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Genome
~20-25,000 genes
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Transcriptome Proteome

---------- »  ~100,000 transcripts -===——=—————3 >1000,000 proteins
Alternative promoters Post-translational

Alternative splicing modifications
mRNA editing

Phosphorylation cascades
are involved in many
signalling pathways

Various modifications requlate
microtubule function
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Plasma-membrane
proteins can carry
N-glycans

The histone code
controls many
nuclear processes

Plasma-membrane proteins
can be linked to the membrane
by a GPl anchor
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Polyubiquitylation
can induce protein
degradation

Nuclear and cytoplasmic
proteins can carry O-glycans

More than 500 PTMs are listed in the Uniprot database - with phosphorylation,
lysine acetylation, ubiquitination, and proteolytic processing being the most

prominent ones.

https://www.creative-proteomics.com/services/proteomic-analysis-of-post-

translational-modifications-service.htm
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Review: Nobel Lecture

Ubiquitin at Fox Chase*

| Rose*!

My interest in protein breakdown as a research problem
began in 1955 at about the time | joined the Biochemistry
Department of Yale University. It was known that proteins
break down intracellularly in the mature animal.’ In 1955,
| learned from Melvin Simpson about experiments he had
published 2 years earlier,® showing that a variety of conditions
that should lower the ATP level of liver slices (anaerobiosis,
cyanide, 2,4-dinitrophenol) decreased the rate of liberation of
labeled methionine from protein of rat liver slices. Simpson
and | had just joined the Biochemistry Department and we had
down the hall labs from each other. Simpson’s research goal
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400+ S35 RELEASED:
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0—0 NON-CYST(E)INE (05~-COy)
300} o--0 NON=-CYST(E)INE (N;~CO,)
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100F

S35 RELEASED FROM PROTEIN

TIME (HOURS)

Fic. 1. The effect of anserobiosis on the release of total S35 and of non-cyst(e)ine-
8% from the proteins of rat liver slices.

Rat liver
Simpson, M.V. (1953) J. Biol. Chem. 251, 143-154
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Protein Turnover and Lysosome Function

SOME ASPECTS OF THE INTRACELLULAR
BREAKDOWN OF EXOGENOUS AND
ENDOGENOUS PROTEINS

Brian Poole, Shoji Ohkuma
Michael Warburton

The Rockefeller University
New York

@ Annual Reviews

www.annualreviews.org/aronline

INTRACELLULAR PROTEIN DEGRADATION 751

Table 1 Proteins degraded most rapidly in rat liver

Enzyme Half-life (hr)?
1. Ornithine decarboxylase 0.2
2. 5-Aminolevulinate synthetase
(soluble) 0.33
(mitochondrial) 1.1
3. RNA polymerase 1 1.3
4. Tyrosine aminotransferase 20
5. Tryptophan oxygenase 25
6. Deoxythymidine kinase 2.6
7. B-Hydroxy-8-methylglutaryl coenzyme-A reductase 3.0
8. Serine dehydratase 4.0
9. Amylase 4.3
10. PEP carboxykinase 5.0
11. Aniline hydroxylase 5.0
12. Glucokinase 12
13. RNA polymerase II 12
14. Dihydrooratase 12
15. Glucose-6-phosphate dehydrogenase 15
16. 3-Phosphoglycerate dehydrogenase 15

3For original references for these values, see (5, 14, 15). [These data for half-lives were
obtained by a variety of techniques by different experimenters. Therefore, the precise
values may not be always comparable and may be subject to different types of methodo-
logical problems (1).]

catalyzes a critical reaction in gluconeogenesis. Similarly glucokinase (34) deter-
mines the rate of hepatic glucose uptake, while glucose-6-phosphate dehydro-
genase (35) regulates flux through the hexose monophosphate shunt (35). The
level of thymidylate kinase (36) controls the salvage pathway for pyrimidine biosyn-
thesis (37, 38), and its level correlates closely with cell growth rate (37, 38). Also
included in this group are §-aminolevulinate synthetase (39), which regulates heme
biosynthesis, and hydroxymethylglutaryl CoA reductase (40, 41). This latter en-
zyme, which limits the rate of cholesterol production, shows diurnal variations and
changes markedly in response to dietary influences (42).

Goldberg, A.L., and St. John, A.C. (1976)
Annu. Rev. Biochem. 45, 747-803.




