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Charakterizace Modifikaci Proteinu
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Proc¢?

pocet druhu PTMs > 400
pocet PTMs 90 000 (experimentalne identifikovanych)

230 000 (predikce)
(SwissProt, per = 530 000 proteinti)

i

U

G. A. Khoury et al., Sci. Rep. 1, 90, (2011); http://selene.princeton.edu/PTMCuration

...PTMs are known to act alone and in combination to regulate nearly all
aspects of protein function...

...Post-translational modifications (PTMs) occur on nearly all proteins. Many
domains within proteins are modified on multiple amino acid sidechains by
diverse enzymes to create a myriad of possible protein species. How these
combinations of PTMs lead to distinct biological outcomes is only

beginning to be understood...
A. P. Lothrop, M. P. Torres, S. M. Fuchs, FEBS Letters. 587 (2013) 1247-1257



p53 tetramer bound to DNA

Protein p53

po3 exerts irreplaceable anti-neoplastic
functions at homeostasis and thus is
considered to be 'the guardian of the genome".

p53 is able to coordinate a regulatory network
that supervises and responds to a variety of
stress signals:

» DNA damage

» aberrant oncogenic activation

» telomere erosion

» ribosomal stress

> loss of cell-cell or cell-matrix adhesion

» hypoxia

Mutations of p53 or disruptions of p53 coordination,
to a lesser extent, can disturb the normal physiological balance,
if genome disarrangement reaches a critical value it leads to cancer

B. Gu et al, Int. J. Biol. Sci. 2012, 8, 672-684.
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SnapShot: Histone Modifications
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Histone H3 most frequent PTMs
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Moznosti MS pri analyze modifikaci

¢ Druh

@ Lokalizace mista =
narocnost

@ Obsazenost daného mista

Western blot
}}/IS L detekce druhu PTM
screening lokalizace jednotlivé modifikace
(paralelni charakterizace tisicu PTM mist
vceme dosud neznamych) Specifické barveni geli
detailni charakterizace jednotlivych detekce druhu PTM bez moznosti lokalizace

modifikaci (fosfo, glyko proteiny)



Druhy modifikaci:

> mutace

> chemické

(zaména AMK)

/

» posttransla¢ni

UZite¢ny prehled modifikaci:

DeltaM ass -

C7250


https://www.abrf.org/delta-mass
https://www.abrf.org/delta-mass
https://www.abrf.org/delta-mass
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» Chemické* modifikace:

O zamérné modifikace (karbamidometylace Cys, derivatizace,
kvantifikacni znacky aj.)

O nechténé modifikace (oxidace Met, deamidace N > D pri zpracovani
vzorku, adukty farmak)
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Common Posttranslational Modifications

mRNA

Hydroxylation
Attaches a hydroxyl
group (-OH) to a side
chain of a protein

Methylation

Adds a methyl group,
usually at lysine or
arginine residues

§
iy

ot Lipidation
Attaches a lipid, such
as a fatty acid, to a

protein chain

™ ‘-?j%%

Acetylation

Adds an acetyl group
to an N-terminus of a
protein or at lysine
residues

LAC g

§
ot

Ribosome

Protein

Disulfide Bond
Covalently links the "5"
atoms of two different 4

cysteine residues

g §—5-

Phosphorylation
Adds a phosphate to
serine, threonine or ) lg
- O
tyrosine .

Glycosylation

Attaches a sugar, usually
to an "N" or "0" in an
amino acid side chain

£
£

£
“4h

Ubiquitination = U
Adds ubiquitin to lysine
residue of a target

protein for degradation

,,@x

SUMOylation

Adds a small protein
SUMO (small
ubiquitin-like modifier) <

to a target protein

4
B

l. ROCKLAND
L antibodies & assays
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Common Posttranslational Modifications

Methylation = +14.0269 Formylation +28.0104
Acetylation ~ +42.0373 Lipoic acid +188.3147
Amines Farnesylation +204.3556 Myristoylation +210.3598

(K/N-terminus) Biotinylation = +226.2994 Palmitoylation +238.4136

Stearoylation +266.4674  Geranylgeranylation +272.4741

Acids & amides PYyroglutamic acid (Q) -17.0306 Deamidation (Q/N) +0.9847

(E/D/Q/N) Carboxylation (E/D)  +44.0098

Hydroxyl groups ; :
+ +
(S/T/Y) Phosphorylation 79.9799  Sulphation 80.0642
Pentoses +132.1161 Deoxyhexoses +146.1430
Carbohydrates Hexosamines +161.1577 Hexoses +162.1424
(S/T/N)

N-acetylhexosamines +203.1950 Sialic acid K291%2579

Dalsi detaily napr:


http://themedicalbiochemistrypage.org/protein-modifications.php
http://themedicalbiochemistrypage.org/protein-modifications.php
http://themedicalbiochemistrypage.org/protein-modifications.php

MS/MS
fragmentace peptidu
opakovani
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N-terminus C-terminus
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C7250

CID vs ETD
b, y E4%
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MS Charakterizace mutaci
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Potvrzeni vymény AMK na peptidové arovni
Protein: Zm-p60 (pozice 186)

wild type 179 - 203 NWLTFNEPQTFTSFSYGTGVFAPGR 2824

E186Q Q 2823
peptide mass difference: - 1 Da

| In-gel digesce
f MALDI-TOF MS
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Identifikace vymény AMK na aminokyselinové urovni
Protein ve dvou variantach v jednom spotu na 2-D gelu

Vstupni informace:
Zména hmotnosti tryptického peptidu: —14 Da

DEEELOKENVKNTASLTGKITLSVTQSKPETGEVIGVFESIQPSDTDLGAKVPKDVKIQG

MALDI-MS potvrzeni zmény hmotnosti daného peptidu (2 proteazy)
MALDI-PSD  nejednoznacné vysledky

