
 
 

Université de Montréal 

 

 

 

Optimization of Differential Ion Mobility and Segmented Ion Fractionation to 

Improve Proteome Coverage 

 

By 

Zhaoguan Wu 

 

 

 

Département de chimie,  

Faculté des arts et des sciences 

 

 

Thèse présentée à en vue de l’obtention du grade de  

Maître ès sciences (M.Sc.) en chimie 

 

Avril 2022 

© Zhaoguan Wu, 2022



 
 

 

 

Cette thèse intitulée 

 

Optimization of Differential Ion Mobility and Segmented Ion Fractionation to 

Improve Proteome Coverage 

 

 

 

Présenté par 

Zhaoguan Wu 

 

A été évaluée par un jury composé des personnes suivantes 

 

Karen Waldron 

Président-rapporteur 

 

Pierre Thibault 

Directeur de recherche 

 

Pierre Chaurand 

Membre du jury 



 

 
 
i 
 

Résumé 

La sensibilité et la profondeur de l'analyse protéomique sont limitées par les ions isobares et les 

interférences qui entravent l'identification des peptides de faible abondance. Lorsque nous 

analysons des échantillons de grande complexité, une séparation extensive de l'échantillon est 

souvent nécessaire pour étendre la couverture protéomique. Ces dernières années, la spectrométrie 

de mobilité ionique à forme d'onde asymétrique à haut champ (FAIMS) a gagné en popularité dans 

le domaine de la protéomique pour sa capacité à séparer les ions isobares, à améliorer la capacité 

de pic et la sensibilité de la spectrométrie de masse (MS). Nous rapportons ici l'intégration d'un 

appareil FAIMS Pro™ à un Q-Exactive HF™ ainsi qu'un spectromètre de masse Orbitrap Exploris 

480™. Des expériences protéomiques sur des digestions d'extraits protéiques issues de cellules 

Hela à l'aide d'un spectromètre de masse avec FAIMS ont amélioré le rapport signal sur bruit (S/N) 

et réduit les ions interférents, ce qui a entraîné une augmentation du taux d'identification des 

peptides de plus de 42 %. FAIMS est également combiné avec le fractionnement ionique segmenté 

(SIFT), qui utilise tour à tour une fenêtre de 100 ~ 300 m/z au lieu de la large plage traditionnelle 

(700 ~ 800 m/z), augmentant ainsi la profondeur de la couverture protéomique tout en réduisant la 

proportion de spectres MS/MS chimériques de 50% à 27%. Dans l'analyse quantitative, nous 

démontrons l'application de FAIMS pour améliorer les mesures quantitatives lorsque le marquage 

peptidique isobare est utilisé. Par rapport aux expériences LC-MS/MS conventionnelles, la 

combinaison des expériences FAIMS et SIFT réalisées sur un modèle à deux protéomes a montré 

une amélioration de 65 % de la précision des mesures quantitatives. Les digestions tryptiques 

d'extraits protéiques de différentes lignées cellulaires du cancer colorectal ont été utilisées pour 

l'évaluation de stratégie combinée FAIMS et SIFT sur un spectromètre de masse Orbitrap Exploris 

480™ offre un gain d'identification de 70 % par rapport à l'approche conventionnelle et combinée 

aux données transcriptomiques elle facilite l’identification de variants protéiques. 

Mots clés : Mobilité ionique à forme d'onde asymétrique à haut champ (FAIMS), spectrométrie 

de masse, fractionnement en phase gazeuse, protéomique quantitative, mutation protéique, 

polymorphisme d'un seul acide aminé, cancer du côlon, protéogénomique.  
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Summary 

The sensitivity and depth of proteomic analysis in mass spectrometry (MS) is limited by isobaric 

ions and interferences that hinder the identification of low-abundance peptides. For high 

complexity samples, extensive separation is often required to expand proteomic coverage. In 

recent years, high-field asymmetric waveform ion mobility spectrometry (FAIMS) has gained 

popularity in the field of proteomics for its ability to resolve confounding ions, improve peak 

capacity, and sensitivity. This thesis presents the integration of a FAIMS Pro™ interface with 

electrical and gas embedded connections to a Q-Exactive HF™ as well as an Orbitrap Exploris 

480™ mass spectrometer. Proteomic experiments on tryptic digests of HeLa cell line using a 

FAIMS integrated mass spectrometer improved signal-to-noise ratio (S/N) and reduced the 

occurrence of interfering ions.  This enabled a 42% increase in peptide identification rate. Also, 

FAIMS was combined with segmented ion fractionation (SIFT), which in turn scans with windows 

of 100~300 m/z width instead of the traditional width (700~800 m/z), further increasing the depth 

of proteome coverage by a reducing from 50% to 27% in terms of MS/MS chimeric spectra 

numbers. The application of FAIMS gain improvement on quantitative measurements with TMT 

labeling method is presented. Compared to conventional LC-MS/MS tests, the combination of 

FAIMS and SIFT experiments showed a improvement by 65% in quantitative accuracy when 

performed on a human-yeast two-proteome model. As an application of the method, the tryptic 

digests from different colorectal cancer cell lines were used for the evaluation. FAIMS-SIFT-

combined strategy on an Orbitrap Exploris 480™ mass spectrometer provides a 70% gain in 

identification compared to the conventional LC-MS/MS approach for the same sample amount 

and instrument time. This enhanced sensitivity facilitates single amino acid mutations confirmed 

by RNAseq analyses. 

 

Key words: High field asymmetric waveform ion mobility (FAIMS), mass spectrometry, gas-

phase fractionation, quantitative proteomics, protein mutation, single amino acid polymorphism, 

colon cancer, proteogenomics. 
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1.1 Colorectal cancer 

Colorectal cancer (CRC) ranks the third on most common cancers in the world. 

Epidemiological statistics show that the global incidence of colorectal cancer is fourth and third in 

men and women respectively. There are about 1 million new cases each year, and this number is 

increasing yearly posing a great threat to human health 1-3. Studies have reported that the 5-year 

survival rate for early colorectal cancer is 80%-90%, and the 5-year survival rate for advanced 

colorectal cancer is less than 10%. However, only nearly 40% of patients can be diagnosed with 

colorectal cancer at an early stage4, 5.  

1.1.1 KRAS and BRAF mutations are significant indicators during CRC 

immunotherapy 

The occurrence and development of colorectal cancer are the comprehensive results of 

genetics, environment, and lifestyle6, 7. In particular, KRAS and BRAF gene mutations play a key 

role in the colorectal cancer occurrence and development. These gene mutations are expressed in 

the early stage of adenoma, which may be an early event of colorectal cancer8-10. Both KRAS and 

BRAF genes can aquire oncogenic properties, and their mutations can cause colorectal adenoma 

and adenocarcinoma through self-activation and inhibition of tumor suppressor genes11, 12. In the 

study of the relationship between KRAS and BRAF gene mutations and colorectal cancer, it was 

found that there are multiple types of mutations in these two genes that cause tumors, and these 

mutations are not found in healthy tissue13, 14. KRAS and BRAF genes are major players in the 

epidermal growth factor receptor (EGFR) signaling pathway. EGFR is a receptor tyrosine kinase, 

which belongs to the ErbB receptor family. It phosphorylates downstream tyrosine residues by 

binding to specific ligands and provides binding sites for signal transducers of multiple signal 

transduction pathways (e.g. Ras/Raf/MAP/MEK/ERK pathways). This regulates the 

differentiation and proliferation of normal cells15. However, it has been found that abnormal EGFR 

signal pathway activation occurs in colorectal cancer cells, leading to cell proliferation, metastasis 

and escape from apoptosis or angiogenesis15. Therefore, EGFR has become the main target in the 

treatment of metastatic colorectal cancer. Anti-EGFR monoclonal antibody is key to metastatic 

colorectal cancer treatment and has achieved good clinical efficacy16. However, mutations in 

KRAS and BRAF genes can lead to the continuous activation of EGFR-mediated signal pathways 
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(Figure 1-1). Mutated KRAS gene is found in up to 50% of patients with colorectal cancer (CRC), 

while BRAF mutations are found in about 7-10% of patients with metastatic colorectal cancer, 

limiting anti-EGFR monoclonal antibody therapy to patient with KRAS and BRAS wild type.  

KRAS and BRAF mutations have become an indicator of poor prognosis in colorectal cancer16-18.  

 

Figure 1-1: MAPK signaling pathway in CRC.17 

Mutations in KRAS and BRAF lead to constitutive activation of signaling cascades, resulting in 
uninhibited cell proliferation and tumor growth. These effects occur downstream of the EGFR receptor, 

making this mutant tumor resistant to anti-EGFR therapies.17 

The National Comprehensive Cancer Network (NCCN) clearly stated in the clinical 

practice guidelines of oncology, that KRAS and BRAF gene mutations should be detected when 

selecting anti-EGFR monoclonal antibody treatment making KRAS and BRAF gene mutations an 

important biological indicator for the treatment of colorectal cancer.  

1.1.2 Research focusing on KRAS G12/13 and BRAF V600 mutations 

The rate of KRAS/BRAF mutations varies among different countries and regions. KRAS 

gene mutation rate in colorectal cancer patients in the United Kingdom, Switzerland, and Spain is 

about 27.4%, 38%, and 41% respectively19. Ma’s team reported that the BRAF gene mutation rate 

in colorectal cancer patients in China is a little bit lower than those in western countries (but still 
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higher than 5%)20. Multiple studies have also suggested that KRAS and BRAF gene mutations in 

colorectal cancer patients are likely to occur in women and elderly patients and are more common 

in poorly differentiated mucinous carcinoma and proximal colon cancer19, 21. They can be affected 

by factors such as age, gender, degree of differentiation, type of differentiation, and lesion location. 

There are many types of mutations in KARS and BRAF genes, the most common ones are 

on KRAS codons 12, 13, 61 and 146, and BRAF codon 60017, 19, 22. In addition, KRAS gene also 

has multiple mutations (G12C, G12V, G13D, etc.) occurring simultaneously.  

 KRAS gene mutations in patients with sporadic colorectal cancer are more likely occurring 

in codons 12 and 13. BRAF gene mutations are mostly reported in the 600th codon, so these sites 

have become the focus of research18, 20. 

1.1.3 Molecular biological approach 

For CRC gene mutation profiling, sample origin includes the paraffin-embedded 

pathological samples, surgical resection samples, endoscopic biopsy samples,9, 23, 24. Among them, 

endoscopic biopsy is the most convenient way to detect genetic mutations, but as the amount of 

diseased tissue in the biopsy sample is very low25. It is necessary to select high sensitivity and 

specific experimental methods in clinical trials. 

Molecular approaches at present mainly include direct DNA sequencing and ordinary 

TaqMan PCR (among them, direct DNA sequencing is the gold standard for detecting gene 

mutations). However, their sensitivity is highly limited by the low occurrence of mutations in the 

samples24. The method TaqMan PCR mixes the fluorescein-labeled probe with the template DNA. 

As the DNA unwinding at high temperature (~95 °C), and re-combines (base complementary 

pairing rule) at low temperature (~60 °C), while the DNA is continuously multiplied, the TaqMan 

probe with fluorescein is released continuously from template DNA. The real-time intensity of the 

fluorescent signal is compared with the control sample. The copy number of the target gene in the 

sample could be measured. Even the ordinary TaqMan PCR method greatly improves the 

sensitivity and specificity of the experiment through fluorescence quantification and can detect 

gene mutations that cannot be detected by the traditional method like direct DNA sequencing 26, 

27, this technology may also be limited by the sampling procedures.  
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1.1.4 High resolution mass spectrometry based proteogenomics  

Besides DNA-sequencing-based approaches, high resolution mass spectrometry (HRMS) 

based high-throughput methods to investigate cancer proteome are also critical to identify changes 

on mutations for which therapeutic treatments are available.  

Proteogenomics is a multi-omics analysis system that integrates genomic, transcriptomic, 

proteomic data, and post-translational modification identification (oncology research mainly 

focuses on phosphorylation). In the field of tumor research, proteogenomics redefines disease 

classification from molecular-level big data, mines potential therapeutic targets, and finally 

discovers and verifies tumor-related gene mutations, expression changes, and key molecular 

regulatory mechanisms at the protein level for further precise medication guidance and drug 

development. As reported, mRNA transcript abundance cannot reliably predict protein abundance 

differences between tumors while comprehensive proteomic analysis can provide functional 

context to explain genomic abnormalities28. Proteogenomics provides a new paradigm for cancer-

related molecular biology research. 

Most colon cancer cell lines have proved to be especially useful for preclinical research 

model systems29. In this study, we used representative COLO205, HCT116, SW620 and HIEC6 

(control) cells lines. As Colo205 cells harbor a BRAF V600E mutation (592IGDFGLATVK601 to 

IGDFGLATEK),  HCT116 cells contain a KRAS G13D mutation (6LVVVGAGGVGK16 to 

LVVVGAGDVGK), SW620 cells contain a KRAS G12V (6LVVVGAGGVGK16 to 

LVVVGAVGVGK). These cell lines provide a window for generate and validate the HRMS based 

proteogenomics approaches to identify low abundant mutations in proteins/peptides. 
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1.2 Bottom-up Proteomics 

Mass spectrometry (MS) is an analytical technique used to determine the elemental 

composition of test substances for both qualitative and quantitative applications. For example, MS 

can be used to identify unknown compounds and/or to determine the structure of a particular 

compound by observing its fragmentation pattern. In recent decades, MS has played an 

increasingly key role in proteomics due its speed, specificity, and sensitivity to characterize and 

identifying peptides and proteins30-32. 

One of those strategies is called "bottom-up" approach(Figure 1-2), in which proteins of 

interest are digested (e.g., via enzymes such as Trypsin, Lys-C, etc.) prior to peptide fragment 

analysis by MS analysis (MS1) or tandem MS/MS analysis (MS2 even MS3).  

 

Figure 1-2: Bottom–up and top–down proteomics33. 

In the "bottom-up" MS2 workflow, the dissociation techniques (e.g., collision-induced 

dissociation, CID, or higher-energy collisional dissociation, HCD, see Chapter 1.3.3. Tandem 

mass spectrometry) are used to further fragment precursor peptides fragments selected in the 

primary MS stage into product ion fragments. During the dissociation, high-energy collisions 

between precursor ions and inert neutral gases and/or nitrogen molecules dissociate (cleave) the 

backbone amide bond, thereby producing b-type (n-terminal) and y- type (c-terminal) product ions. 
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The amino acid sequence of the precursor peptide ion can then be deduced from the masses of the 

product ion fragments. By identifying these product ion peptides and assembling a putative peptide 

sequence, the protein can be identified (e.g., by searching the putative sequence against known 

protein or genomic databases)34, 35. 

1.2.1 Sample preparation for bottom-up proteomics analysis 

The solubility of proteins in the native state is generally low and increasing the solubility 

of the protein will improve digestion efficiency. Simultaneous solubilization of all proteins 

remains challenging due to the protein heterogeneity and the influence of non-proteinaceous 

impurities. At present, the principle of increasing protein solubility is to add reagents to destroy 

the internal protein bonds, including disulfide bonds, hydrogen bonds, van der Waals forces, ionic 

bonds, and hydrophobic bonds, etc., so that proteins are more easily cleaved into individual 

polypeptides36 by enzymes like trypsin. 

