
プロテオーム解析における
質量分析技術と応用研究例
Mass Spectrometry-based Proteomics and 

its Applications

藤田医科大学研究推進本部
ＢＮＣＴ研究センター

岡西広樹

Fujita Health University, Research Promotion Headquarter

BNCT Research Center

Hiroki Okanishi



Today’s topics

1. Mass spectrometry-based proteomics

2. Phosphoproteomics study on cancer cells treated with 
a molecular targeted drug

3. LC-MS in CoMIT Omics Center (COC)



Normal cells vs. cancer cells

The expression of proteins which contribute 
to growth, survival and function is 
dysregulated in cancer cells.

Analyze expression changes in proteins 
associated with diseases



How to analyze protein expression

Western blotting, immunocytochemistry
Immunohistochemistry, ELISA

・ Detect target proteins using antibodies
・ Can quantify expression of targeted proteins

and determine their subcellular localization

・ Need specific antibodies

Mass spectrometry-based proteomics
(Shotgun proteomics)

・ Identify proteins using mass spectrometer
・ Can quantify expression of thousands of proteins

・ Need no antibodies (need protein sequence database)

Western blotting

Immunohistochemistry

Kaira et al. (2012)

Mass spectrometry-based proteomics

Genome = Gene (遺伝子) + Ome (全体)
Proteome = Protein (タンパク質) + Ome (全体)



Mass spectrometer

Mass spectrometer

(Q ExactiveTM mass spectrometer)

Nano liquid chromatography system

UltimateTM 3000 HPLC system

Mass spectrometer can measure the masses 
of molecules
(Resolution: 140,000 [maximum] Q-Exactive)

Mass spectrometer combined with 
nano liquid chromatography system (nLC-MS)

Mass spectrometer

(ExplorisTM 480)



Mass spectrometer can determine the mass of molecules

Construction of mass spectrometer

Ion source Analyzer Detector Computer

Ionize molecules Separate ions according to their masses 
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Time-of-flight mass spectrometer
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Average and monoisotopic mass

C, H, O, and N have isotopes 

[13C, 2H (D), 15N, 17O, 18O]

Trp: C11H12N2O2

Mass of amino acid residue
3-letter code Average Monoisotopic
Ala 71.079 71.037
Arg 156.188 156.101
Asn 114.104 114.043
Asp 115.089 115.027
Cys 103.139 103.009
Glu 129.116 129.043
Gln 128.131 128.059
Gly 57.052 57.021
His 137.141 137.059
Ile 113.159 113.084
Leu 113.159 113.084
Lys 128.174 128.095
Met 131.193 131.040
Phe 147.177 147.068
Pro 97.117 97.053
Ser 87.078 87.032
Thr 101.105 101.048
Trp 186.213 186.079
Tyr 163.176 163.063
Val 99.133 99.068

Isotopic peaks

Monoisotopic peak
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The mass can be calculated by m/z and isotopic peak 
pattern

[M+H]+

M = 99

M H+

100 101 102

[M+2H]2+

M = 198

100 101

M nH+

�/� =
� + �

�

M 2H+

m = M + n
z   = n

Molecules ionized by protonation

Monoisotopic peak

→ m/z

Isotopic peaks

→ z



Type of mass spectrometer

Ion source Analyzer

MALDI (Matrix Assisted Laser 
desorption/Ionization)

ESI (Electrospray ionization)

Electron ionization

FAB (Fast atom bombardment)

Chemical ionization

TOF (Time-of-flight)

Quadrupole

Ion trap

FT-ICR (Fourier-transform ion 
cyclotron resonance)

Orbitrap

Magnetic sector

MALDI (Matrix Assisted Laser 
desorption/Ionization)

ESI (Electrospray ionization)

Electron ionization

FAB (Fast atom bombardment)

Chemical ionization

TOF (Time-of-flight)

Quadrupole

Ion trap

FT-ICR (Fourier-transform ion 
cyclotron resonance)

Orbitrap

Magnetic sector

Construction of mass spectrometer

Ion source Analyzer Detector Computer



(1) Identification of 
unknown protein

(4) Comparative quantification of  
protein expression

(3) Identification of proteins 
interacted with target protein

‒Drug +Drug

(5) Identification of phosphorylation 
sites (& PTM sites)

What types of PTMs?
Which sites?
When?
Up/down-regulated by 
drug?