LC-MS/MS nalezena mutace D/E v pozici 210

DEEELOKENVKNTASLTGKITLSVTQ VIGVFESIQPSDTDLGAKVPKDVKIQG
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MS/MS peptidu LSVTQSKPXTGEVIGVFES, MW 2006.0 (1992.0)

»Modif* - detail MS/MS spektra
= 945.0 +MS2(997.4), 32.6min (#887)
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hy: it )
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LC-MSMS methylace, potvrzeni D v pozici 210
po derivatizaci vymeéna H za CH3 na karboxy skupiné
4. A = 14 Da/skupinu

Y8
VTQSKPX*TGE*VIG*
Y g nederiv. m/z 787.2 pro D
A=42Da

Y g methyl  m/z 829.3 pro D
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MS/MS peptidu VTQSKPXTGEVIG pred a po methylaci

[Abs. Int.]
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MS Charakterizace modifikaci
schemickeé
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MALDI-MS spektrum digestu pired a po modifikaci

vyiez spektra
nemodifikovany peptid (vy D )
2060
162 Da
e ——— R ———
Peptid + X
2222

. u’ Il \| H‘ ‘NH(W 1 I “ j'l \‘v | ' ‘ il l ‘ 'M |
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MALDI-MS spektrum — Oxidace Met

12805 5 1.9
_—

(vytez spektra)

Sample prep artefact

(Sypro Ruby)
16 Da

e —————

127 4 oihd
e
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1261

T T T T T T T T
1266 1271 1276 m/z
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Vysledek identifikace proteinu (Mascot)

1. @i|15803837 Mass: 13532 Score: 487 Queries matched: 5
50S ribosomal protein L14 [Escherichia coli O157:H7]

Observed Mr(expt) Mr(calc) Delta Miss Score Peptide

939.45 1876.89 1876.88 0.02 0 (125) MIQEQTMLNVADNSGAR

947.44 1892.87 1892.87 -0.01 0 159 MIQEQQ’MI}NVADNSGAR + Oxidation (M)
947.45 1892.88 1892.87 0.01 0 (147) ! MIPEQTMLNVADNSGAR + Oxidation (M)
955.45 1908.89 1908.87 0.03 0 (118) IpEQ‘i’MI,NVADNSGAR + 2 Oxidation (M)

\0, \ Jen ¢ést tykajici se modifikovaného peptidu

A m/z 8 (16) ....... 16 (32) (Petra P. Vz. 3, 080821)



LC-MS/MS C7250

Intens.
x106

EIC:
] m/z 939.5 (2+)
5- m/z 947 .4 (2+)
] m/z 955.4 (2+)

1x Ox
1x Ox

2x Ox /\}

T T T T T
12 14

T T T
0 22 24 Time [min]
—— EIC 939.5 +All MS, Smoothed (2.22,1,GA) —— EIC 947.5 +All MS, Smoothed (2.22,1,GA) ——EIC 955.4 +All MS, Smoothed (2.22,1,GA) |




MS/MS spektrum nemodifikovaného peptidu - MIQ

C7250
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Yo
Yio0

MIQ

by — M,IQEQTM,LN y.o— LNVADNSGAR
y41 — M,LNVADNSGAR

Posuny v m/z vybranych fragmenti pro jednotlivé pripady M,

bez 10x 10x 2O0Ox
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LC-MSMS spectrum (vyiez spektra)
Potrzeni modifikace na Cys ...VC*AR

Intens.
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Histon H3, lokalizace acetylace (in-vitro)

MALDI-MS digestu (detail spektra)

5340
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~
A

/

5382

Non-acetylated fragment

&

Fragment with

C7250

one E-Ac

5200 ' 5400

——
s’ FFAiEs0




Histon H3, lokalizace acetylace K(14)
MALDI-ISD MS (detail spektra)
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MS Charakterizace modifikaci
posttransiacni
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Fosforylace

Protein Phosphorylation is of Fundamental Importance in Biological Regulation
cca 10-30% of all proteins are phosphorylated

& S, T,Y 1800:200:1 22?2 --.
& H 222

Whereas phosphorylation of serine, threonine or tyrosine results in the
formation of a phosphoester linkage, phosphorylation of histidine i

residues occurs on nitrogen atoms, producing a phosphoramidate bond. \‘-\’
Phosphohistidines have a large standard free energy of hydrolysis making '

them the most unstable of any known phosphoamino acid. |
Klumpp et al, Eur. J. Biochem. 269, 1067-1071 (2002) '

i

Phosphorylation sites db: http://www.phosphosite.org/homeAction.do

Phospho.ELM version 9.0 (September 2010) contains 8,718 substrate proteins from different species covering 3,370
tyrosine, 31,754 serine and 7,449 threonine instances.


http://phospho.elm.eu.org/
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Fosforylace

9 aminokyselin, které mohou byt fosforylovany

serin (Ser) > threonin (Thr) > tyrosin (Tyr)

histidin (His)
kys. asparagova (Asp), kys. glutamova (Glu)

lysin (Lys), arginin (Arg), cystein (Cys)




Fosfoproteom - Potizista

potlaceni signalu v MS
- pouze mala Cast z celkového mnoZstvi proteint je
fosforylovana
(prednostni ionizace nemodifikovanych peptidii)

vetSina signalnich proteint je v bunice v nizkych koncentracich

protein se muze vyskytovat v rignych fosfo formach

ovani defosforylovany
rku

proteiny mohou byt béhem
fosfatazami pritomnymi v

C7250
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Uprava vzorku
@ inhibitory fosfataz (co nejdtive), FASP (lyze v SDT)

