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Current state-of-the-art!!!

http://phdcomics.com/noidea/

PROTEOME



Why proteomics?
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Picture source - http://www.bund-nrw-naturschutzstiftung.de

à larva and adult butterfly: same genome … different proteome

DNA: what could be

RNA: what it is trying to be

Protein: what it is



§ Identification of proteins whose presence or absence correlates with disease (e.g., cancer)

§ Identification of  proteins as diagnostic markers or targets for the development of therapeutics

§ Elucidation of biological mechanisms of action

§ Identification of proteins in signaling pathways

§ Detection of drug side effects

healthy subject sick subject

Early recognition through protein analysis

Main Applications of Proteomics
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How do we define "proteome“/„proteomics“?
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Proteome:

§ The PROTEin complement of the genOME
(Mark Wilkins, 1994)

§ The entirety of all proteins in a cell (compartment), tissue, or organism 
(under defined conditions and at a specific time point)

Proteomics:

§ The study of proteomes
(Mark Wilkins, Denis Hochstrasser, Ron Appel, 1996)

§ The large-scale study of the structure and functions of proteins 
(including protein modifications, protein expression, the influence of 
proteins on metabolic processes, protein-protein interactions,…)



How do we define "proteome“/„proteomics“?
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Graves and Haystead, Microbiology and Molecular Biology Reviews, 66, 39–63 (2002); doi: 10.1128/MMBR.66.1.39–63.2002



Deciphering the human proteome
- a milestone for mass spectrometry-based protein analysis-

§ First mass spectrometry-based drafts of the human proteome in 2014

§ First mass spectrometric detection of gene products for a total of 84% (Kim et al.) and 
92% (Wilhelm et al.) of the annotated protein-coding genes in the human genome

M-S Kim et al. Nature 509, 575-581 (2014) doi:10.1038/nature13302

M Wilhelm et al. Nature 509, 582-587 (2014) doi:10.1038/nature13319



Why not simply analyze the transcriptome?

[Tenzer]



The route from genome to proteome

10[Tenzer]
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Central dogma „one gene - one enzyme (protein)“ obsolete
Human: approx. 19,773 protein-coding genes, 1 million potential proteoforms?

The route from genome to proteome



Characterizing a proteome: An Analytical Challenge

Dynamic range 
of protein 

abundances is 
a challenge for 

separation 
sciences

No equivalent 
of PCR for 

proteins-deal 
with µ- to nmol
concentrations

Alternate splice 
forms of a gene 

can make 
different 
proteins

>400 Post 
translational 

modifications; 
cannot be 

deduced from a 
gene or mRNA

Genome
• Essentially static over time
• Non subcellular location specific
• Human genome mapped (2000)

• ~20,000 genes

• PCR is available to amplify DNA

Proteome
• Dynamic over time
• Subcellular location specific
• Human proteome non-mapped:

• ~400,000 proteoforms ???

• No equivalent of PCR for proteins

[Tenzer]



Characterizing a proteome: An analytical challenge
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Proteome

à We must embrace the complexity…

à No “gold standard” for protein analysis

K Carbonara et al. Proteomes, 9, 38 (2021)   
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Mass spectrometry-based proteomics

-15-

Protein Peptides
(typically tryptic)

Mass Spectrometry

m/z

2) Middle-down: Analysis of „medium“-length peptides (3.0 kDa < Mw < 10 kDa)

3) Top-down: Analysis of intact proteins including fragmentation (e.g. 10 kDa < Mw < 50 kDa/~200 kDa)

1) Bottom-up proteomics (short peptides: 0.7 kDa < Mw < 3.0 kDa)



Typical bottom-up proteomics workflow
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Protein Proteolytic peptides
(normally tryptic)

Analysis of peptide ions 
by mass spectrometry

Separation of peptides 
by liquid chromatography

MS

MS/MS

Ionization

Protein and 
peptide 

identification by 
database search
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Bottom-up proteomics workflow

iv) Datenprozessierungi) Probenvorbereitung ii) nanoUPLC Trennung iii) IMS-MS Analyse

Zelllyse
in

z.B. Harnstoffpuffer
FASP Verdau

20 µg Zelllysat
90 min Gradienten
75 µm x 250 mm HSS-T3 C18 Säule

Synapt G2-S HDMS 
(Auflösung: 25 000 FWHM)

