performance of the mice following 

post-training whole body or sham-irradiation.  
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Chapter 1 

 

Introduction 

 

1. 1 Reactive oxygen species (ROS) 

Free radicals are a class of small molecules that contain one or more unpaired electrons. Those 

derived from oxygen molecules are called reactive oxygen species (ROS)1 . ROS are usually 

produced during the processes of aerobic metabolism, ultra-violet (UV) or X-rays radiation 

exposure, and cellular stress. They are highly reactive and are considered as the toxic by-

products of mitochondria and enzymatic reactions. They include, but are not limited to, the 

superoxide anion (O2•-), hydrogen peroxide (H2O2), and the hydroxyl radical (OH•) (Figure 

1.1). The oxidative stress is considered as an imbalance in which overproduction of ROS 

outcompetes the organism’s antioxidant defense system2 . Mitochondria are the main 

endogenous source of ROS in most mammalian cells. A small fraction of molecular oxygen 

(~1-2 %), consumed during normal metabolism through aerobic respiration, even in non-

pathological conditions, is converted into the superoxide anion (O2•-), which is regarded as the 

precursor of most of ROS3 .  
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Figure 1.1 Formation and detoxification of reactive oxygen species. 

 

Dismutation of O2•- forms the less toxic H2O2 and O2 as products of catalysis by superoxide 

dismutase (SOD). However, metal ions, such as Fe2+ or Cu+, can catalyze the generation of 

highly reactive and toxic OH•. OH• plays a direct role in the initiation of oxidative damage to 

macromolecules. OH• can readily react with almost any molecule via H-atom abstraction, 

electrophilic addition, or radical-radical reactions etc. (reference) 

 

The constant generation of ROS by various exogenous sources, such as xenobiotics and 

irradiation, and endogenous sources, such as electron leakage from mitochondrial and cellular 

enzymes, result in oxidative stress and damage to the cells4 . Long term, this process can 

eventually leading to many chronic diseases5 . ROS can attack molecular targets such as 

proteins, lipids and DNA. If not repaired or eliminated, this damage can accumulate over time, 

leading to a loss of cellular function, such as altered cellular signaling, enzyme functions, and 

even to cell death (Figure 1.2). The brain is especially susceptible to oxidative stress, due to 

the high rate of oxygen and glucose consumption to generate ATP, low antioxidant levels, high 

percentage of fatty acids and ROS-generating enzymatic reactions5 . Compared with normal 

cells, cancer cells often exhibit an increased abundances of ROS, which is thought to provide 

favorable conditions for cancer cell growth, genetic instability, dysregulation of transcription 

and enhanced survival6 . Elevated levels of ROS have been linked to many neurodegenerative 
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diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), to name a few.  

 

 

Figure 1.2 Pathways involved in ROS-mediated neurotoxicity 

 

1.2 Protein carbonylation 

Protein carbonylation is one of the irreversible post-translational modifications (PTMs) and is 

widely recognized as a universal marker of oxidative stress under various pathological 

conditions. Carbonyl groups are produced particularly by metal-catalyzed oxidation (MCO) of 

specific amino acid side chains and polypeptide backbones7 . For example, the oxidation of 

lysine yields -aminoadipic semialdehyde (AAS), and the oxidation of proline and arginine 

yields -glutamic semialdehyde (GGS). AAS and GGS are two major protein carbonyls 

produced by MCO reactions8 . Besides these two amino acids, threonine can be oxidized to 2-

amino-3-ketobutyric acid9 . Direct oxidation of tryptophan by ROS generates at least seven 

oxidation products, including kynurenine and N-formyl kynurenine, as well as their 

hydroxylated analogues10  (Figure 1.3) . 
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Figure 1.3  Main routes that lead to protein carbonylation. 

 

The introduction of carbonyl groups by reactive molecules is another important source which 

includes two different mechanisms. One mechanism of carbonyl group formation occurs 

through reaction with reactive lipid peroxidation products (LPP), which contain carbonyls, 

such as acrolein, malondialdehyde (MDA), and hydroxy-nonenal (HNE) . LPPs are usually 

formed during the peroxidation of polyunsaturated fatty acids (PUFAs)11 . The strong 

electrophilic α,β unsaturated aldehyde functionalities readily reacted with nucleophilic groups 

in proteins , such as the side chains of cysteine, histidine and lysine, forming Michael addition 

adducts or Schiff bases.  

 

Another mechanism that forms protein carbonyls is the reaction with advanced glycation end 

products. Lysine and arginine side chains also undergo glycation and glycoxidation reaction 

with reducing sugars, such as glucose or fructose, or their oxidation products (advanced 

glycation end products, AGEs) to form imine linkages that subsequently convert to α-amino 

ketones via Amadori rearrangements12 . 

 

As discussed above, protein carbonyls can be generated by both electrophilic addition to amino 

acid side chains and direct amino acid oxidation. The presence of protein carbonyls has 
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attracted much attention and is recognized as a broad and nonspecific sign of oxidative stress. 

For this reason, significant efforts have been invested in developing biochemical and analytical 

approaches for detecting these modifications in biological samples to quantify oxidative stress 

damage. Moreover, compared to other markers of oxidative stress, such as isoprostanes, protein 

carbonyls, such as HNE adducts, are more stable. Thus, protein carbonyls are considered as a 

more reliable markers for assessing chronic oxidative stress injury. 13 .  

1.3 Bioanalytical methods for protein carbonyl analysis` 

Protein carbonyls have been suspect of regulating and disrupting signaling pathways. In 

contrast to reversible PTMs on cysteine residues14 , the irreversible nature of protein 

carbonylation demands alternative regulatory mechanisms, such as protein degradation, and 

therefore the physiological roles of protein carobnyls remain complex and incompletely 

defined., , Recent work by Suzuki and co-workers suggest that carbonylation may also play 

roles in cell signaling 15, 16 . In order to uncover how these protein carbonyls are involved in 

cellular regulation and/or cellular dysfunction, firstly, we need to identify which proteins 

undergo oxidative post-translational modifications (oxPTMs) and which amino acid is being 

modified. Understanding the distribution and extent of oxPTMs, such as protein carbonyls, 

helps investigate the dysregulation of signaling pathways in response to changes in oxidative 

stress. Among the various methods that have been used to identify protein carbonyls, 

chemoselective modification and mass spectrometry have been proven as the most robust and 

specific tools for identifying these species. 

1.3.1 Immunological and spectrophotometric assays 

Protein carbonylation can be identified and quantified using the derivatization of carbonyl 

groups with 2,4-dinitrophenylhydrazine (2,4-DNPH), which forms a colored hydrazine 

derivative with aldehydes and ketones. These adducts are subsequently detected either 

spectrophotometrically, or using ELISA and immunoblotting with DNP-based antibodies 

(Figure 1. 4). However, these methods can only quantify global levels of carbonylation and do 



6 

 

 

 

not give precise information about which proteins, which amino acids are modified, and what 

type of modification is dominant under specific oxidative stress conditions. Combining two -

dimensional gel electrophoresis (2DE) and western-blotting provides the possibility for 

separation and identification of proteins with carbonyl groups17 . However, it is still difficult to 

identify the exact modification sites from 2D-resolved proteins, due to the low amounts of 

protein isolated, which only gives a trace amount of the protein modification. Therefore, 

strategies combining LC and high sensitivity tandem mass spectrometry have been developed 

to identify carbonylation sites.  

  

 

Figure 1.4 DNPH labeling strategy for detection of protein carbonyls 18  

 

1.3.2 Mass spectrometry for identification of protein carbonylation 

Mass spectrometry is an powerful analytical tool used to determine the masses of proteins or 

peptides, and it is widely used in detecting PTMs by the mass shift19 . Mass shift comes from 

the covalent addition or loss of a moiety from an amino acid, and it leads to an increase or 
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decrease in the m/z value. For example, addition of HNE to a cysteine side chain increases the 

mass by 156 Da, and oxidation of lysine to α-AAS decreases the mass by only 1 Da. The small 

difference in mass requires high resolution tandem MS and other chemoselective derivatization 

technique to label the carbonyl group, such as Girard’s P reagent 9 and quaternary aminooxy 

labeling reagent.  

 

Oxidative modifications exist only on a small fraction of cellular proteins, therefore, analytical 

strategies require enrichment techniques combined with separation and advanced mass 

spectrometry techniques20 . Due to the various types of protein modifications, as well as the co-

existence of multiple oxidized proteins, utilizing labeling techniques allows for the enrichment 

of  modified peptides or proteins carrying specific carbonyl groups present in low abundances 

17 . This process is especially useful in complex biological samples prior to MS analysis. The 

protein carbonyls can be enriched either at the proteins or the peptides level.  

 

 

Figure 1.5 MS-based identification of protein carbonylation 

 

Figure 1.5 shows the basic workflow of the “bottom-up” proteomics method for detection and 

identification of protein carbonylation. Labeling is especially beneficial for the carbonyl 
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modifications becaus of the low abundance of this protein modification in complex mixtures. 

Tandem mass spectrometry (MS/MS) adds the capability of selecting the modified precursor 

ion and fragmenting it in order to obtain structural information for localizing the modification 

to a specific residue. 

 

Using the DNPH-labeling reagent for protein carbonyls is a well-established technique for the 

detection of protein carbonyls. DNPH has also be described as a reactive matrix for matrix-

assisted laser desorption/ionization (MALDI)-MS21 . However, due to some shortcomings, 

such as nonspecific reactions with other carbonyl groups formed in other molecules, such as 

lipids, nucleic acids22 , cross reaction with sulfenic acids and lack of efficient enrichment 

procedures , biotinylated probes based on other carbonyl reactive functional groups have been 

developed. Biotinylated reagents derivatize carbonyl-reactive functionalities via Schiff base 

formation or the corresponding oximes,  making the purification of these derivatized proteins 

or peptides achievable using avidin or streptavidin affinity chromatography. This strategy 

greatly increases the concentration of modified proteins/peptides, and improves the 

identification of modification sites. The most widely used biotinylation reagents for 

keto/aldehyde functionalized proteins are biotin hydrazide (BHZ)23  and O-

(biotinylcarbazoylmethyl)-hydroxylamine, which is also known as an aldehyde-reactive probe 

(ARP)24 . 

1.4 Mass spectrometry (MS)-based analysis strategies for proteome analysis under 

oxidative stress 

Recent developments in sample handling, mass spectral instrumentation and computational 

analysis have made great achievements in obtaining high numbers of protein identifications 

and high protein sequence coverage, in gel-free proteomics studies25 . One current challenge of 

proteomics is that any particular protein may carry a variety of PTMs that critically affects its 

function. Another challenge in proteomics is the wide dynamic range of all proteins expressed 

within in a biological system or sample. Unfortunately, the majority of proteins are present at 

low abundance, especially those with modifications. Strategies that combine efficient affinity 



9 

 

 

 

enrichment,  separation techniques and advanced mass spectrometric techniques can 

significantly increase the sensitivity and specificity needed for unambigiteous identification of 

proteins with low abundance. 

1.4.1 Data-independent acquisition (MSE) with ion mobility 

In a bottom-up proteomics experiment, a complex protein sample is enzymatically digested 

into peptides that are separated by high performance liquid chromatography (HPLC) before 

introduction into a mass spectrometer.. The most frequently used endoprotease for bottom-up 

strategies  is trypsin. Tryptic digestion of a protein generates multiple different peptides per 

protein. Because each proteomic samples contains hundreds or even thousands of proteins, 

after proteolysis each proteomic sample will consist of up to several thousands of peptides after 

digestion26 . The digests are complex and multiple peptides may co-elute at every moment even 

using ultra-performance liquid chromatography (UPLC). Data dependent acquisition (DDA) 

method is commonly applied in peptide identification. After a survey scan, the most intense 

precursor is selected and fragmented in the collision cell (Figure 1.6A). This particular 

precursor is excluded and the next two most intense precursors are then fragmented. However, 

the DDA method suffers from certain limitations. For example, peptides with a low MS signal 

intensity are discriminated and their isobaric precursor is undermined from more highly 

abundant peptides, leading to low ion scores or incorrect assignment. The missing information 

of low abundance peptides results in low sequences coverage for each proteins, and the 

majority of proteins identified are based on a single peptide only.  
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Figure 1.6 Comparison of data-dependent acquisition (DDA) and data-independent 

acquisition (DIA, e.g. MSE) methods 

 

With the aim of overcoming the limitations of DDA, data-independent acquisition (DIA) 

methods have been introduced as an alternative acquisition technique. The MSE  acquisition 

technique is a form of DIA techniques enabled on the Waters Synapt system, which was 

introduced in 200527 (Figure 1.6A). The MSE technique uses a rapid alternation between low 

and high voltages in the collision cell of a quadrupole time-of-flight (qToF)-type instrument27 . 

All of the peptide ions are fragmented simultaneously and unbiased in a single UPLC run by 

applying a high energy scan (parallel fragmentation) that alternates with a low energy scan for 

collection of precursor ion information28 . Because all of the information for precursor ions 

(charge states and isotopic pattern peaks) is included for fragmentation, the UPLC-MSE 

technique increases the chances of identifying peptides, particularly within highly complex 

samples consisting of numerous co-eluting peptides. This technique also enhances protein 

sequence coverage; and provides a greater chance to both detect and quantify low abundant 

peptides and, in turn, proteins29 . Recently, the potential application of traveling wave ion 

mobility spectrometry (TWIMS) has also been explored30  (Figure 1.7) and its application in 

proteomics research has been discussed elsewhere31-33 . TWIMS provides additional 

dimensional separation of peptides according to collision cross sections, shape, charge and m/z 

ratio. It improves the peak capacity and increases the number of detected peptides34 . When 
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compared to MSE, using TWIMS-MS for proteomic work allows for more accurate precursor-

fragment pair assignments, resulting in up to a 60% higher proteome coverage, more sensitive 

detection, and a higher confidence for protein and peptide identification 35 . 

 

 

Figure 1.7 Principal of the ion mobility mass spectrometer used in this work. 

 

Many research efforts have focused on the development of more sensitive techniques with 

higher peptide separation power, which led to multidimensional liquid chromatography 

(MDLC) approaches. Peptides are separated by differences in charge, polarity, and 

hydrophobicity. If peptides are not separated effectively, problems arise with ion suppression 

and reduced ionization efficiency. MDLC has a higher resolving power of separation by 

fractionating peptides into various subfractions before entering the mass spectrometer, and thus 

increasing MS peak capacity and selectivity. Undoubtedly, MDLC improves data acquisition 

and leads to a better representation of the proteins in the complex samples36 . The popular 

MDLC techniques include but are not limited to: combinations of ion exchange and reversed 

phase chromatography, reversed phase–reversed phase LC (RP–RPLC), and hydrophilic 

interaction chromatography (HILIC) and reversed phase LC. 

 

1.4.2 Peptide identification with alternative fragmentation 

One of the most widely used protocols to identify proteins and PTMs is the combination of 

trypsinization and peptide sequence identification by collision-induced dissociation (CID) to 

get MS/MS spectra. CID typically generates y- and b-type fragment ions (Figure 1.8). The high 

efficiency and quality of spectra using CID techniques remains one of the major reasons for 
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the success of high-throughput proteomics37 .  

 

 

Figure 1.8 Comparison of fragmentation pattern observed for CID and electron-driven 

dissociation techniques, such as electron capture dissociation (ECD) and electron-transfer 

dissociation (ETD). 

 

However, this approach can bias experiments toward the identification of doubly and triply 

charged peptide precursors from medium-length peptides38 . Short peptides can easily lead to 

low or incomplete sequence coverage. Using alternative proteases can yield relatively longer 

peptides, which contain one or more internal basic residues and are poorly fragmented by CID. 

Another disadvantage is that, the labile covalent PTM modifications often undergos 

elimination prior to fragmentation of the peptide backbone, thus posing a challenge for 

determining the site of protein modification. For example, CID fragmentation of HNE-

modified peptides is often associated with neutral loss of the HNE moiety (loss of 156 Da) , 

either from precursor ion or from the bn and yn ions. A neutral loss (NL)-driven MS3 technique 

was developed using a hybrid LTQ-FTICR mass spectrometer to identify HNE-modified 

peptides39 . With this technique, CID spectra displayed neutral losses of the HNE moeity which 

was apparent by mass shifts of m/z 78, 52, or 39 of the precursor ions indicated NL of HNE 

from precursor ions that had charge states of 2, 3, and 4 respectively.-, Precursor ions that 

exhibited NL of HNE were automatically sorted for additional CID fragmentation, leading to 

increased accuracy of peptide identifications. 
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The mechanisms of ECD and ETD have been intensely studied as alternative fragmentation 

method for peptides in the gas phase. In contrast to the classical CID approach, ECD/ETD 

cleaves peptide backbone N–Cα and disulfide bonds to generate c and z ions (Figure 1.8). 

Electron-driven fragmentation techniques minimize the loss of labile post-translational 

modifications (PTMs) during gas phase dissociation and therefore facilitate unambiguous site 

assignments of PTMs . A neutral loss-driven ECD technique was also introduced for linear ion 

trap-FTICR MS systems..  In this acquisition technique, precursor ionsthat displayed neutral 

loss under CID conditions in the ion trap were subsequently  submitted to the  FI-ICR 

analyzer for ECD analysis. However, many database search engines still inadequately annotate 

modified peptides and many MS2 spectra are poorly assigned39 . However, specialized software 

for aiding in PTM analyses has become more boadly available (e.g. Scaffold PTM) in the recent 

years.  

1.4.3 Label-free quantification 

Label-free quantification methods are suitable alternative methods for quantifying 

proteisn/peptides in complex biological samples without using stable isotopes. The 

quantification relies on different algorithmic approaches and computational analyses of spectral 

counting or MS ion intensity. These methodologies share the following fundamental scheme: 

(i) reduction, alkylation and proteolytic digestion of the protein sample, (ii) decomplexation of 

samples by liquid chromatography prior to MS/MS analysis and (iii) data analysis. In contrast 

to isotope-labeling methods, peptide samples are measured individually instead of combing 

them prior to LC-MS/MS analysis. 

 

The peak intensity approach (Figure 1.9A) correlates signal intensity of the precursor ion with 

the precursor ion concentration by comparison between the chromatographic peak area pairs 

of the different samples40 . The basic workflow steps for label-free quantification are: (i) Peak 

detection, peaks are filtered from baseline and noise; and isotopic patterns are centroid. (ii) 

Peak match, retention times are adjusted to correctly match corresponding m/z peaks in 

individual LC-MS/MS runs, and (iii) apply statistical approaches to the normalized peak 
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intensities (either peak area or height), enabling accurate matching and quantification41 . 

However, this approach requires a high degree of reproducibility and a high number of replicate 

LC-MS/MS analyses. 

 

 

Figure 1.9 Schematic diagram showing two main approaches used in label-free 

quantification. The two approaches are illustrated usinga theoretical peptide with different 

levels in samples A and B. The level of the peptide in sample A is  two-fold higher 

compared to the level of the same peptide in sample B.  

 

The spectral counting approach (Figure 1.9B) is based on comparing the number of identified 

MS/MS spectra assigned to the same protein in the different LC-MS/MS analyses. High protein 

abundance gives rise to the possibility of (i) increased numbers of proteolytic peptides (ii) 

increased sequence coverage and (iii) increased numbers of identified MS/MS spectra41 . 

Normalization and statistical modeling are applied for the accurate and reliable detection of 

changes in protein abundance, which is within a linear dynamic range of over two orders of 

magnitude42 . Spectral counting must consider the length of the protein as an important factor. 
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When digested enzymatically, longer proteins generate more peptides than shorter proteins. 

Normalized spectral abundance factor (NSAF) is introduced for correcting this factor43 . Other 

methods that improve spectral counting include protein abundance index, absolute protein 

expression (APEX)44 and exponentially modified protein abundance index (emPAI)45 .  

1.5 Summary 

In this dissertation, the development and application of diverse advanced mass spectrometry-

based method for the characterization of modified peptided and complex proteomes is 

described. First, the use of ion mobility mass spectrometry is described for the characterization 

of positional isomers of HNE-His modified peptide adducts. Subsequently, this analytical 

method was to the analysis of  HNE-Cys modified peptide adducts that are prone to neutral 

loss fragmentation. . This study demonstrated that ion mobility mass spectrometry has the 

capability to resolve the positional isomers of modified peptides according to their different 

collision cross sections, shape, conformation, and other features.  

 

Next, a high resolution MRM workflow on a quadrupole time-of-flight platform was developed 

for the  identification and quantification of the carbonylated amino acid, α-AAS, a marker of 

oxidative insult.  The method was applied for determining in plasma before and after 

coincubation with ferrous iron and hydrogen peroxide.  The sensitivity and specificity of the  

method also allowed determining α-AAS levels in hippocampal tissue from individual mice 

before and after low dose (1Gy) radiation.. The high resolution MRM-based workflow was 

allowed  extending this assay for the semi-quantitative analysis of three protein carbonyls in 

parallel in biological samples.  

 

In order to explore changes in the hippocampal proteome c as a consequence of  irradiation 

exposure, LC-MSE combined with traveling wave ion mobility spectrometry was employed. 

Complementing of the comparative proteomics datawith functional and pathway analysis 

suggested that , mitochondrial metabolism, synaptic plasticity and myelination, were shifted to 

adapt to the irradiation exposure. 
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In conclusion, advanced MS-based strategies were developed and used for the detection, 

identification, characterization and quantification of oxidative stress-associated PTMs and 

biomarkers of oxidative protein damage. IMS-enhanced label-free quantitative proteomics 

revealed proteome alterations in hippocampus of mice in response to radiation exposure. It is 

forecasted that the fast development in MS instrumentation will further advance our 

capabilities of determining proteome change in response to oxidative stress thereby opening 

venues for mass spectrometry-based clinical biomarkers of oxidative stress response.  
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Chapter 2 

General Methods 

 

2.1 Introduction 

Mass spectrometry (MS) is the modern analytical technique used to generate ions, separate 

them according to mass to charge ratio (m/z), and detect them qualitatively and quantitatively 

by m/z and abundances. Regardless of the different types of instrumentation, all mass 

spectrometers are composed of three basic components, an ion source, a mass analyzer and an 

ion detector under high vacuum conditions (Figure 2.1). There are three major steps for 

analyzing the ions. Firstly, the sample is vaporized and ionized by the ion source, such as 

electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI). 

Secondly, the charged ions accelerate throughout the remainder of the system. Thirdly, ions 

encounter electrical and/or magnetic fields, which deflect their paths based on their different 

m/z values, and the ions hit the ion detector and lead to an amplification of each hit, resulting 

in improved sensitivity. Finally, the computers receives and analyzes the data and rebuilds the 

graphs of the detected ions by m/z value and abundances.  

 

 

Figure 2.1 General schematic design of a mass spectrometer 
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2.2 Ionization techniques 

The sample must be ionized and transfered into the gas phase at the beginning of analysis in a 

mass spectrometer. The most traditional ionization method is electron impact (EI), which is 

popular for analyzing organic compound in environment research. More modern techniques, 

such as atmospheric pressure chemical Ionization (APCI), ESI, and MALDI, are under rapid 

fast development. The extensive advancement of MS-based protein analyses was made 

possible by the ESI and MALDI techniques, which allow analysis of non-volatile 

macromolecules with minimal fragmentation. ESI and MALDI are also referred to as soft 

ionization methods. ESI was the only ionization techniques thatwas utilized for the research 

described in this dissertation.. 

2.2.1 Electrospray ionization (ESI) 

ESI is the leading method of choice for liquid chromatography-mass spectrometry (LC-MS) 

and extends the use of MS into the fields of biology and biomedical sciences. This technique 

is extremely beneficial for the analyses of large, non-volatile and chargeable molecules such 

as proteins, peptides, and nucleic acid polymers46, 47 . The electrospray is created by putting a 

high voltage on a flow of liquid at atmospheric pressure, sometimes this is assisted by a 

concurrent flow of gas48 . Another important advantage is that it generates multiple charged 

species in case of high-mass analytes49 . Peptides and proteins are detected usually as multiply 

protonated species in ESI mass spectrometry. Multiple charges shrink the m/z scale into the 

acceptable range of most analyzers. ESI is also useful for small polar molecules and other 

soluble inorganic analytes 49.    