@ frakcionace fosfopeptidi (proteinit)
- TiO, (resp.jiné oxidy kovii, MOAC — ,, metal oxide affinity chromatography )
- IMAC (,,immobilized metal affinity chromatography*)

- SCX resp. SAX or HILIC (,,ion exchange or hydrophilic interaction chromatography “)
- imunoprecipitace pomoci specificke protilatky (zejména Y(fosfo)
LL. Batalha, Trends in Biotechnology 30 (2), 100-110 (2012)

MS analyza
jin¢ typy fragmentaci
CID ETD (ECD)
electron transfer (capture) dissociation
HCD
higher-energy collision dissociation
EThcD

electron-transfer/higher-energy collision dissociation
Frese at al., J. Proteome Res., 12, 1520—1525 (2013)
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Specifické barveni fosforylovanych proteini, 2D GE

(https.://www.lifetechnologies.com/order/catalog/product/P33300)

phosphoproteins
(Pro-Q Diamond , blue)
proteins

(SYPRO Ruby, red).

alternativa
Metabolické znacéeni 32P
méfeni radioaktivity

immunoblotting

phosphatase treatment
phosphoproteins display a
basic shift in their pl after
the dephosphorylation.
comparison 2D gels
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Mobility Shift Detection of Phosphorylated Proteins

SDS-PAGE using an Phos-tagTM complex with two manganese(ll) ions
Mn2+-Phos-tagTM™

c(Mn?*) uM G, L ST

N AN \i Phos-tag™ AAL-107
n 5“ 100 lsn é\j I\b Mol. Wt.: 595

=) -
€., Phosphorylated Protein

@W @/ @

& Non-phosphorylated Protein

D) @
‘ /
- H
Oy N
Phosphate /m\] o)
binding site N \E"ﬂ
' L
i_ - @\@ Q\J s 4 2 Polyacrylamide Gel
M 24 - ~—
@ Do A< NI
/ €] O aa G ~
= N o @VN\)\/ =
e =~

24 .
¥ _ ® Mn?*-Phos-tag™
-

=
Z =

-+ -4+ — 4 —+ — . Phosphorylated proteins (octa-, penta-, and di-phosphorylated, respectively)
B-casein + : Dephosphorylated proteins (AP-treated proteins)
10% polyacrylamide A commercially available B-casein contains partially dephosphorylated proteins.

E. Kinoshita et al., Molecular & Cellular Proteomics, 5, 749-757
(2006)
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Immobilized metal affinity chromatography
(IMAC)

(Cu2+, Fe3+, Ga3+)
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IMAC enrichment of -Casein phosphopeptides (1 pmol of tryptic digest)
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Kasein (1 pug) po digesci trypsinem
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Kasein (1 pug) po digesci trypsinem
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Kasein (1 pug) po digesci trypsinem

C7250
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MALDI-MS spektrum peptidu bez a s fosforylaci
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Potvrzeni fosforylace pomoci alkalické fosfatazy

Digest kaseinu
TiO,
MALDI-MS

2 x Phos

1 x Phos

C7250
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ESI-MS (IT) spektrum peptidu bez a s fosforylaci

positive mode
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Fosforylace histonu H4 kinazou Aurora B
(K. Sedova)

fosforylace

proteolytické Stépeni trypsinem

frakcionace fosfopeptidu na TiO,

LC-MS/MS analyza — sken neutralni ztraty (ETD)

Schéma MS analyzy

vybér novych prekursorti

|
B —

<

vybér prekurzori  fragmentace vybranych detekce neutralni ztraty fragmentace prekurzoru
dle intenzity prekurzort v CID MS/MS spektrech vykazujiciho ztratu H,PO,
std. fragmentacni odpovidajici ztrat¢ HyPO, Setrngjsi fragmentacéni

technikou (49, 32.6) technikou



LC-MS chromatogram C7250
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Identifikace peptidu databazovym prohledavanim
MS/MS Ion Search (MASCOT)

m/z Charge

559.0 3+

MASCOT

RT (min)
22.063

e 21223582 Mass: 11230 Score: 74  Queries matched: 2

histone H4

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide
558.98 1673.93 1673.86 0.076 2 (23)

558.98 1673.93 1673.86 0.076 2 75

Modifications: Optional: Phospho (ST)

Expect Mr
1674.0

7.8 1 K.RKIVTAMDVVYALK.R + Phospho (ST)
5e-05 1 K.RKTVTAMDVVYALK.R + Phospho (ST)

Search Parameter: Charge=2+ and 3+, MS Tol.:0.500000 Da, MSMS Tol.:0.500000 Da, Trypsin

Mascot 2.2.03, NCBInr NCBInr_20081101.fasta

Biotools

CID
RKTVTAMDVVYALK
RKTVTAMDVVYALK

ETD
RKTVTAMDVVYALK
RKTVTAMDVVYALK

Score

Score

(Biotools) (Mascot)

520
518

6149
774

23
22

75
47

C7250

CID
ETD



RKTVTAMDVVYALK

C7250

>
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I 'I\ \L I D It IA I ’/\} 1 ‘
502.222 807.459 983.400 |
y 5 y 7 b8 (492.20 2+)
m/z 559.0
( g
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100 200 300 " b0 760  'sbo 900 1000
m/z

na zaklade CID MS/MS dat nelze fosfoskupinu lokalizovat



RKTVTAMDVVYALK C7250
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na zaklade ETD MS/MS dat Ize jednoznacné lokalizovat fosfoskupinu na T(3)
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TABLE 1 | Phosphopeptide/phosphotprotein enrichment methodologies.