PLGS
Rohdatenprozessierung

und Datenbanksuche

ISOQuant
markeirungsfreie
Quantifizierung

(1) Sample preparation (Lysis of cells or tissue, proteolytic digest, purification)

(2) Liquid Chromatography

(3) Mass spectrometry (precursor and fragment level)

(4) Data processing (database search/quantification)
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§ In-gel digest

(1) Sample Preparation: Generating peptides from proteins
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Lysate preparation In-solution
digestion

- Reduction
- Alkylation
- Digestion

Peptide Enrichment/
Clean-up

LC-MS Analysis

§ In-solution digest

- Lysis
- Fractionation
- Depletion
- Enrichment
- Precipitation/Purification

(1) Sample Preparation: Generating peptides from proteins



Cell lysis
- Choice of lysis buffer -

Additive Example Goal

Salt NaCl, KCl, (NH4)2SO4, … Provide ionic strength

Glycerol Protein stabilization

Reducing agents DTT, DTE, TCEP, β-mercaptoethanol Reduce oxidation damage

Detergents Tween20, Triton-X100, octylglucoside, 
dodecylmaltoside, CHAPS, …

For poorly soluble and 
membrane(-associated) proteins

Co-factors Zn2+, Mg2+, GTP, ATP, NAD, … Protein stabilization

Chelating agents EDTA, EGTA Reduce oxidation damage

20
…plus (phospho)protease inhibitors, benzonase or Dnase…

• Which pH? 
• E.g. Tris, phosphate and HEPES à good buffering capacity around physiological pH conditions
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Problem: Many cleavage site are not accessible for proteases within the native protein… 

Solution: Reduction and Alkylation

Generating peptides from proteins



Reduction and alkylation facilitates access to cleavage sites

22

Denaturierung

Alkylierung

Reduktion



Specificities of different endoproteinases

-23-
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Workflow: Digestion with trypsin – why??

• Relatively known and precise lysis behavior: C-ter from K and L
• Generates mostly di-charged peptides (N-ter and R/K)
• Generate small peptides (0.5–3 kDa) = good for LC-MS
• But sometimes too small: 56% are≤6 residues = not specific enough for protein ID
• Can’t result on 100% protein coverage (no single protease can)

https://unipept.ugent.be/clidocs/casestudies/tpa[David Gómez-Zepeda]



Peptide clean-up prior to MS analysis
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Desalting using C18 material

MS

min

mAU

MS

LC-MS analysis

MS/MS

www.waters.com
www.globalspec.com



Peptide clean-up prior to MS analysis
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Remaining buffer salts (or other impurities) from proteolytic digestion might impair subsequent MS analysis 

https://www.glsciences.com/product/spe_columns/about_a_spe/01042.html



Digestion protocols for bottom-up proteomic analyses
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Hughes et al., Mol Sys Biol 10, 757 (2014)
Kulak et al., Nat Methods 11, 319-324 (2014)

Reduction,
Alkylation,
Clean-up
Proteolytic Digest

Elution

Wiesniewski et al., Nat Methods 6, 359-362 (2009)

Doellinger et al., MCP 
19(1), 209-222 (2020)
???



28
Hughes et al., Mol Sys Biol 10, 757 (2014)

Kulak et al., Nat Methods 11, 319-324 (2014)

Reduction,
Alkylation,
Clean-up
Proteolytic Digest

Elution

Wiesniewski et al., Nat Methods 6, 359-362 (2009)

Pubmed search “sample preparation + proteomics + mass spectrometry”: 2,365 hits 

Digestion protocols for bottom-up proteomic analyses
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HeLa lysate
Urea/iST lysis buffer

FASP

SP3

iST

3x

1 µg

2 µg

5 µg

10 µg

20 µg

LC-MS

Digestion protocols for bottom-up proteomic analyses
- Comparison of three popular protocols for low input material -
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§ 20 µg – 5 µg: iST protocol highest no. of identified
proteins/peptides

§ 2 µg – 1 µg: SP3 and iST similar performance

Digestion protocols for bottom-up proteomic analyses
- Comparison of three popular protocols for low input material -



0

1,000

2,000

3,000

4,000

0

5,000

10,000

15,000

20,000

25,000

FASP SP3 iST

Peptides
Proteins

N
o.

 o
f i

de
nt

ifi
ed

 p
ro

te
in

s

N
o.