Urea is a neutral chaotropic agent. Urea at the concentration of 5-9 mol/L can effectively 

disrupt the secondary structure of protein, unfold the protein, and expose ionizable groups to 

enhance its solubility. Experiments have shown that adding thiourea to the urea solution will 

further increase the solubility of some water-soluble proteins and transmembrane proteins37. It is 

worth noting that urea and thiourea can be hydrolyzed at higher temperatures into cyanate and 

thiocyanate, respectively, resulting in artificial protein modification, so the sample temperature 

should not exceed 37 °C36.  

Improving the solubility of membrane-associated proteins that form complexes with 

membrane lipids is currently one of the biggest challenges in sample preparation for MS based 

proteomics. Detergents with the concentration generally at 1% to 4% are helpful for the extraction 

of membrane protein complexes. Ionic detergents (e.g., SDS) usually have favourable 

solubilization effects on hydrophobic proteins and membrane proteins but interfere with native 

electrophoresis and isoelectric focusing. To replace SDS-PAGE, zwitterionic (e.g. CHAPS) and 

non-ionic (e.g. TritonX-100) detergents are always the better choices38. 

In addition, specific protease inhibitors should be added after cell lysis or isolation. The 

human body contains more than 700 kinds of proteases, and the presence of proteases can cause 

the enzymatic hydrolysis of various proteins39. Protease inhibitors, such as methanesulfonyl 
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fluoride (MSF), 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 

ethylenediaminetetraacetic acid (EDTA), benzamidine, etc., can effectively inhibit protease 

activity. Also, when extracting a small amount of protein samples, adding a tris buffer at relatively 

high pH(~8.2) after boiling the SDS buffer can also inhibit protease40. Study has shown that heat 

shock proteins can inhibit the action of proteases in vitro to protect proteins from enzymatic 

hydrolysis41. In the current thesis, urea was used as a protease inhibitor. 

After the above treatment, the protein solubility increases, we use digestive enzymes to 

break down the protein into peptides. Trypsin is usually the first choice, which specifically cleaves 

the C-terminal side of lysine and arginine residues42. At the same time, other enzymes (e.g. Lys-

C, Asp-N, Glu-C) can also be used in this process to increase the efficiency of digestion and thus 

improve the success rate of protein identification43. A two-enzyme digestion by Lys-C and trypsin 

was used in this thesis. 

Before injecting the peptide mixture into the instrument, a clean-up step can be used to 

remove interfering substances, such as buffers, salts, lipids, carbohydrates, nucleic acids, and 

detergents introduced during the experimental processing, so that they do not hinder protein 

separation, ionization, and identification. This can improve detection sensitivity and success rate 

and can also reduce the complexity of data analysis. A “one-pot” sample preparation strategy is 

often employed because it reduces sample preparation steps, time, and losses44, 45. Stage tips46, 47, 

functionalized beads48, or functionalized nanoparticles49 are often used for sample preparation to 

digest, label, and enrich low-volume samples, which can help when thousands proteins need to be 

identified47. 
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1.3 Mass spectrometry instrumentation 

Over two to three decades of development, mass spectrometry has gradually replaced 

Edman degradation sequencing for protein identification50. Peptide sequencing of tryptic peptides 

is performed based on the observation of fragment ions during tandem mass spectrometry51. The 

basic components of a mass spectrometer are the ion source, the mass analyzer, and the detector.  

1.3.1 Electrospray ionization  

Electrospray ionization (ESI) is currently the most commonly used ion source for liquid 

chromatography-mass spectrometry (LC-MS). As a soft ionization method, ESI can be used to 

study thermally unstable and polar compounds, such as proteins and other biological 

macromolecules. Fenn et al. first demonstrated the applicability of ESI for biomolecular ion 

analysis52. In the 1960s, Dole et al. produced the first Electrospray mass spectrometer53. In 1987, 

Bruins et al. introduced a pneumatically assisted nebulizer into the electrospray interface. The 

atomizing gas helps to stabilize the electrospray, keeping the flow rate approx. to 0.2 mL/min, 

which is suitable for liquid phase tandem ESI-MS. This design allows a larger distance between 

the nozzle and the counter electrode and reduces the occurrence of corona discharge54.  

In ESI-MS, the sample solution is passed through the capillary at a low flow rate (0.1~10 

L/min). A high voltage (2~5 kV) is applied to the capillary, and the positive or negative voltage 

depends on the nature of the analyte. The voltage provides the electric field gradient required for 

the charge accumulation on the liquid surface. Under the action of the electric field, the liquid 

forms a “Taylor cone” at the capillary tip (Figure 1-3) 55. The mechanism of Taylor cone formation 

is not yet clear, but it was shown that under certain conditions, the shape of the cone depends on 

the capillary voltage and is related to the pulsation of the fluid in the capillary56. When the solution 

at the Taylor cone tip reaches the Rayleigh limit, that is, the critical point where the coulomb 

repulsion of the surface charge is equivalent to the surface tension of the solution, the tip of the 

cone will produce droplets with a large number of charges. As the solvent evaporates, the droplet 

shrinks, and the repulsive force between charges in the droplet increases. When the Rayleigh limit 

is reached and exceeded, the droplet will undergo a Coulomb explosion, removing the excess 

charge on the droplet surface and generating smaller charged droplets57. Charged droplets undergo 

new rounds of explosion and finally gas-phase ions are obtained.  
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Figure 1-3: Schematic of the electrospray ionization process.55 

For mass spectrometry-based proteomic analysis, flow rates are generally in the nanoflow 

range (nL/min), and such ion sources are also known as nano-electrospray (nano-ESI)58. When 

peptides are analyzed, a positive voltage of ~2-3 kV is typically applied between the capillary 

outlet and the heated MS entrance, which is generated by a high voltage applied at the emitter tip. 

For peptide analyses, positive mode is mostly used because peptides are usually diluted in low pH 

aqueous solutions, which make the peptide side chains and N-terminal amino groups protonated 

and the whole molecule is positively charged59, 60.  

1.3.2 Mass analyzer  

Common mass analyzers used for proteomic analysis include quadrupole (Q), time of flight 

(TOF), Magnetic sector (B), ion trap (IT), orbital trap (OT) and Fourier transform ion cyclotron 

resonance (FT-ICR).61 Each mass analyzer has its own physical design and has its own 

characteristics in terms of resolution, sensitivity, scan speed, etc50, 62. Based on the practical 

choices for this study, we focus on the Q and OT analyse. 
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Figure 1-4: Schematic description of six mass analyzers used in mass spectrometers that are 
currently available on the market.61 

a Quadrupole (Q).b Time-of-flight (TOF). c Magnetic sector (B). d Ion trap (IT). e Orbitrap (OT). f Ion 
cyclotron resonance (ICR).61 

 

1.3.2.1 Linear quadrupole  

The quadrupole is composed of two pairs of hyperbolic electrode rods with opposite 

polarities.  An electric field is created by the combination of radio frequency (RF) and DC offset 

voltages applied between one rod pair and the other. (See Figure 1-4 a) When a group of ions with 

different mass-to-charge ratios (m/z) enter the electric field, only the ions that meet certain 

conditions oscillate stably through the quadrupole rods and reach the detector63. 
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1.3.2.2 Orbitrap  

Orbitrap is an innovative mass analyzer invented by Makarov64 based on the early Kingdon 

trap65. Orbitrap can be regarded as a variant of the quadrupole ion trap, the difference is that the 

orbitrap uses a logarithmic electrostatic field, while the quadrupole ion trap uses a radio frequency 

electric field. After tangential injection in the Orbitrap, ions are moving around and along the inner 

electrode and are contained in the space defined by the outer electrode. 

 

Figure 1-5: The schematic of Orbitrap. 66 

The mass-to-charge ratio of an ion is only related to the motion frequency of the ion in the 

z direction66, as shown in equation (1-1), ω is the frequency of axial oscillations(in rad/s), k is the 

field curvature, z for ionic charge, m for ionic mass: 

𝜔𝜔 = �(𝑧𝑧 𝑚𝑚⁄ )𝑘𝑘                                                      (1-1) 

Similar to FT-ICR MS, the Orbitrap uses the image current to detect the ions in the trap, 

and the obtained time domain transient is converted into a frequency signal by Fourier transform. 

Although the radial motion frequency and angular frequency of ions are also related to the mass, 

the axial frequency is completely independent of the ion energy and the spatial position of the ion, 

so the axial frequency is used for detection. The frequency of ion motion is independent of the ion 

energy, so the Orbitrap has the advantages of high resolution and mass accuracy. Since the trap 

potential is independent of the mass-to-charge ratio and has a larger trap volume than the FT-ICR 
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and Paul ion traps, the Orbitrap has a high space charge storage capacity at the high mass end.  The 

Orbitrap has a higher mass range than other trap mass spectrometers65, 66. 

At present, the Orbitrap mass analyzer has been successfully commercialized by Thermo 

Fisher, and a number of mass spectrometry instruments based on Orbitrap technology have been 

launched. For example, the Q-Exactive mass spectrometer combines the target ion-selective 

performance of a quadrupole with high-resolution, high-accuracy Orbitrap technology; The 

Orbitrap Lumos and Eclipse combine linear ion trap and Orbitrap to provide the best structural 

characterization of the analyte, which is achieved using different kinds of ion fragmentations when 

performing tandem mass spectrometry analysis. [http://www. thermoscientific. com.]. 

1.3.3. Tandem mass spectrometry and ion dissociation 

In tandem mass spectrometry, multiple mass analyzers are connected in series. Such a 

design allows precursor ions (or: parent ions) to be isolated by the first mass analyzer, fragmented 

into product ions in a collision cell, and fragment ion m/z are then measured in another mass 

analyzer, which can provide more structural information. 

Fragmentation of ions in tandem mass spectrometry is usually initiated by gas collisions, 

electron interactions or photon absorption67, 68.  

 

Figure 1-6: Nomenclature for peptide and protein fragmentation.68 

Normally, fragmentation achieved by collision-induced dissociation (CID)，higher energy 

collision-induced dissociation (HCD), and electron transfer dissociation (ETD) could be used for 

proteomics analysis. As shown in Figure 1-6, there are generally three fragmentation patterns for 

peptides, which generate a/x, b/y, and c/z ions68. Usually during HCD, collisions between ionized 
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precursor ions and inert neutral gases convert kinetic energy into internal energy which ultimately 

dissociate (cleaves) the backbone amide bond, thereby producing b-type (n-terminal) and y- type 

(c-terminal) product ion. Sometimes HCD also produces x-type ions due to CO loss from b-type 

ions. The a- and x- ions result from the cleavage of the Cα-C bond in close proximity to the b-/y- 

and c-/z- ions.  

In CID, ions are excited slowly; as energy builds up during resonance excitation, the ions 

collide with the entire target gas and have time to redistribute the energy, which means that only 

the weakest bonds are broken69-71. However, in HCD mode, higher energy brings the precursor ion 

to a higher excited state. High energy state leads to multiple bond breaking during dissociation 

step, providing more fragment ions72.  

1.3.4. Hybrid mass spectrometer  

As a practical example of a tandem mass spectrometer, the hybrid mass spectrometry 

system commercialized by Thermo scientific with the Q-Exactive series73, 74 and the newer 

generation of mass spectrometers like the Exploris series75 combines a quadrupole and an orbitrap. 

The quadrupole filters the ion beam before its accumulation in the C-trap and analysis in the 

orbitrap. A schematic diagram of a typical hybrid mass spectrometer (Exploris 480™) is shown in 

Figure 1-7. 

 

Figure 1-7: Scheme of the hybrid Orbitrap mass spectrometer using in this thesis. 75 
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The Exploris 480 is an upgraded version of the Q-Exactive HF. Both instruments are 

equipped with a high-performance quadrupole and a high-resolution accurate mass (HRAM) 

Orbitrap detector. Such a hybrid mass spectrometer design mainly includes ion source, stacked 

ring ion guide (S-lens), quadrupole mass filter, curved linear trap (C-trap), a high energy collision 

dissociation (HCD) chamber and an Orbitrap mass analyzer. The sample can be introduced into 

the ion source after ionization. A beam of vaporized charged particles flies into the mass 

spectrometer under the action of the electric field between the capillary outlet and the MS ion 

transfer tube concurrently under the action of vacuum. S-Lens in the ion source is focusing the ion 

cloud into an ion beam. The bent flat-pole transports ions and removes neutral gas and solvent 

droplets. The quadrupole acts as an ion transport device that filters the transmitted ions based on 

their mass-to-charge ratio. The ions are transferred into the C-Trap and then injected into the 

Orbitrap mass analyzer to obtain a mass spectrum. In addition, sample ions can enter the HCD 

collision cell via the C-trap, which consists of a straight multipole rod mounted inside a metal tube. 

The front of the tube houses a lens that regulates the delivery and jetting of the C-Trap. A potential 

gradient is applied to the collision cell to rapidly extract ions. Fragmentation spectra generated in 

the HCD chamber and detected in the Orbitrap showed fragmentation patterns comparable to 

typical triple quadrupole mass spectra. The Q-Exactive HF system can perform 18 complete 

MS/MS scans in 1 second with a maximum resolution of 240,000. The Exploris 480 can complete 

data acquisition at faster scan rates of up to 40 MS/MS scans per second, with a higher resolution 

of 480,000. 73-75 

1.3.5. Analysis mode  

A mass spectrometer usually provides different analysis modes76. In discovery mode, the 

duty cycle consists of the acquisition of a MS scan followed by the MS/MS acquisition of the most 

abundant precursor ions detected in the MS scan. In targeted analysis, the ions of interests with 

known m/z can be selectively targeted by using the analysis mode such as selected reaction 

monitoring (SRM), multiple reaction monitoring (MRM), or parallel reaction monitoring (PRM)77. 

The SRM/MRM method separates and resolves predefined precursor ions and monitors 

predefined product ions derived from the precursor ions. PRM separates and resolves predefined 
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precursor ions in the same manner as SRM/MRM but records all product ions of the predefined 

precursor ions. Figure 1-8 

 

Figure 1-8: Schematic of SRM/MRM, PRM, DDA, and DIA proteomics.77 

1.3.5.1. Data Dependent Acquisition (DDA) 

Two types of data acquisition are encountered in proteomics: DDA (Data Dependent 

Acquisition) or DIA (Data Independent Acquisition). The choice is made when designing 

experiments. At present, there are many studies based on these two acquisition modes. In DIA all 

ions in a selected m/z range are fragmented simultaneously and their fragments are detected by 

tandem mass spectrometry78. Fragmentation information of all ions can theoretically be 

comprehensively obtained. But the data analysis usually requires professional analysis software 

and a library79, 80 of fragmentation patterns.  

DDA can simultaneously obtain primary mass spectrum and fragmentation information of 

the detected peptides81. The screening of precursor ions mainly depends on parameters pre-set by 

the user, such as resolution, isotope distribution, ion intensity threshold, selection of top-N, etc. 