Enrichment method Description Advantage Dizadvantage References
Immuncaffindy ennchment  Use of antbodies directed against pTyr, Highly specific. Low efficiency, high cost, use of  Stokes et al, 2012

pSer, pThr, and mone recantly against the different antibodies for differsnt

surrounding consensus sequences for phosphonylation motifs.

pSaripThe.
Immobiized metal affinity  Megatively charged phosphaie groups on Giood for both phosphoprofeins and - Tends to bind strongly to Fia and Homys,
chromatography (IMAC) the phosphonylated amino acids inferact phosphopepiides. When used with  monophosphorylated peptides, 2012

with positively charged metal ions such as  peptides, it can enrich mono- and which makes i difficul for

MiE+ Fad+ Gad+ ZrH and TiH that multiple phosphorylsted peptides.  elution. Non-specific binding of

ae chelated with slica or agarosa through Ecidic peptides can ocour.

nitrilceacetic scid or iminodiscetic acid.
Metal cxide affinity Similar to IMAC, the phosphate goups on - Good for both phosphoprofeins and - Tends to ends strongly o Gates at al., 2010
chromatography (MOAC) the amino acids interact with positely phosphopepiides. When usad with  muitiple phoaphonyated

charged medal ocxides, e.g., fitanium or pephides, it can enrich mono- and pepiides, which makes it dificult

zircomium that acts as anchoring multiple phosphorylated peptides. for edution. Monspecific binding

moiecules to trap phosphopeptides of scidic peptides can ooour.

through the formation of multi-dentate

bonds.
Phos-Tag Uses 1,3-bis[bs(pyndine-2- Increased sensitivity due to Mazinly used to confirm the Kinoshita et al.,
chromatography, yimetyllaminojpropan-2-olsto dizine{ll) complete deprofonation of phosphonylation state in relatively 2006

complex 85 8 selective phosphate binding  phosphoproteina’ phosphopeptides pure proteins, but mot with

tag in equecus solution st neutral pH. &t meutral pH. Elution at the complex. mixiures.

phy=aological pH allow for proten
actiaty and functional analysia.

Prefractionstion by strong  In SCK, tryplic peptides often carmy a Used for fractionation of highly Similar degree of unspecific Leitner et al., 2011
cation exchange (SCX) charge of +2, mxcept for phosphopetides  complex mixbures, & can be binding as IMAC and MOAC.
and strong anion with & net charge of +1, making them performed on-ne with mass
exchange (SAX) eiute early in the chromatography. SaK spectrometry.

retaing phosphor-peptides, aliowing
saparation based on the number of

phosphorylated residuas.
Hydrophilic mteraction Phiosphopeptides with polsr phosphate Giood for both phosphoprofeins and  Similar degres of unspecific [Yeng et al, 2013
liquid chromatography groups are strongly reteined on the HUC  phosphopeplides. When used with binding as IMAC and MOAC.
HILIG) simtionary phase resulfing in separation peptides, it can enrich mono- and

from non-phosphornylated species. multiple phosphorylated peptides.
Blectrostatic repulsion ERLIC &= & wanafion of HILIC using Giood for both phosphoprofeins end - Similar degres of unspecific Gan et al., 2008
hydmphilic interaction eactmatatic repulsion a5 an additonal phosphopepiides. When usad with  binding as IMAC and MOAC.
chromatography ([ERLIG) phase o adjust selectvity by varying pH or  peplides, it can enrich mano- and

organic solvents. multiple phosphorylated peptides.
Hydroxyspatite It takes advantage of the sfrong interaction  Good for frectionating maono-, di-, Developed with phosphoprotein Mamone et &l,
chromatography between posdively chamed hydrocyapstite  16-, and muili-phosphongiated standards, not teated with 200

and phosphate ons. peptidea when using gradient of a complex samples.

phosphate buffer

Li et al., Front. Plant Sci., 6, 430 (2015)
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Ubikvitinace

Ubiquitination 1s an enzymatic, protein post-translational modification (PTM) process
in which the carboxylic acid of the terminal glycine from the di-glycine motif in the

activated ubiquitin forms an amide bond to the epsilon amine of the lysine in the
modified protein.

Protein ubiquitination regulates many cellular processes including transcription,
endocytosis, cell cycle control, signal transduction, stress response, DNA
repair as well as proteasomal-mediated degradation

TP+ }—ul.-lfi _;:l | -i T D
Ub
TET U
AMP + PP :--’i-rit* E e
= | il c _C
""f""L'. J 0 “NH (}c"’—ir;t
- ———————

<L, fdmmmmn | B mmmmm--- '
.a- -._ﬁ_. L= |
1 e
; !' Unconventional Chains Conventional Chains
= :-.,.
Maono- Linear K63 K6, K11, K2 Kag
Bl ub'lhull.rr'illl:-'- ubiquitination K29, K33 Pratecsomal

Non-proteolytic Degradatio
s

Actieitben

Inflbition
Pal hu tinatizn
y-abguitina

Function

dhrgr adalion

S. Liu, Z.J. Chen , Cell Research (2011) 21:6-21




Ublgquitin linkage types
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Ubikvitinace

(A} Homotypic and heterotypic Ub chains

®
Ub 3 Ub
<>

Ub
Homotypic Mixed Branched
(8 variants) (56 variants) (28 variants)

The complex Ub code contains numerous variants of homotypic and
heterotypic (mixed or branched) chains. Based on the eight possible
linkages (M1, K6, K11, K27, K29, K33, K48, and K63) between two Ub
moieties, at least 92 different Ub chain types exist.