A B IRME— B B B R S A

> A& SBE R R F a9 IT R, el il A2 eymi i g ie e
& QR RN F

TABLE II. Digestion of Endogenous and Exogenous Macrophage
Proteins

Amount Digested in Two Hours (%)

Control cells Cells fed dead macrophages
Medium Endogenous Endogenous Exogenous
Control 4.0 2.4 37
Chlorbéuiné
100" uM 3.3 (-17%) 2.3 (-4%) 12 (-68%)

Nature Reviews | Molecular Cell Biology
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Nature Reviews
Molecular Cell Biology, 2011
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2000 LASKER AWARDS:

2000 Albert Lasker Basic Medical Research Award

Ubiquitin system for
regulated protein
degradation

i

Aaron Ciechanover Avram Hershko Alexander Varshavsky
Technion-Israel Institute of Technion-Israel Institute of California Institute of
Technology Technology Technology
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The Nobel Prize in
Chemistry 2004

¥

Photo: D. Porges Photo: D. Porges Irwin Rose
Aaron Ciechanover Avram Hershko Prize share: 1/3

Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2004 was awarded jointly to Aaron
Ciechanover, Avram Hershko and Irwin Rose "for the discovery of
ubiquitin-mediated protein degradation”.
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Normal bone matrix Osteoporosis
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Pathway

Cellcycle

DNA repair

NF«B
signalling
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Deregulated Type of

protein deregulation

MDM2 g3 SNPinthe
promotor
region

HAUSP DUB Downregulation
SCF (SKP2) Upregulation

of SCF
APC
FANCL Defect of PHF9
CYLD DUB Mutation
IAP2 Mutation

Substrate

P53

p53, MDM2
p27 (KIP)

Cyclin B,
securin

FANCD2
IKKy
BCL10

Modification Tumour type/disease

Polyubiquitylation ~ Non-small-cell lung cancer,
soft-tissue carcinoma,
colorectal cancer

De-ubiquitylation Non-small-cell lung cancer

Polyubiquitylation ~ Malignant melanoma, lymphoma

Polyubiquitylation ~ Colorectal cancer

Monoubiquitylation Fanconi anaemia-related cancers

De-ubiquitylation Cylindromatosis

Polyubiquitylation ~ MALT lymphomas
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Homotypic chains Heterotypic chains Additional modifications
| 1 | | 1
. B R By Ubiquitin-like
Monoubiquitin 6 N At A o X/ O Mixed Branched proteins PTMs
\:{') \7\") \:\") \:x") \7\") \/") \ﬁ‘—, @Q | | |
N8
N8
Substrate
Level of complexity
K48/K11 chains Cell cycle Mitophagy

error, making any needed
repairs.

S

/ Each of the 46
chromosomes is

i Cellular contents,
%‘Ew"cate‘j L the;" excluding the chromosomes,

/ are duplicated.

- o )
2 S A {3 :
i Uit "o/ Cell cycle arrest. REKXRXXRYS K= [RY = KRR !
High local ubiqguitin © Ciinical Tools, Inc. g ell eycle arres : SERRsEaRR HIE 9
concentration

Meyer, H.J. and M. Rape. Cell, 2014. i L



2 EHFM (Ubiquitin code)

Plasma TNFR, IL-1R, Extracellular
membrane WTLR. CD40 receptors —l—_ -# )E‘ i? 2k % VX iEJ g
Cytoplasm Intracellular
l receptors
Ubiquitylation platform TIR
TRAF, RIP, RIGI <—+1NOD
a Assembly RIGI

Unanchored

b Recognition L
AR Qubiquitin
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Ub binding protein,Ab

Tag: 6x His, Biotin, Flag, Myc, HA

Ub binding domain (UBD)

K-GG Ab
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Efficient protection and isolation of ubiquitylated
proteins using tandem ubiquitin-binding entities
Foland Hjerpe!, Fabienne Ailet!, Fermando Lopitz-Otsoa’, Valerte Lang", Patrick England™?

o Manugl 5. Rodriguez!+*

Proteamacs Unit, CIChioGUNE, CIEERehd, Biz':ﬂ.iﬂ.TEl’J’l.‘l’I‘.ll.w Park, Derio, Spain, Institut Pasteur, P]lbfmn:drB&uphysiqucdﬂ
Macromobécules et de beurs Interactions, and *CNRS, URAZ1SS, Paris, France, and *Biochemistry Department, University af the