Mass spectrometry-based protein analysis

SDS-PAGE gel

(‒) (+)

phosphorylation

‒Drug +Drug

(2) Profiling of proteome in cells or tissues

Wang et al. (2019) Mol. Syst. Biol.

？

‒Drug +Drug

Thousands of proteins 
are quantified

Compare

Low High



Protein sequence database is available

Uniprot: https://www.uniprot.org/



Measured
mass of protein

Calculated mass of protein

~20,000 proteins

Match!

Calculation of mass

How does mass spectrometry identify protein? (1)

Protein sequencesMass spectrometer (MS)

Protein



How does mass spectrometry identify protein? (2)

Protein

Protein sequences

Measured
mass of peptide

Calculated mass of peptide

~20,000 proteins

Peptides

Mass spectrometer (MS)

Peptide sequences

Match!

PAPSPSPVPGTVPGASERVALK

LLALSLIIGVGLLQIFQGHFEELR
SAICHK

VQMIESAYK

AVSDQESQDGLYQK

IISYFTFQK

In silico digestion

Calculation of massDigestion

(i.e. trypsin)



Peptide mass fingerprinting (PMF) & MS/MS

These different peptides (different sequence) 

have same mass

In order to distinguish these two peptides, 
peptide sequence information is needed.

Problem of MS level identification (PMF) regarding peptide sequence



Identification of peptides by Tandem MS 
(MS/MS)
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MS/MS by mass spectrometry

Fragmentation in machine 

(CID, ETD, …)

MS/MS spectrum
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Collision-induced dissociation (CID)



Liquid chromatography-mass spectrometry system
(LC-MS system)

Construction of mass spectrometer

Ion source Analyzer Detector ComputerLC

Construction of LC-MS

Peptide sample

(protein digests)
Time
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C18 nano-column

Ionize molecules 
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LAT1: Amino acid transporter highly expressed in 
cancer cells

Amino acid

LAT1

LAT1 substrate
leucine, isoleucine, valine, 
tryptophan, methionine, 

phenylalanine, tyrosine, 
histidine

LAT1 is highly expressed in tumor

Poor prognosis of patient with highly 
expressed LAT1

Kaira, K., et al. (2012). British journal of cancer, 107, 632–638. 

Gln

mTORC1

Translation

Cell growth & proliferation

Energy metabolism

Stimulation
(i.g. leucine)

LAT1 substrates function (1) as sources 
of macromolecules needed for rapid 
growth, and (2) as signaling molecules

Sources for 
macromolecules

Kaira, K., et al. (2012). British journal of cancer, 107, 632–638. 



Ser, Thr, Tyr phosphorylation

Serine Threonine Tyrosine

ATP

ADP

Phosphorylation



MAPK pathway

Phosphorylation signaling pathways

Liu, F. et al. (2018). Acta pharmaceutica Sinica. B, 8(4), 552–562.

Cell cycle

Bai, J., Li, Y., & Zhang, G. (2017). Cancer biology & medicine, 14(4), 348–362.



LAT1 and phosphorylation signaling

Proteomics and phosphoproteomics study



Phosphoproteomics workflow

Okanishi, H., et al. (2021). Proteomics and phosphoproteomics reveal key regulators associated 

with cytostatic effect of amino acid transporter LAT1 inhibitor. Cancer science, 112, 871–883. 

Comparative quantification
Control vs. Drug-treatment
(1) Protein expression
(2) Phosphorylation



Quantitative proteomics methods

Labeling quantification

Reporter ion-based

iTRAQ (Isobaric Tag for Relative 
and Absolute Quantitation)

TMT (Tandem Mass Tag)

Precursor ion-based

SILAC (Stable Isotope Labeling)

Dimethyl labeling

18O labeling

Label-free quantification

Precursor ion-based

Chromatogram peak area-based

Others

Spectral counts

emPAI

Data-independent

SWATH-MS



Phosphoproteomics workflow

Okanishi, H., et al. (2021). Proteomics and phosphoproteomics reveal key regulators associated 

with cytostatic effect of amino acid transporter LAT1 inhibitor. Cancer science, 112, 871–883. 