 

Briefly, the spray capillary is kept at a potential charge of 3-4 kV relative to a surrounding 

cylindrical electrode. At the open end of the capillary the emerging liquid is exposed to an 

electric field which cause charge separation in the electrolytic solution and deformation into a 

cone, known as the Taylor cone50 (Figure 2.2). The Taylor cone forms as soon as the critical 
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electric field strength is reached and starts ejecting a fine jet of liquid from its apex. The jet 

carries a large excess of ions while the solvent evaporates. The charge density on the surface 

is continuously increased until the emerging droplet disintegrates into smaller subunits, a 

process that is so-called droplet jet fission. Eventually, ions are ejected from the droplets and 

accelerated into the mass analyzer by voltages.  

 

Figure 2.2 Schematic of Taylor cone formation, jet ejection and a spray formation51  

 

Figure 2.3 shows the Waters Z-sprayTM interface, which is designed to achieve spatial 

separation and guide the desolvation of the microdroplets52 . Only the highly charged droplets 

are collected, while the larger and less-charged droplets are not sufficiently attracted by the 

extraction field at a 90-degree angle, and subsequently pass by the orifice. 
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Figure 2.3 Waters Z-spray ESI interface  

(Image form Waters Corp, http://www.waters.com) 

 

2.3 Instrumentation 

Two types of hybrid mass spectrometers, a Waters Synapt G2 ion mobility mass spectrometry 

(Q IMS- -TOF) and a AB Sciex TripleTOF 5600 system (Q-TOF), were utilized for the 

research described in this dissertation. The schematic design and details of these two 

instruments are listed below. 

2.3.1 Waters Synapt G2 ion mobility mass spectrometer 

Ion mobility spectrometry (IMS) coupled to mass spectrometry (MS) has seen rapid growth 

over the last two decades. Ion mobility spectrometry separates the ions based on size, mass to 

charge, and rotationally averaged collision cross section (CCS) of the ions themselves. CCS is 

a parameter that describes the orientational average of projected area. The more compact (more 

spherical) molecules have more smaller CCS values, while the more loose or extended 

molecules, such as helices, planar structures, will give larger CCS values. The theoretical CCS 

values can be calculated from protein crystal structures or other methods, such as projection 

approximation53 .  

 

Currently, there are three major IMS separation approaches54 : (1) drift-time IMS (DT-IMS); 

(2) traveling-wave IMS (TW-IMS); and (3) field asymmetric IMS. The Waters Corporation 

commercialized TWIMS a decade ago for the Synapt line of instruments. Figure 2.4 shows the 

schematic design of a Synapt G2 HDMS platform. TWIMS uses a stacked ring ion guide (SRIG) 

and a traveling wave of electric potential that pushes ions forward much like the movement of 

a surfer. Within the ion mobility tube, a wave at a particular velocity and height moves more 

compact ions incrementally toward the detector before passing them, whereupon more 

extended ions slow down before being picked up by the next wave and moved incrementally 



21 

 

 

 

forward again55 . The mobility of the ion determines how often a wave passes the ion and thus 

how many waves are required for an ion to transit the SRIG55.  

 

Waters Synapt G2 HDMS system implements a novel data independent acquisition (DIA) 

method, known as MSE, for data acquisition.  

 

Figure 2.4 Waters Synapt G2 HDMS system 

(Image form Waters Corp, http://www.waters.com) 

 

The trap and transfer cells in front and behind the mobility device- are operated as a standard 

collision cell56 . It is possible to fragment ions in either region (both independently or 

simultaneously), which enables mobility separation of product ions, fragmentation of mobility-

separated precursor ions and fragmentation of mobility-separated product ions, mimicking MS3 

fragmentation. The application of lower collision energy in the trap and transfer cell (i.e. 4V) 

enables the separation of precursor ion species only in the mobility cell. 

2.3.2 AB Sciex TripleTOF 5600 mass spectrometer  

The design of the TripleTOF 5600 mass spectrometer (Figure 2.5) integrates several features 

contributing to rapid and robust high performance analysis. The most important feature is the 

orthogonal acceleration TOF analyzer (oaTOF). 
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Figure 2.5 The schematic design of a AB Sciex TripleTOF 5600 mass spectrometer.  

(A) Detailed design of major components for TripleTOF. (B) Image of the machined 

TripleTOF MS instrumentation platform57   

 

Briefly, the ion beams enter the orthogonal accelerator (x-axis) with the kinetic energy of ~ 10-

20 eV. The package of ions with the length lp is pushed 90º towards to the y-axis by a sharp 

pulse, and accelerated into the TOF analyzer with a voltage of ~ 5-10 eV. The ions travel a 

distance lb. The ratio of the length of the lp to lb determines the duty cycle of an instrument. 

This design provides high sensitivity and transmission of the TOF analyzer, high rate of spectra 

per second, and high resolving power and mass accuracies58 .   

 

Much different from the MSE, data are usually acquired in an information dependent 

acquisition (IDA) mode. In this mode, only the top five most intense precursors are selected 

for fragmentation during the MS/MS stage, for data acquisition in the TOF analyzer. A variety 

of scan types are offered and they include: full scan TOF MS and product ion scans with or 

without IDA, precursor ion scanning with full store MS/MSALL, and high resolution multiple 

reaction monitoring (MRMHR). 
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2.4 Sample preparation for LC-MS 

2.4.1 LC-IM-MS analysis of HNE-peptide adducts s 

GAPDH was used as a model protein because it is a known target of HNE adduction59   . 

GAPDH was digested using tryspin. The GAPDH-derivedpeptides and synthesized peptides 

were reacted with excess HNE (1: 50 molar ratio) at 37℃ for 24 hr (in PBS buffer, pH7.4), to 

form HNE adducts. The scheme of Cys-HNE adduct formation is shown on Figure 2.6.  

 

 

Figure 2.6 Scheme of Cys-HNE adduct formation 

 

All reaction products were desalted with ziptips and diluted with 50% acetonitrile (v/v) + 0.1% 

formic acid (v/v) (1:10) before direct infusion or LC injection into the mass spectrometer. 

2.4.2 Analysis of protein carbonyls in human plasma and hippocampal tissues 

The oxidation of human plasma was conducted by Fenton chemistry in vitro (Figure 2.7a). 

Briefly, 100 µM of CuCl2 and 100 µM of hydrogen peroxide were mixed with plasma in 10 

mM PBS (pH 7.4). The reaction mixture was incubated at room temperature for 24 h for 

oxidation. Excess of CuCl2 and H2O2 were removed by ultra-filtration . The plasma proteins 

were precipitated by chilled ethanol and reconstituted in lysis buffer by vortexing for 10 min. , 

Protein concentration was determined using Bradford assay. Pronase (1mg/mL, EMD, Billerica, 

MA) was added into 500 µg plasma protein in Tris-HCl buffer (pH8.0) . The mixture was 
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gently shaken for hydrolysis at 37° C for 24 hr. Aminopeptidase M (1 µL/100 µg protein, EMD, 

Billerica, MA ) was added into the previous buffer and hydrolysis was continued for another 

18 h under the same conditions. The total hydrolysate was dried, spiked with FMOC-AAS, and 

subjected to the quaternary aminooxy (QAO) labeling reaction for 2h at room temperature 

according to the manufacturer’s protocol (Amplifex™ Keto Reagent, Sciex, Redwood city, 

CA) . The Figure 2.7B shows the derivatization of -AAS by QaO and formation of the product, 

AAS-QAO. from.  

 

 

Figure 2.7 (A) The workflow developed for quantification of AAS with QAO labeling 

combined with pronase hydrolysis from human plasma (B) Reaction scheme for QAO 

reagent with α-AAS 

 

Ten minigrams of hippocampal tissues were sonicated in the 200 µL of lysis buffer (7M urea, 

2M thiourea, 4% CHAPS, 70mM DTT and protease inhibitor cocktail) and centrifuged for 30 

min at 14,000 g to obtain soluble fractions. Two hundred microgram of hippocampal proteins 

were used for total hydrolysis, and spiked with FMOC-AAS and derivatized with QAO reagent 

as described above.  
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2.4.3 Workflow for label-free quantitative proteome analysis of mice hippocampal tissues 

Five and a halve-month-old male C57Bl6/J wild-type mice (n =10) purchased from the Jackson 

Laboratory (Bar Harbor, ME) were used for this study. The mice were housed under a constant 

12 h light: 12 h dark cycle. Food (PicoLab Rodent Diet 20, no. 5053; PMI Nutrition 

International, St. Louis, MO) and water were provided ad libitum. All procedures were 

approved by Institutional Animal Care and Use Committee at the Oregon Health & Science 

University (Portland, Oregon). 

Hippocampal tissues were sonicated in the lysis buffer and the solutions were centrifuged for 

30 min at 14,000 g to obtain soluble proteins. All steps were performed either at 4°C or on ice. 

Bradford assay was used for the determination of protein concentration. Proteins were reduced 

by dithiothreitol, alkylated with iodoacetamide and trypsinized at 1:25 (v/w) ratio for 18 h 

according to the manufacturer’s protocol (Promega). The reactions were stopped by adding 0.5% 

trifluoroacetic acid and dried under vacuum. Prior to LC-MS analysis, peptides were dissolved 

in 3% acetonitrile containing 0.1% formic acid, and spiked with as enolase as internal standard. 

For each LC-MS analysis, a 1 µL LC injection was performed, resulting in the loading of 1 µg 

of protein and 100 fmol of enolase onto the column. The peptide mixtures were separated by 

LC prior to mass spectrometric analysis. Tryptic peptides were analyzed in triplicate using a 

nanoAcquity UPLC coupled to a Synapt G2 HDMS mass spectrometer (Waters, Milford, MA). 

Peptides were separated on a BEH 130 C18 100 µm × 100 mm column with a particle size of 

1.7 µm (Waters). Water containing 0.1% (v/v) formic acid was used as the mobile phase A and 

acetonitrile (ACN) containing 0.1% (v/v) formic acid was used as the mobile phase B. Peptides 

were eluted with a gradient of 3% - 40% mobile phase B over 30 min at a flow rate of 400 

nL/min. The composition of B increased up to 90% in another 1 min and remained so for 5 

min. Further, the composition of B solution reduced to 3% in 1 min and was maintained so for 

the last 20 min of the analysis. 
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Chapter 3 

Ion mobility-enhanced tandem mass spectrometry for the characterization of peptides 

modified by reactive carbonyls: a) 4-hydroxy-2-nonenal and b) -ketoaldehyde isomers  

3.1 Part 1  

Ion mobility-enhanced tandem mass spectrometry for the characterization of positional 

isomers of peptides modified by 4-hydroxy-2-nonenal 
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3.1.1 Abstract 

Travelling wave ion mobility mass spectrometry (TWIM-MS) was recently shown to be 

capable of separating peptides with variant localization of post-translational modifications.  

Protein adducts of 4-hydroxy-2-nonenal (HNE) have been described as biomarkers under 

pathophysiological conditions associated with oxidative stress. To overcome the limitation with 

CID-MS/MS for the correct assignment of HNE modification site in positional isomers, we 

demonstrate that the TWIM-MS can separate peptide isomers with HNE modification on 

different histidine residue.. Two synthetic peptides with the similar sequence but in which two 

of the histidine residues were substituted with alanine were well resolved by direct infusion of 

both peptides. In a second model system synthetic peptides with cysteine residues instead of 

histidine residues were modified with 4-HNE. 4-HNE adducts of cysteine easily undergo retro-

Michael addition reactions (RMA). Neutral loss (NL) of HNE during CID fragmentation of 

cysteine peptides poses potential difficulties in obtaining site-specific assignments for HNE 

adduction. Ion mobility separation allowed the detection of  two isomeric peptides even after 

RMA. These results demonstrate that TWIM-MS can separate peptide isomers based on their 

different ion mobilities and increase accuracy of assignment. These novel strategy can be 

extended to other PTMs analysis.  

 

 

Keywords: positional peptide isomers, travelling wave ion mobility, HNE, drift time 

distribution 
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3.1.2 Introduction 

Oxidative stress is closely linked to many chronic diseases. Therapeutic interventions that aim 

to mitigate oxidative stress are important areas of clinical research, and measurement 

techniques capable of reporting on therapy progress are eagerly sought after. Analytical 

techniques that are capable of detecting, identifying and characterizing the impact of oxidative 

stress on cellular systems are of paramount importance for obtaining molecular data that 

provide mechanistic insights in how oxidative stress causes and induces cellular dysfunction.  

 

Mass spectrometry has become the preeminent technique for the characterization of protein 

modifications caused by electrophilic lipids generated as reactive products of oxidation 

reactions of unsaturated lipids. 4-Hydroxy-2-nonenal (HNE) is a highly reactive α,β-

unsaturated electrophilic aldehyde that can react readily with nucleophilic sites in proteins to 

form Michael adducts with cysteine sulfhydryls, histidine imidazole moieties and Schiff base 

adducts with ε-amino groups of lysine residues60 . A current bottleneck of collision-induced 

dissociation (CID) tandem mass spectrometry (MS/MS)-based approaches, which are 

commonly employed for the identification of peptide-lipid adducts, is an unambiguous 

assignment of the site of modification which is often not achievable. The current difficulties to 

assign the site(s) of HNE modification are due to (I) more than one possible candidate sites are 

being present within the same peptide, (II) shortage of unique fragment ions, and (III) limited 

chemical selectivity of the HNE modification site to the same amino acid residue within one 

peptide.61  

 

The techniques of ion mobility spectrometry and ion mobility spectrometry coupled to mass 

spectrometry (IM–MS) have been known for decades and they have been used in numerous 

different applications62 . The principle of separation in IM is based on the mass, charge state of 

the analyte, and other parameters such as the collision cross section63 , which makes it an ideal 

technique for differentiation of isomers having identical m/z values but different structures or 

configurations in the gas phase. IM provides an additional dimension of separation if coupled 
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to liquid chromatography, therefore it significantly improves peak capacity and specificity, 

reduces chemical and random noise, and offers class identification by mobility-mass correlation 

lines and charge state separation. This can be particularly beneficial for example in the analysis 

of complex biological samples (e.g. in metabolomics64 , glycomics65  and proteomics66 ). 

Recently, a second generation TWIM-MS platform , the Synapt G2 high definition mass 

spectrometer (HDMS), was developed and has been widely used67, 68 . It is a hybrid 

quadrupole/ion mobility separator/orthogonal-TOF instrument. In this instrument design, trap 

and transfer cells were installed in the front and after the mobility cell,  which allows 

generation of fragment ions by CID before and/or after mobility separation for different 

application purposes. 

 

We therefore explored the potential of traveling wave ion mobility mass spectrometry in 

conjunction with gas phase fragmentations in different regions of the Synpat G2 instrument as 

an analytical strategy to resolve positional isomers of peptides modified by HNE. This strategy 

is based on the hypothesis that peptides modified by HNE at different sites possess different 

collision cross sections even if they are otherwise isobaric molecular species. The initial model 

peptide that was chosen for this purpose was derived from GAPDH by tryptic digestion. of, 

GAPDH is a known in vivo target of electrophilic lipid peroxidation products including HNE59 . 

Synthetic peptides with histidine or cysteine residuesand  with HNE modification at different 

position were used as additional models. . This work expands the current research of applying 

IMS-MS toward the analysis of  phosphorylated peptides 69, 70 , synthetic polymers and protein 

conformations.  

3.1.3 Method  

3.1.3.1 Preparation of HNE-modified peptides  

GAPDH was reacted with HNE and digested and the modified peptides were enriched using 

hydrazide-functionalized beads for enrichment, as described previously71 . Enriched HNE 

modified peptides were collected, concentrated by vacuum centrifugation and reconstituted in 

3% acetronitrile containing 0.1% formic acid prior to LC- MS analysis. Details of the LC-MS 
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analysis protocol is listed in the supplementary material (Table AS1). 

 

The peptides with the following sequences VIH3DAFGIVEGLMTTVAAITATQK (H3AA), 

VIADH5FGIVEGLMTTVAAITATQK(AH5A), VIC3DAFGIVEGLMTT VAAITATQK(C3AA) 

and VIADC5FGIVEGLMTTVAAITATQK (AC5A) were synthetized by Peptide 2.0 Inc 

(Chantilly, VA). HNE (Cayman, MI) was added to each peptide solution in 50:1 molar excess 

in order to form H3*AA, AH5*A, C3*AA and AC5*A adducts (an asterisk indicates a modified 

histidine (H) residue or cysteine (C) by HNE), and incubated at 37℃ for 24 hrs. For histidine 

containing peptides, all reaction products were desalted and diluted with 50% acetonitrile (v/v) 

containg 0.1% formic acid (v/v) (1:10) before direct infusion into the mass spectrometer. For 

the cysteine containing peptides, all reaction products were separated by liquid 

chromatography before mass spectrometric analysis. 

 

3.1.3.2 LC-IM-MS/MS 

The IMS experiments were performed using a Synapt G2 HDMS mass spectrometer equipped 

with an ESI ion source (Waters, Milford, MA, U.S.A.). The instrument acquisition parameters 

were set as follows: an inlet capillary voltage setting of 2.5 kV, a sampling cone setting of 35 

V, and a source temperature of 100 °C, the helium cell and IMS gas flow were set as 160 

mL/min and 75 mL/min respectively. A wave height of 40 V and a wave velocity of 1300 m/s 

were utilized for ion mobility separation of histidines containing peptides in positive mode. For 

cysteine containing peptides, wave height and wave velocity were set at 40V and 1600 m/s to 

optimize mobility separation. Trap cell velocity varied from 300 m/s to 750 m/s for neutral loss 

(NL) HNE studies. After mobility separation, all the product ions sequentially entered into the 

transfer cell and were measured by the TOF analyzer. All the data was acquired and processed 

by MassLynx V4.1 and Driftscope V2.5 (Waters Corp). Details of LC and mass spectrometric 

parameters are listed in the supplementary material (Figure AS1). 
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3.1.3.3 Alternative ECD fragmentation for HNE-modified peptides 

The ECD experiments were performed on a hybrid linear ion trap-FTICR mass spectrometer 

(LTQ-FT, Thermo Finnigan, San Jose, CA) equipped with an electrospray ionization source 

coupled with nanoAcquity UPLC (Waters, Milford, MA, U.S.A). The solvent composition, 

gradient and other parameters are the same as mentioned above. Analysis was performed using 

ECD data-dependent acquisition mode. Firstly, an accurate m/z survey scan was performed in 

the FTICR cell (m/z 350-1500), then the top-five most intense precursor ions were isolated in 

the linear ion trap with an isolation width of 4 Th and transferred to the ICR cell. Ions were 

irradiated for 100 ms at 7eV during ECD.  

3.1.3 Results and discussion 

3.1.3.1 Resolve isomeric peptides from GAPDH digests 

GAPDH was initially reacted with HNE overnight and digested with trypsin. The HNE 

modified peptides were enriched and introduced into a Synapt G2 HDMS instrument  using a 

nanoAcquity UPLC system. The initial analysis using MSE yielded several peptides that were 

identified as HNE adducts (compiled in the supplementary Table AS1). The peptide 

VIH3DH5FGIVEGLMTTVH17AITATQK, encompassing the amino acid sequence V to K, was 

identified as HNE adduct with a mass shift of 156 Da compared to the mass of the unmodified 

peptide. It is important to note that this peptide shows two very close histidine (H3 and H5) 

residues in the sequence, which add a supplementary difficulty to decipher modification site, 

since the CID experiment must be efficient to obtain characteristic ions resulting from the 

cleavage of the peptide bond between the two histidine residues. The MSE data initially did not 

allow the unambiguous assignment of the modification site. Figure AS1 shows the tandem 

mass spectrum of the precursor ion with m/z 698.89 ([M+4H]4+). The fragment ions allow 

locating one HNE modification site on the N-terminal region of the peptides (showing b7* and 

y8 ions), but fail to enable discrete assignments of the site of modification (ions denoted with 

an asterisk (*) are modified by HNE). The initial results of this study are described in Yury et 

al.  In this initial report TWIMS was used to resolve isomeric peptides precursor ions prior to 

collision induced fragmentation in the transfer cell72 . Briefly, precursor ions were selected 
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using quadrupole, separated in the ion mobility device and fragmentation was induced in the 

transfer region, which generated two unresolved peaks in the drift time distribution (DTD) 

display. In this acquisition mode, fragment ions were time-aligned with the precursor ions 

which showed a 0.42 ms drift time difference (Figure 3.1.1). 

 

 

Figure 3.1.1 IMS-CID-MS/MS analysis of positional isomers of a peptide-HNE adduct with 

the sequence VIH3DH5FGIVEGLMoxTTVH17AITATQK (derived from HNE-modified 

GADPH by tryptic digestion) 

 

Alternatively, a time-aligned-parallel (TAP) fragmentation method was applied to obtain 

complementary information for the two isomeric peptides, which allows the location of the 

ambiguous adduction site. Figure 3.1.2 A describes the workflow of the proposed strategy for 

the TAP fragmentation method for the isomer analysis. In this approach, the interested peptide 

with HNE modification (m/z 698.89) was first selected by the quadrupole at the front and 

subsequently entered into the trap cell. The collision energy was set at 35 eV to observe 

complete fragmentation (no precursor present).  
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Figure 3.1.2: Proposed workflow for HNE-modified isomeric peptides analysis by TWIMS.  

(A) TAP fragmentation for HNE-modified peptides digested from GAPDH. Precursors (m/z 

689.89) were firstly complete fragmented in trap cell, all the fragments passed into mobility 

cell for separation. Second-generation of fragments are time align with precursors.  

(B) Transfer fragmentation of synthetic histidine-containing peptides.  

(C) Transfer fragmentation of synthetic cysteine-containing peptides. 

 

The completely fragmented precursor ion in the trap cell produced plentiful fragments (as 

shown in (Figure AS2). Presence of abundant a5*, b7*, b8* and y8 ions prove that the 

modification site is located at the N-terminal region (unzoomed spectrum), and the zoomed 

spectrum (insert in Figure AS2) shows the presence of b3, b4
+ and b4* ions. However, the b3 

ion observed in this spectrum (Figure AS2) might originate from the unmodified b3 ion or NL 

of modified b3* ion (m/z 506.35) which is absent in the spectrum 61 . The fragment ions 

generated in the trap cell were transferred to the ion mobility device for separation, and 

delivered again into the transfer cell with a fixed collision energy of 45 eV.   

 

Figure 3.1.3A depicts the driftscope image of the ion-mobility enhanced trap fragmentation 

experiment for the interested peptides (m/z 698.89). The fragment ion with m/z 538.32 (b8*) 

generated two unresolved peaks (Figure 3.1.3B) with a drift time from 3.1 ms to 3.7 ms, 

indicating the presence of two isomeric b8* fragment ions from two peptide isomers. In order 
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to obtain the exact assignment of the site of modification, b8* ion with m/z value of 538.32 

(highlighted in Figure 3.1.3A) was further subjected to second-generation fragmentation in the 

transfer cell, after separation in the ion mobility device (TAP fragmentation). The collision 

energy in the transfer cell was elevated to 45 eV to observe efficient generation of fragments 

from the b8* ion. 