Basque Country, Leioa, Bizkaia, Spain
Post-trarslational modification with ubiquitin is ene of the maost
important hani in the of profein stability and

function. However, the high reversibility of this madification i
the main ohstacle for the isalaion and characierization of
ubiguitylaled proteins. To overcome 'lhi problem, we hove
developed tand, entities (TUBEs)
bu.wdnn tqmbﬂl IIJBM rlum.'llm TUBEs recognize
itin with a markedly higher afiinity than single UBA
d:rl.rn. allowing poly-ubiquitylaied profeins to be efficiently
pariiied irom cell extracts in nmem-i.lllurn.\'lnn:anﬁmtn
the fact that TUBEs protect poly-ubi
mchup&.!andhl:,b-u&frmpmmldegr:ﬂam\uﬂ
de-ubiguitylating activity present in cell :ull::l:..umlufmm
existing proteasome and cysteine prod hiibitors. Th
these mew ‘molecular traps’ should become valuable tools for
purifving ey cubsiguai profeins, thus contribul-
img 1o a betler charscterizalion of many tial functions
by these post icnal modifications.
Keywords: purification; ubicuitig proteasome; UBA; DUBs
i) wrports {2006} 10, E280-12%8 doo 0 2SS Arrbor 2009, 192

INTRODUCTION
Postiranslational madification offers immense possibilities for
prodeirs o modulate their propesties. In addition 1o a varety of

|ubiquitin-activating enzyme), E2 {ubigquitin-conjugating enzyme)
angd E3 (ubisquitin ligase).

Substrate proteins might be modified by a sngle ubiguitin a1
one accepior site (monosubiquitylationd, by several uhiquitins
al difierent aoceptor sites {multiple mono-uhiguitylation) or by
poly=ubiquitin chaire resulting from the modification of ubiquitin
on any of its seven lysines. Ingeneral, chains linked through hesine
48 ilys 48 are considered to mediale proteasomal degradation,
whereas those coupled theough lysine 63 (Lys 53} are imvolved in
diverse processes such as signal iransduction and DNA repair
Moexda & [eikic, 2008). Further complexity arises from  the
existence of forked ubiguitin chairs (Tagwerker ef al 2006)
and helerogeneous  chains  incomporating  sbiguitinelike (LB
mcdscubs (Tatham et al, 2J008). Similarly o phosphorylation,
uhiguitylation is a reversible process, as  de-ubiguibylating
ennymes (DUBs) continuoawsly de-conjugate ubiguitylated sube
strates by different catalytic mechanisms (Mijman et a4, 2005).
v vr, mist known DUBS are cysteine proteases.

Varipas strategies have been used to analyse the ubiguity lated
proieome—ar  C‘uhiquitome'  (Hjerpe &  Rodriguez,  20046hi.
Howewver, both in studies s ing the entire ubicgu arel in
those focusing on a single protein, relable detection or
characterization of protein ublquitdation is hampered by the
de-conpugation medixted by DUBs. A well-known solution fo this

il

Roland Hjerpe, et al. EMBO Reports,2009.
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GST

Poly-glycine linkers

e

UBD UBD UBD

UBD

D Yeast lysate(Light) Yeast lysate(Heavy, K6)
A\ l l v v
UBD1 U?Dz UBID3 ------- Ni-NTA
Enrichment Enrichment
v ‘ ‘ v v

Ubiquitin conjugates Ubiquitin conjugates

Western blot SDS-PAGE
Digestion

Ub linkages ID & Quan
By LC-MS/MS

Ubiquitin chain enriched by different Ubiquitin binding domains?

K& K11 K27 K29 K33 Ka8 K63
Ni_denature  1.0£0.05 1.0£0.12 1.0£0.13 10+0.07 1.0+019 10£0.05 1.0+0.06
A20 122012 2.0+008 1.7+046 08+0.08 1.2+033 23+0.10 26008
A20_mut ND®* 114018 134026 0.2+0.01 ND  0.5+0.02 ND
ual 1.8+0.19 3.2£0.36 09+0.03 061008 1.2+029 061001 0BE0.03
HDACG 0.4£0.13 111021 0.6£0.07 ND 051012 061003 181014
DSK2 2.0+032 1.3+0.05 23+0.14 1.2+050 2.7+061 25+020 1.6+0.14
uQz 1.6£0.32 3.0£017 16015 04003 181028 091002 2.0%012
UDAZ0 264025 331025 2.4X0.04 141026 291045 271010 291018

upaQz 1.0£0.07 114017 1.3+012 07+£0.07 161043 121006 1.810.05
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S. cerevisiae SUB592

FIOOOPrime

RECOMMENDED

cultured in YPD 220=
. . 160 =
Lysed in native r
dition 1205 —
condi 100 =

Total cell lysates

El:lflC:me“t Enrichment e
y ThUBD by qUBA 50 e

Ubiquitin Conjugates ( UbC )

l l In gel digestion 405

11

4
:

Michele Pagano,
New York University,
Chair, Biochemistry

Identified through LC-MS/MS
55.7 30—

Mg

IglGIEIGIEIGI:I:ISIwleﬂlmIthIwI~IHI°

276 76.7

!