 o
f i

de
nt

ifi
ed

 p
ep

tid
es

Figure 4

A

w/o N N w/o N N w/o N N 
0

20

40

60

80

C
oe

ffi
ci

en
t o

f v
ar

ia
tio

n 
[%

]

0

1,000

2,000

3,000

4,000

0

5,000

10,000

15,000

20,000

25,000
N

o.
 o

f i
de

nt
ifi

ed
 p

ro
te

in
s

N
o.

 o
f i

de
nt

ifi
ed

 p
ep

tid
es

Peptides
Proteins

B

D

FASP SP3 iST

Biol. repl. 1
30,000 cells

25,000 BMDMs

TAMs

Biol. repl. 2
22,000 cells

Biol. repl. 3
30,000 cells

M1-like

M2-like

(FcR-mediated)
phagocytosis

CXCL10

Antigen 
presentation

(+ proteasome)

IL1RA

Arginase-1

Secreted protein Ym1

CD206MMGL

TGF-beta-1Matrix 
metalloproteases

Cathepsins

Macrophage scavenger 
receptor types I and II

C

1,075
(26.4%)

in vitro TAMs
Ana-1 cells

1,904
(46.8%)

1,092
(26.8%)

ex vivo TAMs
B16 tumor model

0

5

10

15

20

-lo
g1

0(
p-

va
lu

e)

im
mun

e s
ys

tem
 pr

oc
es

s

sm
all

 G
TP

as
e m

ed
iat

ed
 si

gn
al 

tra
ns

du
cti

on

inn
ate

 im
mun

e r
es

po
ns

e
tra

ns
po

rt

int
erm

ed
iat

e f
ila

men
t o

rga
niz

ati
on

ne
ga

tiv
e r

eg
ula

tio
n o

f p
ep

tid
as

e a
cti

vit
y

pro
tei

n t
ran

sp
ort

meta
bo

lic
 pr

oc
es

s

de
fen

se
 re

sp
on

se
 to

 vi
rus

res
po

ns
e t

o c
yto

kin
e

co
mple

men
t a

nd
 co

ag
ula

tio
n c

as
ca

de
s

tig
ht 

jun
cti

on
 

Stap
hy

loc
oc

cu
s a

ure
us

 in
fec

tio
n 

ph
ag

os
om

e

reg
ula

tio
n o

f a
cti

n c
yto

sk
ele

ton

tox
op

las
mos

is

ce
ntr

al 
ca

rbo
n m

eta
bli

sm

gly
co

lys
is/

gly
co

ne
og

en
es

is
Inf

lue
nz

a A

lys
os

om
e

10

8

6

4

2

0
-lo

g1
0(

p-
va

lu
e)

Biological Process KEGG Pathway

• SP3 combined with LC-IMS-MS allows the identification and quantification of around
3,000 proteins from TAMs isolated from murine tumors by FACS

31

Noy and Pollard, Immunity 41 (2014)

Sielaff et al., J Proteome Res 16, 4060-4072 (2017)

Comparison of three popular protocols for low input material
- FACS sorted cells -



Protein identification via mass spectrometry
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Proteolytic digestion (trypsin)Protein A Protein B

???



Tryptic digestion
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485 Da            378 Da             312 Da             536 Da 257 Da



Tandem mass spectrometry (MS/MS)

34

Goal: Sequence information of the peptide

- MS (MS1): m/z of the intact peptide
- MS/MS: fragmentation of the peptide into smaller „pieces“ to determine its primary structure
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MS-1

Ion mixture Isolated ion fragments

Ion
source

MS/MS:
The use of two mass analyzers (combined in one instrument, i.e.tandem mass spectrometer) 
for ion isolation, fragmentation and fragment ion detection

Massenanalysator
Quadrupol

Flugzeitanalysator

Kollisionszelle

MS-2collision 
cell

Tandem mass spectrometry (MS/MS)



What is MS/MS?
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M2+

m/z m/z

[Glu1] - Fibrinopeptide B
EGVNDNEEGFFSAR

Selection

Fragmentation

1. Analysis of the precursor ion(s) (m/z) 2. Analysis of the fragment ions (m/z)



Tryptic Digest
- Terminology -

40
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Identification of peptides by fragmentation

Fortunately, peptides fragment at predictable locations along the peptide backbone



Identification of peptides by fragmentation
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§ Scheme of peptide fragmentation (nomenclature according to Roepstorff and Fohlmann)

§ After separation by LC, peptide ions are selected and fragmented in the mass spectrometer

y1

y3



How can we calculate the mass of a peptide?