Stolz A. et al., Trends in Cell Biology, 28 (1), 1-3 (2018)
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Akutsu M. et al., J. Cell Sci., 129, 875-880 (2016)
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C7250

ubikvitin — protein 8.5 kDa (76 AMK)

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGK
QLEDGRTLSDYNIQKESTLHLV LRLRGG _

200 —
1B —
87 —
b6 —%-
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29—

24

i

heterogenita forem

& lokalizace modifikovanych AMK
@ urceni vazeb v polyubikvitinu

The most studied polyubiquitin chains - lysine48-
linked - target proteins for destruction
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Strategie analyzy ubikvitinovanych mist

Ubiquitin C-terminus

Trypsin Digestion

-

- 114.1 remnant tag
- missed cleavage site

N.J. Denis, Proteomics 2007, 7, 868—874
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Chybna identifikace ubikvitinace nebo K(91) je ubikvitinylovan ???

BBAP monoubiquitylates histone H4 at lysine 91 and selectively modulates the DNA damage response."
Yan Q., Dutt S., Xu R., Graves K., Juszczynski P., Manis J.P., Shipp M.A.
Mol. Cell 36:110-120 (2009)

Histon H4 (trypsin)
1 SGRGKGGKGL GKGGAKRHRK VLRDNIQGIT KPAIRRLARR GGVKRISGLI

51 YEETRGVLKV FLENVIRDAV TYTEHAKRKT VTAMDVVYAL KRQGRTLYGF
101 GG

Mascot

79 -100 658.6059 2630.3944 2630.4003 -223 0 45 0.0013 1 R.KTVTAMDVVYALKRQGRTLYGF.G + UBI dT (K)

All matches to this query

Score Mr(calc) Delta Sequence

2630.4003 -0.0059
2630.4003 -0.0059

0.3 2630.3792  0.0152 KSAPAPKKGSKKAVTKAQKKD




Chybna identifikace ubikvitinace nebo K(91) je ubikvitinylovan ???

K(1) neni ubikvitinylovén KTVTAMDVVYALKRQGRTLYGF

\

# \h bt b* p*t bo bO  |Seq.| ¥ v ¥ v ¥ | #
1] 129.7022[ 65.0548 112.0757] 56.5415 K 22
2] 230.7499] 1155786 213.1234] 107.0653] 212.1394] 106.5733[ T [2503.3126[1252.1599]2486.2860(1243 6467(24853020[1243.1547[21
3] 329.2783] 165.1128] 312.1918] 156.5995| 311.2078| 156.1075 V [2402.2649[1201 6361(2385.2384(1193.1228(2384.2543[1192.6308[20
4] 430.2660| 215.6366( 4132395 207.1234] 412.2554] 206.6314] T [2303.1965[1152.1019]2286.1700]1143 5886[2285.1859|1143 096619
5| 501.3031] 251.1552( 484.2766( 242.6419 483.2926| 242.1499] A [2202.1488[1101.5780(2185.1223[1093.0648 [2184.1383[1092.5728[18
6| 632.3436 316.6754 615.3171| 308.1622 614.3330| 307.6702| M [2131.1117[1066.0595[2114.0852(1057.5462(2113.1011[1057.0542[17
7| 747.3706] 374.1889[ 730.3440( 365.6756] 7293600 365.1836] D [2000.0712[1000.5392[1983.0447] 992.0260(1982.0607| 991 5340[16
8| 846.4390( 423.7231[ 8294124 4152098 8284284 4147178 1885.0443| 943.0258[1868.0177| 934.5125(1867.0337] 934.0205[15
o 945.5074] 4732573 928.4808| 464.7441| 927.4968| 4642520 1785.9759| 293 4016[1768.9493| 884.9783[1767.9653| 884.4863[14
10[1108.5707| 554.7890(1091.5442( 546.2757(1090.5601| 545.7837 1686.9075| 243.0574[1669.8809| £35.4441[1668.8969( 834.9521[13
11]1179.6078| 590.3075[1162.5813| 581.7943[1161.5973| 5813023 1523.8441| 762.4257|1506.8176| 753.9124(1505.8336| 753.4204[12

120129269198 646.8496|1275.6653( 638.3363 (1274.6813| 637.8443
13&534.829? T67.9185(1517.8032| 759.4053|1516.8192| 758.9132
. 8450691 (1673.9043| 837.4558)|1672.9203| 836.9638

D

V

V

Y

A

L [1452.8070( 726.9071|1435.7805| 718.3939|1434.7964| 717.9019(11

K

R
1818.9895| 909.9984|1801.9629| 901.4851|1800.9789| 900.9931| Q | 941.4839| 471.2456| 924 4574| 462.7323| 923.4734| 462.2403

G

R

T

L

Y

G

F

339.7220) 670.3651(1322.6964| 661.8518(1321.7124| 661.3598|10

14 097.5851) 549.2962|1080.53585| 540.7829(1079.5745| 540.2909| 9
15 8
16(1876.0109| 938.5091(1858.9844| 929.9958|1858.0004| 9295038 813.4254( 407.2163| 796.3988| 398.7030| 795.4148| 398.2110| 7
17(2032.1120(1016.5597|2015.0855|1008.0464|2014.1015|1007.5544 756.4039( 378.7056| 739.3774| 370.1923| T38.3933| 369.7003| 6
18|2133.1597|1067.0835|2116.1332(1058.5702 |2115.1492|1058.0782 600.3028| 300.6550 582.2922| 291.6498| 5
19\2246.2438|1123.6255|2229.2172(1115.1123 |2228.2332|1114.6202 499.2551| 250.1312 4
20|2409.3071|1205.1572|2392.2806|1196.6439|2391.2965|1196.1519 386.1710| 193.5892 3
21|2466.3286|1233.6679|2449.3020(1225.1547|2448 3180|1224 6626 223.1077Q 112.0575 2
22 166.0863) 83.5468 1