 

17 
 

This method can provide researchers with higher-quality fragmentation information because a 

narrow m/z (usually ~1 Da) window is used to isolate targeted ions and reduce the presence of 

interfering ions82. Meanwhile, the main challenge of DDA is that the screening of targeted ions is 

stochastic, and ions with higher intensities are more likely to be selected for tandem mass 

spectrometry information acquisition and sometimes the quality of MS/MS scans are not sufficient 

to get confident identification82. Besides, if the number of precursor ions detected is too large, it 

will cause insufficient sampling of available precursors limiting the depth of the analysis83. 

Therefore, the users must decide how to optimize the acquisition method to obtain the most sample 

information. 

1.3.5.2. Full and segmented mass acquisition modes  

The high complexity of the sample usually results in a highly populated MS scan. Even the 

Orbitrap mass spectrometer has made great strides in sensitivity and acquisition speed, enabling 

deeper proteome coverage. These advances were largely made at the MS/MS level, and ion 

acquisition for primary MS scans is still very inefficient. In 2018, Mann Lab introduced a data 

acquisition method called BoxCar (Figure1-9), which is a segmented MS acquisition method, 

increasing the average ion injection time by more than 10 times compared with the standard full 

scan. In a 1-h analysis of a human cancer cell line, the method identified more than 90% of the 

proteins previously identified in 24 fractions by DDA and quantified more than 6200 proteins. In 

mouse brain tissue, more than 10,000 proteins were identified in just 100 min, extending sensitivity 

down to atto-molar levels84. This BoxCar method significantly improves the depth of protein 

identification in samples with a large range of concentration, such as plasma or tissue samples85, 

86. 

It seems that BoxCar does provide a good opportunity to collect low-abundance peptides 

by accumulating a small scan mass range. However, the interpretation of data requires a spectral 

library, which makes the entire data analysis complex and time-consuming. In addition, the 

instrument produces many gaps in the whole scanning cycle due to frequent switching of scanning 

windows during acquisition. Potentially, we lose some acquisition time. Maybe we need larger 

m/z ranges, based on the complexity of the sample, which is the experimental technique which is 

called segmented ion fractionation (SIFT) pioneered by our group that I am pursuing in the 

experiments presented in chapters 2 and 3 based on gas phase fractionation technology87. 
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Figure 1-9: The BoxCar acquisition method. 84 

1.4 Quantitative proteomics 

Qualitative analysis of protein types and modifications is insufficient for many applications 

in scientific research. The quantitative aspect of proteomics is to monitor protein and peptide 

abundance changes from peak intensities in either the MS scan or the MS/MS scan. Proteomic 
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quantitation mainly includes non-targeted relative quantitative technology and targeted absolute 

quantitative technology88, 89. 

Quantitative proteomics has high requirements on the reproducibility, sensitivity, and 

detection efficiency of mass spectrometry data. Two kinds of targeted mass spectrometry 

quantification are often adopted: multiple reaction monitoring (MRM) and parallel reaction 

monitoring (PRM). Technology90, 91. 

1.4.1. Label free  

The label-free quantification technology (LFQ) of proteome is a relative quantification 

technology that directly relies on the ion signal intensity. This technology does not require 

expensive peptide labeling reagents and is suitable for the relative quantification of any type of 

protein, with high quantification accuracy. 

The signal intensity method was first proposed and verified by Chelius et al92. It is based 

on the intensity of precursor ions in the full-scan spectrum, and quantitatively monitor protein 

changes by comparing the area or signal intensity of precursor ions across samples.  Based on the 

principle of bottom-up method, DDA collects precursor ions from high to low on intensity for 

secondary fragmentation, but the result is random to a certain extent, technical/biological replicates 

are always needed. Besides, we may rely on a calibration curve to provide an absolute quantitation. 

1.4.2. Tandem Mass Tags  

To obtain more accurate quantitative results, the quantification could be carried out by 

analyzing the product ions of chemically labeled peptides using the reporter ions generated in the 

tandem mass spectrum. Typical isobaric tag for relative and absolute quantification includes 

isobaric tag (iTRAQ™) 93, and tandem mass tags (TMT™) 94, they are a batch of chemical labeling 

reagents called tag with the same masses but with isotopes located on different atoms along the 

tag. This allows the same peptides from different components of the proteins to be selected by 

primary mass analyzer at the same time after being tagged with isobaric labels, and the relative 

quantification can be accomplished by comparing reporter ion intensities. (Figure1-10)At present, 

the commercialized iTRAQ tags are generally 4 markers and 8 markers, and TMT (pro) commonly 

used 4/6/10/16 tags94.  
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Figure 1-10: TMT labeling reagent. 94 

The benefits of TMT are the multiplexing capability and decreased number of missing 

values, and the disadvantages are the price, the high resolution needed in MS which slows down 

the duty cycle and ratio compression. 
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1.5 Data analysis  

Proteomics data processing relies heavily on computer-based software, and the methods 

mainly include in silico database search and de novo sequencing.  

The basic principle of in silico database search is to match the acquired MS/MS spectra 

with computationally generated spectra deduced from the proteome database. At present, the 

existing database search scoring algorithms mainly include four types of models: descriptive 

models, explanatory models, stochastic process models and statistical probability models95. Based 

on these scoring algorithms, various database search software has been developed. Among them, 

the most widely used are SEQUEST96, MASCOT97 and X!Tandem98. SEQUEST and MASCOT 

are commercial software, while X!Tandem is an open-source software. 

The basic idea of de novo sequencing is to find a primary amino acid sequence that is 

derived from the MS/MS spectrum by taking into account the precursor m/z, charge and m/z 

differences between y and b ions. A variety of de novo sequencing software have been developed, 

such as MSNovo99, PepNovo100, RAId101 and PEAKS102, 103. The de novo sequencing method does 

not rely on the existing database. According to the characteristics of the regular fragmentation of 

the peptide, the sequence of the peptide can be directly deduced from the spectrum. It is an 

important method to identify new proteins or potential mutations that have not been included in 

the sequence canonical database (e.g. Uniprot/Swissport). In this thesis, PEAKS™ and Proteome 

Discoverer™ have been used for MS data processing.  

  



 

22 
 

1.6 High field asymmetric-waveform ion mobility spectrometry 

(FAIMS)  

Ion mobility (IM) refers to the moving speed of positive ions or negative ions when the 

electric field strength is 1 V/m or the electric field force is 1 N, and the unit is m/V. In an ion 

mobility spectrometry (IMS), the ions are accelerated by the electric field and let into a drift tube. 

Here, they collide with the buffer gas molecules in the drift zone to generate resistance and reduce 

the speed. The kinetic energy lost by the ions during the collision can be converted into internal 

energy to increase the temperature of the ions, and the second collision can transfer the increased 

internal energy to the gas molecules. Therefore, ion temperature and velocity do not remain 

constant during traveling into the drift tube. There may also be electrostatic attraction and Coulomb 

repulsion between ions and buffer gas.  Ion movement in the drift region is extremely complex and 

can only be determined by ion average velocity (ion mobility, IM) or ion drift time. For comparison 

purposes between experiments, the ion mobility is usually converted to the reduced ion mobility, 

which is the IM at a temperature of 273 K and a pressure of 760 Torr. Ion size and shape can be 

measured by the average available cross section (collision Cross section, n) when the ions collide 

with the buffer gas. 104-107 

 
Figure 1-11: FAIMS Asymmetric Waveform. 

Ion displacement using a dispersion voltage (DV) 108 
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The main difference between an ion mobility mass spectrometer and a conventional mass 

spectrometer is that the former adds an ion mobility component between the ion source and the 

mass analyzer. As described above, ion mobility separation is mainly based on the shape and size 

of the ions. Therefore, this separation method has unique advantages for the analysis of isomers or 

complexes that cannot be distinguished by conventional mass spectrometry methods. 

Field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS), FAIMS is a design 

based on differential ion mobility, where the analyte is carried by a gas into an electric field 

alternating between high and low regime between two electrodes. This causes the charged particles 

to undergo a small deflection displacement during each period of the asymmetric field, as shown 

in Figure 1-11 and Figure 1-12.108 

 
Figure 1-12: FAIMS electrodes and the gas flow in between. 108 

 

Each ion can only pass through the field smoothly under the effect of a specific 

compensation voltage. This allows FAIMS to be viewed as an ion filter, transmitting only a 

fraction of the ion beam. Ion transmission is not based on m/z like mass analyzers, but is based on 

shape, mass, aggregation and dipole moment between ions and neutral gas molecules.108, 109 
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Figure 1-13: An untargeted FAIMS operation as CV fractionation.108 

 

FAIMS can separate charge states before entering the mass spectrometer and can be used 

to selectively transmit multiply charged tryptic peptides. As shown in Figure 1-13, it is 

encouraging that most of the singly charged ions that are interference can be blocked from the 

mass spectrometer at CV voltages lower than -30V, which makes FAIMS a background ion filter, 

this means that it filters out interfering ions before entering the MS110-112. We reasoned that it could 

be an asset for our project. 
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1.7 Research objectives 

In this thesis, we have evaluated the combination of FAIMS and SIFT for proteomic 

analyses, in order to improve the coverage of the proteome. We need to optimize the experimental 

parameters on existing Thermo Scientific hybrid mass spectrometers (including Q-Exactive HF™ 

and Orbitrap Exploris480™), as few  proteomic studies have been made using FAIMS. By 

comparing the experimental results, we could have an in-depth understanding of the gain with 

FAIMS and/or SIFT with optimized experimental conditions. These assessments are based on 

qualitative and quantitative analysis techniques on experimental samples.  The combination of 

FAIMS and SIFT will be used to analyze the proteome of colorectal cancer cell lines. Briefly, this 

thesis has the following objectives: 

 

i. Integration of the FAIMS interface to the Q-Exactive HF and Orbitrap Exploris 480 mass 

spectrometer.  

 

ii. Optimization of the LC-FAIMS-MS/MS system parameters, associating with the SIFT 

acquisition, to improve the proteome coverage. 

 

iii. Evaluate the advantages of the FAIMS and/or SIFT strategies in qualitative and 

quantitative analysis compared to conventional approaches. 

 

iv. Develop a proteomic assay combining FAIMS and SIFT to increase proteome coverage 

when analyzing the protein digests of CRC cell lines.  

 

v. Combine proteomic analysis and molecular biology experiments (such as RNA sequencing) 

to complete multi-omics combined analysis of biological samples, and explore the 

mutational landscape in colon cancer cells 
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1.8 Overview of thesis 

This dissertation will be presented in four chapters. Chapter One is an introduction to 

briefly state the experimental methods involved in this study and the relevant research background. 

This includes the selection of experimental samples, cell lines, sample preparation, basic 

configuration of mass spectrometers, SIFT acquisition technology and the use of FAIMS interface. 

In Chapter two, we integrated the FAIMS interface to the Q-Exactive HF mass spectrometer, 

combing with the SIFT to get a better proteome coverage as well the higher sensitivity and 

accuracy for quantitative analyses. In Chapter Three, we applied the FAIMS and SIFT to the 

Orbitrap Exploris 480 mass spectrometer, to evaluate the performance when analyzing the CRC 

cell line proteome and explore the mutational landscape in CRC cells by using a proteogenomic 

approach. Chapter four provides conclusions and perspectives. 
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2.1 Abstract 

High-field asymmetric waveform ion mobility spectrometry (FAIMS) has gained popularity in the 

proteomics field for its capability to improve mass spectrometry sensitivity and to decrease peptide 

co-fragmentation. The recent implementation of FAIMS on Tribrid Orbitrap instruments enhanced 

proteome coverage and increased the precision of quantitative measurements. However, the 

FAIMS interface has not been available on older generation Orbitrap mass spectrometers such as 

the Q-Exactive. Here, we report the integration of the FAIMS ProTM device with embedded 

electrical and gas connections to a Q-Exactive HF mass spectrometer. Proteomic experiments 

performed on HeLa tryptic digests with the modified mass spectrometer improved signal to noise 

and reduced interfering ions resulting in an increase of 42% in peptide identification. FAIMS was 

also combined with segmented ion fractionation where 100 m/z windows were acquired in turn to 

further increase the depth of proteome analysis by reducing the proportion of chimeric MS/MS 

spectra from 50% to 27%. We also demonstrate the application of FAIMS to improve quantitative 

measurements when using isobaric peptide labeling. FAIMS experiments performed on a two-

proteome model revealed that FAIMS ProTM provided a 65 % improvement in quantification 

accuracy compared to conventional LC-MS/MS experiments.  

 

Key words: High field asymmetric waveform ion mobility (FAIMS), mass spectrometry, gas-

phase fractionation, tandem mass tags (TMT), quantitative proteomics. 
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2.2 Introduction 

Recent technological advances in mass spectrometry (MS) in terms of acquisition speed 

and sensitivity have extended the breadth of proteomic analyses 1-3. The capability to perform 

multiplex quantitative analyses using isobaric peptide labeling facilitated the large-scale 

comparison of protein abundance to an unprecedented depth 4. Tens of thousands of peptides can 

be identified and quantified at the MS2 stage with ion intensities spanning over more than three 

orders of magnitude. However, several shortcomings including low quality spectra, wrong charge 

assignment and co-fragmentation of isobaric precursors limit the precision and accuracy of 

quantitative measurements using isobaric peptide labeling 5, 6. Furthermore, limited space charge 

capacity in the ion trap results in signal suppression of low abundant species when they are trapped 

with more abundant precursor ions. Sample pre-fractionation using high pH reversed phase or 

strong cation exchange (SCX) chromatography can alleviate some of these issues while reducing 

peptide co-fragmentation. Unfortunately, those strategies require higher amounts of material and 

dilute peptides by splitting them into consecutive fractions.  

Another approach to reduce sample complexity and increase peak capacity in proteomic 

analyses is the combination of ion mobility separation with MS 3, 7-11. Optimized gas flow and 

increased ion transmission using high field asymmetric waveform ion mobility spectrometry 

(FAIMS) 12 led to the development of an improved device with enhanced sensitivity and precision 

in quantitative proteomic analyses 13. In contrast to other ion mobility devices, FAIMS can perform 

gas phase ion fractionation by transmitting in turn different ion populations based on their changes 

in mobility at high and low electric fields 14, 15. In the context of proteomic analyses, FAIMS can 

be advantageously exploited to reduce the occurrence of interfering ions, improve signal-to-noise 

and enhance the detectability of low abundance peptide ions. Several reports have already 

demonstrated the advantages of this new interface, termed FAIMS-ProTM, for single shot 

proteomics 16, isobaric peptide labeling 17, 18, and short LC-MS/MS analyses 19. 

The current version of the FAIMS-ProTM device is only available on recent generations of 

mass spectrometers such as the Tribrid Orbitrap and the Exploris 480. However, many laboratories 

are still using older generation instruments such as the hybrid Q-Exactive mass spectrometers for 

their capabilities to acquire high-resolution tandem mass spectra, albeit at lower MS/MS repetition 
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rates 20, 21. The application of isobaric labeling for quantitative proteomics on these older 

instruments has been reported previously, but the frequent occurrence of peptide ion co-

fragmentation lead to ratio compression of reporter ions and affect the accuracy of quantitative 

measurements 22, 23. Clearly, gas phase ion fractionation using FAIMS could be advantageous for 

older generation mass spectrometers to improve peptide identification and quantitative proteomic 

analyses. 