Comparative quantification
Control vs. Drug-treatment
(1) Protein expression
(2) Phosphorylation
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Phospho-peptide

Immobilized metal affinity chromatography (IMAC)

Phosphopeptide enrichment technique:
Immobilized metal affinity chromatography (IMAC)

Too many unmodified peptides!



Identification and quantification 

Identification summary

Average identified peptides: 

54106 peptides (q-value < 0.01) from 6431 proteins

Average identified phosphopeptides: 

21340 phosphopeptides (q-value < 0.01)

Quantification summary

Average quantifiable proteins: 

4983 proteins (#unique ≥ 2 with q-value < 0.01)

Average quantifiable phosphorylation sites: 

15019 phosphorylation sites (q-value < 0.01, Site probability > 0.75)

Differentially expressed proteins and phosphorylated sites

(p-value < 0.05 and fold change ≥1.2) 

Proteomics

348 proteins in KKU-055

342 proteins in KKU-100

252 proteins in KKU-213

1315 proteins in HuCCT-1

Phosphoproteomics

4777 sites in KKU-055

3943 sites in KKU-100

3990 sites in KKU-213

5574 sites in HuCCT1 



Commonly activate/inactivated pathways



Upstream regulator analysis

Upstream regulator

Downstream molecules

Upstream regulators can be 

predicted

Proteomics can reveal the changes 

of downstream

?



Upstream regulator analysis

Proteomics Phospho-proteomics



Upstream regulator analysis

Upstream regulator:
Inactivation of cell cycle proteins (CDK1 and CDK2)



Kinase substrate enrichment analysis (KSEA)

Inactivation of cell cycle-related kinases

CDK1, CDK2, CDK3, CDK4, CDK6
AURKA (aurora kinase A)

Especially, CDK1 and CDK2.



Cell cycle assay

Increase of G0/G1 phase 
cells by LAT1 inhibition

Control

LAT1-inhibited



Combination of LAT1 inhibitor and CDKs inhibitors

Inhibitors of these CDKs promote anti-cancer effect of LAT1 inhibitor?
(Dinaciclib, Milciclib, AT7519, Palbociclib, …)



Evaluation of drug combinations

* p < 0.05
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Dinaciclib Milciclib AT7519 Palbociclib Alisertib

JPH203 (LAT1 inhibitor)

CDK inhibitor

Combination



Identification of various PTMs by MS

PTMs are identified by their unique mass shifts from 
unmodified residues.



Protease specificity profiling & N-terminomics using MS

1. Dysregulation of protease activity has been 
implicated in various pathological conditions, 
including cancer and inflammation. 

2. Proteases play critical roles in infectious diseases 
and are major components of snake venoms.

Okanishi, H., et al. (2026). A sensitive, specific, and cost-effective lauroylation-assisted workflow for profiling 
peptide-level protease specificity using proteomic identification of cleavage sites (PICS), with applicability to 
protein-level N-terminomics J. Proteome Res., doi: 10.1021/acs.jproteome.5c00903. Online ahead of print.

Caspase-3
DEVD↓G 1CP3

> 600 proteases in human

MS-based method:
- Proteomic Identification of Cleavage Sites (PICS)
- N-terminomics

Etoposide treatment 
(Apoptosis induction)
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Mass spectrometry-based protein analysis

Orbitrap Exploris 480
(+ FAIMS)

Maximum resolution:
48,000

Max scan speed:
>40 Hz

Turbo TMT available
FAIMS Pro available



Maximum resolution:
48,000

Max scan speed:
>40 Hz

Turbo TMT available

Mass spectrometry-based protein analysis

Co-IP sample (comparative quantitative):
489 identified proteins

78 candidates response to drug

Proteome sample (whole cell):
7228 identified proteins

(3 h gradient, n=3)Orbitrap Exploris 480
(+ FAIMS)



Mass spectrometry-based protein analysis
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348 kinases
433 Transcription 
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