Nelze rozhodnout zda je ubi na K nebo GG na C-terminu
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Charakterizace ubikvitinaci
Schéma experimentu pomoci imunoprecipitace

Protein Peptide K-GG
Lysate Mixture Peptides
"'--l

—"‘“P—* — e’ —

Trypsin anti-K-GG LC-MS
Digestion enrichment Analysis

D.Bustos, MCP, 2012 11: 1529-1540
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Ubikvitinace
Obsazenost mista, semikvantifikace

pomér obsazenosti jednotlivych Ubi mist
vzorek vs kontrola

relative abundance

. Cetnost jednotlivych mist Fetézeni ubikvitinu
vzorek vs kontrola

285 337 462 649
particular modified sites

abundance

L

6 11 27 29 33 48 63
particular modified sites

de Groot R. E.A. et al., Sci. Signal., 7 (317), ra26 (2014)



Charakterizace ubikvitinaci

Schéma experimentu pomoci imunoprecipitace 11

princip metody ”’o«?’ﬁ_ UbiSite antibody

Yoo C
LysC digestion . - —
and Fractionation == =
LysC m LysC enrichment with and Ee e ==

MQIFVK......NIQ

jiny typ protilatky rozeznavajici 13 aminokyselin

z C-konce ubikvitinu

schéma experimentu

two human cell lines
Hep2
Jurkat

Hep2

proteasomal inhibitors treatment
BOR - bortezomib

AP15 - b-AP15 ~-~/

BOR
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UbiSite antibody EEE— LC-MS/MS =
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K Data —
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digestion l > = S
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Nanoscale LC-MS/MS analysis for proteome

MMM MMM

High-pH reverse phase fractionation

’l‘

-l
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F— f— a—,
l i il
é ® = = =
CTR AP15 BOR AP15
Vv % W W

UbiSite purification of ubiquitinated peptides and fractionation
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Nanoscale LC-MS/MS analysis for ubiquitinome

Nat. Struct. Mol. Biol., 25 (July), 631-640, (2018)



Charakterizace ubikvitinaci
Schéma experimentu pomoci imunoprecipitace 11

70,000

63,455

60,000 Numbers of ubiquitination sites and
35,024

ubiquitinated proteins identified in the
50,000 —
40,000
30,294

30,000 —
20,000 —
10,000 4 [2:207

D —

two cell lines (n = 3 independent
«C}@ \G'l} N »‘\Q" ’\‘3 Q' '@

biological replicates).
1 g 9‘\\ \
Q \
e QQ’Q .g@Q =~ 3\3(‘} 53\*' 5@*’

49,215

37,715 38,128

Numbers on the top of bars indicate
identified ubiquitination sites; numbers
within bars indicate identified proteins.

Counts

Ubiguitinated il . .
proteins . Hep2  Overlap of ubiquitination sites and

ubiquitinated proteins between Hep2 and
. Jurkat  Jurkat cells.
Numbers indicate the number of identified
i 8 1. = ubiquitination sites (left) or proteins (right).

Nat. Struct. Mol. Biol., 25 (July), 631-640, (2018)

Ubiquitination sites



Ubiquitin-like proteins

C7250

Table 1. Ubl’s and Their E1 and E2 in Human and Budding Yeast

family
SUMO
NEDDS
ATGS
ATGI12
URM1
UFM1
FAT10
ISG15

proteins in H. sapiens

proteins in S. cerevisiae

Ubl

SUMO1, SUMO2, SUMO3, SUMO4“
NEDDS

El

UBA2/SAE1
UBA3/NAE1

LC3A, LC3B, LC3B2, LC3C, GABARAP, GABARAPLI1, GATE-16“ ATG7

Atgl2
URM1
UFM1
FAT10
ISG15

ATG7
UBA4
UBAS
UBAG6
UBA7

E2
UBC9
UBC12, UBE2F
ATG3
ATG10
UEC1
UBE2Z"
UBCHS8"”

Ubl

Smt3
Rubl
Atg8
Atgl2
Urml

El E2

Uba2/Aosl Ubc9
Uba3/Ulal Ubel2

Atg7 Atg3
Atg7 Atgl0
Uba4 -

“SUMOS and GABARAPL3 were not included in this table as they are likely pseudogenes. bUBE2Z and UBCHS can also work with ubiquitin.

890

DOI: 10.1021/acs.chemrev.6b00737
Chem. Rev. 2018, 118, B89-918
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Glykosylace

one of the most common post-translational modifications of proteins in

eukaryotic cells.
involved in a wide range of biological functions such as receptor binding, cell signaling,
immune recognition, inflammation, and pathogenicity.

Zakladni typy glykanu.

@ N-linked
@ O-linked

@ GPI anchors
- C-linked
- glykace

Variation in the degrees of saturation at available glycosylation sites

results
in heterogeneity in the mass and charge of glycoproteins

Signal Supression

http://www.uniprot.org/manual/carbohyd
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N-linked glycosylations

glycans are attached to the protein backbone via an amide bond to an
asparagine during protein synthesis (in endoplasmic reticulum)

N-X-S(T) X nesmi byt P

subtypes:
@ High-mannose
@ Hybrid
@ Complex

\n-ﬂ N, N~ weatyichiinbiocs e
[ I
— " A

GhchAc Gy —————
1A s BHI-G S -

Man  (3-D-Mannose

GlNAc — 3-D-N-Acetylglucosamine



N-linked:High-mannose subtype
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B-D-N-Acetylglucosamine