In the present study, we developed an interface that enabled direct mounting of the FAIMS-

ProTM device on a Q-Exactive HF and compared its performance to that of the unmodified mass 

spectrometer. LC-MS/MS experiments performed using tryptic digests of HeLa cells indicated that 

the combination of FAIMS increased peptide identification by more than 40%. In an effort to 

further improve MS sensitivity and proteome coverage, we integrated a data acquisition method, 

termed segmented ion fractionation (SIFT), in which multiple narrow m/z scans were analyzed at 

different compensation voltages (CVs) with FAIMS. We found that SIFT increased the mean 

injection time and improved peptide detection consistent with that observed previously for the 

Boxcar method 24. Importantly, the combination of FAIMS and SIFT increased peak capacity 

while reducing the occurrence of co-selected peptide ions during MS/MS analysis. The analytical 

benefits of this combined approach in terms of number of quantifiable peptides and accuracy of 

quantitative measurements is presented for 10-plex isobaric peptide labeling using a two-proteome 

model.    

  



 

 
 

39 
 

2.3 Materials and Methods 

2.3.1 Protein extraction and enzymatic digestion.  

Direct infusion experiments were performed on a tryptic digest of bovine serum albumin 

(BioShop, ALB00150) diluted to 0.4 µg/µL in 50% methanol. For LC-MS benchmark tests, 500ng 

of Thermo Scientific™Pierce™HeLa protein digest standard (Thermo Fisher Scientific, 88329) 

diluted in 0.2% aqueous FA was used for each injection. For tandem mass tag (TMT) experiments, 

Saccharomyces cerevisiae and human embryonic kidney 293 (HEK293) tryptic digests were 

prepared in 200mM HEPES, pH 8.2 prior to labeling.  

For LC-MS benchmark tests, we have injected 500ng of Thermo Scientific™ Pierce™ 

HeLa protein digest standard (Thermo Fisher Scientific, 88329) diluted in 0.2% aqueous FA. For 

tandem mass tag (TMT) experiments, Saccharomyces cerevisiae and human embryonic kidney 

293 (HEK293) cells were twice washed with cold Phosphate Buffered Saline (PBS) (Fisher 

Scientific, BP399-1) and pelleted by centrifugation (1000 rpm, 5min). Lysis buffer containing 8M 

Urea (Fisher Scientific, BP169), 50mM HEPES (Bio Basic Inc., HB0264) and 75mM sodium 

chloride (Fisher Scientific, BP358), pH 8.2 was added to the cell pellets. Yeast cells were 

mechanically lysed with 10 min bead beating, HEK293 cells were mechanically lysed with 2x 10s 

sonication bursts. Lysates were centrifuged at 14,000 g for 10min, and protein concentration of 

clear lysate was determined by Bradford assay. Proteins were precipitated using 

methanol/chloroform (lysate/methanol/chloroform/water 1:4:1:3 volume parts). Samples were 

vortexed and centrifuged for 5min at 14,000 g. The precipitated protein layer was washed twice 

with four volume parts of methanol and air-dried. For tryptic digestion, proteins were dissolved in 

200mM HEPES, pH 8.2 and reduced, alkylated and trypsinized (enzyme/protein ratio 1:50) 

overnight at 37°C. 

2.3.2 Tandem mass tag (TMT) labeling.  

Equal amounts of peptide aliquots were labeled with the individual isobaric TMT10plex 

tags (Thermo Fisher Scientific, 90110). Briefly, 100 µL of peptides (100 µg) dissolved in 200mM 

HEPES at pH 8.2 were combined with 40µl of TMT label (200 µg) in anhydrous acetonitrile for 

90 minutes at room temperature. Reaction was quenched with 1 µL of 50% hydroxylamine. A pool 
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of human peptides was created by mixing 10:10:10:10:10:10:10:10:10:10 (v:v) for TMT 126 

:127N :127C :128N :128C :129N :129C :130N :130C :131. Yeast peptides were pooled at a 

0:1:1:2:2:5:5:10:10:0 volume ratio. For the final two proteome sample the stock solutions were 

mixed at 0.265 yeast/human ratio (µg/µg). 

2.3.3 Direct infusion.  

Bovine Serum Albumin (BioShop, ALB00150) was resuspended in 50 mM ammonium 

bicarbonate (Sigma Aldrich, A6141), reduced with 5mM TCEP (Thermo Fisher Scientific, 77720) 

and alkylated with 10mM 2-chloroacetamide (Sigma Aldrich, C0267) prior to overnight 

incubation with trypsin (Promega, V511A, enzyme/protein ratio 1:50) at 37°C. The protein digest 

was desalted on an Oasis HLB extraction cartridge (Waters, WAT094225). For direct infusion, 

peptides were diluted to 0.4 μg/μL in 50% methanol (Fisher Scientific, A452-4)/0.2% formic acid 

(FA) (Fisher Scientific, AC147930010).  

2.3.4 LC-MS.  

All analyses were performed on a Q Exactive™ HF BioPharma platform (Thermo Fisher 

Scientific). HeLa peptide separation was performed on an EASY-Spray column PepMap™ RSLC 

C18 (2µm, 100Å, 75µm x 50cm) at 50˚C connected to a nano EASY-Spray™ source (Thermo 

Fisher Scientific). Peptides were loaded on-column and eluted at 300 nL/min with a linear gradient 

of 5-24 % acetonitrile, ACN (0.2% FA) in 80 min, followed by 24-95 % ACN (0.2% FA) in 10 

min.  MS survey scans were acquired from m/z 350-1150 at a resolution of 60,000, an automatic 

gain control (AGC) of 3x106 and a maximum injection time (max IT) of 50ms. For SIFT analyses, 

the m/z range was divided in 7 segments (6 x m/z 100 wide and one m/z 200 wide) each with 2 m/z 

overlap. Supplementary table 2-1 lists the different mass ranges used for all MS experiments. Top 

15 precursors (charge 2-5) were selected for MS/MS acquisition at 30,000 resolution, 2x104 AGC 

and a maximal injection time of 200 ms for full range acquisition and 800 ms for segmented 

acquisition. The isolation window was set to 1.3 Th with 0.3 Th offset with 28% HCD normalized 

collision energy (NCE). A dynamic exclusion time of 20s and 10s was used for full scan and 

segmented MS/MS acquisition, respectively.  

TMT experiments used similar LC-MS/MS set-up except that LC separation used a C4 

guard precolumn (Optimize Technologies, Oregon City, OR) and a custom 150 μm ID x 20 cm 
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analytical column (Jupiter C18, 3 μm, 300 Å, Phenomenex, Torrance, CA). The C18 column was 

connected to a nano Flex source (Thermo Fisher Scientific). TMT labeled peptides (500 

ng/injection) were loaded on the precolumn and eluted at 600 nL/min with a linear gradient of 5-

38 % ACN (0.2% FA) over 75 min, followed by 38-95 % ACN (0.2% FA) ramp in 10 min.  

2.3.5 FAIMS.  

A customized mounting bracket enabled the coupling of the FAIMS ProTM interface 

(Tribrid Orbitrap series) on the Q-Exactive MS instrument (Figure 2-1 a). This interface is an 

experimental research system exclusively developed in the context of the present project, and is 

not commercially available. Detailed information is provided in Supplementary Figure 2-1 on the 

production of the mounting flange and necessary parts to build this customized adapter. The 

FAIMS electrodes were spaced by a 1.5 mm gap and maintained at 100°C. Dispersion voltage 

(DV) was maintained at -4800V and the flow of the nitrogen carrier gas was set at 1.6 L/min. 

FAIMS was controlled by a custom graphical user interface (GUI) enabling the change of the CV 

setting automatically in a pre-acquisition parameter file prior to each injection. For LC-FAIMS-

MS/MS performed with SIFT, each of the 7 m/z ranges were acquired at 6 CV values from -23V 

to -58V with a 7V step (Supplementary Table 2-1). Alternatively, these analyses were performed 

at fixed CV where several m/z segments were scanned during a single run. 

2.3.5 Data Analysis and Visualization.  

All raw files were searched with PEAKS engine (Bioinformatics Solutions, Inc., Version 

10) against the Uniprot human and/or yeast database (June 08, 2018). Maximal tolerances for 

precursor and fragments were 10 ppm and 0.01 Da, respectively. Search parameters included 

trypsin with a maximum of three missed cleavages per peptide. A maximum of 3 variable 

modifications was allowed per peptide, and included oxidation (M), deamidation (NQ), 

carbamidomethylation (C) and phosphorylation (STY). For quantitative analyses, TMT was 

selected as a fixed modification and raw files were searched against a concatenated Uniprot human 

and yeast database. False discovery rate (FDR) was set to 1% for peptide spectrum matches. Data 

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with 

the dataset identifier PXD019848. 
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2.4 Result and Discussion 

2.4.1 Benchmark experiments with FAIMS interfaced to the Q-Exactive HF  

A custom mounting flange with embedded electrical and gas connections, a plug adapter, 

a transfer tube and mounting features was built to interface the FAIMS ProTM device to the Ion 

Max NG source of the Q-Exactive mass spectrometer (Figure 2-1a). All the source parameters 

including gas flow rate and electrospray voltage can be controlled through the Tune software 

(version 2.8 SP1 build 2806). No ion source or optic modifications are required. The only source 

modification is an extended (10.7 cm) ion transfer tube to guide the ions from the flange to the S-

Lens. FAIMS parameters were controlled through a GUI interface enabling the tuning of the 

entrance plate voltage, carrier gas flow rate, dispersion voltage and compensation voltage. A pre-

acquisition script was used with the GUI to change the CV values before each injection. 

We performed a series of benchmark experiments with the direct infusion of a BSA tryptic 

digest (Supplementary Figure 2-2a). The distribution of peptide ions according to charge state is 

similar to that observed previously for the FAIMS ProTM coupled to a tribrid Orbitrap Fusion mass 

spectrometer 13. The majority of singly charged ions are transmitted above -20V and are separated 

from multiply-charges ions that are distributed from-20V to -80V. The transmission of selected 

peptide ions of different charge states is shown as an inset to Supplementary Figure 2-2b and the 

average peak width was determined to be 11.1±1.6 V (5.5±1.5 V, half height).  

Next, we investigated the LC-MS/MS analysis of 500 ng of a HeLa tryptic digest with and 

without FAIMS to benchmark the performance of each system (Figure 2-1b). We first compared 

the ion transmission of 21’893 peptide ions common to both FAIMS and non FAIMS LC-MS/MS 

experiments, and determined that FAIMS provided an average ion transmission of 58% across 4 

orders of magnitude in ion intensity (Figure 2-1c). The lower ion transmission observed here 

compared to the Tribrid Fusion instrument 13 is partly explained by the longer transfer tube 

capillary and the lower DV value (-4800 V) required to maintain voltage stability. 

In spite of the lower transmission, we observed that FAIMS enabled the identification of 

44’975 peptides (3891 proteins) compared to 31’267 peptides (2924 proteins) without FAIMS 

(Figure 2-1d, Supplementary Table 2-2). The reduction of the peptide co-fragmentation and 
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interfering ions obtainable with FAIMS provided an increase of 44 % in the number of peptide 

identified, consistent with that observed previously using the Tribrid Orbitrap mass spectrometer13. 

As expected, we noted that the distribution of peptides identified with FAIMS varied across CVs 

and charge over the range from -23 to -58 V (Supplementary Figure 2-3a). Out of all 

identifications (54’349 peptides) approximately 40% were common while 43% and 17 % were 

unique to FAIMS and non FAIMS experiments, respectively (Figure 2-1c). The large majority of 

peptides common to FAIMS and non FAIMS analyses have been identified in two or more LC-

MS/MS replicates (84%) whereas peptides unique to LC-MS/MS were mostly identified in one 

replicate (40%). A closer examination of peptides unique to LC-MS/MS revealed that they were 

of low abundance and not reliably detected across all runs (Supplementary Figure 2-3b), We also 

plotted the intensity distribution of peptides obtained with both strategies, and found that FAIMS 

typically provided an additional order of magnitude in peptide identification compared to non-

FAIMS (Figure 2-1c). The enhanced sensitivity of FAIMS enabled an improvement in signal to 

noise detection that facilitated the identification of low abundance peptides.  

We also compared the precursor ion fraction (PIF) between experiments to determine the 

proportion of ion co-selection during MS/MS, where a PIF value of 1 indicates that no ion other 

than the selected target ion is selected within the isolation window (Figure 2-1d). We observed 

that FAIMS significantly reduced the occurrence of precursor co-selection (average PIF value: 

0.92) compared to conventional LC-MS/MS experiments (average PIF value: 0.80). Altogether, 

these results indicated that the integration of the FAIMS ProTM device on the Q-Exactive HF 

enabled the isolation of precursor ions with lower occurrence of interfering ions thus improving 

the identification of low abundance peptide ions.  
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Figure 2-1: FAIMS ProTM device interfaced to a Q-Exactive HF mass spectrometer. 

(a) Photograph of the mounting flange (1), extended transfer tube (2), FAIMS ProTM device installed on 
the mounting flange (3), and combined with nanoFlex electrospray source (4). (b) Distribution of log10 

fold change (FC) and scatter plot of peptide intensities with and without FAIMS. (c) Overlap of identified 
peptides and proteins with and without FAIMS. (d) Distribution of precursor ion fraction (PIF) for 

identified peptides with and without FAIMS. 

 

2.4.2 Separation through segmented ion fractionation (SIFT) 

The depth of proteomic analyses is limited to the most abundant peptides leaving low 

abundance peptides largely unidentified. This limitation is associated with the ion capacity of the 
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C-trap (1x106 ions) and the duty cycle of the MS instrument. During the MS acquisition, the C-

trap is filled with all eluting ions including peptide and interfering ions. Precursor ions are typically 

selected for MS/MS based on their charge state and intensity, thus leaving peptides ions of low 

abundance underrepresented. To enhance the detection and selection of low abundance peptide 

ions, we compared LC-MS/MS experiments performed under full- and segmented-scan 

acquisitions, the latter consisting of breaking down the scanning range of m/z 350 – 1150 into six 

windows of 100 Th except for the last segment of 200 Th. The narrow m/z scan enabled the longer 

accumulation of low peptide ion signals thereby providing better isotopic peak definition and 

charge state assignment. However, we noted that the extent of background ions contributing to the 

baseline is still significant and prevented the detection of low abundance peptide ions. To reduce 

the contribution of interfering ions, we combined FAIMS with segmented MS acquisition 

windows, a method that we referred to as segmented ion fractionation (SIFT). In SIFT, each narrow 

m/z scan is analyzed at different compensation voltages (CVs) with FAIMS, thus enabling peptide 

and interfering ions of different mobilities at high and low electric fields to be separated from each 

other. An experimental outline of the full scan LC-MS/MS analyses and segmented MS scans 

performed with or without FAIMS are depicted in Figure 2-2a. We selected CV steps of 7V 

increments based on our benchmark experiments with the infusion of the BSA tryptic digest. Each 

m/z segment was analyzed at 6 different fixed CV values spanning across the CV transmission 

domain. This represents a total of 42 injections (7 m/z ranges and 6 CV values). 