 

Figure 3.1.3C depicts the driftscope image of the TAP fragmentation from the precursor ion 

(m/z 698.89). Figure 3.1.3D and E show the fragmentation data by combining scans of two 

different regions as indicated in Figure 3.1.3B. Since these product ions (both in region 1 and 

region 2) all share the same drift time as the precursor (b8*, m/z 538.32), this second-stage 

selection eliminates NL uncertainty and was able to assign the HNE modification site 

accurately. H5*F, DH5*-H2O and the unmodified a3 ion (highlighted in red in Figure 3.1.3C), 

point to the His at position 5 (H5) as the site of modification (Figure 3.1.3D). The product ion 

b4* found in region 2 (Figure 3.1.3E) indicates modification of His 3 by HNE. The H3*D ion 

and NL from an a*3
+ ion that had the same DTD (highlighted in green in Figure 3.1.3C). These 

ions shared the same DTD along with H3* m/z 266.19 (immonium ion of histidine modification 

by HNE). The presence of the 266.19 m/z ion observed in both DTD regions suggests HNE 

modifications at His-3 and His-5 in those isomeric peptides. These TAP fragmentation results 

are in good agreement with the ion-mobility transfer fragmentation results as previous 

described, in which the b8* originates from the peptide that has His-3 modified with HNE 

which gives relatively larger drift time.  
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Figure 3.1.3: Ion mobility-enhanced CID-MS/MS for the characterization of two isomeric 

HNE-histidine modified peptides.  

(A)Two dimensional IM-MS plot (drift time versus m/z) of HNE-histidine modified peptides 

which precursor m/z at 689.89. The white box highlights [b8*]2+ ion which m/z at 583.32 and 

the extracted DTD of [b8*]2+ ion is shown on (B). Red line indicates DTD of [b8*]2+ ion from 

peptide modified on His at position 3 (H3*). Green line indicated DTD of [b8*]2+ ion from 

peptide modified on His at position 5 (H5*). (C-D) The extracted tandem mass spectrum after 

extraction of the ion signals that are time-aligned with the respective precursors. The upper 
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panel (C) depicts the product ion spectrum of the H3* peptide and the lower panel (D) shows 

the product ion spectrum of H5* peptide. Ions denoted with an asterisk (*) are modified by 

HNE. 

 

IMS analysis offers accurate profiling of isobaric peptide isomers by measuring drift time 

differences due to their different shapes and conformations in the gas phase. To demonstrate 

the capabilities of ion mobility separation, two groups of synthetic peptides were used to give 

complimentary information based on the HNE modified peptide discussed before. One group 

of peptides are synthetized by replacing two of three histidines with alanines, retaining only 

one histidine residue in each peptide (Figure 3.1.2B). The other group of peptides are 

synthetized by replacing one histidine with cysteine, and the other two histidines with alanines, 

again retaining only one cysteine residue in each peptide (Figure 3.1.2C).  

 

3.1.3.2 Resolve isomeric peptides from histidine containing synthetic peptides 

Figure 3.1.2B describes the workflow of the proposed strategy for the transfer fragmentation 

method for His-containing isomeric peptides analysis. The His-HNE modified peptides H3*AA, 

AH5*A and 1:1 mixture of these two were individually infused. The first quadrupole was set 

to select ions corresponding to the triply charged states of precursor ion at m/z 886.82. H3*AA 

(green) has a DTD at ~10.11 ms (Figure 3.1.4A), and AH5*A (red) has a DTD at ~9.83 ms. The 

mixture produces a two partial resolved broad peak (black) in DTD. The extracted DTD of the 

first peak, which has the DTD centered at 9.83 ms, matched the DTD of the AH5*A. The 

extracted DTD of the second peak, which has the DTD centered at 10.11 ms, matched the DTD 

of H3*AA (Figure 3.1.4A). As the HNE-modified fragments are unique to a particular 

modification site within a peptide, their presences can be used to confirm the success of the 

separation by IM-MS. The Figure 3.1.4B shows the ion mobility-enhanced transfer 

fragmentation approach for the characterization of the mixture of H3*AA and AH5*A at 1:1 

ratio. The peptide mixture separated into two ion populations with DTDs that differed by 0.28 

ms. Fragment ions of the first DTD (region 1, dt ~10.11 ms) and fragment ions of the second 

DTD (region 2, dt ~9.83 ms) were extracted separately to obtain the product ion spectrum of 

each of the peptide isomers (Figure 3.1.4C and 3.1.4D). The depicted spectra show only the 
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m/z region 300-720.  

 

 

Figure 3.1.4: Ion mobility-enhanced CID-MS/MS for the characterization of two isomeric 

synthetic histidine-containing peptides modified by HNE. 

(A) DTD of H3*AA (green), AH5*A (red) and the mixture (black, 1:1). (B) DTDs (left panel) 

and two dimensional IMS-MS plot of drift time versus m/z (right panel). Fragment ions are 

time-aligned with corresponding precursor ions. (C) and (D) show the product ion spectra with 

m/z 300-720, corresponding to region 1 and region 2 respectively. 

 

The transfer fragmentation of the precursor with DTD at ~10.11 ms (region 1) yields product 

ions b3* and b4*, which indicated modification of His residue in the position 3 by HNE (Figure 

3.1.4C). This is generated from H3*AA peptide. Alternatively, the precursor with DTD at ~9.83 

ms (region 2) yields fragment ions for b5* and the absence of b3* and b4* pointed to HNE 
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modification at His-5 (Figure 3.1.4D). This originates from AH5*A peptide. Presence of m/z 

266.19 (Figure 3.1.4B) in two regions suggests the coexistence of His3* and His5* at two 

peptide isomers, which are partial overlapped in the mobility separation. 

 

3.1.3.3 Resolve isomeric peptides from Cysteine containing synthetic peptides 

 

3.1.3.3.1 Cys-HNE synthetic isomeric peptides undergo RMA 

The other two cysteine-containing peptides, namely C3AA and AC5A were reacted with HNE 

as previous described to generate C3*AA and AC5*A peptides (proposed workflow is shown 

in Figure 3.1.2C). Cysteine residues are the most reactive nucleophilic amino acids towards 4-

HNE, whereas the 4-HNE adduct of cysteine is less stable than either the histidine or lysine 

conjugates, and it is more prone to undergo RMA60 . CID is the most widely used peptide 

fragmentation technique implemented in MS/MS. The frequently observed His-HNE 

immonium ion (m/z 266, Figure 3.1.4B) is an indication of the relative high stability of the 

His-adduct; whereas the corresponding Cys-HNE immonium ion is not observable. The lysine 

Schiff base is not detected and identified in this study under physiological conditions (pH 7.4). 

Due to the “easy-loss” characteristics of the Cys-HNE adduct, a neutral loss-driven MS3 (NL-

MS3) method for the characterization of HNE modified peptides has been developed recently61 . 

However, MS3 of the NL ion provides no diagnostic mass tag that would allow for 

unambiguous HNE modification site assignment if 1) more than one possible amino acid 

residues that could potentially react with HNE are present within in the peptide, or 2) if no 

diagnostic b or y ions are observed in the CID spectrum. A sodium borohydride reduction can 

stabilize Michael adducts and  prevent NL fragmentation from Cys-HNE adduct during CID 

fragmentation73 .  

 

3.1.3.3.2 ECD fragmentation for Cys-HNE synthetic peptides 

The initial MS analysis reveals that the C3*AA and AC5*A yield primarily the triply charged 

ions with 4-HNE modification (m/z=864.86). However, the mass of bn ions (n≥3 for C3*AA 
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and n≥ 5 AC5*A) are all 156 less than the theoretical mass, indicating the NL of 4-HNE from 

cysteine residue under CID. The CID spectrum of the C3*AA and AC5*A mixture cannot 

unambiguously assign the HNE position because these two peptides have the same m/z 

precursor values, and the characteristic b ions are also missing. As an alternative strategy, 

electron capture dissociation (ECD) was applied to characterize HNE modifications. Under this 

type of dissociation, low-energy electrons are captured, and multiply-charged peptides are 

partial neutralized, leading to backbone cleavage to produce c- and z- type ions. Several studies 

have demonstrated the capability and benefits of ECD in characterizing different types of 

posttranslational modifications over CID, such as phosphorylation74 , methylation, 

acetylation75 , glycosylation76  and other types of modifications in peptides and proteins. In 

this study, the ECD spectrum (shown in Figure AS3) provides retention of the 4-HNE on Cys 

residue c10
+ and c12

+, however HNEwas not retrained on c6
+ and c7

+ . Also, the unique ions (c3 

or c4 ions) for distinguishing are missing in the ECD spectrum. This indicates that, the isobaric 

HNE-modified Cys peptides cannot be identified even by the ECD method.  

 

3.1.3.3.3 Trap and transfer velocity change the RMA rate 

In order to explore the separation of HNE-modified Cys peptides, IM-MS was optimized to 

obtain a better separation of these two isomeric peptides mixtures. Due to the high NL rate of 

HNE, partial Cys-HNE peptides were not capable of retaining HNE even in the trap cell (before 

the mobility cell) at low energy (6V), namely, to form C3*AA∙NL and AC5*A∙NL. Instead, all 

the peptides are transferred into the mobility cell together to be separated. Figure 3.1.5A shows 

the image of ion mobility drift time versus retention time. The drift time distribution shows 

four partially resolved peaks for peptides mixture. The green solid and dash line represent 

AC5*A and AC5*A∙NL peptide respectively, and the red solid and dash line represent C3*AA 

and C3*AA∙NL peptide, respectively. In order to prove that NL happened before mobility 

separation, different trap velocities were changed from (300 m/s to 750 m/s) and different ratios 

of C3*AA/C3*AA∙NL and AC5*A/AC5*A∙NL were found. When the velocity was set as low 

as 300 m/s (Figure 3.1.5B, a 300 m/s wave to ensure the mobility separation is maintained on 

transit to the oa-ToF56 ), and only a small fraction of HNE was lost from the cysteine residue, 
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however, when the velocity was increased up to 750 m/s (Figure 3.1.5C), the majority of HNE 

was not retained on cysteine residue anymore. This is due to the high interaction of the high 

velocity buffer gas in accumulation before its release into the mobility cell. The larger drift 

times of AC5*A and AC5*A∙NL indicate more extended conformation compared with C3*AA 

and C3*AA∙NL peptides.  

 

 

Figure 3.1.5: (A-C) shows the DTDs (left panel) and two dimensional IM-MS plot of (drift 

time vs retention time) of two isomeric synthetic cysteine-containing peptides modified by 

HNE at different trap velocity. 

The green solid and dash line represent AC5*A and AC5*A∙NL peptides respectively, the red 

solid and dash line represent C3*AA and C3*AA∙NL respectively. 

 

The Figure 3.1.6A shows the image of mobility driftscope displaying drift time versus m/z, and 

the spectra of each region are shown on Figure 3.1.6B-E. In the spectra of C3*AA and AC5*A, 

the HNE are lost from Cys-modified peptides in the transfer region and it is time aligned with 

the precursor ion at m/z 864.48. For the C3*AA∙NL and AC5*A∙NL peptides, and m/z of 

precursor ions are 818.42 and no HNE are found in the spectrum. Since the HNE was not 
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retained on any b ion, and the m/z of b ions originating as modified or unmodified peptides are 

the same.  

 

 

Figure 3.1.6: Two dimensional IM-MS plot of positional isomers of two isomeric synthetic 

cysteine-containing peptides modified by HNE (drift time versus m/z). (B-E) show the 

product ion spectra with m/z 100-550, corresponding to region 1-4 indicated in Figure 

3.1.5A. 

 

3.1.3.3.5 XICDT visualized the separation of Cys-HNE peptides 

The extracted ion fragment drift time distribution (XICDT), which is similar to 

chromatographic approaches (or extracted ion chromatogram), can be extracted from nested 

IMS-MS data from a complex sample to generate the drift time distribution of a single ion77 . 

This simplified selected ion monitoring approach can also be employed to record an IMS 

distribution for the selected m/z species. 
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For the positional isomeric peptides with close cysteines, the bn ions (n≥5) are the exactly the 

same, and there are only two notable fragments that can be used to distinguish those two 

isomers, including the b3
+ (316.16 for C3AA and 284.19 for AC5A) and b4

+ ions (431.19 for 

C3AA and 399.22 for AC5A). As discussed above, the HNE-modified peptides have high NL 

rate from Cys, and all the bn ions have the same m/z values for modified peptide C3*AA and 

C3*AA∙NL, and versus visa for AC5*A and AC5*A∙NL. From the XICDT analysis, the 

intensities of these fragments vary across the DTDs range. The b3 ion (m/z 316.16) originated 

from the peptide that has a cysteine residue at the third position, reaches its maximum 

intensities at ~10.73 ms and ~11.75 ms (shown in Figure 3.1.7B), before (C3*AA∙NL, in dash 

red line)/post IM separation (C3*AA ,CID fragmentation, in solid red line). A similar 

phenomena is observed for b3 ion in the peptide that has a cysteine residue at the fifth position 

(Figure 3.1.7C), the b3
+ (m/z 284.19) reaches its maximum intensities at ~11.21 ms and ~12.23 

ms, before (AC5*A∙NL, in dash green line)/post IM separation (AC5*A in solid green line). 

The DTDs of b3
+ (mz 316.16) are the same as the deconvoluted DTDs from the precursors of 

C3*AA and C3*AA∙NL (Figure 3.1.7A in red color), and DTDs of b3
+ at 284.19 are in good 

accordance with the deconvoluted DTDs from the precursor of A5*CA and AC5*A∙NL (Figure 

3.1.7A in green color). This approach provides additional information of showing separation 

of isomeric peptides by ion mobility, by integrating all ions of its tD bin over a limited m/z 

range. The technique may also be benefical in the study of complicated mixtures containing 

isomers and different gas-phase ion conformers.  
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Figure 3.17: DTDs of precursors of C3*AA and AC5*A peptides and XICDT of b3 ions  

(A) DTDs of precursors of the two isomeric C3*AA and AC5*A peptides (B) XFIDTDs 

obtained for the CID fragments at b3
+ m/z = 316 from C3*AA and C3*AA∙NL. (C) XFIDTDs 

obtained for the CID fragments at b3
+ m/z = 284 from AC5*A peptide correspond respectively. 

The green solid and dash line represent AC5*A and AC5*A∙NL. The green solid and dash line 

represent AC5*A and AC5*A∙NL peptides respectively, the red solid and dash line represent 

C3*AA and C3*AA∙NL respectively. 

 

3.1.4 Conclusion 

Here we present the application of TWIMS coupled to gas phase fragmentation as an analytical 

strategy to resolve peptide isomers modified by electrophilic lipids. The HNE adducted peptide 
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VIHDHFGIVEGLMTTVHAITATQK was derived by tryptic digestion of GAPDH. The ion 

mobility transfer fragmentation approach clearly demonstrates that the two different isomeric 

peptides can be separated by their distinct ion mobilities and the fragments are time-aligned 

with the precursor ions. The TAP fragmentation approach retains the HNE modification 

information even in the second-generation fragmentation. and The TAP fragmentation 

approach therefore provides  similar information as can be expected for a MS3 acquisition 

method. DTD alignment on both first and second generation stages yields complementary 

fragment ions, increases the specificity of sequence assignment and eliminates NL uncertainty.  

 

Two His-containing peptides were synthesized by keeping one histidine, and replacing the 

other two histidine residues with alanine to produce a panel of model peptides for exploring 

the usefulness of ion mobility separation in conjunction with dissociation techniques for the 

analysis of positional isomers of peptide-HNE adducts. Direct infusion of the individual 

peptides and mixture of H3*AA and AH5*A peptides were partially separated after passing 

through an ion mobility cell, and the distinct drift time distribution indicates different structures 

of these two peptides in the gas-phase. The retention of HNE to histidine residues provides an 

easy way to visualize the fragments as time aligned with their precursors taht display DTDs 

differing by 0.28 ms. The Cys-HNE adduct is less stable, compared with His-HNE adduct. The 

high RMA rate of Cys-HNE in low-voltage trap cell before ion mobility separation poses 

additional difficulty for the  site assignment of the HNE modification. The ion mobility cell 

separated the different isobaric precursor ions with or without modification post trap cell.  

 

XICDT offers another way to visualize the separation of isomeric peptides from a complicated 

spectrum by extracting distinct fragment ions. This way of data visualization proved to be 

particularly beneficial for the assignments of PTMs where the NL problem interferes. The 

separation of the isobaric fragment ions (without and NL of HNE modification) by different 

mobility velocity indicates the origins of two different peptides. In summary, ion mobility has 

the potential for greatly improving the precision of HNE-modification assignment, and this 

approach can likely be extended to other PTM studies. 
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3.2.1 Abstract 

Non-enzymatic oxidation and cyclization of arachidonic acids (AA) lead to the formation of 

four regio-isomers of γ-ketoaldehydes, termed levuglandins (or isoketals). The γ-ketoaldehyde 

functionality is highly reactive toward primary amino groups in biomolecules. In proteins, the 

modification by γ-ketoaldehydes leads to lactam adduct formation. Herein, we developed a fast 

and reliable method to analyze and separated four regio-isomeric IsoK-lysyl-lactam adducts by 

utilizing a traveling wave cell ion mobility mass spectrometer (TWIM-MS). This novel strategy 

can be potentially used for screening of IsoK-lysyl-lactam adducts in disease diagnosis and 

new therapeutic drug design.  

Keywords 

Ion mobility mass spectrometry; isoketals; lactam adduct; regio-isomers;  

3.2.2 Introduction 

Polyunsaturated fatty acids (PUFAs) are essential components of the cell membrane; but they 

are particularly susceptible to oxidative damage. The generation of free radical species (ROS) 

are involved in various chronic diseases, such as vascular diseases, cancer, and neurological 

disorders, by modifying macromolecules such as lipids, proteins, and DNA. Peroxidation of 

lipids produces a larger number of highly reactive aldehydes, including 4-hydroxy-2-nonenal 

(4-HNE), malondialdehyde (MDA), and isoketals/levugladins (isoK/LGs, γ-ketoaldehyde). 

IsoK/LGs can be either formed via the rearrangement of prostaglandin endoperoxides produced 

by enzymatic activity of cyclooxygenases (COX)78  or via the isoprostane pathway, namely 

via nonenzymatic rearrangement of H2-isoprostanes discovered by Salomon et al79 (Figure 

3.2.1).  

 

IsoK/LGs are the most reactive aldehydes in the mammalian system, they react almost 

instantaneously to form covalent adducts with free amines in proteins78, 79 , aromatic amines in 

DNA80 , and the ethanolamine head group of phosphatidylethanolamine (PE)81, 82 . IsoK/LGs 

bind avidly with the ε-amino group of lysine residues, form an initial Schiff base adduct, and 
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convert to an irreversible pyrrole. The pyrrole then undergoes autoxidation to yield stable 

lactam and hydroxylactam adducts and cross-linked species79, 83 . IsoK/LGs react several orders 

of magnitude more rapidly than hydroxyalkenals with lysine residues, including 4-HNE and 

MDA. Therefore, unreacted IsoK/LGs cannot be detected in vivo or in vitro systems where 

protein is present84 . Adduction of IsoK to model proteasome substrates significantly reduced 

the 20S proteasome degradation rate, and IsoK adducts may be enhanced in the pathogenesis 

of neurodegenerative diseases85 . These features make covalent IsoK/LGs adducts attractive as 

biomarkers to evaluate oxidative injury in diverse tissues. 

 

 

Figure 3.2.1 Formation of reactive γ-ketoaldehydes (A) and mechanism of lactam adduct 

formation with lysyl residues (B)  

 

Formation of IsoK/LGs protein adducts has been confirmed by a variety of immunological and 

mass spectrometric methods 79, 86 . Davies et al, conducted a quantitative analysis of IsoK/LGs 
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protein adducts by LC-MS after proteolysis to release IsoK/LGs lysyl lactam adducts87 . 

However, structure elucidation by CID often fails to identify the region-specific of IsoK/LGs, 

and identification of the exact position of regio-isomers and comparison of the activity of each 

regio-isomers require NMR characterization or synthetic preparation of isomeric standards, 

which is time consuming and resource intensive88 . The principle of ion mobility spectrometry 

is to separate ions on the basis of size and shape, interaction of drift gas, ion charge state and 

collisional cross section (CCS)89 . Thus, IM can be useful for differentiation of isomers or 

detection of multiple conformations, and provide additional separation space besides liquid 

chromatography, and therefore significantly improved peak capacity and specificity 90, 91 . 

Although IM–MS techniques are increasingly used in bioanalysis, there are only very few 

reports on the analysis of γ-ketoaldehyde with these techniques. Herein, we explored the 

feasibility of traveling wave ion mobility time-of-flight mass spectrometry for the detection 

and characterization of regio-isolevuglandin adducts. We expand the versatility of LC-IMS-

MS technique to the structure identification of isoK/LG lysyl lactam, which may further 

promote the use of isoK/LG lysyl lactam as marker of oxidative stressin disease diagnosis and 

new therapeutic drug design. 

3.2.3 Methods 

3.2.3.1 Formation of IsoK-lysyl-lactam adduct from arachidonic acid in vitro 

Oxidation products of arachidonic acid were prepared as previously described92 . Briefly, 2.5mg 

of AA was dissolved in 25 μL of ethanol and 2.5 ml of PBS (10mM, pH 7.4), 10 mM AAPH 

(Sigma-Aldrich, St Louis, WA) and 5mg N-acetyl-lysine (Sigma-Aldrich, St Louis, WA) were 

added at the same time. The reaction mixture was incubated at 37°C for 24 hrs. Following 

oxidation, excess TPP (Sigma-Aldrich, St Louis, WA) was added to the system for 5 min to 

stop the reaction. 

 

A tC18 Sep-Pak cartridge was used to separate IsoK-lysyl-lactam adducts from unreacted 

lysine and IsoK as previously reported87 . The cartridge was first preconditioned by adding 10 

mL methanol and water. After loading the sample, the cartage was washed sequentially with 
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methanol, heptane and heptane/ethyl acetate (1:1), and finally, IsoK-lysyl-lactam adducts were 

eluted with methanol/ethyl acetate (1:1). The eluent was dried under nitrogen, and reconstituted 

with 100μL of methanol/water mixture (7:3, v/v). 

 

3.2.3.2 Formation of IsoK-lysyl-lactam peptide adduct from arachidonic acid on 

GAPDH 

Oxidation products of AA were prepared as described above. Oxidation products were 

extracted with 2mL of ethyl acetate and the extraction was repeated twice. Combined extracts 

were dried under nitrogen and reconstituted with 50 μl of methanol. Twenty microliters of the 

extract was incubated with 1mg/mL of GAPDH in a 50μl PBS (10mM, pH7.4) system for 24 

h at 37 °C. GAPDH was digested with trypsin (Promega) overnight in 50 mM ammonium 

bicarbonate (pH8.0) containing 0.02% ProteaseMax (trypsin enhancer, Promega) according to 

the manufacturer’s protocol.  

 

3.2.3.3 Traveling wave ion mobility mass spectrometry (LC-IMS-MS/MS) for lysyl-

lactam adduct analysis  

A Flexar (Perkin Elmer, MA) UHPLC was interfaced to the Synapt G2 HDMS system for the 

chromatographic separation of regio-isomers of IsoK-lysyl-lactam adduct. A RRHD SB-C18 

column (2.1 mm × 250 mm, 3 µm, Agilent) was used with a 37 min step gradient at a flow rate 

of 0.30 mL/min. The mobile phases consisted of water (A) and acetonitrile (B), both containing 

0.1% formic acid. The elution gradient was set to the following: 0 min, 20% B; 1-27 min, 70% 

B; 27-28 min, 100% B; 28-33 min, 100% B; 34-37 min, 20% B; and 47 min, 5% B. The column 

temperature was held at 40 °C, and a 5 µL aliquot of sample was injected onto the column. 

With the use of negative ion electrospray ionization, ions of m/z 519.3 (IsoK-lysyl-lactam 

adducts) were selected and separated by using travelling wave ion mobility mass spectrometry, 

and CID was carried out in the transfer collision cell at 35 V. Tandem mass spectra of the 

molecular ions of IsoK-lysyl-lactam adduct were recorded along with their HPLC retention 

times and ion mobility drift times. The IMS wave velocity was set at 1300m/s, and the wave 

height was fixed at the highest amplitude (40V) to obtain maximum resolution. Leucine 
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encephalin (m/z 554.2615) was infused continuously at a constant flow rate of 5 µL/min and 

scanned every 30 s. The mass spectrometer was externally calibrated with sodium formate 

(1mg/mL). 