S
15 35 55 75 95 ——
Time (min)

Gao Yuan*, Li Yanchang*, et al, Mol Cell Proteomics,2016.

~3000s ubiquitinated

proteins % ~‘“?1/kf§|’£l}§ ﬁE(J"E‘;";E
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~200s modified
sites
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Trypsin digestion

( Trypsin

C LysargiNase

K methylated

Huesgen et al. Nat Methods. 2015 .
Tallant, C., et al. J Biol Chem, 2006.

lysine

K un-modified lysine

MW &
(kDa) Marker \;?

5() = em—

40=-

30= "
25= =

20™= s——

Absolute intensity (x106)

N

N

o

2.42E4

The autolyzed peptide (KIPVVVH) of

LysargiNase

4.56E6

6.45E5

WT_ 0h

WT 18h Ac-WT 18h

Yang Hao#, Li Yanchang #, et al., Mol Cell Proteomics, 2019 (*1t—, Highlight).
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K63-linked | TCNTVC
Ub chain  MQIFVKT...GKQLEDGRTLSDYNIQKESTLHLVLRLRGG ryC-N/Try
6 48 54 63 72 = 4
Try strategy TriM strategy ﬁ
£ 0
2
i
®sq O%e g
. . | | = q
Modified peptide ~ @TLSDYNIQKESTLHLVLR @ ®KESTLHLVL S
S
-8
Unmodified peptide @TLSDYNIQK® ®TLSDYNIQ
ETLSDYNIQK ?100 _ a1 .
Sr00 o TooMME g aze 220 mmee0) Ty U
B; -5 |3+
%‘ ® E 60 w4+
& 60 =
£ 5 40
g 40 %
8 20 g 20 |
2, S, | B\ |
Try Tritd T K(QE LR K(gg)E. L TLSDYNIQK TLSDYNIQ

ZERUN R EEREA2-3F

Xiao Weidi, ..., Li Yanchang* and Xu Ping*, Anal Chem, 2019.
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ThUBD-based Far Western Blotting
A GST antibody B (TUF-WB)

= dﬁ%@
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— P ThUBD
L) - incubation
=& 5“
[©) N JCEgRY S
6.-? " \\‘ OGG‘\‘O(@S\G ?'S\“ \:‘{\0:0\
C GST ThUBD |ncubation
O & o
250-
70- Immuno-blot
25-
250 -
B S Ponceau S
B, W ——
'» -
Ep—
Anti-GST Anti-Ub Anti-ThUBD

(120 s) (120 s) (10s)
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Sliver stain Anti ub-1
M1 K6 K11 K27 K29 K33 K48 K63 11.5%  10.7% 9.1%
11.3%“.‘12 0% 03%
ANt UBD-GOT | o s cmmmn o w— ———
13.8% 14.8%
Anti ub-1 -_— %
Anti UBD-GST Anti ub-2
121%  12.0% 3.0%
Anti ub-2 — . 10/“.‘
15.2%
Sliver stain e .. 16.8%
123% 4 0 g

=M1 =KE6 K11 =K27 =K29 =K33 =K48 =K63

GST antibody

L
£ 1 g

K33 K48

All types of ubiquitin chains
be unbiasedly detected.

TUF-WBH R SEMIXZ ZERN S R H . TofmiE

Xiao Weidi, ..., Li Yanchang* and Xu Ping*, Anal Chem, 2020.
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K11 K29 K48 K63
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WT
\
K11 K29 K48 K63
Accumulation I

20x Mut (light)

. Ratio=1:1
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Trypsin
digestion

|| || || 7 Ub linkages

quantification
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l ¢ Denaturing lysis

Total cell lysates (TCL)
ll Ub affinity purification
Ubiquitinated conjugates (UbC)
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Cfdd O O C{Cfdd O K48 & other chains
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l lNi purification

Ubiquitin Conjugates (UbC) K-£-GG  UbC e e Ubp2
peptide protein level site regulated
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