To evaluate the analytical benefits of a segmented mass range on peptide identification, we 

performed LC-MS/MS analyses with and without FAIMS and SIFT for replicate analyses of 500 

ng of HeLa tryptic digest (Supplementary Table 2-3). The same number of injections were 

performed for FAIMS and non-FAIMS experiments (ie 6 fixed CV analyses for each 7 m/z 

segments vs 6 replicates for each 7 m/z segments for non-FAIMS). Significant gains in the number 

of detected multiply-charged features were noted when FAIMS, SIFT or the combination of the 

two is used (Figure 2-2b). Indeed, FAIMS or SIFT provides 2-2.5-fold increase in the number of 

peptide features, whereas the combination of FAIMS-SIFT enabled up to 3-fold increase in peptide 

features (e.g. 500828 and 145377 features for LC-FAIMS-SIFT-MS/MS and LC-MS/MS, 

respectively). Similarly, the use of SIFT in LC-MS/MS experiments provided an 87% increase in 

peptide identification (58557 unique peptides) compared to LC-MS/MS (31267 unique peptides) 

(Figure2- 2b). The combination of FAIMS and SIFT further enhanced the number of identification  
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Figure 2-2: Improvement of proteome coverage using SIFT. 

(a) Experimental scheme used for segmented ion fractionation (SIFT). (b) Number of unique features and 
peptides for segmented and non-segmented LC-MS/MS with and without FAIMS. (c) Venn diagram 

showing the peptide and protein overlap for segmented and non-segmented analyses with and without 
FAIMS. (d) Heatmap showing the number of identified peptides for the 4 experiments. Numbers represent 
peptide identification fold increase. (e) PIF distribution for the SIFT analysis with and without FAIMS (f) 

% of chimera scans for SIFT analyses with and without FAIMS. 
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to 64600 unique peptides. Next, we compared the overlap in peptide and protein identification for 

LC-MS/MS experiments performed with and without FAIMS and SIFT (Figure 2-2c). We 

obtained a good overlap of identified proteins groups and peptides where typically less than 10% 

identification were observed with SIFT for LC-MS/MS experiments performed with or without 

FAIMS. We also evaluated the gain in number of unique peptide identified for individual m/z 

segments, and noted that the most significant gains were observed for densely populated segments 

between m/z 450-750 (Figure 2-2d). In this m/z region, the combination of FAIMS-SIFT more 

than doubled the number of identified peptides compared to LC-MS/MS experiments. We noted 

again that FAIMS reduced the number of interfering ions in LC-MS/MS experiments performed 

using SIFT where we observed a PIF value of 0.85 compared to 0.65 for experiments with and 

without FAIMS, respectively (Figure 2-2e). Background and contaminating ions are more 

prevalent when sequencing lower abundance ions with SIFT. However, the median of the PIF 

values (0.86) observed with FAIMS-SIFT is comparable to that obtained with FAIMS only 

(median PIF 0.92). Without FAIMS, approximately half of the identified PSMs were chimeric 

consistent with previous reports13 (Figure 2-2f). The lower occurrence of precursor co-isolation 

provided with FAIMS reduces by half the number of chimeric scans (27% of the PSMs were 

chimeric) for all CVs and m/z tiles. 
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Figure 2-3: Impact of m/z segmentation on peptide identification. 

(a) Heatmap displaying the variation of peptide density based on m/z segment and CV (left panel). 
Number of unique peptide across CVs for each m/z segment (right panel). (b) Comparison of identified 

peptides and proteins for LC-MS/MS SIFT experiments performed with and without FAIMS. (c) 
Cumulative increase of unique peptides across replicates or CV values. 

The very large number of injections required to complete the LC-FAIMS-SIFT-MS/MS 

experiments is not time efficient for large-scale proteomic studies. While the current software does 

not enable efficient programming of CV stepping during the LC-MS/MS experiment, we stepped 

across m/z windows instead of CVs to decrease the number of injections. We used the previous 

dataset to display peptide density for each CV and m/z segment (Figure 2-3a). A heatmap 

distribution of detected features and peptide identification across m/z, CVs and retention time is 

presented in Supplementary Figures 2-4a and 2-4b. No clear relationship between m/z, Rt and 

CV was found, and consequently we made our m/z segment combination based on peptide 

distribution per m/z segment and CVs (Supplementary Figure 2-4c). Based on peptide distribution 

for LC-MS/MS analyses shown in Figure 2-2d, we selected to step across one populated segment 
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(m/z 448-450) and two less populated segments (m/z 350-450 and m/z 948-1150) within the same 

LC-MS/MS run. Similarly, the second analysis cycles through the populated m/z 548-650 and the 

less populated m/z 848-950 tiles. Finally, the third analysis step through the m/z 648-750 and m/z 

748-850. We performed 6 replicates of this experiment giving a total of 18 LC-MS/MS runs. For 

FAIMS, we took advantage of the distribution of peptide population based on CV and m/z tile to 

group LC-MS/MS runs in a similar fashion to non-FAIMS experiments. For instance, two LC-

FAIMS-SIFT-MS/MS were performed at CV -23V: one for tiles m/z 350-450, 548-650, 648-750, 

950-1150 whereas the second injection groups m/z 448-550, 748-850 and 848-950 MS segments. 

This enabled us to cycle through m/z tiles and CVs in 13 injections. The comparison of m/z 

segment stepping with and without FAIMS is presented in Figure 2-3b and the corresponding 

identifications are listed in Supplementary Table 2-4. In total, we identified 32610 peptides (3150 

proteins) without FAIMS compared to 47635 peptides (4430 proteins) with FAIMS, and 20576 

peptides (3021 proteins) were identified with both approaches. Once again, FAIMS enhanced the 

number of identified peptides and proteins with an additional 27059 (45%) peptides and 1409 

(31%) proteins. However, we noted that the number of peptides identified without FAIMS 

decreased by 44 % from 58557 (4462 proteins) to 32610 peptides (3150 proteins) when comparing 

identification obtained with combined MS segments to those acquired separately (Figure 2-2c). 

While the identification rate remained the same with or without segments, the additional time 

required to acquire MS scan for each segment reduced the overall number of acquired MS/MS 

spectra. It is noteworthy that without FAIMS, the combination of MS segments within the same 

LC-MS/MS run reached a plateau after the third replicate with approximately 30000 unique 

peptides identified (Figure 2-3c). In contrast, we observed a regular increase in the number of 

identified peptides for each individual CV extending to more than 47000 peptides (Figure 2-3c). 

This highlights the different peptide populations transmitted at different CVs even when different 

m/z segments are selected. With FAIMS, the combination of MS segments within the same run 

also reduced the total number of identification albeit to a lower extent than that observed for non-

FAIMS experiments. Indeed, we observed that the combination of MS segments resulted in a 26% 

reduction of identification from 64600 to 47635 peptides. Although a lower number of 

identification is observed when using combined MS segments, this approach enabled a 

comprehensive proteome coverage with 13 injections instead of 42.  
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2.4.3 TMT quantification 

To determine if the combination of SIFT and FAIMS can reduce the extent of precursor 

co-isolation and improve quantitative measurements, we conducted LC-MS/MS experiments using 

isobaric peptide labeling with a 10-plex tandem mass tag (TMT). Previous studies have reported 

that FAIMS can reduce the occurrence of chimeric MS/MS spectra to alleviate TMT ratio 

compression in multiplex quantitative proteomic experiments 13, 18. Accordingly, we devised a 

series of experiments based on a two proteome model 25where the ratio of yeast to human tryptic 

digests varied from 0 to 10 (Figure 2-4a). Yeast tryptic peptides were not labeled with TMT-126 

and TMT 131 to evaluate the extent of interferences from the human proteome. We then compared 

the number of quantifiable peptides from LC-MS/MS analyses performed with or without SIFT 

and FAIMS (Supplementary Table 2-5). In conventional LC-MS/MS experiments, SIFT extended 

the quantitative measurements to 4568 peptides (789 proteins) compared to 2452 peptides and 527 

proteins without MS segments (Figure 2-4b). However, a more sizable gain in the number of 

quantifiable peptides is obtained using LC-FAIMS-MS/MS with 16489 peptides (2278 proteins) 

compared to 13710 peptides (1912 proteins) without SIFT. The combination of FAIMS and SIFT 

provided the maximum coverage of quantifiable peptides compared to other LC-MS/MS 

configurations. Furthermore, we noted that FAIMS and SIFT also improved the quality of MS/MS 

spectra as reflected by increased PEAKS identification scores across almost 4-orders of magnitude 

in precursor ion intensity (Figure 2-4c). The enhanced identification score observed with FAIMS 

and SIFT arise from reduced co-selection of precursor ions and higher PIF values as noted 

previously (Figure 2-2e).  
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Figure 2-4: Quantification of human and yeast extracts using FAIMS and SIFT. 

(a) Schematic of the TMT labeling scheme for human and yeast proteome mix. (b) Distribution of 
identified peptides for human and yeast proteins for the four different LC-MS/MS configurations. (c) 

Heatmaps displaying peptide intensity vs PEAKS identification score. 

 

Next, we evaluated the accuracy of quantitative measurements by comparing the theoretical 

and observed fold change (FC) values of TMT reporter ions for experiments performed with and 

without SIFT and FAIMS (Supplementary Figure 2-5a). As expected, a progressive TMT ratio 

compression was observed with increasing dilution of the yeast sample as reflected by a larger 

deviation between the ratios of theoretical and observed FC values. While SIFT increased the 

number of quantifiable peptides, we observed that selecting narrow MS segments did not improve 
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the accuracy of quantitative measurements, and comparable log2FC ratios were observed for both 

FAIMS and non-FAIMS experiments. Closer examination of these results revealed that MS 

segments increased the quantification of lower intensity peptides ions though the decreased 

occurrence of peptide ion co-isolation. However, FAIMS significantly improved the accuracy of 

quantitative measurements with a lower extent of TMT ratio compression. For instance, we 

measured a FC value of 9.1 (log2FC obs/theo= - 0.14) for a theoretical ratio of 10 when using FAIMS, 

compared to a FC value of 5.5 (log2FC obs/theo= - 0.85) without FAIMS (Supplementary Figure 2-

5a), thus representing a 65% improvement in accuracy of quantitative measurement. We calculated 

the interference free index (IFI) for yeast peptides identified with and without FAIMS and SIFT 
26. An IFI of 1 indicates that no reporter ion intensity is detected in the yeast peptide empty 

channels (ie TMT-126 and TMT 131). The scatterplots of IFI values for all experiments performed 

with and without FAIMS are shown in Supplementary Figure 2-5b, and indicated that a higher 

IFI value is obtained with FAIMS, further confirming the reduced contribution of precursor ion 

co-selection. Scatter plots of IFI and fold changes obtained with and without SIFT and FAIMS are 

displayed in Supplementary Figure 2-6. These plots clearly indicate that SIFT does not improve 

IFI (Supplementary Figure 2-6a) or accuracy of quantitative measurements (Supplementary 

Figure 2-6b), whereas observed fold changes are very close to the expected values when using 

FAIMS.  

To improve the accuracy of quantitative measurements, we correlated IFI values with FC 

observed on TMT ratios for all four instrument configurations. We plotted FC distribution within 

IFI bins and noted that larger deviation of FC ratios was observed with decreasing IFI values 

(Supplementary Figure 2-7). This is especially true for higher fold changes where the intensity of 

the low abundance TMT channel approached the background level resulting in higher contribution 

of interfering ions. The application of a specific IFI to filter out distorted FC ratios could thus 

improve the accuracy of quantitative measurements although this would reduce the quantification 

coverage. Accordingly, we evaluated the impact of IFI values on the number of quantifiable 

peptides and proteins (Figure 2-5a). When the IFI is progressively increased from 0 to 0.95, we 

observed that the number of quantifiable peptides decreased from 5666 to 3884 (750 to 674 

proteins) and from 1821 to 1178 (321 to 248 proteins) for SIFT experiments performed with and 

without FAIMS, respectively. Based on these results, we selected all quantifiable peptides with 

IFI values ≥ 0.95 and plotted the distribution of FC ratios (Figure 2-5b). By filtering FC ratios 
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based on a IFI value of 0.95, we significantly improved the accuracy of quantitative measurements 

for all four configurations. For example, the application of an IFI of 0.95, provided an average FC 

ratios of 0.95, 1.45, 3.77, and 7.65 (theoretical ratios of 1, 2, 5, and 10) for experiments performed 

without SIFT and FAIMS compared to 1.0, 1.33, 2.75 and 5.31 without IFI filter. Further 

improvement of accuracy was achieved using SIFT and FAIMS where we obtained FC ratios of 

0.96, 1.56, 3.98, and 8.17 for an IFI value of 0.95. Additionally, interquartile ranges and empty 

channel contamination is smaller for peptides and proteins with IFI>0.95 for all configurations. 

Altogether, these analyses indicate that improvement in the comprehensiveness and accuracy of 

quantitative proteomics can be achieved on the Q-Exactive HF using SIFT and FAIMS. While 

SIFT provides marginal gains in the number of quantifiable peptides, we anticipate a faster duty 

cycle and the use of phase constrained spectrum deconvolution 5 could further enhance the depth 

of quantitative proteomics.  

 

 

 

Figure 2-5: Impact of IFI values on the number of quantifiable peptides and accuracy of quantitative 
measurements. 

(a) Number of peptide and proteins quantified for different IFI filters. (b) Boxplot distribution of fold 
changes for all quantified yeast peptides with an IFI>0.95 against the average of TMT reporter 

intensities for channel 127C and 127N. 
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2.5 Conclusion 

 We report on a customized (non-commercial) interface enabling the coupling of the FAIMS 

ProTM Interface to older generation Q-Exactive Orbitrap series with a minor modification on the 

mass spectrometer ion source (i.e a longer transfer tube). FAIMS parameters are controlled by a 

simple user interface that allow the selection of CV values during LC-MS/MS experiments and 

can be programmed to change CV values between runs. FAIMS on the Q-Exactive HF provides 

charge state separation comparable to that observed on the latest generation of Orbitrap 

instruments (e.g Eclipse and Exploris instruments). Reduction of background ions enhances 

peptide identification by 42% with close to 60% ion transmission. FAIMS is especially beneficial 

when combined with SIFT where a higher proportion of low abundance ions are sequenced by 

MS/MS. FAIMS decreases the extent of chimeric tandem mass spectra by two-fold providing a 

50% increase in the number of identified proteins. FAIMS is also beneficial for TMT 

quantification, and alleviates distortion of TMT reporter ion ratios commonly found with 

quantitative proteomics analyses performed using isobaric peptide labeling. While SIFT typically 

extend the number of quantifiable peptides, the reduction of TMT ratio compression available with 

FAIMS enable a 65% improvement in accuracy of quantitative measurements. Further 

improvement in accuracy can be achieved by filtering FC measurements using IFI values ≥ 0.95. 

 While FAIMS enhanced both the depth and accuracy of quantitative measurements on the 

Q-Exactive HF, we expect that the ability to use DV voltage higher than -4800V would improve 

ion transmission and sensitivity of this system. Furthermore, additional flexibility in the software 

to facilitate the selection of different CVs within the same LC-MS/MS run would expand the breath 

of ion population for optimal sample use. Integration of the FAIMS voltage control to the Tune 

file would facilitate the design of acquisition methods where CV switching can be integrated in 

the method duty cycle.  
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2.7 Supplementary Infomation 

 

 

Supplementary Figure 2-1: Distribution of BDA tryptic peptides according the CV. 