43

- Mass of all AS residues plus water and proton(s)
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Identification of peptides by fragmentation

de novo
sequencing

Database 
identification
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Atrophin-1 according to Roepstorff P, Fohlman J., Biomed Mass Spectrom 11, 601 (1984)

Identification of peptides by fragmentation
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Atrophin-1

Identification of peptides by fragmentation



Data dependent acquisition (DDA) via MS/MS
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Data dependent acquisition (DDA) via MS/MS



49

Data dependent acquisition (DDA) via MS/MS
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Data dependent acquisition (DDA) via MS/MS



Identification of peptides by MS/MS and database search
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Identification of peptides by MS/MS and database search
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Identification of peptides by MS/MS and database search
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Identification of proteins by means of detected peptides

MS
MS/MS

MS
MS/MS Comparison of fragment ion spectra 

(peptide information) with the (protein) 
database (in silico digestion)



What information does bottom-up proteome analysis provide?
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à Type and quantity of proteins contained in a sample

à Up to 5,000-10,000 proteins are identified per measurement

à Differentiation between different samples

ppm

XP_001687515
XP_001681772
XP_001681156
XP_001686933
XP_001684564
XP_848004
XP_001685107
XP_001682546
XP_001682249
XP_001683283
XP_001686588
XP_001686589
XP_001684904
XP_001684903
XP_001687745
XP_001684202
XP_001687217
XP_001684851
XP_001687716
XP_001685762
XP_001685766
XP_001686778
XP_848137
XP_848136
XP_001684402
XP_001682015
XP_001683872
XP_001683873
XP_001684985
XP_001686361
XP_001685287
XP_001685619
XP_001683861
XP_001682258
XP_001683399
XP_001682260
XP_001682018
XP_001685995
XP_001685176
XP_001686777
XP_001687216
XP_001685627
XP_001682598
XP_001682597
XP_843114
XP_001682028
XP_001682024
XP_001686392
XP_847842
XP_847843
XP_847841
XP_001682560
XP_001682561
XP_843113
XP_001683224
XP_001686005
XP_001683437
XP_001682681
XP_001684978
XP_001682682
XP_001681307
XP_001683724
XP_001685029
XP_001682582
XP_001682581
XP_001682580
XP_001684128
XP_001684680
XP_001685090
XP_001686874
XP_001682475
XP_001687173
XP_001682476
XP_001686709
XP_001681361
XP_847741
XP_001686386
XP_001686736
XP_848200
XP_001686974
XP_001684960
XP_001684962
XP_001682683
XP_001685150
XP_847791
XP_001685085
XP_001682699
XP_001685899
XP_847814
XP_001686698
XP_843415
XP_001681672
XP_001684005
XP_001687316
XP_001681915
XP_888516
XP_001685202
XP_001681684
XP_001686248
XP_001683867
XP_001685657
XP_001682958
XP_001682957
XP_001684066
XP_001684561
XP_001684560
XP_001683143
XP_843306
XP_001687319
XP_001687077
XP_001686249
XP_001686843
XP_001681569
XP_001684577
XP_848088
XP_001687289
XP_001687512
XP_888577
XP_888606
XP_001680770
XP_888634
XP_843206
XP_001686015
XP_001683297
XP_001687258
XP_001684983
XP_001681531
XP_001686646
XP_001685300
XP_843548
XP_001683680
XP_001681139
XP_843259
XP_001681132
XP_001681135
XP_001683930
XP_843549
XP_001683807
XP_001681266
XP_001681267
XP_001681265
XP_001683668
XP_001683667
XP_001687686
XP_001687285
XP_843293
XP_001682547
XP_847764
XP_001685592
XP_001683303
XP_001685268
XP_843520
XP_843475
XP_001683716
XP_001687122
XP_001684572
XP_848128
XP_001681136
XP_001681134
XP_001681131
XP_822244
XP_001682225
XP_001682226
XP_001680809
XP_001685653
XP_001686737
XP_001687645
XP_001686771
XP_843533
XP_001683828
XP_001685041
XP_847780
XP_001680970
XP_001683600
XP_001685349
XP_001683729
XP_001682742
XP_001685815
XP_001683391
XP_001686090
XP_001686096
XP_847773
XP_001684992
XP_843153
XP_843152
XP_843151
XP_001681503
XP_001686900
XP_843148
XP_001681936
XP_001686179
XP_843413
XP_001686175
XP_001686715
XP_001681801
XP_001685848
XP_001682009
XP_001683445
XP_001683441
XP_001683439
XP_001687618
XP_001684912
XP_001682745
XP_001683330
XP_001681425
XP_001681866
XP_001681867
XP_001682495
XP_001683936
XP_001683171
XP_001687172
XP_001682648
XP_847910
XP_001685936
XP_001684838
XP_848161
XP_001687667
XP_001682616
XP_822243
XP_001684396
XP_843125
XP_001680957
XP_001680956
XP_843489
XP_001683919
XP_001684541
XP_001684542