 

3.2.3.4 Traveling wave ion mobility mass spectrometry (LC-IMS-MS/MS) for lysyl-

lactam adduct peptide for GAPDH digest 

A nanoAcquity UPLC system (Waters, Manchester, UK) coupled to a Waters Synapt G2 mass 

spectrometer was used for data acquisition. A C18 BEH130 column (1.7μm, 100μm×100mm) 

was used as tanalytical column. Solvent A (0.1% formic acid in water) and solvent B 

(acetonitrile containing 0.1% formic acid) were used as the mobile phases. The gradient elution 

was operated at a constant flow rate of 0.5 μL/min starting with 97% A for 3mins and decreased 

to 60% A in 45 mins and lowered to 10% A in another 5mins. The composition was brought 

back to the original settings in 2 mins and equilibrated for 10 mins. 

 

Data acquisition was carried out in positive MSE mode. In low-energy scans, the collision 

energy was fixed at 6eV, and in high-energy scans, the energy was ramped from 15eV to 60 eV. 

The mass range was set from m/z 100 - 2000 in both the trap and transfer cells, with a scan 

time set at 1s, in which the quadrupole was set to transfer all ions. The IMS wave velocity was 

set at 1300m/s and the wave height was fixed at the highest amplitude (40V) to obtain 

maximum resolution. Glu1-Fibrinopeptide B was infused continuously from an auxiliary pump, 

which was part of thenanoAcquity LC, for calibration and as the LockSpray reference which 

was alternatively scanned every 30s. PLGS was used to analyze MSE data and to find the 

peptide modified by IsoK. 

 

The peptide, VKVGNGFGR, with IsoK modified at lysine residue, was selected for ion 

mobility transfer fragmentation analysis. The doubly charged precursor ion (m/z 682.85) was 

first selected in the quadrupole with the LM resolution and HM resolution set at 14.0 and 20.0 

respectively. The precursor ion was separated in the mobility device and induced fragmentation 

only in the transfer region at 35eV collision energy. Wave height (1300 m/s) and velocity (40V) 



52 

 

 

 

were fixed in the ion mobility cell to optimize the separation condition. The ion mobility cell 

was externally calibrated using polyalanine with m/z ranging from 100 to 1000.  

3.2.4 Results and discussion 

3.2.4.1 Resolve lysyl-lactam adduct regio-isomers from AA peroxidation 

AA was oxidized in vitro and formed lsoK-lysyl-lactam adducts by adding N-acetyl-lysine 

(predicted parent ion for IsoK-lysyl-lactam adduct m/z 519.3). The extracted oxidation 

products were introduced into a Synapt G2 HDMS instrument (Waters Corp, USA) using a 

regular ESI source. The initial analysis using the MSE method identified the IsoK-lysyl-lactam 

adduct with m/z of 519.3 ([M-H]-) eluting in a retention range of 13.0 to 15.0 min (Figure 3.2.2 

A). As is evident, four chromatographic peaks with retention times at 13.1, 13.6, 14.4 and 14.8 

min reveal that there are four possible regio-isomeric IsoKs obtained from the nonenzymatic 

peroxidation of AA.  

 

Figure 3.2.2 Ion chromatogram of IsoK-lysyl-lactam adduct  

(A)Extracted ion chromatogram of IsoK-lysyl-lactam adduct with m/z of 519.3 ([M-H]-) from 

untargeted full scan MS chromatograms in order to locate the retention time window. (B) 

Targeted ion chromatogram of precursor ions at m/z 519.3 by the first selecting quadrupole 

device. 

 

In order to reduce matrix interference and other ions that co-eluted in the same retention time 

window with the IsoK-lysyl-lactam adduct, a targeted analysis method was selected to obtain 

a chromatogram exclusively originating from m/z at 519.3. With the resolving quadrupole at 

the front precursor ion with m/z 519.3 were filtered out, and then the ions were separated in 

the T-wave ion mobility device and collision energy was applied in transfer region to obtain 
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fragmentation. This data was only acquired within the retention window from 12 to 17 min to 

minimize the matrix interferences. Figure 3.2.2 B displays the targeted chromatogram of IsoK-

lysyl-lactam adducts, with four different chromatographic peaks, which is similar to Figure 

3.2.2 A at 1.5, 2.0, 2.8 and 3.2 min. The appearance of four chromatographic peaks might point 

to four different regio-isomers resulting from the IsoK group. 

 

In order to prove whether the four chromatographic peaks represent four different regio-

isomers of the lactam adduct, the transfer dissociation spectra of each peak was obtained by 

summing all the scans of Figure 3.2.2 B (see Figure 3.2.3).  

 

 

Figure 3.2.3: Transfer dissociation spectra by summing scans over each chromatographic 

peak on Figure 3.2.2.  

A-D show the structurally specific fragmentation of four series of regio-isomers of IsoK-

lactam adducts. 
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The CID spectra at different retention times (RT) support the presence of four regio-isomers of 

IsoK adducts. The observed product ions with m/z of 375.23 and 333.21 at first peak (RT at 

1.5 min) prove the existence of 15 series of IsoK. The product ions with m/z of 337.17 and 

379.18 are the specific fragmentation of the 12-series at the third eluent peak (RT at 2.8 min). 

For the CID spectrum from the fourth peak, the product ions with m/z of 403.26 and 361.25 

result from the fragments of 5-series of IsoK (RT at 3.2 min). The CID spectrum obtained from 

the second peak (RT at 2.0 min) with ions of m/z 333.21 and 363.22 proves the existence of 

the 15-series, ions of m/z 337.17 and 379.18 reveal that the 12-series co-elute with other regio-

isomers. The ions with m/z of 363.22 and 321.21 support that the 8 series are also contained in 

the second peak (RT at 2.0 min).  

 

Because the spectra obtained from the second chromatographic peak include fragments that 

came from three different regio-isomeric lactam adducts (i.e., 8-series, 12-series and 15-series), 

these three isomers are not separated by LC separation. Ion mobility mass spectrometry 

enhanced their separation either by the strength of their ion/molecule interactions with the drift 

gas and/or by the difference in shape, that is, their collision cross sections. To investigate the 

composition of the second chromatographic peak  further, ion mobility measurements were 

conducted at 1400 m/s wave velocity and 40V wave height to achieve better separation. Under 

optimized condition, three regio-isomeric adducts are well separated and visualized in Figure 

3.2.4. Figure 3.2.4 A displays the image of drift time versus retention time. The encircled white 

square region marks three different clusters eluting within the same retention time window 

(second chromatographic peak, RT at 2.0 min). Figure 3.2.4 B shows DTDs (left panel) and a 

two dimensional IMS-MS plot of drift time versus m/z (right panel). Fragment ions are time-

aligned with corresponding precursor ions with DTDs at ~8.57, ~8.90 and ~9.28 ms, 

respectively. The extracted tandem mass spectrum (Figure 3.2.4 C) assists the identification of 

these three clusters. Ions with m/z of 333.21 and 375.23 (circled in purple, Figure 3.2.4 B,C ), 

have the same DTDs at ~8.57 ms. They are specific to the fragments of the 15-series of IsoK-

lysyl-lactam adducts. Those two ions are also found in the spectrum of the first 

chromatographic peak (RT at1.5 min, Figure 3.2.3A). Ions with m/z 321.21 and 363.21 (circled 
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in orange, Figure 3.2.4 B,C) are the specific fragments of 8-series IsoK adducts, both time 

aligned with precursor ions with DTDs of ~8.57 ms.  

 

 

Figure 3.2.4: Driftscope image and spectrum of the second chromatographic peak.  

(A) Image of drift time versus retention time. (B) DTDs (left panel) and two dimensional 

IMS-MS plot of drift time versus m/z (right panel). Fragment ions are time-aligned with 

corresponding precursor ions with DTDs at ~8.57, ~8.90 and ~9.28 ms, respectively.  

(C) Extracted tandem mass spectrum of the white square in A. 

 

Notably, there is also a small cluster in the first chromatographic peak (circled in orange, RT 

at 1.5 min) , which has a DTD of ~ 8.57 ms. Only low abundant ions with m/z of 363.22 ion 

can be found in Figure 3.2.4A; this supports the notion that ion mobility seems to be much 

more sensitive and provides additional information besides the CID spectrum. Similarly, ions 

with m/z of 337.17 and 379.18 (circled in green, Figure 3.2.4 B,C) are exclusive fragments of 

the12-series, and they have the DTDs at ~8.90 ms. These ions are also found in the CID 
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spectrum of the third chromatographic peak (Figure 3.2.3 C). Therefore, two clusters (circled 

in green in Figure. 3.2.4 A) have the same DTDs, and they are both belonging to the 12_series  

IsoK adducts. The CID spectrum also proves that the fourth chromatographic peak is 

exclusively composed of 5-series IsoK adducts with DTDs at ~8.73 ms. This additional 

separation space provided by ion mobility enabled the separation of different regio-isomeric 

IsoK-lysyl-lactam adducts that co-eluted at the same chromatographic scale. Fragmenting after 

IMS generates product ions that are drift-time aligned with their precursors which provides 

more confident identifications. 

 

3.2.4.3  Application of LC-IMS-MS/MS for the analysis of a IsoK-lysyl-lactam peptide 

adduct derived from GAPDH 

IsoK has the ability to react with the ε-amino of the lysine side chain of protein rapidly. GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) is known as a major target protein in oxidative 

stresses, it catalyzes the oxidative phosphorylation of glyceraldehyde 3-phosphate to 1,3-

bisphosphoglycerate in glycolytic energy metabolism, and also participate in apoptosis, DNA 

repair, nuclear RNA export and translational regulation93 . GAPDH is extremely sensitive to 

the modification of the cysteine residue (Cys152) located in its active site, and the irreversible 

oxidation of cysteine residues can be prevented by protein S-thiolation 94, 95 . Peroxidation 

products of AA were directly reacted with GAPDH and digested with trypsin, and the peptides 

were introduced into a Synapt G2 HDMS instrument using nanoAcquity (Waters Corp, USA). 

The initial analysis using MSE yielded several peptides that were identified as IsoK-lysyl-

lactam adducts. Figure 3.2.5 shows the ion mobility-enhanced transfer fragmentation approach 

for the characterization of two regio-isomers of peptide VK(IsoK)VGVNGFGR modified by 

IsoK at the lysine residue. Similarly, transfer fragmentation was conducted by selecting the 

precursor ions using the quadrupole device Q1 (m/z 682.86). Ions were then separated in the 

T-wave ion mobility device and collision induced dissociation was performed in the transfer 

region. The product ions were then passed on to the TOF analyzer. Figure 3.2.5 A depicts the 

driftscope image of the ion-mobility enhanced transfer fragmentation experiment for the 

doubly protonated peptide, VK(IsoK)VGVNGFGR ([M+2H]2+, m/z 682.86). The driftscope 
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image illustrates the time-alignment of the fragment ions with their ion mobility-separated 

precursors. This peptide separated into two ion populations with DTDs that differed only by 

0.22 ms. Fragment ions of the first DTD (region1, dt ~7.69 ms) and fragment ions of the second 

DTD (region 2, dt ~7.47 ms) were extracted separately to obtain the product ion spectrum of 

each of the peptide isomers (Figure 3.2.5B and 3.2.5C).  

 

 

Figure 3.2.5 Ion mobility-enhanced transfer fragmentation approach for the characterization 

of two regio- isomers of peptide VK(IsoK)VGVNGFGR modified by IsoK at lysine residue.  

(A) The driftscope image of the doubly protonated peptide, VK(IsoK)VGVNGFGR 

([M+2H]2+, m/z 682.86). The driftscope image illustrates the time-alignment of the fragment 

ions with their ion mobility-separated precursors. (B) The fragments of the precursor with 

DTD at ~7.69 ms (region 1). (C) The fragments of the precursor with DTD at ~7.47 ms 

(region 2) 

 

The depicted spectra show the m/z region from 50 to 950. The transfer fragmentation of the 

precursor with DTD at ~7.69 ms (region 1) yields product ions 415.26 indicated modification 

of the lysine residue by 15-series IsoK (Figure 3.2.5B). Alternatively, the precursor with the 
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DTD at ~7.47 ms (region 2) yields fragment ion with m/z 404.25 and indicates the modification 

of the lysine residue by 8-series IsoK (Figure 3.2.5 C). This result provides evidence that, 

GAPDH has a preference to react with 8- and 15 series of IsoK., . 

3.2.5 Conclusion 

We have demonstrated the feasibility of TWIM-MS for separating regio-isomeric lactam 

adducts under optimized drift gas conditions. The traditional LC method is insufficient to 

separate different isomers; however, the collision cross section and/or the strength of their 

interactions with the drift gas improved their separation in the ion mobility cell. TWIM-MS 

can be performed on a millisecond scale, and therefore this method can provide immediate 

separation and characterization of different regio-isomeric IsoK-lysyl-lactam adducts and may 

offer a reliable and fast identification tool for specific isomers in clinical studies.  
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4.1 Abstract 

Recent clinical and public health awareness of ionizing radiation (IR) had increased the number 

of studies regarding the injury and impact of IR on biological systems. Oxidative stress is one 

of the major injuries resulting from IR and the development of a reliable and robust 

biodosimetry for assessment of injury associated with irradiation at the level of oxidative stress 

is highly needed.  Major protein carbonyls, e.g., carbonylated amino acid, α-amidoadipic 

semialdehyde (α-AAS), are widely recognized as a biomarker of oxidative stress under various 

pathological conditions. However, the extreme low concentration of the α-AAS makes the mass 

spectrometric detection and quantification challenging. We report here a strategy for the 

quantitation of carbonylated amino acids combined with a high sensitivity LC-ESI/MS/MS 

MRMHR approach and a pronase-based hydrolysis protocol. In addition, we utilized a novel 

derivatization reagent that features a permanently charged, quaternary aminooxy (QAO) 

reactive group that targets the aldehyde/keto functionality group of protein carbonyls , and thus 

enhances the ESI-MS/MS sensitivity for detection. The utilization of pronase allows mild 

hydrolysis and minimizes the artificial formation of oxidatively modified amino acids. The 

derivatization method was first applied as a “proof of concept” for quantitation of α-AAS in 

plasma samples with metal catalyzed oxidation (MCO), and extended to measure α-AAS as a 

biomarker of oxidative stress to assess the low dose (1Gy) irradiation injury using mice 

hippocampal tissues. The concentration of α-AAS found in hippocampal tissues of mice 

exposed to irradiation, was 28.6 ± 1.5 pmol/mg protein, which was ~ 1.1 fold higher than that 
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found in the sham group (25.6 ± 0.5 pmol/mg protein). A multiplex MRMHR was developed, as 

well and the abundances of three carbonylated amino acids were measured semi-quantitatively 

in an analytical run. In summary, the methodology proposed here provides a reliable and robust 

approach to quantify carbonylated amino acids without any enrichment, and greatly improves 

the measurement efficiency of α-AAS in complex biological samples. α  

Key words: α-amino adipic semialdehyde (α-AAS), carbonylated amino acid, LC-ESI-MS/MS, 

derivatization, irradiation, oxidative stress, multi-plex 
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4.2 Introduction 

Ionizing radiation (IR) occurs naturally, for example, radioactive decay of radioisotopes and 

atmospheric radiation, and it is also applied in a wide variety of fields, such as medicine and 

manufacturing. Exposure of living cells and tissues to IR leads to the direct disruption of atomic 

structures and produces charged or ionized atoms. IR can also act indirectly through radiolysis 

of water, thereby generating ions and free radicals that can migrate and damage 

macromolecules, such as DNA, lipids carbohydrates and proteins96 , resulting in increased 

levels of oxidative stress. Though there is a well-defined physical dose is administered to 

patients and well-regulated rules for radiation usage in energy and medicine fields, 

biodosimetry is crucial for estimating exposure after a unexpected mass casualty scenarios and 

for providing valuable information about the absorbed biological dose, its distribution in the 

body as well as its medical management. 

 

Protein carbonylation is the most frequent irreversible transformation under oxidative stress 

and is a recognized indicator of oxidative damage of proteins., Protein carbonyls have been 

described as surrogate marker that reflect on the level of oxidative stress conditions under 

various pathological conditions97 . Carbonyl groups are introduced either by reacting with 

carbohydrates and lipids having reactive carbonyl groups or by directly oxidation of amino 

acid side chains 98 . Metal-catalyzed oxidation (MCO) generates free radicals, and they are 

highly reactive and easily attack the side chains of specific amino acids, such as lysine, arginine, 

proline, tyrosine, cysteine, threonine etc99 . Oxidation of lysine yields α-amino adipic 
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semialdehyde (AAS), and proline and arginine can be oxidized to glutamic semialdehyde 

(GGS). AAS and GGS are two major protein carbonyls under MCO conditions100 . Besides 

these two amino acids, tryptophan can be directly oxidized to kynurenine, N-formyl kynurenine 

(NFK), as well as their hydroxylated analogues98 . AAS and GGS are recognized as indicators 

to evaluate the levels of oxidative stress from chronic, aging-related pathologies. AAS and 

GGS levels may be potentially useful also for evaluating oxidative stress injury associated with 

IR exposure. 

 

The brain is exposed to ionizing radiation in a number of clinical situations, and radiation 

therapy is one of the methods involved in cancer treatment. The hippocampus is located in the 

medial temporal lobe of the brain, and it is crucial for learning and memory processes. 

Generation of ROS is considered as a main cause of radiation-mediated brain injury, and the  

hippocampus is extremely sensitive to the irradiation. Irradiation can profoundly affect 

neurogenesis and cognitive function, and even at low/moderate (0.5 and 2 Gy) X-ray exposure, 

specific alterations of microvascular density, mitochondrial functions and hippocampal 

neurogenesis were have been induced101 . Low-dose X-ray ionizing radiation also affects 

mitochondrial metabolism, synaptic plasticity and myelination102, 103 . Therefore, low dose 

irradiation can be a source of oxidative stress and assessment of oxidative stress levels can 

reflect on the injury caused by irradiation;  

 

Because of the importance of determining the abundance of protein carbonyls, such as 

carbonyalted amino acid, to monitor the level of oxidative stress, multiple biochemical and 
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analytical methods have been developed to detect and quantify them. The global levels of 

protein carbonyls can be measured by spectrophotometric approaches and immunoblotting 

approaches. However, the traditional global protein carbonyl quantitation methods cannot 

provide specific sources and formation mechanisms of protein carbonyls. Furthermore, these 

methods require extensive steps and large amounts of biological materials, and the results are 

sometimes overestimated by interferences18 . Also, the requirement of large amounts of 

biological materials restricts its application18 . An average mass of mice hippocampus is around 

10 to 20 mg, and it is not achievable to measure levels of protein carbonyls directly using a 

traditional method with such a small mass, especially, when multiple research experiments 

would need to be conducted at the same time using the same small material, such as proteomics, 

or metobolomics.  

 

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) has been 

intensively explored to quantify the biomolecules due to its high specificity, accuracy and 

multiplexing. Recently, a MS-based methods have been implemented for determining protein 

carbonylation levels. This approach relies on derivatization of the carbonyl group into 

hydrazine and hydrazides by probes, such as ARP104 , Girard’s P reagent105 , and biotin 

hydrazide combined with avidin affinity106 . Those approaches isolate and enrich the 

abundances of the carbonyl species, reduce the sample complexity and hence improve 

capability of modification sites mapping. Combination of NaCNBH3 reduction and a 

fluorescent probe has been applied for quantitation of global AAS and GGS levels in vitro8 . 

Also the microwave-assisted acid hydrolysis combined with NaCNBH3 reduction has been 
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reported recently for fast quantification of AAS and GGS by LC-MS 107 .  However, this 

approach suffers from laborious experimental steps and possible neutral loss problem during 

gas phase  fragmentation, posing a potential challenge for data analysis108 .  

 

In this study, we developed a new biodosimetric technique to quantitate the major carbonylated 

amino acid, like α-AAS in human plasma and mice hippocampus by taking advantage of the 

high accurate mass capabilities and high sensitivity mode of UHPLC-Q-TOF MS,For this 

purpose with a pronase hydrolysis method in conjunction with a chemoselective labeling 

strategy was developed. The derivatization chemistry involves labeling of the aldehyde 

functionality using O-(3-trimethylammonium-propyl) hydroxylamine (QAO) (Figure 4.1). The 

permanent positively charged oxime tag enables efficient ionization and fragmentation that 

results in signal improvement. The high resolution TOF analyzer was implemented, and the 

selection of fragment ions is performed post acquisition. This methodology can be extended to 

monitor three carbonylated amino acids in a single analytical run, thereby serving as an ideal 

biodosimeter for the evaluation of oxidative damage resulting from ionizing radiation if 

biological materials is scarce. We demonstrate the method for determining carbonylated 

aminoa acid levesl in hippocampal tissue of individual mice.   

 

 

Figure 4.1 Reaction scheme for QAO reagent with α-AAS 
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4.3 Materials and Methods 

4.3.1 Biological samples research considerations 

Human plasma was purchased from Valley Biomedical Inc. (Winchester, VA). One-month-old 

male CD1 outbred mice (n=8) were selected, and half of the CD1 mice (n=8) were received  

total body irradiation at a dose of 1 Gy (dose rate: 1.25 Gy/min). Five and a halve-month-old 

male C57Bl6/J wild-type mice were selected and half of the mice (n = 5) were received total 

body irradiation same as previous described. Twenty-four hours after irradiation, all mice were 

sacrificed by cervical dislocation and stored at -80°C till further processing. All procedures 

were approved by the Institutional Animal Care and Use committee at the Oregon Health & 

Science University (Portland, Oregon). 

 

4.3.2 Chemicals and reagents 

Allysine ethylene acetal (≥98%), Amberlyst-15, lysine, proline, arginine and tyrosine were 

from Sigma-Aldrich (St. Louis, MO). FMOC-allysine ethylene acetal (≥98%), pronase and 

aminopeptidease were obtained from EMD iMillipore (Billerica, MA). An AmplifexTM keto 

reagent kit (QAO reagent) was purchased from AB SCIEX (Framingham, MA). Water, 

methanol and acetonitrile ( LC/MS grade ) were purchased from J. T. Baker brand (Phillipsburg, 

NJ). 

 

4.3.3 Preparation of α-AAS calibrants  

α-AAS was synthesized as previously described109 . Briefly, 10 mg of allysine ethylene acetal 

was mixed with 25 mg of Amberlyst-15 in a 0.5 mL water for 20 min with constant shaking at 
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room temperature, the mixture was centrifuged at 500 g for 10 mins and supernatant was taken 

for further use. One hundred µg α-AAS solution was dried under speed vacuum and 

reconstituted by 50 µL AmplifexTM keto reagent working buffer to create a stock calibrator. 

The mixture was gentle shaken at room temperature for 2 h to generate α-AAS-QAO and stored 

at -80°C. The same method was applied for preparing of FMOC-AAS from FMOC-allysine 

ethylene acetal.  

 

4.3.4 Oxidation of amino acids by metal-catalyzed method  

One hundred microgram of lysine, arginine, proline and tyrosine were incubated with CuCl2 

(100 µM final concentration) and hydrogen peroxide (100µM final concentration) in 10 mM 

PBS (pH 7.4) for 24 h, respectively. The reaction mixtures were freeze-dried and reconstituted 

with 50 µL AmplifexTM keto reagent working buffer and 50 µL methanol/H2O (7:3) according 

to the manufacture’s protocol (Sciex, Redwood city, CA). 