Direct infusion of BSA tryptic digest by ESI-FAIMS-MS by switching the CV in 2-V steps from -10 V up to 
-80 V at DV -4800. (a) Heat map showing transmission domain for each charge state. (b) Total ion 

chromatogram (black) with representative extracted ion chromatograms of selected BSA tryptic peptides. 
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Supplementary Figure 2-2: Distribution and frequency of tryptic peptides from HeLa cells identified in 

LC-MS/MS experiments with and without FAIMS. 

(a) Charge state distribution of HeLa peptides identified with FAIMS. (b) Identification frequency of 
peptides identified by LC-MS/MS only or identified by LC-MS/MS and LC-FAIMS-MS/MS, 
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Supplementary Figure 2-3: Identification of HeLa tryptic peptides by LC-MS-MS using SIFT and 

FAIMS. 

Heatmap of detected features (a) and unique peptides (b) according to CV, m/z tiles and retention time 
bins. (b) Schematic representation of the m/z cycling per replicate injections with and without FAIMS. 
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Supplementary Figure 2-4: Impact of interference on quantitative measurements. 

(a) Deviation of observed from expected TMT ratios with and without FAIMS. (b) Scatter plot of 
interference free index for common peptides identified with and without SIFT and FAIMS.  
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Supplementary Figure 2-5: Scatter plots of interference free index and fold changes obtained with and 

without FAIMS and SIFT. 

 



 

 
 

61 
 

 
Supplementary Figure 2-6: Boxplot distribution of fold changes for peptides grouped by IFI. 

Numbers (N) of peptides per groups are indicated. 
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Supplementary Table 2-1:  Scanning ranges used for full MS scan and SIFT with and without FAIMS 

FAIMS −    SIFT −  FAIMS +    SIFT − 

Experiment Injection CV 
(V) m/z range  Experiment Injection CV 

(V) m/z range 

Rep 1 1 — 350-1150  CV1 1 -23 350-1150 

Rep 2 2 — 350-1150  CV2 2 -30 350-1150 

Rep 3 3 — 350-1150  CV3 3 -37 350-1150 

Rep 4 4 — 350-1150  CV4 4 -44 350-1150 

Rep 5 5 — 350-1150  CV5 5 -51 350-1150 

Rep 6 6 — 350-1150  CV6 6 -58 350-1150 

         

FAIMS −    SIFT +  FAIMS +    SIFT + 

Experiment Injection CV 
(V) m/z range  Experiment Injection CV 

(V) m/z range 

Rep 1 1 — 350-450, 448-550, 
948-1150 CV1 Seg1 1 -23 350-450, 548-650,  

648-750, 948-1150 

 2 — 548-650, 848-950 CV1 Seg2 2 -23 448-550, 748-850,  
848-950 

 3 — 648-750, 748-850 CV2 Seg1 3 -30 350-450, 548-650,  
748-850 

Rep 2 4 — 350-450, 448-550, 
948-1150 CV2 Seg2 4 -30 448-550, 648-750 

 5 — 548-650, 848-950 CV2 Seg3 5 -30 848-950, 948-1150 

 6 — 648-750, 748-850 CV3 Seg1 6 -37 350-450, 548-650 

Rep 3 7 — 350-450, 448-550, 
948-1150 CV3 Seg2 7 -37 448-550, 748-850 

 8 — 548-650, 848-950 CV3 Seg3 8 -37 648-750, 848-950,  
948-1150 

 9 — 648-750, 748-850 CV4 Seg1 9 -44 350-450, 448-550,  
848-950, 948-1150 

Rep 4 10 — 350-450, 448-550, 
948-1150 CV4 Seg2 10 -44 548-650, 648-750,  

748-850 

 11 — 548-650, 848-950 CV5 Seg1 11 -51 350-450, 448-550,  
548-650 

 12 — 648-750, 748-850 CV5 Seg2 12 -51 648-750, 748-850,  
848-950, 948-1150 

Rep 5 13 — 350-450, 448-550, 
948-1150 CV6 Seg1 13 -58 350-450, 448-550,  

548-650 

 14 — 548-650, 848-950 CV6 Seg2 14 -58 648-750, 748-850,  
848-950, 948-1150 

 15 — 648-750, 748-850     

Rep 6 16 — 350-450, 448-550,  
948-1150    

 17 — 548-650, 848-950     

  18 — 648-750, 748-850      
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The following tables are too large to be contained in the thesis, they are avalibale online as  

Supporting Information at: 

 https://pubs.acs.org/doi/10.1021/acs.analchem.1c01376. 

 

Supplementary Table 2-2 (.xls): LC-MS/MS analyses of HeLa digest with and without FAIMS 

(separate file) 

Supplementary Table 2-3 (.xls): LC-MS/MS analyses of HeLa digest with and without FAIMS 

using mz segments (SIFT) (separate file) 

Supplementary Table 2-4 (.xls): LC-MS/MS analyses of HeLa digest with and without FAIMS 

using mz segment stepping. (separate file) 

Supplementary Table 2-5 (.xls): LC-MS/MS analyses of two proteome model with and without 

FAIMS using m/z segment stepping. (separate file) 

 

 

  

https://pubs.acs.org/doi/10.1021/acs.analchem.1c01376
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3.1 Abstract 

The sensitivity and depth of proteomic analyses is limited by isobaric ions and interferences that 

preclude the identification of low abundance peptides. Extensive sample fractionation is often 

required to extend proteome coverage when sample amount is not a limitation. Ion mobility 

devices provide a viable alternate approach to resolve confounding ions, improve peak capacity 

and mass spectrometry (MS) sensitivity. Here, we report the integration of differential ion mobility 

with segmented ion fractionation (SIFT) to enhance the comprehensiveness of proteomic analyses. 

The combination of differential ion mobility and SIFT, where narrow windows of ~ m/z 100 are 

acquired in turn, is found particularly advantageous in the analysis of protein digests, and typically 

provided 70% gain in identification compared to conventional single-shot LC-MS/MS. The 

application of this approach is further demonstrated for the analysis of tryptic digests from 

different colorectal cancer cell lines where the enhanced sensitivity enabled the identification of 

single amino acid variants that were correlated with the corresponding transcriptomic datasets. 

 

Key words: High field asymmetric waveform ion mobility (FAIMS), mass spectrometry, gas-

phase fractionation, proteogenomics, protein mutation, single amino acid polymorphism, single 

amino acid variant, colon cancer 
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3.2 Introduction 

 Technological advances in mass spectrometry (MS) enables the acquisition of mass spectra 

with great speed and sensitivity to enhance the depth of proteomic analyses. Single-shot LC-

MS/MS using data-dependent acquisition (DDA) still remains one of the preferred analytical 

strategy in proteomic research, though only about half of the expressed proteome is typically 

accessible with this approach 1, 2. Although this limitation is partly accounted for by the MS/MS 

acquisition rate and the sensitivity of the mass spectrometer, the overwhelming complexity of 

protein digests also represents a sizeable difficulty towards complete proteome coverage. Several 

prior reports indicated the challenges in sequencing peptide ions of low abundance that often 

overlap with isobaric multiply-charged ions, and remain inaccessible or unidentified by MS/MS 3-

6. The proportion of conflicting ions increases with decreasing abundance, a situation that can also 

affect quantitative measurements when interfering ions are wrongly assigned to target ions. This 

problem is particularly important in multiplex quantitative proteomics using isobaric peptide 

labeling due to the frequency of precursor ion co-selection that can lead to distorted reporter ion 

ratios and ratio compression effects 7, 8. 

 Different analytical approaches can be used to improve peak capacity and resolve isobaric 

peptide ions. For example, liquid chromatography prefractionation using ion exchange, 

hydrophilic-interaction or high pH reverse phase were reported to extend the depth of proteomic 

analyses9-11.  Although effective, these approaches require significant sample amounts and can be 

laborious to integrate in a seamless fashion with LC-MS/MS systems. Alternatively, the 

combination of ion mobility with MS offers a viable option to perform fractionation of peptide 

ions in the gas phase, and can be integrated with different types of mass spectrometers to enhance 

proteome coverage 12-14. Among the different types of ion mobility devices, field asymmetric 

waveform ion mobility spectrometry (FAIMS) enables gas phase separation by transmitting ions 

based on their changes in mobility at high and low electric fields 15, 16. This analytical characteristic 

is leveraged in proteomic research to extend the dynamic range of detection, resolve isobaric ions 

and facilitate the identification of low abundance peptides 17-19.   

 While ion mobility devices can improve sensitivity and tease out peptide ions from 

interfering signal, the ability to detect multi-isotope patterns for subsequent identification is 
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challenging in view of the variability of weak ion signal. This difficulty is further compounded 

with the limited ion capacity of trapping device where low abundance peptide ions are 

underrepresented when co-isolated with highly abundant multiply-charged species. To alleviate 

this problem, a data acquisition method, termed segmented ion fractionation (SIFT), was recently 

introduced to separate the MS acquisition range into multiple narrow m/z scans 20. SIFT can be 

combined with FAIMS to enhance the detection of low abundance ion signal and resolve 

overlapping peptide features in order to improve precursor ion purity for MS/MS analysis. 

Although this approach extended the dynamic range of peptide identification compared to 

conventional LC-MS/MS 20, these preliminary experiments were performed on a Q-Exactive HF 

with limited FAIMS functionality.    

 In the present study, we provide a comprehensive evaluation of the SIFT and FAIMS 

method on an Exploris 480 mass spectrometer where different compensation voltages (CVs) are 

fully integrated and optimized for separate m/z segments. When compared to the conventional 

DDA approach, the combination of SIFT and FAIMS enhanced peptide and protein identification 

by more than 40% and 70%, respectively. The application of this method is further demonstrated 

for the identification of polymorphic variants in colorectal cancer cell lines where point mutations 

were correlated with transcriptomic analyses.  
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3.3 Materials and Methods 

3.3.1 Cell cultures.  

Three human colorectal cancer cell lines (COLO 205, HCT 116 and SW620) and one 

normal human fetal small intestine cell line (HIEC6) were obtained from the American Type 

Culture Collection (ATCC). COLO205, HCT116, and SW620 were grown in RPMI-1640 (Gibco) 

supplemented with 10% Fetal bovine serum (FBS), while HIEC-6 was grown in OptiMEM 1 

Reduced Serum Medium (Gibco) supplemented with 20 mM HEPES (Gibco), 10 mM GlutaMAX 

(Gibco), 10ng/mL epidermal growth factor (EGF) (Gibco), and FBS to a final concentration of 

4%. All cells were maintained at 37°C with 5% CO2.  

Cells were rinsed with warm phosphate-buffered saline (PBS) before being trypsinized with 

TrypLE™ Express Enzyme (1×) (Gibco) for 5-15 minutes at 37°C with 5% CO2. Harvested 

material was then spun at 1000 rpm for 5 minutes, rinsed once with warm PBS, then resuspended 

in ice-cold PBS. After cell count, replicates of 2 × 108 cells were pelleted and frozen at -80°C until 

further use.  

3.3.2 RNA extraction.  

Cells were collected (1-2 million each) and washed once with ice-cold PBS. Cells were 

then resuspended in Trizol (Invitrogen). Total RNA was isolated using the RNeasy Mini kit 

(Qiagen) as recommended by the manufacturer.  

3.3.3 RNA sequencing.  

500 ng of total RNA was used for library preparation. RNA quality control was assessed 

with the Bioanalyzer RNA 6000 Nano assay on the 2100 Bioanalyzer system (Agilent 

Technologies) and all samples had an RNA integrity number (RIN) of at least 9.6 for all cell lines. 

Libraries were prepared with the KAPA mRNAseq Hyperprep kit (Roche). Ligation was made 

with Illumina dual-index UMI (IDT). After being validated on a BioAnalyzer DNA1000 chip and 

quantified by QuBit and qPCR, libraries were pooled to equimolar concentration and sequenced 

with the Illumina Nextseq500 using the Nextseq High Output 150 (2×75bp) cycles kit. A mean of 
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129 million paired-end PF reads were generated for the cell lines. Library preparation and 

sequencing were performed at the Genomic Platform of the Institute for Research in Immunology 

and Cancer (IRIC). 

3.3.4 Protein extraction and enzymatic digestion.  

Cells were washed twice with cold Phosphate Buffered Saline (PBS) (Fisher Scientific, 

BP399-1) and pelleted by centrifugation (1000 rpm, 5min). Lysis buffer containing 8M Urea 

(Fisher Scientific, BP169), 50mM Tris (Thermofisher Scientific) pH 8.2 was added to the cell 

pellets. Cells were mechanically lysed with 2 × 10s sonication bursts. Lysates were centrifuged at 

14,000 g for 10min, and protein concentration of clear lysate was determined by Bradford assay. 

Samples were diluted to 1M urea 50mM Tris and Lys-C (Wako Pure Chemical Corp.) 

(enzyme/protein ratio 1:100) digestion was performed for 3h at 37°C. Trypsin (Promega) digestion 

(enzyme/protein ratio 1:50) was performed overnight at 37°C. Samples were desalted with OASIS 

HLB columns (Waters) and dried in a speed-vac. Samples were reconstituted in Formic acid 4% 

(EMD Millipore Corporation).  

3.3.5 LC-MS/MS.  

All analyses were performed on an Orbitrap Exploris 480™ platform (Thermo Fisher 

Scientific). Peptide separation was performed on a home-made C18 column (Jupiter C18, 

Phenomenex, 3 μm, 300 Å, 150 μm × 25 cm) connected to a nanoflex electrospray source (Thermo 

Fisher Scientific). Peptides were loaded on a C4 precolumn (Optimize Technologies) and eluted at 

600 nL/min with a linear gradient of 5–38% solvent B (80% acetonitrile, 0.2% FA) in 56 min, 

followed by 38%–100% B in 2 min and held at 100% B for 12 min. For conventional full scan 

analyses, MS survey scans were obtained from m/z 350 to 890 at a resolution of 480000, a standard 

automatic gain control (AGC) target, and the Auto mode for the maximum injection time. MS/MS 

scans were acquired for a maximum of 3 seconds with an intensity threshold at 8E4, a MS/MS 

resolution at 30000, a normalized AGC target at 50% and a maximum injection time at 50ms. For 

SIFT analyses, MS parameters were the same except that the m/z range was divided in four m/z 

segments (350-453, 451-542, 540-661, 659-890) in 4 injections. MS/MS spectra of precursor ions 

with charge state 2-4 were acquired for a maximum of 3 s at a resolution of 30000, intensity 
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threshold 4E4, normalized AGC target at 100%, and a maximum injection time at 100 ms.  FAIMS 

acquisitions without SIFT were conducted with the same MS parameters except that the resolution 

was set to 60000.  The full mass range and segmented acquisitions used an intensity threshold at 

1E4. MS/MS spectra were acquired with a normalized AGC target of 50% and maximum injection 

time of 75 ms. For FAIMS acquisition with SIFT, MS/MS spectra were acquired with a normalized 

AGC target 100% and maximum injection time at 100 ms. The isolation window was set to 1.0 Th 

with 34% HCD normalized collision energy (NCE). A dynamic exclusion time of 30 s was used 

for all MS/MS acquisitions.  