0	

2000	

4000	

6000	

8000	

10000	

12000	

ge
su
nd
	1	

ge
su
nd
	2	

ge
su
nd
	3	

ge
su
nd
	4	

ge
su
nd
	5	

kra
nk
	1	

kra
nk
	2	

kra
nk
	3	

kra
nk
	4	

kra
nk
	5	

Protein X



What information does bottom-up proteome analysis provide?
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Respirology, Volume: 23, Issue: 11, Pages: 993-1003, First published: 13 August 2018, DOI: (10.1111/resp.13383) 

(C)
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LC-MS analysis of complex proteomic samples
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200 ng HeLa Lysate 
2h nanoLC-MS/MS 

(TIMS-TOF-Pro)

Total Ion chromatogram (TIC)
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Data dependent acquistion, DDA
à Selection of analytics based on your intensity

Step 1: Detection of precursor ions (intact peptides)

Step 2: Fragmentation of the most abundant precursor

Step 3: Fragmentation of the second most abundant precursor
…

Step n: …



Data dependent acquistion
- DDA -

stochastic/biased 
Easy mapping of 
precursor and fragment ions



Data dependent acquistion
- DDA -

Pappireddi et al. ChemBioChem. 2019;20(10):1210-1224.

• Fragmentation of top N ions = high quality spectra
• Narrow selection window = high specificity
• But still some co-fragmentation
• Serial, biased and discontinuous process



Data-independent acquistion, DIA

Step 1: Detection of precursor ions (intact peptides)

Step 2: Parallel fragmentation of multiple or all precursors



Different modes of acquisition
- Summary -

stochastic/biased 
Easy mapping of 
precursor and fragment ions

unbiased
complex fragment ion spectra
data processing challenging



Data Dependent Acquisition (DDA) vs Data Independent Acquisition (DIA)

64
Pappireddi et al. ChemBioChem. 2019;20(10):1210-1224.



Data Independent Acquisition (DIA)

65
Mol Syst Biol, Volume: 14, Issue: 8, First published: 13 August 2018, DOI: (10.15252/msb.20178126) 

• Fragment everything within the wide window (e.g. 25 m/z vs <= 1 m/z in DDA)
• Non-biased by precursor selection
• Generates chimeric MS2 spectra, harder to deconvolute than DDA fragment ion spectra



Deconvolution of DIA fragment ion spectra
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Low energy

Elevated energy

Liquid chromatography
(UPLC)

Retention time aligned precursor and product ions



Ion mobility as additional dimension of separation
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timsTOF Pro
(source: www.bruker.com)

2-4+,…
à ions of interest

1+ à noise

Distler U, Kuharev J, Tenzer S. Expert Rev Proteomics. 2014



Ion mobility as additional dimension of separation
- DIA – PASEF -

68
Meier F. et al.. Nature Methods. 2020



Different modes of acquisition
- Summary DDA vs DIA -

(Ludwig et al. 2018)[Gomez-Zepeda]

Getting easier, several pipelines 
available, becoming the gold standard 
for high-throughput proteome analysis



What should I know now?

70

§ What is a proteome/proteomics?

§ How can we analyse proteins using mass spectrometry?

§ What are the challenges when analysing a proteome?

§ What are the steps when preparing a sample for bottom-up proteomics analysis?

§ How do we derive peptide sequence information from a mass spectrum?



Questions??

The blind men and the elephant

PM Daigneault, Methodological Innovations Online 28(2):82-89; DOI:10.4256/mio.2013.015

The proteome