 

4.3.5 Metal-catalyzed oxidation of human plasma in vitro 

For the oxidation reaction, the pooled plasma sample from healthy volunteers was mixed with 

CuCl2 (100 µM final concentration) and hydrogen peroxide (100µM final concentration) in a 

10 mM PBS (pH 7.4). The reaction mixture was incubated at room temperature for 24 h for 

oxidation. The oxidation reaction was then stopped by removing of CuCl2 and H2O2 using 

ultra-filtration. The proteins of the plasma were precipitated by chilled ethanol and 

reconstituted in a lysis buffer by vortex for 10 min. The protein concentration was determined 

using a Bradford assay. Five hundred micrograms of plasma protein was mixed with pronase 
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(final concentration 1mg/mL) in a Tris-HCl (pH8.0) buffer. The mixture was gently shaken and 

hydrolysis was conducted at 37 °C for 24 hr. Aminopeptidase M (1 µL/100 µg protein) was 

added into the previous buffer and hydrolysis continued for another 18 h under the same 

condition. The total hydrolysate was dried in the vacuum speed, resuspended in methanol/H2O 

(70/30), spiked with FMOC-AAS and subjected to the QAO labelling reaction, as previously 

described. After a brief mixing, the reaction mixture was gently shaken at room temperature 

for 2 h. The derivatization reaction mixture was centrifuged at 12000 g for 10 min. The 

supernatant was collected and the reaction was then stopped by freezing at −80 °C and stored 

at −80 °C until further analysis.  

 

4.3.6 Hippocampal tissues preparation for AAS analysis 

Each individual hippocampal tissuewas sonicated in lysis buffer and the solutions were 

centrifuged for 30 min at 14,000 g to obtain soluble fractions. Lysis buffers were supplemented 

with a protease inhibitor cocktail to prevent protein degradation by endogenous proteases. All 

steps were performed either at 4°C or on ice. Total protein amounts in the soluble fractions 

were determined using the Bradford assay. Two hundred microgram of hippocampal proteins 

were submitted to total hydrolysis, spiked with FMOC-AAS and derivatized with QAO reagent 

(as described above) and stored at -80°C until further analysis.  

 

4.3.7 Mass spectrometric analysis of carbonylated amino acids 

Identification and quantification of three carbonylated amino acids, namely AAS-QAO, GGS-
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QAO, NFK-QAO and the internal standard FMOC-AAS-QAO were conducted on an SCIEX 

TripleTOF 5600™ mass spectrometer coupled to a Shimadzu Nexera UPLC system. The 

protein hydrolysis mixtures were separated on an Aligent ZORBAX column (2.1 × 150 mm, 

5μm). Mobile phase A was 0.1% formic acid in water. Mobile phase B was 0.1% formic acid 

in acetonitrile (v/v). The ion source was operated in the positive electrospray ionization mode 

and the following settings were used: ion source gas 1, 50 psi; ion source gas 2, 40 psi; curtain 

gas, 25 psi; gas temperature, 550ºC; and ion spray voltage, 5500 V. The declustering potential 

(DP) was 25 V. Two microliters of derivative mixtures were injected and separated with a step 

gradient as follows: 0 − 5% B in 2 min and then 5 − 90% B in 20 min; then, the column was 

brought back to 5% B in 10 min with a flow rate of 0.2 mL/min. Column temperature was 

controlled at 40 ° C. Multiplex detection was accomplished in the high resolution multiple 

reaction monitoring mode (MRMHR), and the MRM transitions of each carbonyl derivative 

were set as follows: m/z 260.1968→128.0725 for AAS-QAO; m/z 246.1812→114.0544 for 

GGS-QAO; m/z 351.1962→272.1033 for NFK-QAO and m/z 482.2649→201.1263 for 

FMOC-AAS-QAO. Five µL injection were performed which equaled the hydrolysis of 25 µg 

of plasma protein or 10 µg of hippocampal protein. 

 

4.3.8 Data analysis 

The concentration of α-AAS-QAO were calculated from least-squares fitted linear regression 

curves with seven calibrant concentrations (spiked in to plasma or hippocampal protein 

matrices) and a blank. The calibration curves were constructed by plotting the peak area ratios 
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of the α-AAS-QAO to the spike internal standard peak area FMOC-AAS-QAO. The LLOQ 

was determined as the lowest spiked concentration in the matrix for which the signal-to-noise 

(S/N) ratio was greater than 10, while the LLOD was determined as the S/N ration was greater 

than 3. Inter-day and intra-day reproducibility were determined using calculated concentrations 

for quality control (QC) samples generated by spiking the FMOC-AAS-QAO internal standard. 

The QCs are composed of three low (0.5 pmol/µL), medium (2 pmol/µL) and high 

concentration (10 pmol/µL) of standards spiked with matrix. The matrix effect was determined 

by comparing the α-AAS-QAO peak area for matrix-based calibrants against nonmatrix 

calibrants. The stabilities of α-AAS-QAO in the control/MCO human plasma stored at 4 °C for 

8 h and -80 °C for 2 weeks were assessed. 

 

4.4 Results and Discussion 

4.4.1 Analytical Strategy for determination of α-AAS-QAO  

Due to the highly-recognized damage and injury by oxidative stress associated with irreversible 

formation of protein carbonyls, analytical measurements of protein carbonyl species, 

especially , have been intensively explored. Herein, we developed an analytical method for 

determination and quantification of α-AAS. We quantified α-AAS-QAO, obtained by 

combining pronase hydrolysis and labeling with QAO reagent, which allows for direct 

detection without additional affinity steps. Further, we extended this methodology to a multi-

plex approach for semi-quantification of three carbonylated amino acids, besides α-AAS (GGS 

and NFK), using the same internal standard FMOC-AAS, in a single analytical run. 
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n this work, we preferred to use enzymatic total hydrolysis to cleave the peptide bonds. This 

approach minimized artificial modification of amino acids. Other hydrolysis methods, such as 

acid hydrolysis or alkaline hydrolysis, tend to introduce modified amino acids. Previous 

research pointed out, that acid hydrolysis destroyed tryptophan110 while alkaline conditions led 

to reduced cysteine, arginine, threonine, serine, and lysine levels111 . In this study, the amino 

acids which can be modified by acid or alkaline hydrolysis are the target residues. be. Therefore, 

the enzymatic process was chosen to protect the amino acids from artificial modification during 

sample preparation.  

 

Figure 4.2 shows the schematic MRMHR workflow for monitoring carbonylated amino acids.  

 

 

Figure 4. 2 Conceptual presentation of the high resolution multiple monitoring reaction 

(MRMHR) assay for monitoring carbonylated amino acids. 

 

In such an approach , the AB SCIEX TripleTOF5600 spectrometer is set up so that it acquires 



72 

 

 

 

full scan MS/MS data of the fixed precursor ion during a LC run. In our assay the Q1 is fixed 

to the mass of the oxidative marker, e.g., α-AAS-QAO at m/z 260.1968, the marker precursor 

ion is then fragmented in the collision cell and a full scan TOF MS/MS spectrum is acquired. 

This is repeated across the LC run. Rather than pre-defining the transitions (pairs of 

precursor/fragment ions) in a low resolution mass spectrometer, all transitions can be extracted 

post-acquisition from the full scan high resolution MS/MS of the targeted analytes to generate 

high resolution XICs. In MRMHR mode, because the fragment ion spectra are acquired with the 

TOF analyzer, the fragment ions are detected with high resolution and high mass accuracy. The 

high resolution XICs also provide better specificity and thus reduce possible interferences in 

complex biological matrices. Finally, the Peakview software (version 1.2.0.3) was used for 

choosing the suitable transitions, and Multiquant (version 2.1) software was used for 

quantification. 

 

4.4.2 Fragmentation and signal enhancement of derivatized α-AAS-QAO  

In this study, α-AAS was synthesized from allysine ethylene acetal and derivatized with QAO 

reagent to generate α-AAS-QAO standard 109 . The permanent positively charge on the QAO 

provides enhanced ionization efficiency and signal improvement. As shown in the Figure 4.3a, 

upon MS/MS fragmentation at low collision energy (CE), the most abundant fragment (m/z 

128. 0725) is produced by breakage of the imine bond. In addition, a fragment ion at m/z 

128.1082 is observed which is produced by neutral loss (NL) of trimethylamine (Me3N, M-59) 

and the –NH2-COOH head group. These two specific ions are unique products that result from 
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both the QAO reagent and α-AAS-QAO112 . The possible chemical structure and mass 

accuracies are listed in Table S1. To quantitate the α-AAS-QAO, the summation of two peaks 

(m/z 128.0725 and m/z 128.1082) was used.  

 

Lysine was oxidized by MCO in vitro, and the generated α-AAS was derivatized with QAO 

and analyzed by mass spectrometry, as previously described. Similarly, the α-AAS-QAO 

generated from oxidized lysine produced identical ions as mentioned above (m/z 128.0725 and 

m/z 128.1082). Those two fragment ions therefore have been proven to be reliable for α-AAS-

QAO quantitation. 
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Figure 4. 3 Fragment ion spectra and fragment ion structures of α-AAS-QAO and signal 

enhancement factor upon derivatization  

Fragment ion spectra of ion structures of α-AAS-QAO (A) and FMOC-AAS-QAO (B) at CE 25 eV. One 

picomole of α-AAS-QAO (blue) and 1 picomole of nonderivatized α-AAS (purple) were injected in neat 

solvent (MeOH/H2O, 7:3). Based on the S/N ratio, the signal enhancement factor upon derivatization is 

approximately 66.1 fold. (C). 

 

 

A similar fragmentation pattern was observed for the internal standard, FMOC-AAS-QAO 

(Figure 4.3b). The most abundant fragment (m/z 179. 0885) is formed by loss of (9H-fluoren-

9-yl)-methyl cation ion (Fme, C14H11
+) 113 . Another abundant fragment (m/z= 201.1263) is 

generated by loss of  Me3N and the FMOC moiety (Table SB1). This specific fragment ion is 

the unique product resulting from both the structure of the QAO reagent and the FMOC-AAS 

molecule, and, thus,  the MRMHR transition used for FMCO-AAS-QAO was m/z 482.2649→

201.1263. 

 

It is important to consider signal to noise (S/N) ratio when comparing overall improvement of 

sensitivity. The signal enhancement factor was determined by comparing the S/N ratio of α-

AAS-QAO ( 260 pg, 1 pmol) and nonderivatized α-AAS (140 pg, 1pmol) in neat solvent 

(MeOH/H2O 7:3). The S/N ratio for α-AAS-QAO is 218.1 and the S/N ratio for nonderivatized 

α-AAS is 3.3 , which leads to a signal enhancement factor of approximately ~66.1 fold (Figure 

4.3c). The LOD and LOQ for α-AAS-QAO were 433 fg (1.6 fmol) and 650 fg (2.5 fmol) 

respectively, and the LOD and LOQ for non-derivatized α-AAA were 140 pg (1 pmol) and 

350.4 pg (2.4 pmol) . These results represents a moderate improvement to the existing 

analytical methodologies, in which the quantification limits of the AAS-ABA was found to be 
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10 fmol by the fluorometric HPLC method8 . 

 

 

4.4.3 Evaluation of the analytical performance of the MRMHR method 

4.4.3.1 Accuracy and precision 

The calibration curve spiked with human plasma matrix and FMOC-AAS-QAO internal 

standard demonstrated acceptable linearity and a mean correlation coefficient R2=0.993 across 

the range 0.1-10 pmol/ µL. The precision data for QAO-AAS was expressed as relative 

standard deviation (%, RSD) of the measured three QCs with concentration of standards at 0.5, 

2 and 10 pmol/µL. The accuracies of three QCs spiked with plasma matrix were obtained by 

the percentage of observed concentrations of standards compared to the nominal concentrations 

(Table 4.1). 

 

 

Nominal 

concentration 

(pmol/uL) 

Calculate 

concentration 

(pmol/uL) 

Accuracy 

(%) 

RSD 

(%) 

 Calculate 

concentration 

(pmol/uL) 

Accuracy 

(%) 

RSD 

(%) 

 Intra-day (n=2) plasma  Intra-day (n=2) hippocampus 

0.5 0.6 111.0 5.4  0.4 104.3 13.7 

2 2.1 107.4 6.7  2.3 115.8 3.3 

10 9.7 96.7 11.7  9.3 93.0 0.8 

 Intra-day (n=6) plasma  Inter-day (n=6) hippocampus 

0.5 0.5 103.8 15.6  0.5 104.8 8.7 

2 2.4 109.8 13.1  2.2 112.5 13.2 

10 9.6 96.0 15.1  9.7 96.7 3.8 
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Table 4.1 Accuracy and precision data for calculated QAO-AAS concentrations in plasma 

and hippocampal tissues 

 

4.4.3.2 Matrix effect 

The matrix effect was determined by comparing the α-AAS-QAO peak area for matrix-based 

against non-matrix calibrants at low, medium and high concentration of QCs. The mean signal 

suppression due to matrix interference from plasma was calculated to be 24.1% (4.7% RSD). 

 

4.4.3.3 Stability studies 

QCs were stable when stored at -80°C for 2 weeks and at 4 °C for 8 h, and a comparison of 

absolute peak area, as well as peak area ratios of analyte to internal standard demonstrated each 

condition with RSD less than 15%, (see Figure SB1). It was previously reported that protein 

carbonyls were stable in plasma stored at -80 °C for up to 10 months114 .  

 

4.4.4 Quantification of AAS generated in the human plasma exposed to oxidative stress 

by MCO reaction 

We investigated the feasibility of using the QAO derivatization method to quantify the α-AAS 

from human plasma under a MCO condition. Figure 4.4 a shows the high resolution extractions 

chromatogram of fragment ion m/z 128.0725 at a narrow extraction width (± 0.05 Da) from 

control plasma, MCO plasma and “pseudo standard”. “Pseudo standard” was generated by 

direct oxidation of pure lysine standard . Three XICs at m/z 128.0725 shared the exact same 

retention time (t=2.080 min). Due to the high resolution TOF data, good specificity is observed 

with minimal interference of ion signals from others constituents of the human plasma sample. 

The mean plasma concentrations of α-AAS-QAO in MCO-treated samples was 1533.5 ± 68.4 
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pmol/mg protein, and it was ~56.5 fold higher than the mean concentrations in control samples 

27.1 ± 7.4 pmol/mg protein (Figure 4.4b).  

 

 

 

Figure 4.4 : High resolution ofα-AAS-QAO XICs and bar chart of abundances of α-AAS-

QAO in plasma samples.  

(A) High resolution extracted ion chromatogram for α-AAS-QAO using the fragment ion 

with m/z128.0725 for interrogating human plasma after MCO reaction (orange), untreated 

plasma (purple) and α-AAS-QAO standard (blue). (B) Bar chart of the abundances of α-

AAS-QAO in human plasma. (C) Bar chart of the abundances of α-AAS-QAO in 

hippocampal tissues. Each value is the mean ± SD (n=3 for plasma and n=5 for 



79 

 

 

 

hippocampus) 

These results are in good accordance with previous reports, in which a similar MCO treatment 

was conducted with human plasma8 . Moreover, a LC-MS/MS approach was developed to 

determine the α-AAS for pyridoxine-dependent seizures studies. Less than 0.1 µmol/L of α-

AAS was reported using a low resolution MRM method, it is close to what we quantify here is 

this study, which is 0.15 µmol/L in the control plasma sample 115 .  

 

4.4.5 Quantification of AAS in the hippocampal tissue from mice exposed to IR  

4.4.5.1 Quantification of AAS generated in CD1 mice species 

The directly analysis of AAS in biological samples remains challenging for LC-MS/MS due to 

the extreme low abundance, moderate ionization efficiency, and complicated matrix. As 

discussed above, we investigated the feasibility and validated of the MRMHR workflow 

developed here for quantification of AAS using the human plasma with induced oxidative 

stress by MCO.  

Subsequently the method was applied to quantify α-AAS in hippocampal tissue (~ 5mg) that 

was surgically removed from mice exposed to low dose radiation. Initially, the MRMHR 

workflow was implemented on the outbred CD1 mouse and the abundances of α-AAS-QAO 

were quantified using hippocampal tissue ( ~ 5mg) without pooling. The bar chart of the 

abundances of α-AAS-QAO from individual mice hippocampal tissues is shown in Figure SB2-

a. The average value of the α-AAS in the sham group is 26.5 pmol/mg protein, and the α-AAS 

in the irradiated group is 27.3 pmol/mg protein (Figure SB2-c). The average values of the 

technical coefficient of variation (CV) obtained from sham and irradiated groups is 1.7% and 

1.4% , in comparison, the average CV values for biological replicates are 16.3 % and 15.8% 
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for the sham and irradiated group, respectively (Figure SB2-b) . Due to the high variance of 

the biological replicates, no significant difference was observed between the sham and 

irradiation groups (p=0.71), which indicates that, no obvious oxidative stress was induced after 

1Gy irradiation as a biomarker of α-AAS. However, not significant increased level of α-AAS 

might due to the low dose of irradiation which is not very strong, or CD1 mice might not be 

the best animal model for study radiation injury due to their diverse genetic backgrounds. Also, 

pooling of samples may confound the outcome of our future radiation experiments for which 

assessing levels of injury inflicted by radiation exposure is critical.  

4.4.5.2 Quantification of AAS generated in C57BL/6J mice species 

Another genetically more inbred C57BL/6J mice were selected and similar work was 

conducted to measure the abundances of α-AAS in hippocampal tissue of sham and irradiated 

mice. The bar chart of AAS abundance determined in individual hippocampal tissues is 

presented in Figure 4.5a. The average technical C.V obtained from the sham and irradiated 

groups is 2% and 3% respectively, in comparison, the average CV values for biological 

replicates is 2% and 6%, which showed much lower variances compared with CD1 mice 

(Figure 4.5b). The average abundances of AAS measures from sham (n=5) and irradiated (n=8) 

were 25.5 pmol/mg protein and 28.1 pmol/mg protein and showed the significant differences 

(p < 0.01) (Figure 4.5c).  
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Figure 4.5: Abundances of α-AAS-QAO in hippocampal tissue of C57BL/6J mice.  

(a) Bar chart of levels of α-AAS-QAO in individual hippocampal tissues. (b) C.Vs of 

analytical and biological replicates (c) Average abundances of α-AAS-QAO in sham and 

irradiation hippocampal tissues. (S, sham and IR, irradiation) 

 

Obviously, the more genetically inbred C57BL/6J mice are a more suitable model for us to 

assess increase of AAS levels presumably due tooxidative stress injury resulting from 

irradiation. Again, the MRMHR method established here with its high sensitivity and accuracy 

is suitable for quantifying the low levels of AAS in these complex matrices. 
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4.4.6 Multiplex MRMHR workflow for relative quantification of three carbonylated amino acids.  

A multiplex MRMHR workflow was developed based on the method validated as previously 

described. This workflow aims to monitor a group of carbonylated amino acids in a single 

analysis run and provides fast assessment of oxidative stress levels among individual samplings. 

We assessed the abundances of three carbonylated amino acids in an analytical run, in both 

human plasma and hippocampal tissues, as described above. They were AAS, GGS and NFK, 

under MCO or irradiation exposure The results of the multiplex analysis are summarized on 

Table 4.2.  

 

�������

���� − ���
  ����� 

α-AAS GGS NFK 

Plasma (control) 15.2 4.6 1.9 

Plasma (MCO) 226.0 123.6 58.5 

Hippocampus (sham) 3.8 4.1 0.6 

Hippocampus (irradiation) 4.5 4.3 0.7 

 

Table 4.2 Levels of three carbonylated amino acids-QAO/FMOC-AAS-QAO in human 

plasma under MCO condition and hippocampus tissues with irradiation exposure (×10-2). 

 

Among of them, GGS-QAO and NFK-QAO are other two carbonylated amino acids found 

after MCO reaction. We generated the “pseudo standard” of GGS and NFK by direct oxidation 

of arginine/proline and tyrosine in vitro using the MCO method, and derivatized oxidized 

arginine/proline with the QAO reagent. Figure 4.6a shows the MS/MS fragmentation of the 

GGS-QAO standard (arginine oxidation), at low collision energy (CE 25V). Similar to the α-
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AAS-QAO, the most abundant fragment (m/z 114.0544) is produced from the breakage of the 

imine bond, and a small fragment (m/z 114.0907) is observed as well, which is produced by 

neutral loss (NL) of trimethylamine (Me3N, M-59) and loss of the NH2-COOH head group. 

Those two specific fragment ions are products that result from both the structure of QAO 

reagent and GGS. Moreover, the MS/MS fragmentation of the GGS-QAO from proline 

oxidation yielded the same abundant fragment ions. To quantitate the GGS-QAO, the 

summation of both ion signals was used. Figure 4.6b shows the high resolution fragmentation 

ion extraction of m/z 114.0544 using an isolation window of 0.05 for four samples, arginine 

oxidation, proline oxidation, plasma control and plasma MCO. The extracted ion 

chromatograms of these four samples shared the same retention time and good specificity is 

observed with minimally interfering ion signals from the complex background, which indicated 

the high reliability of choosing the ion signal at m/z 114.0544 for extraction and quantification 

(Table S1). Figure 4.6c shows the MS/MS fragment ion spectrum of the NFK-QAO standard 

obtained by oxidation of tyrosine, at a collision energy, CE, of 30V. The most abundant 

fragment ions are at m/z 275.1033 and m/z 292.1298. The fragment ion at m/z 292.1298 is 

generated by NL of trimethylamine (Me3N, M-59), while the fragment ion at m/z 275.1033 

resulted from a loss of the amine group and trimethylamine116 . The fragment ion at m/z 

275.1033 was selected for extraction and quantification (Table S1). Figure 6d shows the high 

resolution fragmentation ion extract chromatogram of m/z 275.1033 with an 0.05 isolation 

window width for the tyrosine oxidation, plasma control and plasma MCO. Again, good 

specificity is observed with minimally background interference, which proved the usefulness 

of this fragment ion for quantification of NFK-QAO.
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Figure 4.5 Fragment ion spectrum and high resolution extracted ion chromatogram of GGS-
QAO and KYN-QAO. 

(A) Fragment ion spectrum of GGS-QAO at CE 25eV and proposed structures for fragment 
ion used for 114.0544 (B) from arginine oxidation (blue), proline oxidation (purple), plasma 
under MCO reaction (green) and untreated plasma (organe). (C) Fragment ion spectrum of 
KYN-QAO at CE 30eV and proposed structures for fragment ions used for 275.1033 (D) 

from tyrosine oxidation (orange), plasma under MCO reaction (blue) and untreated plasma 
(purple). 

 

The ratios of these three carbonylated amino acids versus the internal standard FMOC-AAS-

QAO are shown in the Table 2. As seen from the table, the incubation of plasma with the metal-

catalyzed systems significantly increased the contents of three carbonyls. The levels of AAS, 

GGS, and NFK were found to be increased by about ~ 14.9, ~25.4 and ~ 31.1 fold respectively 

(p≤0.001), which resulted from the oxidation of amino acids by hydroxyl radicals. The 

endogenous formation of the same carbonylated amino acids by oxidative stress in vivo was 

assessed in the mouse model of irradiation. The level of AAS was found significantly increased 

about ~1.1 fold (p≤0.01), suggesting a correlation between the formation of carbonyls and 

oxidative stress, while the levels of GGS and NFK showed no significant change. It has been 

reported that, protein carbonylation of mice mitochondria was increased after 40 weeks of 2 

Gy X-ray radiation117 , and a significant increase of protein carbonyls was observed after 0.5 

Gy of gamma radiation in pigs118 . However, these studies cannot provide other details on 

protein carbonyl formation mechanism under irradiation exposure. In our study, we could 

identify significant accumulation of α-AAS in hippocampal tissues from mice after irradiation, 

suggesting enhanced susceptibility for oxidation of lysine. This high resolution MRM based 

assay promises to be useful for characterization and semi-quantitation of carbonylated amino 

acids as markers of oxidative injury associated with vradiation exposure scenarios. 
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4.5 Conclusion 

In this study, we investigated the feasibility of implementing of MRMHR workflow for 

quantification of α-AAS-QAO as an indicator of oxidative stress, and we used it for the 

assessment of the irradiation injury. This method utilized aldehyde/keto moiety derivatization 

with a quaternary aminooxy (QAO) reagent to enable highly sensitive quantification of major 

carbonylated amino acids with a limited amount of individual hippocampal tissues (around 

10mg) without pooling, The introduction of a permant positive charge into the analyte, α-AAS-

QAO, improved the detection sensitivity up to ~ 66.1 fold. The developed method has the 

capability for global detection of α-AAS-QAO without any affinity enrichment step, which is 

a crucial advantage over other analytical methods. Additionally, we developed a multiplex 

MRMHR workflow that is capable of monitoring three carbonylated amino acids from lysine, 

arginine/proline and tryptophan, providing other biomarkers for assessing the level of oxidative 

stress. Our method can also be implemented for monitoring carbonylated amino acids under 

different types and doses of radiation. . 