C7250



C7250

N-linked: Hybrid subtype
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@ a-N-Acetylneuraminic acid (Sialic Acid)
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N-linked: Complex subtype
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O-linked glycosylations

glycans are linked via the hydroxyl group of serine or
threonine

P14 S—
—u Gal GlehAc

=

GalNAc  [3-D-N-Acetylgalactosamine
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GPI (glycosylphosphatidylinositol) anchors

anchors are linked via C-terminus, membrane bound
protein

o

I

C—NH; |Phosphocthanclamine

C-Termirus {I Hala ghaocunine
ofProein €
o=P-0 ? / oH | Re
Qg H o
ol ata | ang 1%
Mmn Man Man Glel
2 1R OH
3 \. o Phasphatitylnesiiol
R <
? PLC-M
Acp byl ety i H:C—= CH,—CH,

Perstible modificstions o Mare-GleN
oligosaccharide come
Ry =Man a{1-Z)
R; = Phasphoathanolamine
Ra = Phogphsarthanobism|ne
Ram Gal,
Rs = GalNAC 1<1-9)

Rg = Fatty Add at C; or G of Inasttol
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Charakterizace glykoproteinu

@ specificka detekce glykosylovanych proteint
@ 1dentifikace proteinu

@ urceni glykosylacniho mista

@ urceni struktury glykanu
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Specificka detekce glykosylovanych proteinu
Pro-Q Emerald 300 - glyko only

dalsi techniky detekce:
kolorimetrickad detekce
fluorescencni detekce

specifické obohaceni:
afinitni chromatografie
(lektinové matrice.
m-Aminophenylboronic Acid)

1dentifikace proteinu:
Peptide mapping
MS/MS Ion search

- all
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Deglykosylace

chemicka:
Hydrazinolysis
Hydrazine hydrolysis has been found to be effective in the complete release
of unreduced O- and N-linked oligosaccharides.

Alkaline B-Elimination - jen O-linked s vyjimkami

Trifluoromethanesulfonic Acid - destrukce glykanu
enzymaticka:

PNGase F N-linked, v8e pry¢, pokud ne =5me—="u"

PNGase A N-linked, vse pryc, pokud ne @o

Endoglycosidase H N-linked, Stipe az za prvnim gl
Endoglycosidase F1, F2, F3 N-linked, Stipou specificky ke struktuie

O-Glycosidase O-linked. vSe pry¢

B-galactosidase  Stipe pred
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Urceni mista glykosylace, resp. struktury glykanu

@ glykosylace ,,jen*“ na S nebo T (O-linked)
NXS(T) (N-linked)
[ze vytipovat potencionalni glyko mista
urcité strukturni typy u glykanii (high-mannose....)
@ Kkombinace MS a MS/MS technik
@ separace glykoproteini resp. glykopeptidu
@ vhodna deglykosylacni strategie

@ derivatizace glykanu
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MALDI-MS spectrum of glycosylated and non-glycosylated protein
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C7250
1D GE of protein before and after deglycosylation
confirmation of glycosylation

glykosylovany protein

protein po deglykosylaci
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MALDI-MS spectrum of deglycosylated protein
confirmation of glycosylation

Endoglycosidase H;

deglycosylated

i YA M‘A’,

w |
At

00000



MALDI-MS celych proteint
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MALDI-MS tryptickych digesti
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500

450

400

350

300

250

200

150 —

100

8.588

162

1360.618
1360.618
1437.600
1031]. 483
1757.872

2783%.3528

@ stejny protein

@ rozdilovy peptid

5626.770

3000




Detail spekter digestu proteinu pred a po deglykosylaci
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500

450

400

350

300

250

200

150

100

12783

PNGase A

objevil se peptid 2797, vedle peptidu 2795

180

bl

@ N-glykosylace
@ A . =1169Da

aver

peptid 3966 zmizel

2900 3100 3300 3500

3700 3900 m/z




Detail spekter digestu proteinu pred a po deglykosylaci
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Shrnuti vysledkii

trypticky peptid 2796 Da ...PHIFDYSGS...,
kde D vznikd z N po deglykosylact PNGasou A

puvodni sekvence je tedy ...PHIFNYSGS... (hmotnost 2795 Da)
Peptid potvrzen take LC-MS/MS analyzou (v glykosylovaném vzorku
digestu nebyl nalezen)

Hmotnost glykanu 1170 Da odpovida

xylose+fucose+3*mannose+2*N-acetylglukosamin

Nebyl ddle potvrzen MS/MS technikami
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..missing parts have potential N-glycosylation

sites. ..
MLRNVCPVLILLIIGATA GE A F A NVEW SVA E LKRYV
LVMGVPR NHS DSLLPVS

AYCDMETDGGGW TVFQRRGQFGNPVYYFYKKWA
DYAHGFGDPAKEYWLGNNVLHALTSDKAMSLRIE
KNHS VASEEEYFKINVGGYIGSK
NGS G
AWYTSCHGSNLNGLNLNGEHPSYADGIEWSAR
GGSTGLYYYSYPNVEMKVRDAHFISRVADGRAS

from lecture of Petr Man



... glycopeptide...