3.3.6 FAIMS.  

The FAIMS ProTM (Thermo Fisher Scientific) inner and outer electrodes were separated 

by a 1.5 mm gap. The inner and outer electrodes were maintained at 100 °C to maximize ion 

transmission. Nitrogen (N2) was used as a carrier gas with a flow rate of 1.6 L/min for temperature 

controlling and a flow rate of 4 L/min for user carrier. The dispersion voltage (DV) was set to 

−5000 V with a 3 MHz frequency for the high electric field. The FAIMS transit time was 40 ms. 

The compensation voltage (CV) for optimal transmission of target peptide ions in LC-FAIMS-

MS/MS experiments was determined for full range and SIFT acquisition by running LC-FAIMS-

MS/MS of Colo205 tryptic digest at a single CV per run every 5V from -25V to -95V 

(Supplementary Figure 3-1). 

3.3.7 Data Analysis and Visualization.  

All raw files were searched with PEAKS engine (Bioinformatics Solutions, Inc., Version 

10) against the Uniprot human database (Jan 2021). Additional searches were performed using 

PEAKS and SPIDER21 to identify potential amino acid variants. Maximal tolerances for precursor 

and fragments were 10 ppm and 0.01 Da, respectively. Search parameters included trypsin with a 

maximum of three missed cleavages per peptide. A maximum of 3 variable modifications was 

allowed per peptide, and included oxidation (M), deamidation (NQ), carbamidomethylation (C) 

and phosphorylation (STY). For SPIDER search, de novo score (%) threshold was set to 15, L 

equals I and Q equals K was allowed. False discovery rate (FDR) was set to 1% for peptide 
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spectrum matches. Data have been deposited to the ProteomeXchange Consortium via the PRIDE 

partner repository with the dataset identifier PXD033710. 

3.3.8 Bioinformatic search of amino acid variants.  

Amino acid variants were validated by evaluating the RNA expression of the peptide bearing them 

in the corresponding colorectal RNASeq sample 22. For this purpose, each peptide was reverse 

translated to obtain all possible nucleotide sequences, taking special care to trim peptide sequences 

larger than 16 amino acids. We then mapped these sequences to the GRCh38.p10 genome version 

(GENCODE v.26) with STAR v. 2.7.1a, to locate all genomic regions capable of encoding a given 

peptide without mismatches. The alignment was performed taking into consideration variants from 

dbSNP (release 155). From these genomic regions, we counted the number of reads present in each 

RNA-seq sample. Finally, peptides that had a total read count from all different coding regions 

and sequences ≥ 5 and that were not contained in any proteins in the human UniProtKB 2021 or 

in translated proteins from the Ensembl 88 (GENCODE v.26) annotations were validated as 

peptides bearing amino acid variants.  
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3.4 Result and Discussion 

3.4.1 Optimization of segmented ion fractionation and FAIMS  

 To evaluate the analytical benefits of segmented ion fractionation and FAIMS on the 

Exploris 480 mass spectrometer, we first conducted a series of conventional LC-MS/MS 

experiments with a tryptic digest of the colorectal cancer cell line Colo205.  Replicate injections 

of 2 µg were performed using a 70 min gradient elution and a full scan acquisition (m/z 350-890) 

to determine the distribution of peptide ions across the m/z range (Supplementary Figure 3-1a). 

Replicate LC-MS/MS injections were performed to further improve the number of identified 

peptides, but provided only 20 % gain in new identifications. Closer examination of replicate 

analyses revealed the reacquisition of abundant ions with few additional identifications from low 

abundance peptide ions (Figure 3-1a). The additional increase in new identifications followed the 

normal distribution of detected features, and displayed the expected decrease in matching rate with 

lower peptide ion intensity (Figure 3-1b). The modest increase in identification observed here is 

partly attributed to the limited space charge capacity of the Orbitrap, which results in the under 

sampling of low abundance species. To improve the dynamic range of peptide identification, we 

performed experiments using narrow m/z scans (SIFT) with and without FAIMS. The use of 

narrow MS scan alone enabled the transmission of a wider distribution of peptide ions for each 

MS segment, and facilitated the detection of low abundance ions (Figure 3-1c). Generally, this 

translated into an increase of 7 % in peptide identification. However, we noted that the extent of 

spectral complexity increased in each MS segment giving rise to a higher proportion of co-eluting 

isobaric peptides as intensity decreased. In contrast, the combination of SIFT and FAIMS 

significantly reduced the fraction of isobaric peptides while providing new identifications for each 

CV (Figure 3-1d). The improved signal to noise observed with FAIMS facilitated the transmission 

of peptides not typically detected under conventional LC-MS/MS experiments.  

 Following these preliminary experiments, we optimized the number of m/z segments and 

CV steps to properly integrate SIFT and FAIMS into a reduced number of LC-MS/MS 

experiments. More than 95% of identified peptides (all precursor ion charge stated considered) 

were detected in the range of m/z 350-890. Accordingly, we first determined the distribution of 

identified peptides across the m/z range, and selected up to four segments of approximately equal  
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Figure 3-1: Improvement in peptide identification using FAIMS and SIFT in LC-MS/MS analyses of 
Colo205 tryptic digests.  

a) Replicate LC-MS/MS analyses showing a narrow segment of the full mass spectrum. b) Distribution of 
features, identified peptides and MS/MS success rate vs. intensity for replicate LC-MS/MS injections.  c) 
LC-MS/MS analysis using SIFT. d) LC-MS/MS analysis using FAIMS and SIFT. Check marks and cross 
signs indicate identified and unassigned precursor ions, while asterisks show new identifications from 
consecutive analyses. 

number of identification (Supplementary Figure 3-1a). We also ensured that each segment 

overlapped by 2 m/z unit to maximize peptide identification. We evaluated the impact of MS 

resolution on the number of features detected for one to four segments (Supplementary Figure 3-

1b). Both MS resolution and the number of segments improved feature detection, although this 

resulted in longer acquisition time. For replicate analyses performed at a single m/z segment we 

observed a progressive increase in the number of identified features, varying from 55796 features 

(16338 peptides) to 114778 features (15280 peptides) for resolution settings of 60000 to 480000, 
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respectively. MS analyses conducted with up to four m/z segments at resolution of 480000 further 

increased the number of features to 151511 features (26764 peptides).   

Next, we optimized transmission conditions of peptide ions according to CV values for 

single and multiple m/z segments (Supplementary Figures 3-1c and 3-1d). LC-FAIMS-MS/MS 

experiments performed at individual CVs from -25 to -95V enabled the identification of a total of 

39814 peptides, of which more than 98% are transmitted between -30 to -80V. An overlap of 3-36 

% of identified peptides was observed between adjacent CVs, and this overlap did not exceed 19% 

for CV values spaced by 10V.  Since no single CV can provide sufficient peptide coverage, we 

combined three non-overlapping CVs into four separate LC-MS/MS analyses for FAIMS 

experiments using a single m/z segment. Lastly, we selected up to six non-overlapping CV steps 

for optimal transmission of peptide ions in each of the four individual m/z segments with the 

number of CV steps scaled according to ion peptide density with m/z 451-542 and m/z 540-661 

representing the most populated segments. 

 

 

Figure 3-2: Schematic description of experimental conditions used with four acquisition methods.  

See experimental section for more details. 
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Figure 3-3: Improvement of proteome coverage in LC-MS/MS analyses of Colo205 tryptic digests using 

SIFT and FAIMS.  

a) Distribution of identified peptides and proteins. b) Venn diagrams showing the protein overlap 
for segmented and non-segmented analyses with and without FAIMS. c) Pie chart representation 
of chimera and non-chimera scans for the four methods used. (d) Violin plots showing the 
proportion of interferences co-isolated with precursor ions for all methods.   

 A schematic representation used for the four different acquisition methods along with the 

corresponding parameter settings are shown in Figure 3-2. We conducted additional experiments 

to evaluate the impact of injection time (IT) and the automatic gain control (AGC) on the number 

of identified peptides and matching rates for each acquisition method (Supplementary Figure 3-

2). Optimal acquisition conditions were found using an AGC of 5×104 and an IT of 50-100 ms.  
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For each method, we performed LC-MS/MS experiments on a tryptic digest of Colo205 using a 

total of four injections. Conventional LC-MS/MS experiments enabled the identification of 26032 

unique peptides corresponding to 3524 proteins (Figure 3-3a, Supplementary Table 3-1). The 

number of identifications followed a normal distribution where a lower number of peptides were 

identified with decreasing precursor ion intensity (Supplementary Figure 3-3). SIFT using 4 MS 

segments improved the detection of low abundance ions and enabled a gain of 7 % and 16% in 

peptide and protein identification, respectively. Further gains in sensitivity were obtained using 

FAIMS either alone or in combination with SIFT. For instance, LC-FAIMS-MS/MS experiments 

identified a total of 29782 peptides (4724 proteins) corresponding to a 14 % increase in peptide 

identification (34% gain in identified proteins). However, the largest gains in sensitivity were 

obtained when FAIMS was combined with SIFT, which led to 40% and 62% increase in peptide 

and protein identification, respectively. This acquisition method increased proteome depth and 

extended detection by almost an order of magnitude in peptide intensity compared to conventional 

LC-MS/MS experiments (Supplementary Figure 3-3). Comparison of proteins identified by each 

method revealed that SIFT and FAIMS not only provided a 93% overlap, but also uncovered 2445 

additional proteins that were not identified with the traditional DDA approach (Figure 3-3b). It is 

noteworthy that additional identifications observed with FAIMS and SIFT also improved sequence 

coverage by 26-82 %, and that on average peptide ions unique to this method were of lower 

abundance than peptides common with conventional LC-MS/MS (Supplementary Figure 3-4). 

The improved sensitivity achievable using SIFT and FAIMS enabled the identification of low 

abundance proteins including for C2H2 zinc finger, DNA binding, and general transcription 

factors (Supplementary Figure 3-5). Furthermore, we obtained comparable gains in peptide and 

protein identifications with FAIMS and SIFT when using different database search engines such 

as PEAKS, Sequest HT and COMET (Supplementary Figure 3-6).  

 The difficulty of sequencing lower intensity peptides is not only associated with sporadic 

fragment ion signals but also with conflicting isobaric species present in the MS spectrum. These 

low abundance interfering ions cannot be mitigated upon improvement in signal-to-noise ratios 

alone. Indeed, we noted that chimeric spectra represented 36.7 % of all acquired MS/MS spectra 

in conventional experiments, and this proportion remained relatively similar when using SIFT 

(Figure 3-3c). In contrast, FAIMS enabled the reduction of interferences by transmitting peptide 

ions at different CV values, thus reducing the number of chimeric MS/MS spectra to 13.6 %. The 
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increased ion signal available with SIFT was leveraged using FAIMS, though the proportion of 

chimeric spectra increased to 23.4 %.  Similar observations were also noted when examining the 

relative amount of ion current associated with interfering ions within the isolation window where 

these proportions were 70.6, 11.4 and 26.0% for conventional, FAIMS and FAIMS with SIFT 

experiments, respectively (Figure 3-3d). Altogether these results indicated that the combination 

of FAIMS and SIFT enhanced the depth of proteome analysis by reducing isobaric interferences 

and increasing ion signals, which either method could not achieve separately. 

3.4.2 Identification of amino acid mutations in colorectal cancer cell lines 

 The enhanced sensitivity observed by combining FAIMS and SIFT prompted us to evaluate 

its application to the analysis of polymorphic variants in different colorectal cancer cell lines. Non-

synonymous mutations alter protein sequences and can lead to a gain or loss of function that play 

crucial roles in the development and progression of various types of cancer. Previous large-scale 

proteomic analyses have uncovered only a small proportion of non-synonymous single nucleotide 

variants (SNVs) detected by RNA sequencing 23. The variable expression and low abundance of 

these mutations in biological samples often dictate the use of targeted analyses with either selected 

or parallel reaction monitoring for their successful detection. To explore the mutational landscape 

of colorectal cancer cells, we conducted LC-MS/MS analyses on the tryptic digests of colon 

epithelial cells from fetal small intestin (HIEC-6) and adenocarcinoma cells (HCT116, Colo205, 

SW620), and analyzed the corresponding MS/MS spectra with PEAKS de novo and SPIDER 

homology search to identify putative amino acid mutations.  

 The comparison of LC-MS/MS analyses is shown in Figure 3-4a, and indicates that the 

combination of SIFT and FAIMS typically provides 39-54 % additional peptide identifications 

compared to the conventional DDA approach (Supplementary Table 3-2). For example, LC-

MS/MS analyses performed on SW620 digest identified 25383 peptides (3052 proteins), whereas 

SIFT and FAIMS bolstered these numbers to 39154 peptides (5276 proteins). Proteins identified 

with both acquisition methods are presented in Supplementary Figure 3-4. In comparing the 

number of peptides identified, we noted that 60-70% of identifications were common to both 

approaches (Figure 3-4b). While the selection of CVs partly explained this incomplete overlap, 

FAIMS clearly enabled the detection of low abundance peptides that were either undetected or 
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convoluted with interfering isobaric peptides. This is exemplified in Figure 3-4c for two common 

KRAS mutations G13D and G12V, which are present in 7.3 and 9.1% of all colorectal carcinoma 

patients 24. The tryptic peptides comprising these mutations were not detected in conventional LC-

MS/MS experiments, whereas the combination of SIFT and FAIMS enabled the identification of 

KRAS G13D and G12V mutations in cell lines HCT116 and SW620, respectively. 

 PEAKS de novo and SPIDER searches revealed more than 2200 putative amino acid 

variants in each cell lines with Colo205 containing 3791 variants.  To confirm the occurrence of 

genuine amino acid mutations, we selected only those for which a RNA transcript was identified 

with more than 5 reads in the corresponding RNASeq database. Altogether, we correlated typically 

less than 5% of alleged variants resulting in all four cell lines (Supplementary table 3-3). The low 

correlation observed here is partly attributed to the stringent criteria used (e.g. ≥ 5 reads, no 

mutation contained in any proteins from UniProtKB 2021 or Ensembl 88 databases) and that 

variants from protein modifications (e.g. deamidation) or isomeric amino acid (e.g. Leu/Ile) were 

not considered.   Next, we mapped mutations to the corresponding genes and used an upset plot to 

display the intersection of mutations across cell lines (Figure 3-5a). Additional information on the 

distribution of mutation across chromosomes is also available in Supplementary Figure 3-5. 

Interestingly, the cell line HCT116 derived from primary tumors showed the highest number of 

mutated genes, of which 24 genes were shared with other cell lines. HCT116 also displays 

microsatellite instability (MSI), a predisposition to mutation which results from impaired DNA 

mismatch repair, while other cell lines are microsatellite stable (MSS).  