 

4.6 Abbreviation 

AAS, α-amino adipic semialdehyde; MCO, metal-catalyzed oxidation; GGS, glutamic 

semialdehyde; MRMHR, high resolution multiple reaction monitoring; NFK, N-formyl 

kynurenine; RSD, relative standard deviation; 
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5.1 Abstract 

Recent advances in the field of biodosimetry have shown that the response of biological 

systems to ionizing radiation is complex and depends on the type and dose of radiation, the 

tissue(s) exposed, and the time lapsed after exposure. The biological effects of low dose 

radiation on learning and memory are not well understood. An ion mobility-enhanced data-

independent acquisition (MSE) approach in conjunction with the IsoQuant software tool was 

utilized for label-free quantification of hippocampal proteins with the goal of determining 

protein alteration associated with low-dose whole body ionizing radiation (X-rays, 1 Gy) of 

5.5-month-old male C57BL/6J mice post contextual fear conditioning training. Global 

proteome analysis revealed deregulation of 73 proteins (out 399 proteins). Deregulated proteins 

indicated adverse effects of irradiation on myelination and perturbation of energy metabolism 

pathways involving a shift from the TCA cycle to glutamate oxidation. Our findings also 

indicate that proteins associated with synaptic activity including vesicle recycling and 

neurotransmission were altered in the irradiated mice. The elevated LTP and decreased LTD 

suggest improved synaptic transmission and enhanced efficiency of neurotransmitter release 

which would be consistent with the observed comparable contextual fear memory performance 

of the mice following post-training whole body or sham-irradiation. 

 

KEYWORDS: radiation, hippocampus, label-free quantification, synaptic activity, TCA, 

myelination 
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5.2 Introduction  

The increasing clinical and public health awareness concerning the health effects of ionizing 

radiation continues to stimulate studies for determining the impact of ionizing radiation on 

biological systems. Recent advancements in diverse omics technologies revealed the 

complexity with which biological systems respond to at cellular, organelle and tissue level to 

different radiation exposure scenarios, including type and dose of radiation and time elapsed 

after exposure 119, 120 .  

 

Much radiation research has focused on high-dose exposure and associated tissue injury 

including DNA damage and repair mechanisms. High dose ionizing radiation causes water 

radiolysis and elevated levels of free radicals and reactive oxygen species (ROS) leading to 

DNA double strand breakage, and oxidative modifications of DNA, proteins and lipids 121 . 

Many of the ionizing radiation studies have shown that high dose radiation exposure of brain 

causes loss of cognitive function and memory 122-126 . Neurotransmission networks are highly 

susceptible and sensitive to irradiation 102, 127, 128 . Oligodendrocyte myelination mediates neural 

plasticity by optimizing the performance of the circuitry 129 . High-dose radiation results in 

demyelination caused by death of oligodendrocytes 130, 131 . Persistent demyelination reduces 

the reliability of neurotransmission 132 . Alteration of synaptic plasticity was observed 

accompanied by myelination deficits 133 . We and other have shown that radiation exposure 

causes impairment of hippocampal neurogenesis and cognitive deficits 102, 134, 135 . 

 

However, the biological effects of low dose radiation have been less studied and the 

mechanistic consequences are less well understood 136 . For instance, recent studies indicate 

that low dose (ranging from 0.1 Gy to 0.5 Gy) gamma radiation causes deregulation of 

mitochondrial and synaptic pathways in murine hippocampus and cortex 102 . However, there 

is also increasing evidence that low dosage exposure to radiation may elicit certain adaptive 

responses and resilience including the stimulation of neural stem cell proliferation, the 

neurogenesis of hippocampus and animal learning 137-140 . 

 

The effects of radiation on hippocampus-dependent memory and learning are not well 

understood. We and others have shown that the hippocampus is highly sensitive to radiation. 

Radiation exposure impedes neurogenesis (X-rays, 5 Gy) 141 , disrupts pathways essentials for 

the development of functional dendritic structures (X-rays, 1 Gy) 134  in the hippocampus and 
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synaptic signaling pathways (gamma, 1 Gy) 102 . Exposure to low levels of ionizing radiation 

causes impairment of hippocampal-dependent functions of learning and memory (56Fe-particle, 

1 Gy) 142 . In this context, contextual fear conditioning is frequently used to assess 

hippocampus-dependent memory 143 . Advantages of contextual fear conditioning include the 

ease with which rodents can be trained on this test and the use of translational fear conditioning 

tests in humans 144 . Most radiation studies involve irradiation exposure prior to fear learning. 

However, we recently reported that post-training whole body irradiation (28Si, 1 Gy) of 9-week-

old mice showed effects on synaptic plasticity and unexpectedly increased hippocampus-

dependent contextual freezing levels. The molecular mechanisms associated with these 

functional enhancements remain unclear 145 . 

 

This study is an extension of this previous work with the aim to develop and apply a 

quantitative proteomics workflow that would allow determining the protein networks and 

pathways that are responsive to low dose (1 Gy) ionizing radiation post contextual fear 

conditioning training. For this purpose we utilized and evaluated a label-free comparative 

proteomics approach utilizing a data-independent acquisition (DIA) mode, namely the MSE 

mode available on Waters Q-TOF instruments 146 . The MSE acquisition technique was chosen 

over the data-dependent acquisition (DDA) mode due to its superiority in providing accurate 

and precise quantification of precursor ion signals resulting in an improved dynamic range for 

label-free proteome quantifications 34 . In the MSE acquisition mode the mass spectrometer 

alters between a low energy (MS) acquisition mode, which provides exact mass information 

and ion signal for the precursor ions, and an elevated energy (E) mode of acquisition, which 

functions as a data-independent fragmentation approach yielding accurate mass and intensity 

information for fragment ions 146 . In the current study ion mobility separations of the precursor 

ions was combined with MSE to increase overall peak capacity which ultimately yields higher 

numbers of peptide/protein identifications 35 . The ion mobility enhanced MSE workflow in 

conjunction with the IsoQuant software tool 33  allowed determining estimates of protein levels 

and enabled determination of relative subtle changes in the composition of the hippocampal 

proteome of the C57/Bl6 mice 24 hr after low-dose radiation (1Gy, X-ray) post contextual fear 

conditioning training. Proteins that showed protein abundance changes between the sham-

radiated and the X-ray radiated mice were functionally annotated. The findings of this study 

provide insights into the mechanisms of response and injury of the hippocampal proteome to 

low-dose radiation post contextual fear conditioning training.  
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5.3 Materials and Methods 

5.3.1 Animals 

Five and a halve-month-old male C57Bl6/J wild-type mice (n =10) purchased from the Jackson 

Laboratory (Bar Harbor, ME) were used for this study. The mice were housed under a constant 

12 h light: 12 h dark cycle. Food (PicoLab Rodent Diet 20, no. 5053; PMI Nutrition 

International, St. Louis, MO) and water were provided ad libitum. All procedures were 

approved by Institutional Animal Care and Use Committee at the Oregon Health & Science 

University (Portland, Oregon).   

5.3.2 Contextual fear conditioning, irradiation of animals and recall testing of conditioned 

fear 

The mice were cognitively trained in a contextual fear conditioning paradigm, involving a five-

shock paradigm, consisting of 2 s 0.7 mA shocks, separated by 2 min inter-shock-intervals (ISI), 

with the first shock at 118 s from the beginning of the trial. The total length of the training 

session was 10 min. Two hours after training, all mice were brought to a room within the animal 

facility containing an X-ray irradiator (Rad Source RS2000 Biological Research Irradiator, 

Suwanee, GA). Half of the mice (n = 5) were placed in a new mouse cage fitting in the irradiator 

and received whole body irradiation at a dose of 1 Gy (dose rate: 1.25 Gy/min). This dose of 

irradiation was selected as it affected fear memory in 4-week-old mice (unpublished 

observations). The other half of the mice (n = 5) were placed in a new mouse cage and received 

a sham-irradiation procedure by being placed into the new cage for the same duration of time. 

The mice were assigned to the experimental group (irradiated or sham-irradiated) by repeated 

random sorting until all initial variables were equal between the groups. After fear-conditioning 

training, and prior to irradiation, mice were randomly sorted until all initial values (body-

weight, baseline-freezing, freezing levels after acquisition, etc.) were not significantly different 

between groups. The next day, or 24 h after irradiation, the mice were tested for recall of 

conditioned fear. All freezing data were analyzed using Med Associates software, as previously 

described 147 . The software analyzes freezing based on a proprietary algorithm scoring with 

freezing defined as no movement except respiration. Two hours after the contextual test, the 

mice were sacrificed by cervical dislocation. The hippocampus was dissected and stored on dry 

ice till further processing.  

 

5.3.3 Chemicals 
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Lysis buffer (7M urea, 2M thiourea, 4% CHAPS, 70mM DTT and protease inhibitor cocktail), 

dithiothreitol (DTT), SDS, iodoacetamide, ammonium bicarbonate were obtained from Sigma 

(St Louis, MO). Sequencing-grade trypsin and protease MAX solution were purchased from 

Promega (Madison, WI). Protease inhibitors cocktails were purchased from Roche (Mannheim, 

Germany). Coomassie (Bradford) protein assay kit was obtained from Pierce (Rockford, IL). 

[Glu1]-fibrinopeptide B ([Glu1]-Fib) and Saccharomyces cerevisiae enolase digest were 

obtained from Waters (Milford, MA). All solutions were prepared using MS-grade water from 

J.T Baker (Center Valley, PA).  

 

5.3.4 Sample preparation 

Each sample was prepared from the hippocampus of the left brain hemisphere of each mouse. 

For the proteomics study, hippocampal tissues were sonicated in the lysis buffer using 5 bursts 

of 7 seconds; each burst was followed by a 30s-suspension in ice. The hippocampal tissue 

preparations were centrifuged for 30 min at 14,000 g to obtain soluble fractions. Lysis buffers 

were supplemented with a protease inhibitor cocktail to prevent protein degradation by 

endogenous proteases. All steps were performed either at 4°C or on ice. Total protein amounts 

in the soluble fractions were determined using the Bradford assay.148  Proteins were reduced, 

alkylated and trypsinized at 1:25 (v/w) ratio for 18 h according to the manufacturer’s protocol 

(Promega). The reactions were stopped by adding 0.5% trifluoroacetic acid and dried under 

vacuum. Prior to LC-MS analysis, peptides were dissolved in 3% acetonitrile and 0.1% formic 

acid, and spiked with an enolase internal standard27  to minimize technical variability 

originating from LC injection, spray stability, ionization efficiency, sample matrix and other 

factors. For each LC-MS analysis, a 1 µL LC injection was performed, resulting in the loading 

of 1 µg of protein and 100 fmol of enolase onto the column.  

 

5.3.5 Liquid chromatography−mass spectrometry analysis  

Tryptic peptides were analyzed in triplicate using a nanoAcquity UPLC coupled to a Synapt 

G2 HDMS mass spectrometer (Waters, Milford, MA). Peptides were separated on a BEH 130 

C18 100 µm × 100 mm column with a particle size of 1.7 µm (Waters). Water containing 0.1% 

(v/v) formic acid was used as the mobile phase A and acetonitrile (ACN) containing 0.1% (v/v) 

formic acid was used as the mobile phase B. Peptides were eluted with a gradient of 3% - 40% 

mobile phase B over 30 min at a flow rate of 400 nL/min. The composition of B increased up 
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to 90% in another 1 min and remained so for 5 min. Further, the composition of B solution 

reduced to 3% in 1 min and was maintained so for the last 20 min of the analysis.  

 

The eluting peptides were analyzed in the positive ionization mode using the data-independent 

MSE mode in combination with ion-mobility separation (a.k.a. high definition mass 

spectrometry (HDMS)). The capillary voltage was set at 3.0 kV, and the source temperature 

was set at 100 °C. The instrument was tuned for resolution of 18,000 and instrument settings 

are listed in Table CS1. Mass spectra were acquired in the MSE mode alternating between a 

low energy scan (6 eV) to obtain peptide precursor information and a high energy scan 

(ramping from 27 to 45 eV) to acquire fragment ion information. Scan time was set at 0.9 s. 

The data were post-acquisition lockmass-corrected based on the doubly charged ion of [Glu1]-

Fib ([M+2H]2+, m/z 785.8426). For lockmass acquisition, a [Glu1]-Fib solution of 100 fmol/μL 

at a flow rate of 5 μL/min was infused and a low-energy scan was acquired every 60 s 

throughout a run. External calibration of the TOF analyzer was performed using NaI solution 

over the range of m/z 50 to 2000. 

 

5.3.6 Processing of label-free quantitative proteomic data  

The data analysis strategy is outlined in Figure 5.1. LC-HDMS data were processed using the 

Protein Lynx Global SERVER version 2.5.2 (Waters). The following processing parameters 

and their respective settings were used: chromatographic peak width and MS TOF resolution, 

automatic; low-energy threshold, 100 counts; elevated energy threshold, 10 counts; intensity 

threshold, 750 counts. The following search criteria were set for peptide identification: (i) 

trypsin as digestion enzyme, (ii) variable carbamidomethylcysteine and methionine oxidation 

as modifications, and (iii) minimum three identified fragment ions. The ‘‘OK filter’’ was used 

to obtain high confidence identification results. 
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Figure 5.1 Workflow and data analysis strategy employed in the label-free proteomics study 
to determine differentially regulated proteins in the sham vs. irradiated group. 

Hippocampal protein extracts were trypsinized and subjected to nanoUPLC-IMS-MSE. 
MassLynx in conjunction with PLGS 2.5 was used for peak extraction, detection and 

database search; ISO-Quant for protein quantification and for isoform/homology filtering; 
Perseus for statistical analysis; and other bioinformatics tools for protein interaction analysis 

and network construction. 
 

Data were post-processed using the software package ISO-Quant by performing retention-time 

alignment, peak clustering and annotation, peptide FDR filter, protein isoform/homology filter, 

peak intensity normalization, peptide/protein quantification, and protein FDR filter 33 . Within 

ISO-Quant, the cluster annotation of the peptide-level FDR was set to 1%, and only proteins 

identified by at least two peptides (minimum length: six amino acids) were used resulting in an 

0.27% FDR on protein levels for all datasets 149 . In the final dataset, only proteins identified in 

at least two out of three technical replicates as well as three out of five biological replicates 

were included. 

 

5.3.7 Western blotting analysis 

The hippocampal protein extract was used for SDS PAGE and subsequent Western blotting. 

Twenty-five microgram of protein were separated on SDS-PAGE (Bis-Tris-Plus, 4-12%) gels 

and transferred to a PVDF membrane. Membrane blots were blocked in Tris-buffered saline 

containing 0.1% Tween 20 (TBST) and 5% bovine serum albumin (BSA). The membrane was 

incubated with primary antibody (CaMKII, Life Technologies, #A14012 and MBP Millipore, 

#AB980) diluted in 1% BSA-TBST (1:1000) solution overnight at 4ºC. The blots were washed 

and incubated with a donkey anti-rabbit secondary antibody (1:10,000, Santa Cruz, # sc-2004). 

All membranes were next incubated in ECL reagent according to the manufacturer's 

instructions (Thermo Scientific, #32106) and exposed to autoradiography film. Gel and blot 
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images were quantified using the Image J quantification software (National Institutes of 

Health). The assay was repeated by three biological replicates.  

 

5.3.8 Bioinformatics analysis  

To construct the hippocampal proteome network, protein IDs were uploaded to STRING, 

Search Tool for the Retrieval of Interacting Genes (http://www.string-db.org) 150 . The protein 

interaction score were extracted and re-visualized by the free open-source platform Cytoscape 

3.2.1 (http://www.cytoscape.org/) 151 . The dataset were exported to Perseus (Version 1.4.1.3) 

and transformed to the logarithmic scale (log2) for statistical analysis. Log transformation is 

the most popular method used to transform skewed data to normality, increasing the validity of 

the associated statistical analysis 152 . The regulation of proteins with p value <0.05 were 

considered as significantly different in this dataset. The gene ontology of the deregulated 

proteins was analyzed using the PANTHER bioinformatics tools (http://www.pantherdb.org) 

for functional annotation. A detailed analysis of the functional interaction and biological 

pathway was performed using the Ingenuity pathway analysis (IPA) software 

(http://www.ingenuity.com) 153 . 

 

5.4 Results 

5.4.1 Cognitive performance  

Figure 5.2 shows the freezing levels of the sham-irradiated and irradiated mice during the 

contextual fear memory test. There was no effect of irradiation (2-tailed t-test; p = 0.8606, t = 

0.1813) and the freezing levels were comparable in the two groups. 

 

 



96 

 

 

 

Figure 5.2 Comparable contextual fear memory in 5.5-month-old mice one day following 
post-training sham-irradiation or whole body X-ray irradiation (1 Gy) 

 
5.4.2 Radiation-induced changes in the hippocampal proteome  

We used a label-free quantitative strategy to investigate the radiation-induced changes in the 

hippocampal proteome of mice 24 h post exposure to ionizing radiation (1 Gy) applied after 

training for contextual fear conditioning. Hippocampal tissues from five individual mice were 

used as biological replicates to account for biological variance. As shown in the Venn diagram 

(Figure 5.3A), 400 and 401 proteins were identified in the sham and irradiated group, 

respectively. There was excellent overlap of proteins between the groups with 399 proteins 

identified in both groups. We evaluated the overall quality of the label-free proteomics datasets. 

After log2-transformation of the intensity of each protein, the coefficient of variation (CV) of 

each protein was calculate and plotted (Figure CS1A). The median values of the technical 

coefficient of variation (CV) obtained from the sham and irradiated groups of all quantified 

proteins were 0.99%. In comparison, the median CV values for biological replicates were 1.6% 

and 1.3% for the sham and irradiated group, respectively (Figure CS1B). The majority of 

proteins (over 70%) were identified by at least four peptides, 25% by 10 or more (Figure 5.3B). 

The dynamic range of identified proteins in the two groups spanned over four orders of 

magnitude. The protein with the highest abundance was an isoform of V-type proton ATPase 

with 115,571 ppm of all the proteins. The protein with the lowest abundance was 

Ca2+/calmodulin dependent protein kinase type II (CaMKII), subunit delta, with 5 ppm of all 

proteins (Figure 5.3C).  
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Figure 5.3 Global hippocampal proteome profiling  

(A) Venn Diagram of the number of hippocampal proteins identified in both groups, sham 
(buff color) vs. irradiated (light blue color). (B) Pie chart of percentage of proteins according 

to numbers of peptides used for protein identification (range of numbers of peptides in 
brackets). (C) Dynamic range of detected mouse hippocampal proteins. The dynamic range of 

identified proteins across all fractions spanned over four orders of magnitude. (D) Protein 
network compiling proteins that constitute major functional subgroups of the hippocampal 

proteome. Nodes with shared colors are defined as belonging to two or more subgroups. The 
gray nodes are proteins that did not fall into any of the major subgroups. The proteins that 

compose the functional subgroups are listed in Table CS2. 
 

We used the STRING database to construct a protein interaction network to functionally 

organize the proteins identified in the proteomics dataset (Figure 5.3D). The major functional 

subgroups are highlighted by different colors. The top three subgroups comprised proteins with 

functions in glycolysis/gluconeogenesis, oxidative stress, and calcium regulation and signaling. 

Some proteins were shared by two or three groups. An example is mitogen-activated protein 

kinase (MAPK), which was the hub protein of calcium regulation and signaling, endocytosis 

and synapse synthesis. Table CS2 shows a compilation of the subset of proteins and their 

functional categorizations. 

 

To investigate the proteome changes caused by irradiation, the fold changes of the protein 

abundance estimates of the irradiated group versus sham group were evaluated. ISOQuant 

quantification used annotated exact mass retention time (EMRT) tables and unique peptides for 

TOP3 quantification instead of only peptides identified directly by PLGS in the respective 
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workflow. 33  Figure 5.4 shows the volcano plot for the distribution of p values versus log2(FC) 

calculated for the 399 proteins that were common to both groups.  

 

 

Figure 5.4 Volcano plot of protein abundance changes caused by irradiation using a label-free 
quantification approach 

The ratios of irradiated versus sham were calculated as log2(fold change) and shown on the 
x-axis. The y-axis represents the –log10(p-value). Proteins that fall above p <0.05 (above 1.3 
on the volcano plot, dashed line) are considered as proteins with significant changes. Among 

them, 56 proteins were up-regulated and 17 proteins were down-regulated. 
 

The y axis represents the negative logarithm (log10) of p values and the x axis represents the 

logarithm (log2) of fold changes. The dashed line shows the cut-off of 0.05 to define the 

significantly differential regulation of proteins between groups. Overall, 73 proteins (shown 

above the dashed line) were considered as significantly deregulated in irradiated tissues, as 

compared to sham-irradiated tissues. The differently regulated proteins are compiled in Table 

5.1. The abundance estimates of 17 proteins (23%) were down-regulated and those of 56 (77%) 

proteins were up-regulated. The fold change distribution of the proteins quantified in this study 

ranged from 0.56 (down-regulated) to 1.7 (up-regulated).  

 

5.4.3 Protein pathways and networks perturbed by irradiation 

The molecular function analysis revealed that, catalytic activity represented the largest group 

in both up-regulated and down-regulated proteins, while translation regulator activity and 

transporter activity were two groups exclusively found in up-regulated proteins. The proteins 

involved in these two groups were mostly carrier proteins and channel proteins. The myelin-
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associated protein Mag was exclusively defined as the “function of receptor activity” among 

the down-regulated proteins (Figure CS2A). The biological process analysis revealed that 

metabolic processes and cellular processes were two dominant groups in both up-regulated 

proteins and down-regulated proteins (Figure CS2B). Cellular compartment analysis showed 

that most up-regulated proteins were associated with the mitochondrial and plasma membranes, 

while the down-regulated proteins were associated with the cytosol and cytoskeleton (data not 

shown). The proteins classified by molecular function and biological processes are compiled 

in Table CS3.  

 

In order to better understand the functional consequences of radiation exposure on the 

hippocampal biology, we evaluated to which protein networks the proteins that displayed 

deregulation were associated with. The analysis of the protein interactions showed three 

distinct but interconnected clusters of proteins, that were named based on the annotation of the 

proteins and prior citations in the literature (Figure 5.5): (1) energy metabolism (mainly 

tricarboxylic acid cycle (TCA) cycle), (2) calcium-dependent synaptic plasticity, and (3) 

myelination. The accession numbers, gene names and corresponding fold changes are listed in 

Table 5.1.  
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Figure 5.5 The STRING protein network shows three distinct but interconnected clusters of 
proteins that are associated with (a) energy metabolism, (B) calcium-dependent synaptic 
plasticity, and (C) myelination 

Red/pink nodes represent proteins that increased their amounts as a consequence of radiation 
exposure, dark/light green represents those that decreased. The intensity of a node is 

proportional to the fold change between conditions (irradiated versus sham). The width of a 
line connecting proteins represents the strength of the proteins interaction, as extracted from 

STRING software 
 

To gain a better understanding of the signaling pathways and networks affected by irradiation, 

we used the IPA software to analyze the deregulated proteins. The analysis revealed that the 

networks “molecular transport,” “cell-to-cell signaling and interaction,” and “cellular assembly 

and organization” were the most significantly affected networks after irradiation (Figure CS3, 

Table CS6). The IPA analysis also showed that the canonical pathways “TCA cycle”, “nNOS 

signaling in neurons”, and “endocytic pathways” were significantly affected after irradiation. 