C7250

100 =

50 =

Relative abundance

full ms

600

643.5 7095

800

911.7

971.7 11481

1000

1202.2

1200

from lecture of Petr Man

MS/MS

hexose increments

1316.1 1397.8

1400 1600




MS/MS from 1202.2 - - glycopeptide, type of glycan identified

100 =

Relative abundance
[4;]
o
L

?peptide?

ms/ms
precursor
m/z - 1202.2

528.1 689.9

400 600

\‘§:‘~;‘/\\///11=—1

[P1N+2HT™
971.7

MS/MS

from lecture of Petr Man

H — Hexose
N — HexNAc

Doubly charged fragment ions

N H H H . H H H H . H H
1073.2; | i | |
1252 1972
| : ' 1559.3 |
i 1641.3
823.9 [PAN+1HT

800

1000

1200

1400

1721.9 1941.5

1600 1800 miz

C7250
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MS/MS from 971.7 - peptide with one HexNAc - site of glycosylation identified

Relative abundance

100 =

o
o
1

ms/ms
precursor
m/z 971.7

b,
N(HexNAc)H

4551

400

870.1

N-HS!LEETILITIALEY

from lecture of Petr Man

[ |
Nﬂ%i&ﬁiﬁ&@#&&$«

| I e

SIV-F-K

I T

H — His
N — Asn

944.4

1487.4

Y3
SLETLTAEYSVFK
1158.3

1287.4

1739.4

1511.5

1795.4

1200 1400 1600 1800 m/lz
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MLRNVCPVLILLIIGATA GEAFANVEWSVAELKRV
LVMGVPR DSLLPVS
AYCDMETDGGGW TVFQRRGQFGNPVYYFYKKWA
DYAHGFGDPAKEYWLGNNVLHALTSDKAMSLRIE
KNHS VASEEEYFKINVGGYIGSK
G
AWYTSCHGSNLNGLNLNGEHPSYADGIEWSAR
GGSTGLYYYSYPNVEMKVRDAHFISRVADGRAS

from lecture of Petr Man
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Kombinace deglykosyla¢nich enzymu
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Postupna deglykosylace ruznymi enzymy (MALDI-MYS) C7250

2779.
A

% 2488, < | |

2 sA | -2sa

5 B

"L"n.

E M_ﬁ N _

= 1594, 2166.

5 -2 Gal C

=

ol
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-1
D
E

140 190 240 290 340 390

Mass to Charge Ratio (m/z)

Fig. 2. MALDI-MS analysis of fraction T9 (A), after the digestion of fraction T9 with
sialidase S (B), followed by pl-4 galactosidase (C) and then by pl-2-N-acetylglucosaminidase
digestion (D). MALDI-MS analysis of fraction T9 after treatment with a«l-6-fucosidase and
s-mannosidase (E).

L.P. Kotra et al | Bivorganic Chemistry 30 {2002} 356-370
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Glycan profiling and structural analysis of glycans C7250
Lattova E. et al., J. Proteome Res., 15 (8), 2777-2786 (2016)
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mESC

v

GCell lysis

¥
Proteclysis (trypsin)
Desalting

¥
Glycopeptide enrichment
(IP-HILIC, 25 fractions)

nLC-ESI-MS-HCD-MS

(Q Exactive, 3 h gradient)
|

Predicted
mouse glycoproteins
{Uniprot)

i | | | miz

MS/MS data

Charge deconvolution
¥
[Peptide + HexNAc]* ion search
precursor mass correction

MS/MS ion search
(MASCOT, SEQUEST-HT,
XITandem)

1% FDR filtering

47 N-glycoproteins
! (unpredicted)

94 O-GlcMNAc proteins

C7250

Glycoproteomics of stem cells
example of LC-MS/MS based global study

100 Original precursor
8 [M+3H]* = 1,377.63 a.m.u.
@ :
=2
c
3
o
g
= MS/MS data
T pre-processing
o
miz
500 1,000 1,500 2,000 2,500
Alternative precursor mass:
[peptide + HexMAc+H*]
m 2,469.31 a.m.u. 4,130.87 am.u.
o) ' ! '
2 QLLANSSALEETILGHQGR e3> >
@ - Glgcan mass '
o : g ' (1,864.634-202.08 a.m.u.) :
5 veg ! i
a ya |, R |
b4 ; W eo ] i
2 ’ 3 :
k= = :
[iF} bio N '
T J v l yi4y15 y17 ! !
B : ol I F - ] |I I miz
1,000 1,500 2,000 2,500 4,000
d
500 O mESC N-glycoproteome (RNA-seq)

-§ 400 @ Glycoproteins detected

©
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3
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FPKEM valus
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Figure 1 | Glycoproteomics. a, Glycoproteomic
workflow combining proteomics platforms
with a new algorithm for the identification of
intact glycopeptides from complex biological
samples. b, MS/MS raw data pre-processing

by charge deconvolution and precursor mass
correction allows the automated identification
of glycopeptides, on the basis of low-abundant
peptide fragment ions in the lower mass-range
of glycopeptide MS/MS spectra (a.m.u., atomic
mass unit). ¢, Coverage of experimentally
identified glycoproteins (orange circle;
Supplementary Table 10) among all predicted
mouse glycoproteins (Uniprot, white) and the
glycoproteins expressed (on the basis of RNA-
seq, grey) in mESC. d, Transcript abundance

of all glycoproteins expressed (RNA-seq) in

our mESC clone (grey), compared with the
glycoproteome experimentally detected (orange).
Data are representative of two independent
mESC glycoproteomics experiments with similar
results.

Stadlmann J. et al., Nature, 549, 538 (2017)



MSFragger-Glyco
example of software development

@ Preparation: MSFragger

Sequence database Glycan mass list
1,038.3751
1,216.4226
Raw et | 1378.4757

(aroitrary length)
o€ Glycosites (brain)
MSFragger-Glyco
(data from Riley)
% Riley et al. !
b search
R

oLmm ” n | |
B3883CHURESECREIREEBERRYE

3 Negative (decoy)
: ERET
0.2 Sequential fiter
ma:‘dlmsass 1% PSM FDR
o e for 1% protein FDR

cachdyoanmass  © g Qg gy SRS Ga PR BUSEES
Offget mass 4

and isotopes

Polasky D. A. et al., Nat. Methods, 17, 1125 (2020)
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