 



 

 
 

82 
 

 

Figure 3-4: LC-MS/MS analyses of tryptic digests from 4 CRC cell lines with and without FAIMS and 
SIFT.  

a) Distribution of identified peptides. b)  Venn diagrams showing the peptide overlap for LC-MS/MS 
analyses performed with and without FAIMS and SIFT. c) Identification of KRAS G13D and G12V 
mutations in digests of HCT116 and SW620 with their corresponding MS/MS spectra. LC-MS/MS with 
(bottom) and without (top) FAIMS and SIFT.   
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 Next, we performed gene ontology (GO) analyses to determine if mutated genes were 

enriched in specific molecular functions or biological processes (Figure 3-5b. Supplementary 

Table 3-4). While each cell line had specific mutation signatures, we noted that several mutated 

genes found in CRC cell lines were associated with RNA binding (e.g. EEF1A1, EEF1A1P5, 

EIF4H), ribosome assembly (e.g. RPL5, RPL13, BMS1), cytoskeleton (e.g. ACTB, ACTG1, 

VIM), antigen processing and presentation (e.g. PSMD13, HLA-A, HLA-B, HLA-C). Also several 

mutated genes were common across cell lines (e.g. CAP1, CAPN2, LDHA, SEPT9, THRAP3, 

PDLIM5). To determine if SNVs identified were reported to have an impact on protein function, 

we checked individual variants against the catalog of somatic mutations in cancer COSMIC 

(https://cancer.sanger.ac.uk/cosmic) and used FATHMM-MKL 25  to predict the functional 

consequences of the corresponding mutations. The proportion of mutations with predicted 

pathogenic consequences (score ≥ 0.7) ranged between 5-21%, with most mutation being either 

neutral or having unpredicted impact on protein function (Figure 3-5c). The CRC cell line SW620 

had the highest number of predicted pathogenic mutations. Aside from K-RAS G12V, a somatic 

mutation frequently observed in colon, lung and pancreas cancers, we also identified mutations 

where the substitution of amino acid could lead to changes in protein function. For example, the 

P132S mutation in the enhancer of mRNA-decapping protein 3 (EDC-3) and the S163P in the Ras 

association domain-containing protein 6 (RASSF6) could lead to changes in the phosphorylation 

and interactions with binding proteins. These results suggests that the increase sensitivity available 

using FAIMS and SIFT can facilitate the identification of low abundance protein variants 

associated with key molecular subtypes of CRC that remain undetectable with single-shot LC-

MS/MS experiments.  

https://cancer.sanger.ac.uk/cosmic
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Figure 3-5: Identification of mutated proteins and correlation with RNASeq data.  

a) Upset plot showing the distribution of identified mutations across four CRC cell lines. b) Distribution 
of enriched GO terms for molecular function, biological processes and cellular components for mutated 
genes. c) Stacked bar charts showing the mutational signatures across different CRC cell lines according 
to COSMIC and FATHMM predictions.     
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3.5 Conclusion 

We describe the integration FAIMS and SIFT on an Exploris 480 mass spectrometer to 

enhance MS sensitivity and increase protein identification. SIFT enables the sequential 

transmission of ions from narrow mass ranges to favor ion accumulation of low abundance ions 

that could be under represented in wide MS scan acquisition. However, the corresponding gains 

in ion accumulation only provides marginal increases in new identifications when using 

conventional LC-MS/MS. This limitation is partly due to the overwhelming spectral complexity 

that gives rise to chimeric MS/MS spectra with decreasing precursor ion intensity.  FAIMS can be 

used to reduce the occurrence of isobaric interferences by transmitting ions at different CV values. 

The combination of FAIMS and SIFT in LC-MS/MS experiments provides unparalleled sensitivity 

and proteome coverage that either method could not achieve separately. Under optimized 

conditions, FAIMS and SIFT extends the dynamic range of peptide detection by one order of 

magnitude, and provides more than 40% and 60%  increase in peptide and protein identifications, 

respectively. While the present study did not examine the analytical benefits of FAIMS and SIFT 

for quantitative proteomic analyses, we anticipate that the decrease in chimeric tandem mass 

spectra achievable with this method will be beneficial for TMT quantification to minimize the 

distortion of TMT reporter ion ratios commonly found using isobaric peptide labeling 20. This 

would not only extend the number of quantifiable peptides but also improve the accuracy of 

quantitative measurements. 

The improvement of sensitivity available using FAIMS and SIFT was exploited to identify 

single nucleotide variants and confirmed the G12V and G13D KRAS mutations in SW620 and 

HCT116 CRC cell lines, which could not be detected using LC-MS/MS alone. The availability of 

RNASeq data also facilitated the correlation of other low abundance mutations including the EDC3 

P132S and RASSF6 S163P predicted to be pathogenic. The combination FAIMS and SIFT with 

LC-MS/MS to identify mutations and uncover protein variants without immunoaffinity 

purification open up interesting perspectives for the exploration of mutational landscape in cancer 

research.  
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3.7 Supporting Information.  

 

 

Supplementary Figure 3-1:  Optimization of acquisition ranges and CV values for LC-MS/MS using for 
FAIMS and SIFT. 

a) Distribution of identified peptides according to their m/z values. b) Number of detected features and 
identified peptides for different MS resolution settings and m/z segments. c) Bubble chart displaying the 
variation of identified peptides and overlap across different CV values for (c) a wide MS segment (m/z 350-
890) and (d) several narrow segments (m/z 350-453, 451-542, 540-661, and 659-850). Bar chart shows the 
distribution of identified peptides for different CV values. 
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Supplementary Figure 3-2: Optimization of MS resolution and ion accumulation parameters for four 
different acquisition LC-MS/MS methods. 

Each column represents a different optimization parameter (e.g. MS1 resolution, intensity threshold for 
MS/MS triggering, MS2 resolution) and its impact on the number of identified peptides for separate 
acquisition method. The last two columns represent the variation of automatic gain control (AGC) or 
maximum injection time (IT) and their impact on the number of identified peptides and MS/MS matching 
rate for each acquisition method. 
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Supplementary Figure 3-3: Comparison of features and identified peptides of Colo205 tryptic digest for 
four different acquisition methods. 

a) Distribution of features and identified peptides according to their intensities. b) Venn diagrams showing 
the intersections of peptides identified by conventional LC-MS/MS and each other method. 
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Supplementary Figure 3-4: Improved sequence coverage using FAIMS-SIFT LC-MS/MS. 

a) Comparison of sequence coverage for proteins identified in Colo205 tryptic digest for conventional 
(F0S0) and FAIMS-SIFT (F1S1) LC-MS/MS analyses. b) Boxplots of peptide abundance (peak areas) for 
peptides common and unique peptides identified for both approaches. 

 

 

 

Supplementary Figure 3-5: Distribution of Gene Ontology (GO) terms for groups containing at least 20 
proteins identified in Colo205 tryptic digest for SIFT-FAIMS and conventional LC-MS/MS analyses. 
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Supplementary Figure 3-6: FAIMS-SIFT enhances peptide and protein identifications irrespective of 
database search engines used. 

Comparison of unique peptides (left) and proteins (right) identified using PEAKS, Sequest HT and 
COMET for all four acquisition approaches. Table at bottom summarizes changes in the number 
of identifications between search engines and acquisition approaches. 
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Supplementary Figure 3-7: Distribution of identified proteins for different CRC tryptic digests using 
different acquisition methods. 

a) Comparison of identified proteins in LC-MS/MS experiments with and without FAIMS and SIFT. Venn 
diagrams showing the intersection of identified proteins for each CRC cell lines. 
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Supplementary Figure 3-8: Distribution of mutations identified across different CRC cell lines. 

a) Upset plot showing the distribution of specific mutations found across cell lines. b) Distribution of 
mutations and their location on different chromosomes. 
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The following tables are too large to be contained in the thesis, they are avalibale online as  

Supporting Information at: 

https://pubs.acs.org/doi/10.1021/acs.analchem.2c02056. 

 

 

Supplementary Table 3-1 (.xls): Detected features and identified peptides from LC-MS/MS 

analyses of Colo205 digest for four different acquisition methods (separate file) 

Supplementary Table 3-2 (.xls): Identified peptides from LC-MS/MS analyses of 4 CRC cell 

lines digest with and without FAIMS and SIFT (separate file) 

Supplementary Table 3-3 (.xls): Mutations identified by FAIMS-SIFT LC-MS/MS in 4 CRC 

cell lines and correlated with RNASeq. (separate file) 

Supplementary Table 3-4 (.xls): GO term analyses of mutations identified in 4 CRC cell lines. 

(separate file) 

 

 

  

https://pubs.acs.org/doi/10.1021/acs.analchem.2c02056
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4.1 Conclusion 

This work presents the successful integration of a custom (non-commercial) FAIMS Pro™ 

interface to an older generation Q-Exactive Orbitrap series (Chapter 2). With the optimization of 

acquisition parameters (e.g. Resolution of MS and MS/MS scan, AGC and maximum injection 

time etc.), FAIMS increased the number of proteins identified by 50% and extended the dynamic 

range of peptide detection compared to conventional LC-MS/MS experiments. The integration of 

FAIMS also provided another dimension of ion separation whereby peptide precursors can be 

transmitted based on their changes in ion mobility at low and high electric fields. This capability 

facilitated the resolution of isobaric peptides that often limit the dynamic range of peptide detection 

leading to co-isolation of precursor ions and generation of chimeric MS/MS spectra. To extend the 

dynamic range of peptide detection we developed a new approach termed segmented ion 

fractionation (SIFT) where different m/z segments are analyzed in turn by the mass spectrometer. 

This technological advance circumvented the limited ion capacity of the Orbitrap mass 

spectrometer which currently lies in the range of 0.5−1 million elementary charges.  The 

combination of FAIMS and SIFT can be advantageously exploited in quantitative proteomics to 

improve the accuracy of quantitative measurements as demonstrated for mixtures of human and 

yeast tryptic digests derivatized with isobaric labeling reagents. This approach led to a 65% 

improvement in the accuracy of fold-change abundance measurements and can be further 

improved by filtering data based on an interference free index (IFI).  

While the integration of FAIMS and SIFT was accomplished on an old generation of Q-

Exactive mass spectrometer, we faced important limitations in terms of integrating FAIMS 

scanning functions. In this context, Chapter 3 presented a comprehensive evaluation of different 

acquisition parameters on the Exploris 480 mass spectrometer, which represents the latest 

generation of Q-Exactive instrument. Under optimized conditions, proteomics analyses performed 

using FAIMS and SIFT enabled a 40 % and 60% increase in peptide and protein identification 

compared to conventional LC-MS/MS experiments. This gain in sensitivity also translated into an 

extension of at least an order of magnitude in peptide detection which also facilitated the 

identification of protein mutations in colorectal cancer cell lines. For example, our study showed 

that improvement of sensitivity conferred by FAIMS and SIFT enabled the identification of protein 

mutations that could not be detected by conventional LC-MS/MS (such as G13D and G12V 
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mutations in KRAS from HCT116 and SW620 cell lines, respectively). Similarly, this technique 

can also be used to identify low-abundance single-nucleotide variants without the need for 

complex, costly and time-consuming immunoaffinity purification. In Chapter 3, a multi-omics 

approach combining proteomic and genomic datasets facilitated the detection of pathogenic single-

nucleotide variants  such as EDC3 P132S and RASSF6 S163P. 

Altogether, the work presented in this MSc thesis demonstrated the use and application of 

FAIMS and SIFT to expand the sensitivity and comprehensiveness of proteomic analyses on 

hybrid Orbitrap mass spectrometers (e.g. Q-Exactive HF and Orbitrap Exploris480). We anticipate 

that results obtained through this study will be of practical use to proteomic researchers and will 

expand the capability of current mass spectrometry instrumentation.  
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4.2 Perspectives 

We anticipate that the implementation of FAIMS and SIFT will expand the breath of 

proteomic research and will pen up new perspectives in the identification of trace-level proteins. 

Examples of applications are highlighted below.   

4.2.1 Immunopeptidomics 

Tumor cells have many genetic mutations, resulting in mutant proteins that are presented 

on the cell surface by the major histocompatibility complex (MHC). These biomarkers are also 

called neoantigens1. The detection of neoantigens has greatly accelerated the development of 

individualized immunotherapy for cancer patients, for example, to predict the patient's response to 

immunotherapy2, 3, or to design personalized tumor vaccines4. However, since these immune 

peptides are usually present in very low abundance and are non-tryptic peptides, their detection by 

mass spectrometry is limited. As in the study by Newey A, et al5, 3 out of 612 non-silent mutations 

encoding neoantigens were detectable by MS. 

In recent years, researchers have applied the LC-FAIMS-MS/MS system to the analysis of 

immunopeptidomics and have achieved improvements in both qualitative6 and quantitative7 

analysis. But its coverage depth still needs to be improved. However, as concluded in this 

dissertation, the combination of FAIMS and SIFT can well increase the proteomic coverage, which 

benefits from a comprehensive and in-depth analysis of the sample. Such combinations have good 

potential in immunopeptidomics, providing a good platform for improving the coverage and 

quantitative analysis of immunopeptidome. Optimization of experimental parameters is essential 

because sample complexity and peptide population are different from typical proteomes. 

4.2.2 Targeted analysis 

Targeted analysis is commonly used in proteomics for quantitative analysis that requires 

high sensitivity and accuracy. Parallel reaction monitoring (PRM) was developed based on the 

high-resolution and accurate mass measurement of Orbitraps8. Typically, in PRM analysis, one or 

more unique peptides are selected in the inclusion list during the primary scan based on m/z and 

retention time for subsequent quantification based on ion intensity when comparing to an internal 
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standard or a calibration curve. FAIMS has potential to provide a better identification/quantitation 

for low abundance peptides/proteins9. A more recent example,  optimized PRM analysis based on 

the LC-FAIMS-MS/MS system on the Orbitrap Exploris480 enabled the validation of 88 positive 

and 88 negative nasopharyngeal swab samples with sensitivities as high as 98% and 100%10.  

However, there are few basic studies based on FAIMS-PRM analysis strategies. The 

possibility of using FAIMS and SIFT would improve the sensitivity and accuracy of peptide 

quantification.  

4.2.3 Clinical research 

The use of proteome for clinical testing requires a complete set of simple and fast analytical 

workflows from sample preparation. A well-established strategy that takes only 3 hours to obtain 

quantitative results for more than 300 proteins, including nearly 50 FDA-approved disease markers 

was recently reported11. In the past decade the rapid development of mass spectrometry technology 

and its application to clinical cancer research (e.g. breast cancer12, colorectal cancer13, etc.) opens 

up new perspectives in early detection and disease prognosis. Recent studies comparing genomic 

and proteomic analyses of patient described that the proteome conceals additional information 

unavailable by genomics. The possibility of using proteogenomics to leverage both datasets 

provide valuable information that could lead to more effective treatments for patients14. 

Based on the proteogenomics exploration in Chapter 3, the combination of FAIMS and 

SIFT has been shown to have promising applications in the discovery of pathogenic mutations in 

colorectal cancer cell lines. The identification of patient somatic mutations could provide a new 

window for personalized immunotherapy to improve human health.  
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观复 (Guan Fu: observe the regularity of the cycle of things.) 

 

书法习练让我的内心感到平静。 

《道德经》有云：万物并作，吾以观复。 

我们在观测时间万物的同时，也何尝不是被万物所观测和度量呢？唯有致虚极，守

静笃，方得从容面对一切！ 

Calligraphy builds my inner peace. 

The Tao Te Ching says: "Usually everything in the world happens at the same time, and 

all we can do is observe the regularity of the cycle of things." 

However, when we observe all things in time, we are also observed and measured by all 

things at the same time. Only by keeping the mind in a state of emptiness and tranquility, without 

being affected, can we face everything calmly! 
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