Compilation of the top 20 canonical pathways of the significantly regulated proteins provided 

several overlapping and interconnected pathways that were mainly involved in metabolic 

activity and cellular signaling (Table CS7). In addition, IPA also suggested that PPARα/RXRα 

activation, DNA checkpoint regulation, and mitochondrial dysfunction were the main targets 

of radiation-induced cellular changes (Table CS8). Furthermore, the IPA predicted that the 

transcriptional factors MYRF and mTOR were inhibited by irradiation.  
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Table 5.1 List of 73 proteins that showed significant abundance level changes in the sham vs. irradiated group. 

 

Accession 
number 

Protein name Gene name Average 
(fmol) a 

No of 
peptide b 

Fold 
change c 

P-value 
category d 

 Energy Metabolism      

Q8BMF4 Dihydrolipoyllysine residue 
acetyltransferase component of 

pyruvate dehydrogenase complex, 
mitochondrial 

Dlat 84 16 1.12 ** 

G3UVV4 Hexokinase 1 isoform  Hk1 114 24 1.1 * 
Q99KI0 Aconitate hydratase mitochondrial Aco2 684 24 0.77 * 
A2AKV1 ATP synthase subunit gamma 

mitochondrial  
Atp5c1 129 6 1.04 * 

P08249 Malate dehydrogenase 
mitochondrial 

Mdh2 1046 10 1.15 ** 

P06745 Glucose 6 phosphate isomerase Gpi 401 20 1.15 *** 
Q9D2G2 Dihydrolipoyllysine residue 

succinyltransferase component of  
2-oxoglutarate dehydrogenase 

complex, mitochondrial 

Dlst 52 6 1.16 * 

Q91VA7 Isocitrate dehydrogenase [NAD+] 
subunit mitochondrial 

Idh3b 109 11 0.91 * 

P35486 Pyruvate dehydrogenase E1 
component subunit alpha, somatic 

form, mitochondrial 

Pdha1 149 5 1.07 * 

P05202 Aspartate aminotransferase, 
mitochondrial 

Got2 395 16 1.11 ** 

 Calcium-dependent synaptic 
plasticity 

     

Q9R0N5 Synaptotagmin-5 Syt5 419 7 1.12 * 
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P28663 Beta-soluble NSF attachment 
protein 

Napb 94 14 1.12 * 

P63044 Vesicle-associated membrane 
protein 2 

Vamp2 475 4 1.19 * 

Q3TXX4 Vesicular glutamate transporter 1 Slc17a7 232 6 1.77 *** 
D3Z7R4 Synaptotagmin-1  Syt1 71 7 1.14 ** 
O88935 Synapsin-1 Syn1 580 23 1.15 * 
P63011 Ras-related protein Rab-3A Rab3a 400 7 1.18 * 
P11798 Calcium/calmodulin-dependent 

protein kinase type II subunit alpha 
Camk2a 1015 18 1.41 ** 

Q3UKW2 Calmodulin Calm1 1719 11 0.89 * 
P63328-2e Isoform 2 of Serine threonine 

protein phosphatase 2B catalytic 
subunit alpha isoform (missing 

residue 448-457) 

Ppp3ca 288 12 1.21 * 

P68510 14-3-3 protein eta Ywhah 227 11 1.13 * 
P62259 14-3-3 protein epsilon Ywhae 554 16 0.79 * 
Q61644 Protein kinase C and casein kinase 

substrate in neurons protein 1 
Pacsin1 137 7 1.09 * 

Q68FD5 Clathrin heavy chain 1 Cltc 376 56 1.12 * 
Q3TWV4 AP-2 complex subunit mu Ap2m1 92 7 1.31 ** 
P39053 Dynamin-1 Dnm1 324 35 1.15 * 
A2ALV3 Endophilin-A1 Sh3gl2 157 10 0.76 ** 
E9Q9A3 Clathrin coat assembly protein 

AP180 
Snap91 71 8 1.17 * 

Q99PT1 Rho GDP-dissociation inhibitor 1 Arhgdia 105 4 0.94 * 

 Myelination      

P20917-2e Isoform S-MAG (Myelin associated 
glycoprotein) 

Mag 73 6 0.67 ** 

P04370-14e Myelin basic protein, isoform 13 Mbp 2793 11 0.88 * 
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Q61885 Myelin-oligodendrocyte 
glycoprotein 

Mog 92 4 0.74 * 

P16330-2e Isoform CNPI of 2’,3’ cyclic 
nucleotide 3’ phosphodiesterase  

Cnp 557 20 0.77 * 

P60202 Myelin proteolipid protein Plp1 1739 6 0.74 * 

 Others      

Q9CQZ5 NADH dehydrogenase [ubiquinone] 
1 alpha subcomplex subunit 6 

Ndufa6 149 4 1.17 *** 

Q3TXX4 Vesicular glutamate transporter 1 Slc17a7 232 6 1.77 *** 
Q9D0K2 Succinyl-CoA:3-ketoacid coenzyme 

A transferase 1, mitochondrial 
Oxct1 96 8 1.15 *** 

Q3TWV4 AP 2 complex subunit mu Ap2m1 92 7 1.30 ** 
A1BN54 Alpha actinin 1a Actn1 35 8 1.26 ** 
E9PUL5 Proline rich transmembrane  

protein 2 
Prrt2 67.19 3 1.19 ** 

P57780 Alpha-actinin-4 Actn4 114 12 1.25 ** 
P97300-3e Isoform 3 of Neuroplastin Nptn 94 5 1.17 ** 
G5E829 Plasma membrane calcium-

transporting ATPase 1 
Atp2b1 157 19 1.18 ** 

Q8BH59 Calcium binding mitochondrial 
carrier protein Aralar1 

Slc25a12 108 20 1.12 ** 

P16858 Glyceraldehyde-3-phosphate 
dehydrogenase 

Gapdh 2872 13 1.07 ** 

P43006-3e Isoform Glt 1B of Excitatory amino 
acid transporter 2 

Slc1a2 926 6 1.24 ** 

E9Q579 Mitochondrial glutamate carrier 1 Slc25a22 47 4 1.23 ** 
G3UYZ1 Immunoglobulin superfamily 

member 8 
Igsf8 26 3 0.86 ** 

F6QPR1 Prohibitin-2 (Fragment) Phb2 34 3 1.10 * 
Q9Z1S5-2e Isoform 2 of Neuronal-specific 

septin-3 
SEPT3 41 3 1.12 * 
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P31786 Acyl-CoA-binding protein Dbi 219 3 0.85 * 
Q9D172 ES1 protein homolog, 

mitochondrial 
D10Jhu81e 101 3 1.11 * 

Q8VDN2 Sodium/potassium-transporting 
ATPase subunit alpha-1 

Atp1a1 219 29 1.09 * 

P55258 Ras-related protein Rab-8A Rab8a 72 7 1.79 * 
Q922F4 Tubulin beta-6 chain Tubb6 35 13 0.55 * 
Q9QYG0-2e Isoform 2 of Protein NDRG2 Ndrg2 120 6 0.92 * 
P05064 Fructose-bisphosphate aldolase A Aldoa 1200 16 1.11 * 
P46660 Alpha-internexin Ina 132 18 0.74 * 
E9Q453 Tropomyosin alpha-1 chain Tpm1 66 4 1.07 * 
P11499 Heat shock protein HSP 90-beta Hsp90ab1 211 19 1.10 * 
P35802 Neuronal membrane glycoprotein 

M6-a 
Gpm6a 625 3 1.14 * 

P18872 Guanine nucleotide-binding protein 
G(o) subunit alpha 

Gnao1 611 10 1.11 * 

Q3UHL1 CaM kinase-like vesicle associated 
protein 

Camkv 82 9 1.25 * 

P51881 ADP/ATP translocase 2 Slc25a5 227 11 1.16 * 
P08752 Guanine nucleotide binding protein 

G(i) subunit alpha-2 
Gnai2 38 6 0.88 * 

G3UX26 Voltage-dependent anion-selective 
channel protein 2 (Fragment) 

Vdac2 187 7 1.06 * 

P00405 Cytochrome c oxidase subunit 2 Mtco2 445 4 1.16 * 
P59999 Actin-related protein 2/3 complex 

subunit 4 
Arpc4 44 4 1.21 * 

P40124 Adenylyl cyclase-associated  
protein 1 

Cap1 75 6 1.15 * 

D3YVA2 Neurocalcin-delta (Fragment) Ncald 114 5 1.17 * 
Q6P1J1 Crmp1 protein Crmp1 132 11 1.22 * 
Q8BFR5-2e Isoform 2 of Elongation factor Tu, Tufm 42 4 1.08 * 
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mitochondrial 

 
a Abundance level estimate based on the use of 100 fmol yeast enolase digest as internal standard spiked in prior to LC-IMS MSE analysis 
b average number of reported peptide for protein identification 
c fold change was calculated based on the intensity of same protein in irradiated group versus the sham group 
d* p-value<0.05, ** p-value<0.01, *** p-value<0.001 
e putative identification; isoforms produced by alternative splicing. Note of caution, non-detection of peptides does not allow assignment of distinct 

isoforms per se
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Western blotting analysis was used to validate the mass spectrometry-derived protein estimates. 

Calcium/calmodulin-dependent protein kinase II (CaMKII) and myelin basic protein (MBP) 

were selected as representatives for the subgroup of proteins reporting on Calcium-dependent 

synaptic plasticity and myelination (Table 5.1), respectively. Figure 6A shows the 

representative western-blot of CaMKII and reference protein actin. The elevated levels of 

CaMKII in the irradiated group (FC 1.2, n=3) is consistent with the findings from the proteomic 

dataset (Table 5.1, FC 1.4, p < 0.01). Figure 6B shows the representative western-blot of MBP 

using actin as reference protein. The decreased levels of MBP in the irradiated group (FC 0.74, 

n=3) indicates down-regulation of MBP and this result is close to the findings obtained from 

the proteomic dataset (Table 5.1, FC 0.88, p < 0.05). However, the results from the Western 

blots for both CaMKII and MBP show higher CV values for the biological replicates, compared 

with the proteomic data.  

 

  

Figure 5.6 Western-blotting analysis of representative proteins identified by IMS-enhanced 
MSE. 

Western blotting analysis of CaMKII (A) and MBP (B) expression levels in the hippocampal 
tissues. Left panel: Hippocampal protein lysate was loaded onto a SDS-PAGE gel and probed 
with antibody against CaMKII and MBP. β-actin was also measured as loading control and 
used for data normalization; Right panel: bar chart of relative intensity of CaMKII versus β-
actin and MBP versus β-actin. All values are represented as means ± S.D. of three biological 
replicates, * represents p<0.05, ** represents p<0.01.
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5.5 Discussion 

5.5.1 Overall performance of the ion-mobility enhanced MSE-based label-free proteomics 

approach 

The aim of this study was to develop, apply a label-free proteomics approach for determining 

hippocampal proteome changes as the consequences of low-level whole body irradiation (X-

rays, 1 Gy) of mice following a hippocampus-dependent memory test. We used the 

hippocampal tissue of individual mice as biological replicate rather than pooling tissue of 

hippocampi to avoid the “dilution effect” whereby less abundant proteins are pushed under the 

detection limit 154 . We chose an ion-mobility enhanced DIA method, MSE, in conjunction with 

accurate mass high resolution mass spectrometry to take advantage of the quantification 

capability of the MSE method, which is particularly beneficial for determining abundance 

estimates for low abundant proteins 155 . In addition, because in the MSE acquisition mode 

precursor ions are subjected to fragmentation without selection bias, MSE provides more 

identification for less abundant proteins 156 . 

 

In a label-free quantitative proteomic study design the inclusion of technical and biological 

replicates is essential for the downstream data analysis. Technical replicates address the 

instrumental noise and error in the measurement with multiple measurements reducing 

uncertainty. Biological replicates address the biological noise from random sampling 154 . 

Multiple biological replicates reduce the biological variability thereby indicating the true effect 

of the treatment. High natural variation among biological individuals interfere with analyzing 

protein expression levels and evaluating the effects of treatment 157 . In this study, five 

biological replicates were available within each group and each sample was injected three times. 

The low median CV values (0.99%) in both the sham and irradiated groups of the technical 

replicates ensured the robustness of the mass spectrometric measurements and the data analysis 

workflow. The biological variance was as low as 1.61% for the sham group and 1.31% for the 

irradiated group. The biological replicates encompass the technical noise in this system. The 

low biological variance ensured a high accuracy (ability to detect changes in expression) in 

assessing differences between the two groups. 

 

5.5.2 Hippocampal proteome alterations 

In this dataset, the proteins that showed fold changes in abundance with p value <0.05 were 
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considered as significantly different without consideration of large fold change cut-offs (i.e. 

larger than 1.5). Stringent fold change cut-offs might alter the data interpretation 158  especially 

for this dataset with small fold changes (ranging from 0.56 (down-regulated) to 1.7 (up-

regulated)). Given the small biological variances in both groups, 1.61% and 1.31% for the sham 

and irradiated group, respectively, the fold changes were accurately evaluated even though the 

biological replicate size was moderate with 5 biological replicates per group. On contrary, the 

p values can be highly affected by the sample size, and we chose the cut-off at 0.05 as 

commonly used in the literature 159, 160 .  

Seventy-three proteins were identified as being significantly deregulated following 1 Gy of 

total body irradiation. The most significantly impacted protein pathway (i.e. with the lowest p 

value) was involved in energy metabolism, i.e. the tricarboxylic acid cycle (TCA cycle) with 

p=2.58E-07. This was consistent with previous reports that the TCA cycle and mitochondrial 

structure and function were affected after exposure to X-ray radiation at 1 Gy 102, 161 . Up to 20% 

of them were associated with calcium-dependent synaptic plasticity. More specifically, they 

were involved in synaptic vesicle recycling, long-term potentiation (LTP) and long-term 

depression (LTD). Multiple significant deregulated proteins indicated impairment of 

myelination. In addition, IPA predicted that PPARα/RXRα activation, DNA checkpoint 

regulation, and mitochondrial dysfunction were main targets of radiation-induced cellular 

changes (Table CS7). Impairment of PPAR activity has been described previously although 

discussed in the context of pathological changes of the heart after high dose X-ray irradiation 

at 8 Gy 162 . 

 

5.5.3 Alteration of proteins associated with energy metabolism pathways 

The two bioinformatics analysis tools (IPA and STRING) predicted that the TCA cycle was 

significantly affected following radiation exposure. The TCA cycle is composed of a set of 

eight enzymes involved in oxidation of acetyl-CoA, which can be generated through glycolysis 

and fatty acid β oxidation. Figure 5.7 illustrates the TCA cycle and other interactive pathways. 

Four enzymes in this cycle, isocitrate dehydrogenase (Idh), aconitase (Aco2), 

dihydrolipoyllysine-residue succinyltransferase (Dlst) from the ketoglutarate dehydrogenase 

(Ogdc) complex, and malate dehydrogenase (Mdh1), showed significant protein level changes . 

The ratio of proteins with significant changes was up to 0.25 of all enzymes involved in TCA 

cycle. Idh generates the 5-carbon ketoglutarate (KG) from isocitrate by decarboxylation. This 
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is the rate-limiting step in the TCA cycle, and as such, Idh is considered as playing an important 

role in the regulation of the TCA cycle and maintaining the 2-oxoglutarate level. The cycle is 

completed by reversible oxidation of malate to produce oxaloacetate (OAA) by Mdh. In vivo, 

the OAA is continuously removed by citrate synthase, coupled with the consumption of NADH 

by the respiratory chain, and this event pushes the equilibrium towards favoring malate 

oxidation 163 . Our data suggest that whole body irradiation (1 Gy) diminishes the TCA cycle 

efficiency, which in turn impacts energy supply to support cellular metabolism 164 . 

Consequently, limited energy supply may impose constraints on synaptic transmission and 

information processing within the hippocampus 165  .  

 

5.

 

Figure 5.7 Radiation-induced modulation of proteins associated with energy metabolism 

Enzymes associated with energy metabolism are highlighted in yellow boxes while 
metabolites are underlined. Proteins that showed level changes as a consequence of radiation 
exposure are annotated as follows: up-regulated (red arrow up), down-regulated (green arrow 
down), and even (black equal). Proteins that showed a statistically significant fold change are 

marked with an asterisk. Table CS4 compiles the proteins (uniprot ID, gene name) that 
showed altered expression levels (fold change, p values) upon irradiation. 
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Interestingly, we observed increased abundances of glutaminase (Gls) which suggests that 

oxidation of glutamate is used as an alternative way of providing energy to satisfy intracellular 

ATP requirements 166 . Glutamate is an important substrate in hippocampus to support energy 

metabolism 166 . Glutamate is also critically involved as neurotransmitter in synaptic plasticity 

167  and elevated levels of glutamate would be consistent with the proteome changes observed 

for synaptic plasticity as discussed below. 

 

5.5.4 Alteration of Calcium-dependent synaptic plasticity 

In this dataset, up to 20% of the proteins with significant changes identified here were involved 

in calcium (Ca2+)-dependent synaptic plasticity. Synaptic plasticity is important for storing and 

retrieving information in many brain regions, including the hippocampus, striatum and 

cerebellum 168 . Synaptic plasticity modulates the robustness and flexibility of neuronal 

networks 169 . Synaptic plasticity involves synaptic vesicle (SV) recycling (Figure 5.8A), LTP 

and LTD (Figure 5.8B). 

 

 

 

The SV cycle consists of neurotransmitter loading (exocytosis), recovery (endocytosis), 

refilling, and release from the presynaptic bouton. Both exocytosis and endocytosis are strictly 

regulated, and fluctuation of the number of vesicles and re-filling of SV might affect the amount 

of neurotransmitter released 170 . Following radiation exposure, most of the proteins involved 

in synaptic vesicle (SV) recycling were up-regulated and up to three quarters of the proteins 

identified in this process were significantly changed (Figure 5.8A). The up-regulated proteins 

included the core SNARE complex proteins VAMP2, Syntaxin-1, and SNAP-25 as well as 

other proteins necessary for vesicle fusion such as NSF and the Rab family of GTPase 171 . 

VAMP2 facilitates pore formation and stabilizes fusion intermediates. An absence of VAPM2 

leads to failure of vesicle fusion and a decrease in Ca2+-triggered fusion 172 . Syntaxin is a 

transmembrane protein that has the ability to form a stable complex between VAMP2 and 

SNAP-25 for physiological α-SNAP binding 173 . SNAP-25 is necessary for Ca2+-triggered 

exocytosis in neuronal cells by interacting with other regulatory proteins 174 . All three proteins 

were up-regulated indicating increased SV recycle dynamics.  

 

Furthermore, several of the proteins necessary for the endocytosis of SV from the membrane 
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were identified (Figure 5.8A). The clathrin-mediated endocytosis mechanism carries proteins 

into the cell in the form of vesicles coated on the outside with a clathrin 175 . Key proteins, 

besides clathrin, involved in this event, are the adaptor proteins AP2 and Dynamin-1. They are 

both necessary for SV invagination and fusion with the plasma membrane 176 . Our proteomic 

screen also identified proteins involved in vesicle fission/fusion such as the ARFs (ADP-

ribosylation factors) and Rab proteins, including Rab3, which regulates a late step in synaptic 

vesicle fusion. ARFs are small GTPases regulating the assembly of clathrin coat complexes 177 . 

The multi-subunit vacuolar adenosine triphosphatase (V-ATPase) is critical for 

neurotransmitter release and acidification of the SV lumen 178 . The increased abundance of the 

proteins discussed above indicates an increase in the amount of neurotransmitter release from 

endocytosis resulting in LTP (Figure 5.8B) and this, in turn, might contribute to the comparable 

memory retention of the groups despite other profound effects of irradiation on the 

hippocampal proteome. 
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Figure 5.8 Radiation-induced modulation of proteins associated with synaptic plasticity 
regulated by calcium (Ca2+). 

Proteins higlighted showed changes in abundance as a consequence of radiation exposure. 
The pathway consists of synaptic vesicle (SV) cycle (A) and as well as LTP and LTD (B). 

The majority of proteins involved in SV cycle were up-regulated. Glutamate release mediates 
down-stream effects of LTP and LTD triggered by calcium. Protein level changes are shown 
as up-regulated (red arrow up), down-regulated (green arrow down), and even (black equal). 
Proteins that showed a statistically significant fold change are marked with an asterisk. Table 

CS5 compiles the proteins (uniprot ID, gene name) that showed altered expression levels 
(fold change) upon irradiation. 

 
LTP refers to the long-lasting increase in synaptic strength in response to short periods of 

synapse’s elevated activity (Figure 5.8B). During this event, glutamate activates AMPA-type 

glutamate receptors (AMPARs) triggers a Ca2+-mediated signaling cascade. From our 

quantitative dataset it can be seen that the Ca2+ /calmodulin-dependent protein kinase II 

(CaMKII) alpha was significantly upregulated in the irradiated group (up to 1.41 fold, Table 

5.1) compared to the sham group. The increased abundance of CaMKII alpha was also 

confirmed by Western-blotting (Figure 5.6A). CaMKII has been shown to be essential for 

synaptic plasticity, synaptic organization, LTP as well as LTD 179 . Ca2+ triggers the 

autophosphorylation site of CaMKIIα at Thr286 and increases the affinity of Ca2+/CaM 

dramatically 180 , which, in turn, results in autonomous CaMKIIα activity. The binding of 

CaMKII to the NMDAR increases binding of other proteins that produce the synapse 

enlargement in late LTP. Increased CAMKII activity is essential for the consolidation of long-

term object recognition memory 181 . Genetic deletion of CaMKII leads to a significantly 

reduced LTP induction. In our recent work we showed that 28Si radiation induced cognitive 
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changes and increased the magnitude of LTP in CA1 region of the hippocampus at low doses 

145 . The increased levels of LTP improved synaptic transmission and corresponding 

hippocampal compensation. Our quantitative dataset proved enhanced efficacy of 

neurotransmitter release by up-regulation of all the proteins in the claritin-mediated 

endocytosis process as we discussed above. These findings are consistent and supportive of 

that enhanced neurotransmitter release may function as a compensatory mechanism for other 

radiation effects in concordance to that no memory impairment was observed in the current 

study. 

 

The opposing process of LTP is LTD, which refers to a long-lasting decrease in the strength of 

synaptic transmission (Figure 5.8B). Inhibition of CaMKII has been shown to prevent the 

mGluR-mediated induction of protein synthesis 182 . Besides CaMKII, other phosphatases such 

as protein phosphatase 1 (PP1) and protein phosphatase 2B (PP2B, a.k.a. calcineurin) are also 

required for LTP and LTD. LTP induction is blocked in the presence of PP1/2A inhibitors 183 . 

In addition, a calcineurin inhibitor led to a complete rescue of LTD calcineurin inhibition. This 

may be investigated further as a neuroprotective treatment to stop or slow down synaptic 

alterations. The increased level of PP2B suggests elevated LTP and decreased LTD, indicating 

enhancement of memory acquisition and consolation. Calcium input activates both calcineurin 

and CaMKII at all frequencies, which is in good accordance to the dataset generated in this 

study 184  . 

 

The protein alterations observed for SV recycling, LTP and LTD may point to low radiation-

induced enhancement of synaptic plasticity which would be supportive of our experimental 

finding that irradiation (X-rays, 1 Gy) had little impact on the cognitive performance of the 

adult mice despite indications of deregulation of other processes at the protein level. 

 

5.5.6 Impairment of Myelination 

Myelination dysfunction was indicated by another group of proteins that was significantly 

affected following radiation exposure (Table 5.1). Myelin is a biologically active membrane 

sheath formed by oligodendrocyte. It provides trophic and metabolic support to axons, assists 

energy-efficient salutatory conduction and maintains proper neuronal function 185 . Deposition 

or loss of the myelin sheath results in irreversible axonal degeneration and affects neuronal 

connectivity 186 . Defective myelination, due to either genetic or acquired factors, can lead to 
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neurological diseases including multiple sclerosis 187 , leukodystrophies 188 , and peripheral 

neuropathies 189 . Exposure to high dose of X-ray radiation reduced the numbers of migratory 

neuroblasts, and significantly less brain myelination was observed as well 190 . 

 

In this study, the abundance estimates of four proteins related to myelination, namely myelin 

oligodendrocyte glycoprotein (MOG), myelin proteolipid protein (PLP), myelin associated 

glycoprotein (MAG), and myelin basic protein (MBP) were reduced. Ingenuity Pathway 

Analysis predicted that the myelin regulatory factor (MYRF) was inhibited after radiation 

exposure (Figure CS4). MYRF has been recently identified as a membrane-associated 

transcription factor that specifically activates expression of four myelin genes (e.g. Mog, Plp1, 

Mag and Mbp) during oligodendrocyte (OL) maturation.190  MYRF is highly induced during 

oligodendrocyte differentiation and absent in other central nervous system cell types. 

Conditional ablation of MYRF in mature oligodendrocytes led to a rapid down-regulation of 

myelin gene expression and delayed demyelination.191  The transcripts for the myelin genes, 

Mog, Plp1, Mag and Mbp, were also rapidly down-regulated after ablation, indicating the 

importance of MYRF in myelination.192 . This is in good accordance with our proteomics 

findings. Down-regulation of MBP was described previously but at high doses of irradiation 

(≥10 Gy) 131, 193 . Also, a much higher radiation dose (22 Gy) was used to mimic delayed 

demyelination of the spinal cord following irradiation injury 131 . In our study, the down 

regulation of myelination was observed at a dose of as low as 1 Gy, providing proof for 

irradiation damage on myelination and these effects were seen at a relative early time point (24 

hr post radiation) following exposure to a much lower dose of irradiation.  

 

Other signaling pathways, including ERK1/2 MAPK 194  and Akt/mTOR 195 , are associated 

with myelination regulation as well. Interesting, Akt/mTOR activated by oxidative stress 196  

has the ability to disrupt the TCA cycle, which is consistent with our dataset as discussed above. 
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5.6 Conclusion  

 

This study was designed to investigate the effects of post-training low dose irradiation on the 

hippocampal proteome. We utilized an IMS-enhanced MSE acquisition method for the 

generation of a label-free quantitative proteomic dataset to determine the protein abundance 

level changes in response to the low dose irradiation (1 Gy). The robust IMS-enhanced MSE 

acquisition method in conjunction with IsoQuant software resulted in an accurate quantitative 

proteomic dataset with low median CV values (< 1%) for the technical and for biological 

replicates ( < 2%), which ensured the accuracy of the proteomic findings even if subtle fold 

changes were observed. Overall, the study revealed deregulation of 73 proteins (out of 399 

proteins).  

 

The deregulated proteins indicated adverse effects of irradiation on myelination. Other 

observed protein level changes indicate perturbation of energy metabolism pathways possibly 

involving a shift from TCA cycle to glutamate utilization to cover ATP requirements. Notably, 

level estimates of proteins associated with synaptic activity including vesicle recycling and 

neurotransmission were altered in the irradiated mice. We confirmed these conclusions by 

validating the expression level changes of MBP from myelination pathway and CaMKII from 

synaptic network by western-blotting. Our data suggest that the elevated LTP and decreased 

LTD improved synaptic transmission and enhanced efficiency of neurotransmitter release 

which would be consistent with the observed comparable contextual fear memory performance 

of the mice following post-training whole body or sham-irradiation.  

 

To conclude, our results underscore the importance of conducting low dose radiation 

experiments for illuminating the sensitivity of biochemical pathways to radiation, and the 

modulation of potential repair and compensatory response mechanisms. Our findings may also 

ultimately lead to the design of attenuating strategies for ameliorating hippocampal and CNS 

injury following radiation exposure as part of medical therapies or as a consequence of 

occupational circumstances.  

 

The current study established a robust mass-spectrometry based quantitative proteomics 

workflow which is adaptable to other studies designed for determining the effects of various 

radiation exposures on hippocampus and possible other regions of the brain. This may include 
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future studies to address the potential biological effects of low dose radiation exposure during 

early life stages in which brain maturation takes place and /or studies that may attempt to assess 

the therapeutic strategies to mitigate brain injuries caused by radiation exposure. 

 

 

 

  



117 

 

 

 

 

ACKNOWLEDGEMENTS 

This work was supported in part by NIH grants P30ES000210, S10RR025628, and 

T32AA007468, NASA Grants #NNX10AD59G and #NNJ12ZSA001N and the development 

account of Dr. Raber.  

 

5.7 Abbreviation 

Aco2, aconitase; AMPAR, AMPA-type glutamate receptor; ARFs, ADP-ribosylation factors; 
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Table AS1 Peptides identified by HNE modification in MSE analysis. 

 
N
o 

Sequence modification charg
e 

[M+H]
+ 

precurs
or (m/z) 

1 VIHDHFGIVEGLMTTVHAITA
TQK 

H3/H5(HNE), 
M13(oxidation) 

4+ 2790.4
9 

698.89 

2 VIHDHFGIVEGLMTTVHAITA
TQK 

H3/H5(HNE) 4+ 2774.5 694.88 

3 VIHDHFGIVEGLMTTVHAITA
TQK 

H3/H5, H17(HNE) 4+ 2930.6
1 

733.66 

4 VIHDHFGIVEGLMTTVHAITA
TQK 

H3/H5,H17(HNE), 
M13(oxidation) 

4+ 2946.6
1 

737.66 

 VIHDHFGIVEGLMTTVHAITA
TQK 

H3/H5(HNE), 
M13(oxidation) 

3+ 2790.4
9 

931.51 

5 FHGTVK H2(HNE) 2+ 843.48 422.75 
6 VPTPNVSVVDLTCR C13(HNE) 2+ 1654.9

1 
828.45 

7 VIISAPSADAPMFVMGVNHEK H19(HNE), M12, 
M13(oxidation) 

3+ 2400.2
1 

801.08 

8 VVDLMVHMASKE H7(HNE),M5, 
M8(oxidation) 

3+ 1545.7
8 

516.26 
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Figure AS1:Tandem mass spectrum of the precursor ion with m/z 698.89 ([M+4H]4+) 
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Figure AS2: Completely fragmented precursor ion (m/z 698.89 ([M+4H]4+) in trap cell 
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Figure AS3: ECD spectrum of C3*AA and AC5*A mixture 
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Table BS1: Chemical structures, possible fragmentation patterns and mass accuracies of 
analytes 

 

Analyte Fragments Mass accuracy 

(ppm) 

α-AAS-QAO 

 

12.5 

 

 

9.3 

FMOC-AAS-

QAO 

 

16.8 

 

 

14.4 

GGS-QAO 

 

-5.3 

 

 

-5.3 

NFK-QAO 

 

2.5 

 

 

2.1 

  

NH2 COOH

N
O
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Figure BS1: Stability of α-AAS-QAO in three QCs (spiked with plasma matrix) at different 
time points.  

(a) Absolute peak areas of AAS-QAO at 4 °C for 8h and -80 °C for 2 weeks. (b) Peak area 
ratio of α-AAS-QAO to internal standard FMOC-AAS-QAO Figure S2: Abundances of α-

AAS-QAO in CD1 mice hippocampal tissue. (a) Bar chart of abudnances of α-AAS-QAO in 
individual hippocampal tissues. (b) C.Vs of analytical and biological replicates (c) Average 

abundances of α-AAS-QAO in sham and irradiation hippocampal tissues. ( S represents sham 
and IR represents irradiation) 
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Figure BS2: Abundances of α-AAS-QAO in CD1 mice hippocampal tissue.  

(a) Bar chart of abudnances of α-AAS-QAO in individual hippocampal tissues. (b) C.Vs of 
analytical and biological replicates (c) Average abundances of α-AAS-QAO in sham and 
irradiation hippocampal tissues. ( S represents sham and IR represents irradiation) 
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Table CS1: Synapt G2 HDMS instrument settings used for the ion-mobility-MSE mass 
spectrometric analysis. 

 
 

Capillary voltage (kV) 3.0 

Source temperature () 100 

Sampling cone 4.0 

Source gas flow (mL/min) 250 

Desolvation temperature () 250 

Cone gas flow (L/Hr) 50.0 

Nanoflow gas pressure (Bar) 250 

Purge gas flow (mL/h) 250 

Desolvation gas flow (L/Hr) 250 

LM resolution 4.7 

HM resolution 19.9 

Trap gas flow (mL/min) 2.0 

Helium cell gas flow  180.0 

IMS gas flow (mL/min) 90.0 

Reference scan frequency (sec)  60 

Lockspray capillary (kV) 3.0 

Function parameters – Function 1 

Trap collision energy (eV) 6.0 

Transfer collision energy (eV) 0.0 

Maintain mobility separation YES 

Function parameters – Function 2 

Using auto trap MS collision energy (eV) 4.0 

Transfer MS collision energy low (eV) 20.0 

Transfer MS collision energy high (eV) 45.0 

Maintain mobility separation YES 

Function parameters – Function 3 (Lock mass) 

Using auto trap MS collision energy (eV) 4.0 

Using auto transfer MS collision energy (eV) 0.0 

Maintain mobility separation YES 
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Table CS2: List of a subset of hippocampal proteins grouped in categories based on STRING 
functional annotations: 

 
 

Categorya Color Gene ID 

Oxidative 

phosphorylation 

 Ndufv2, Cox5b, Atp8v0c, Ndufa13, Uqcrc1, Cox7a2, 

Ndufa4, Uqcrfs1, Atp5l, Cox8a1, Atp5k, Atp5f1, 

Atp5j2, Atp8v1g2, Ndufs1, Atp5d, Gm6250, Uqcrc2, 

Atp8v0a1, Atp8v1a, Cox4i1, Atp5c1, Cyc1, 

Atp8v0d1, Atp5j Atp5b, Ndufb8, Ndufb4, Cox5a, 

Atp5a1, Atp8v1b1, Atp8v1b2, Atp8v1h, Atp8v1e1, 

Ndufa8, Atp8v1f, Ndufs3 

Calcium regulation & 

Signaling 

 Camk2d, Camk2b, Camk2a, Calml3, Atp2b4, Atp2b2, 

Atp2b1, Calb1, Calm1 

Glycolysis & 

gluconeogenesis 

 Mdh1, Hk1, Fh1, Dlat, Dlst, Dld, Pfkm, Tpi1, Pdhb, 

Gpi1, Pgk2, Pgk1, Pgam1, Gapdh, Ogdhl, Idh3b, 

Idh3a, Eno2, Mdh2, Aco2, Sucla2, Cs 

Glutamatergic synapse 
 

Vamp2, Slc1a2, Gnb4, Gnb1, Gnao1, Glul, Stxbp1, 

Dlg4 

Gap junction  Tuba8, Tuba4a, Tubb2b, Tubb2a, Tubb8, Tubal3, 

Tubb3, Tubb1, Tuba1a, Tubb5 

Oxidative stress response  Prdx8, Prdx2, Hspa1l, Prdx1, Prdx5, Prdx3, Hsp90aa1, 

Hsp90ab1 

Amino acid metabolism  Oxct1, Gls, Got2, Glud1, Acat1, Got1, Abat 

Endocytosis  Sh3gl2, Syt5, Stx1b, Hspa2, Hspa1a, Syt1, Syn1, 

Syn2, Snap25, Dnm1, Stx1a 

  Ppp2r2a, Prkcc, Ppp3cb, Cltc, Ap2a2, Ap2b1, Ap2a1 

  

 

 

 

Gnas, Gnaq, Gnai2, Gnai1 

Ldha, Ldhb 

Prkca, Mapk1 

Others 

 
a Categories are the same as the ones shown in Figure 2. 
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Table CS3: List of molecular function and biological process of significantly regulated 
proteins based on PANTHER gene ontology annotations. 

Molecular 

Function 

Up-regulated Down-regulated 

Binding Actn4, Vamp2, Tufm, Slc25a5, 

Dnm1, Actn1, Slc25a22, Sept3, 

Ncald, Slc25a12, Gnao1, Camkv, 

Ppp3ca, Syn1 

Gnai2, Mag, Arhgdia, Calm1, 

Dbi 

Catalytic activity Dlst, Mtco2, Tufm, Crmp1, Ndufa6, 

Dnm1, Dlat, Camk2a, Gpi, Mdh2, 

Hk1, Atp1a1, Oxct1, Sept3, Ncald, 

Gnao1, Gm6316, Tpm1, Camkv, 

Ppp3ca, Got2, Atp5c1 

Gnai2, Cnp, Arhgdia, Aco2, 

Idh3b, Eno1, Dbi 

Enzyme 

regulator activity 

Ncald Arhgdia 

Structural 

molecule activity 

Actn4, Dnm1, Actn1, Sept3, Arpc4, 

Tpm1, Cap1, Gpm6a, Syn1 

Mag, Tubb6, Ina, Sh3gl2, Plp1, 

Mbp 

Translation 

regulator activity 

Tufm  

Transporter 

activity 

Slc1a2, Slc25a5, Slc12a5, Atp1a1, 

Slc25a22, Slc25a12, Slc17a7, 

Vdac2, Atp5c1 

Mag 

Biological 

process 

Up-regulated Down-regulated 

Apoptotic 

process 

Ppp3ca  

Biological 

Regulation 

Tufm, Hk1, Atp1a1, Ncald, Gnao1, 

Ppp3ca, Atp2b1 

Gnai2, Arhgdia, Dbi 

Cellular 

component 

organization 

Actn4, Vamp2, Dnm1, Actn1, Arpc4, 

Tpm1, Gpm6a 

Tubb6, Ina, Sh3gl2, Plp1, Mbp 

Cellular process Actn4, Slc1a2, Vamp2, Mtco2, 

Dnm1, Actn, Nptn, Ywhah, Syt1, 

Gnai2, Mag, Arhgdia, Tubb6, 

Ina, Calm1, Sh3gl2, Igsf8, Plp1, 
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Cltc, Hk, Sept3, Arpc4, Ncald, 

Gnao1, Phb2, Pacsin1, Tpm1, 

Camkv, Cap1, Gpm6a, Syt5, Ppp3ca, 

Syn1 

Ywhae, Mbp, Mog 

Developmental 

process 

Actn4, Vamp2, Dnm1, Actn1, Tpm1, 

Gpm6a, Ppp3ca 

Mag, Tubb6, Ina, Sh3gl2, Plp1, 

Mbp, Mog 
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Immune system Hsp90ab1, Ppp3ca Mag 
Localization 
 

Slc1a2, Vamp2, Mtco2, Ap2m1, 
Snap91, Slc25a5, Dnm1, Napb, 
Syt1, Slc12a5, Cltc, Atp1a1, 
Slc25a22, Slc25a12, Syt5, Slc17a7, 
Atp2b1, Syn1, Vdac2, Atp5c1 

Tubb6, Sh3gl2, Dbi, Mog 

Metabolic 
process 

Slc1a2, Vamp2, Dlst, Mtco2, Tufm, 
Crmp1, Ndufa6, Slc25a5, Dnm1, 
Dlat, Camk2a, Hsp90ab1, Gpi, 
Mdh2, Hk1, Atp1a1, Slc25a22, 
Oxct1, Sept3, Ncald, Slc25a12, 
Gnao1, Phb2, Pacsin1, Gm6316, 
Tpm1, Camkv, Slc17a7, Ppp3ca, 
Atp2b1, Got2, Atp5c1 

Gnai2, Cnp, Arhgdia, Sh3gl2, 
Aco2, Idh3b, Dbi, Mog 
 
 

Multicellular 
organismal 
process 

Slc1a2, Vamp2, Syt1, Cltc, Ncald, 
Tpm1, Gpm6a, Syt5, Syn1 

Sh3gl2, Plp1 
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Table CS4: List of the proteins involved in energy metabolism pathway 

 

Accession 
number 

Description Gene 
name 

Average 
(fmol)a 

Fold 
changeb 

p-value 
categoryc 

Q99KI0 Aconitate hydratase mitochondrial Aco2 684 0.77 * 
Q9CZU6 Citrate synthase mitochondrial Cs 203 1.04  
O08749 Dihydrolipoyl dehydrogenase 

mitochondrial 
Dld 128 1.08  

Q9D2G2 Dihydrolipoyllysine residue 
succinyltransferase component of 2 
oxoglutarate dehydrogenase complex m 

Dlst 52 1.16 * 

P97807-2 Isoform Cytoplasmic of Fumarate 
hydratase mitochondrial 

Fh 65 1.03  

Q91VA7 Isocitrate dehydrogenase 3 NAD beta Idh3b 109 0.91 * 
P14152 Malate dehydrogenase cytoplasmic Mdh1 1046 0.99  
E9Q7L0 Protein Ogdhl Ogdhl 52 1.06  
Q9D051 Pyruvate dehydrogenase E1 component 

subunit beta mitochondrial 
Pdhb 165 0.98  

Q9Z2I9 Succinyl CoA ligase ADP forming 
subunit beta mitochondrial 

Sucla2 62 0.97  

a Abundance level estimate based on the use of 100 fmol yeast enolase digest as internal 
standard spiked in prior to LC-IMS MSE analysis 
b fold change was calculated based on the intensity of the same protein in irradiated group 
versus the sham group 

c * p-value<0.05 
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Table CS5: List of the proteins involved in calcium-dependent synaptic plasticity. 

 

Accession 
number 

Description Gene 
name 

Average 
(fmol)a 

Fold 
changeb 

p-value 
categoryc 

Q9Z1G4-3 Isoform of V type proton ATPase Atp6v0a1 2230 1.30  ** 
G5E829 MCG13663 isoform CRA a Atp2b1 157 1.18  ** 
Q68FD5 Clathrin heavy chain 1 Cltc 376 1.12  * 
P39053-2 Isoform 2 of Dynamin 1 Dnm1 324 1.15  * 
P60879 Synaptosomal associated protein 25 Snap25 228 1.07   
P61264 Syntaxin 1B Stx1b 202 0.98   
D3Z7R4 Synaptotagmin 1 Fragment Syt1 71 1.14  ** 
P63044 Vesicle associated membrane protein 2 Vamp2 475 1.19  * 
Q3UKW2 Calmodulin Calm1 1719 0.89  * 
P11798 Calcium calmodulin dependent protein 

kinase type II subunit alpha 
Camk2a 1015 1.41  ** 

P62141 Serine threonine protein phosphatase 
PP1 beta catalytic subunit 

Ppp1cb 61 1.07   

P62715 Serine threonine protein phosphatase 2A 
catalytic subunit beta isoform 

Ppp2cb 50 0.94   

Q2NKI4 Protein kinase C Prkcg 78 1.18   
P63085 Mitogen activated protein kinase 1 Mapk1 57 1.00   
P18872 Guanine nucleotide binding protein G 

(o) subunit alpha 
Gnao1 611 1.11  * 

P21279 Guanine nucleotide binding protein G q 
subunit alpha 

Gnaq 43 1.06   

a Abundance level estimate based on the use of 100 fmol yeast enolase digest as internal 
standard spiked in prior to LC-IMS MSE analysis 
b fold change was calculated based on the intensity of the same protein in irradiated group 
versus the sham group 

c * p-value<0.05, ** p-value<0.01 
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Table CS6: List of the affected networks after irradiation analyzed by IPA 

 

Name Score 

Molecular Transport, Cell-To-Cell Signaling and Interaction, Small Molecule 
Biochemistry 

26 

Cell-To-Cell Signaling and Interaction, Nervous System Development and 
Function, Neurological Disease 
Cellular Assembly and Organization, Cellular Function and Maintenance, 
Nervous System Development and Function 

24 
 
20 
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Table CS7: IPA of deregulated proteins predicts canonical pathways affected in this study.  

Ingenuity Canonical Pathways p-value Ratio 

TCA Cycle II (Eukaryotic) 2.51E-08 5/20 (25%) 
nNOS Signaling in Neurons 4.68E-05 4/44 (8%) 
Remodeling of Epithelial Adherens Junctions 1.82E-04 4/62 (6%) 
Aspartate Degradation II 3.02E-04 2/6 (33%) 
Virus Entry via Endocytic Pathways 5.51E-04 4/83 (5%) 
Calcium Transport I 5.62E-04 2/8 (25%) 
Clathrin-mediated Endocytosis Signaling 8.51E-04 5/162 (3%) 
14-3-3-mediated Signaling 1.38E-03 4/106 (4%) 
Glutamate Receptor Signaling 2.24E-03 3/57 (5%) 
Huntington's Disease Signaling 2.88E-03 5/214 (2%) 
Protein Kinase A Signaling 3.72E-03 6/327 (2%) 
PPARα/RXRα Activation 5.75E-03 4/157 (3%) 
Regulation of Actin-based Motility by Rho 5.75E-03 3/80 (4%) 
HIPPO signaling 6.46E-03 3/83 (4%) 
VEGF Signaling 7.08E-03 3/86 (3%) 
Trehalose Degradation II (Trehalase) 9.12E-03 1/2 (50%) 
Glycerol-3-phosphate Shuttle 9.12E-03 1/2 (50%) 
Glutamate Degradation II 1.35E-02 1/3 (33%) 
Aspartate Biosynthesis 1.35E-02 1/3 (33%) 
RhoA Signaling 1.48E-02 3/113 (97%) 
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Table CS8: Top five tox lists after irradiation predicted by IPA 

 

Name p-value Ration 

PPAR/RXR activation 6.11E-03 4/160 
Renal inorganic phosphate homeostasis 1.81E-02 1/4 
Cell cycle: G2/M DNA damage checkpoint regulation 2.18E-02 2/50 
Decreases permeability transition of mitochondria and 
mitochondrial membrane 

3.15E-02 1/7 

Mitochondrial dysfunction 3.55E-02 3/158 
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Figure CS1: PANTHER classification charts displaying (A) categorization according to 
“molecular function” and (B) “biological processes” of the 73 proteins that showed 
significant level changes as a consequence of radiation exposure.  

In each subgroup, the red bars indicate the percentages of up-regulated proteins, and the 
green bars represent the percentages of down-regulated proteins. The proteins assembled to 
the different categories are list in Table S3. 
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Figure CS2: The IPA of the differentially regulated proteins predicts the following networks 
(A) molecular transport, (B) cell-to-cell signaling and interaction and (C) cellular assembly 
and organization as the networks that were most significantly affected by irradiation.  

The proteins indicated in red were found as up-regulated, and those indicated in green were 
found to be down-regulated. The intensity of a node is proportional to the fold change 
between conditions (irradiated versus sham). The details of the networks are listed in Table 
S5.  
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Figure CS3: IPA predicts the transcription factors APP, MAPT, PSEN, MYRF and 
mTOR as upstream regulators of the proteins that were found as being differentially 
regulated in the sham vs. the irradiated group.  
MYRF is predicted to be inhibited in the radiation-treated group. The proteins indicated in 
red were found to upregulated in the irradiated group, and those indicated in green were 
found to be downregulated in the irradiated group (Table 1). Blue lines indicate the predicted 
relationship leads to inhibition and is consistent with the proteomic dataset. The gray line 
represents predicted relationships but effects not predicted. All the proteins connected with 
transcription factors were identified in this hippocampal proteome dataset. APP: amyloid 
precursor protein; MAPT: microtubule-associated protein tau; PSEN: presenilin; MYRF: 
myeline regulatory factor; mTOR: mammalian target of rapamycin. 

 
 
 
 
 


