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1. The Ubiquitination pathway

“Before creation comes destruction”



The Ubiquitin SystemThe Ubiquitin signal

Ubiquitination: The addition of ubiquitin to a substrate protein

The Ubiquitin Code

Ubiquitination affects proteins in many ways:

• Degradation
• Cellular location
• Catalytic activity
• Cell cycle control
• Immune function

...Etcetera

• Ubiquitin domain
• 76-amino-acid polypeptide of 8,5kDa
• Not present in prokaryotes
• Highly conserved among eukaryotes

Yau R, Rape M. The increasing complexity of the ubiquitin code. Nature Cell 
Biology. 2016;18(6):579-586.



The Ubiquitin SystemThe Ubiquitin Pathway

ActivationE1

• Ubiquitin-activating enzymes

ConjugationE2

• Ubiquitin-conjugating enzymes

Ligation to targetE3

• Ubiquitin ligases

The conjugation of ubiquitin to its substrates 
requires of 3 steps:

Pyramide-like distribution

Varshavsky A. The Ubiquitin System, an Immense Realm. Annual Review of 
Biochemistry. 2012;81(1):167-176.



2. Ubiquitin

The main character



The Ubiquitin SystemUbiquitin - Classification

• Class: Alpha and beta proteins (α+β)

• Fold: beta-Grasp (Ubiquitin-like)

• Superfamily: Ubiquitin-like

• Family: Ubiquitin-related

SCOP Classification

• Class: Alpha Beta (3)

• Architecture: Roll (3.10)

• Topology: Ubiquitin-like (UB roll)

(3.10.20)

• Homologous Superfamily: 

Phosphatidylinositol 3-kinase Catalytic 

Subunit; Chain A, domain 1 (3.10.20.90)

CATH Classification



The Ubiquitin SystemUbiquitin - Genes

There are 4 genes that encode for human Ubiquitin:

UBB RPS27AUBA52UBC

● Polyubiquitin 
precursor

● 3 direct repeats 
(229 aa)

● 17p11.2

● Polyubiquitin 
precursor

● 9 direct repeats 
(685 aa)

● 12p24.31

● Ubiquitin fused 
to L40

● 19p13.11

● Ubiquitin fused 
to S27a

● 2p16.1

The Ubiquitin sequence common in all these genes is the following:

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG



The Ubiquitin System
Ubiquitin - Structure

C

N

Ubiquitin 3D Structure Ubiquitin 2D Structure

Human ubiquitin PDB ID: 1UBQ

Mixed β-sheet

1 α-helix

2  310 helix



The Ubiquitin System
Ubiquitin - Structure

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions      

Surface side chains:

• Acidic and basic

• 5 Lys: Ubq-Ubq conjugation

• 3 hydrophobic residues: UBD interaction 

PDB ID: 1UBQ



The Ubiquitin System
Ubiquitin Hydrophobic Core

Hydrophylic residues
Hydrophobic residues

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions

PDB ID: 1UBQ



The Ubiquitin System
Ubiquitin Hydrophobic Core

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions

PDB ID: 1UBQ

β1                 β2                         ⲁ β3          β4                                β5



The Ubiquitin System
Ubiquitin Hydrophobic Core

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions

PDB ID: 1UBQ

β1                 β2                         ⲁ β3          β4                                β5



The Ubiquitin System
Ubiquitin Hydrogen Bonds

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions 

PDB ID: 1UBQ



Tyr 59. A OH

Glu 51. A N

The Ubiquitin SystemUbiquitin - Hidrogen bonds (I)

High chemical and thermal stability:

• Hydrophobic core

• High hydrogen-bonding interactions

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin Evolution 

Human

Non-conserved residue with different chemical properties

Non-conserved residue with similar chemical properties



The Ubiquitin SystemUbiquitin non-conserved residues

Leucine 73)

Proline 19

Serine 57

Glutamate 24

Glutamate 16

Alanine 28

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin Conservation 

Ubiquitin (H. sapiens))

Ubiquitin (M.musculus))

Ubiquitin (B.taurus))

Ubiquitin (S.cerevisiae))

Sc > 8   RMSD < 0,65



The Ubiquitin System
Ubiquitin - Helix 3 10

3 10 helix ? 

Asp 39 Pro 38

Pro 37

Gln 40

PDB ID: 1UBQ



The Ubiquitin System
Ubiquitin:  3-turn helix

● H = α-helix

● B = residue in isolated β-bridge

● E = extended strand (β ladder)

● G = 3-helix (310 helix)

● T = hydrogen bonded turn

● S = bend

Sc > 8   RMSD < 0,65

310 helix 310 helix

PDBid

3cmm

2zcc

2a9k

1ubq



The Ubiquitin SystemUbiquitin Lysine residues (I)

All surfaces covered by lysines:

● Lys 29, 48 - Proteasome

degradation

● Lys 6, 11 and 63 - DNA repair

and signalling transduction

● Lys 27 - hidden → Requires

conformational changes in 

order to be functional

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin Lysine residues (I)

All surfaces covered by lysines:

● Lys 29, 48 - Proteasome

degradation

● Lys 6, 11 and 63 - DNA repair

and signalling transduction

● Lys 27 - hidden → Requires

conformational changes in 

order to be functional

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin Lysine residues (II)

Glu 34

Lys 11

Lys 27

Asp 52

Salt bridges

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - Beta bulge loop

3.371 AThr 7. A N 

Lys 11. A O 

Thr 7. A O 
Gly 10. A N 

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - Important regions

Ile 36 patch
I36, L71, L73

UB chains
E3, DUB, UBD interaction

Ile44 patch
L8, I44, H68, V70

Proteasome recognition
UBD interaction

β1/β2 loop 
L8, T9, E10

UBD interaction
Flexible

Phe4 patch
Q2, F4, T12

TELEK box
K6, K11, T12, T14, E34

Mitotic degradation

Ub trafficking
DUB recognition

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - Important regions

Ile 36 patch
I36, L71, L73

UB chains
E3, DUB, UBD interaction

Ile44 patch
L8, I44, H68, V70

Proteasome recognition
UBD interaction

β1/β2 loop 
L8, T9, E10

UBD interaction
Flexible

Mitotic degradation

Ub trafficking
DUB recognition

Phe4 patch
Q2, P4, T12

PDB ID: 1UBQ

TELEK box
K6, K11, T12, T14, E34



The Ubiquitin SystemUbiquitin - N-terminus

Met 1. A

N-terminus

Hidden N-terminus

7 residues tightly conserved

Prevent degradation

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - C-terminus and Flexibility 

C-terminus 

Glycine 76

● Adenylation reaction

● Cystein bonding

● Target unions

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - Adenylation

Gly76

Gly 75

AMP

PDB ID: 4NNJ

Adenylation 



The Ubiquitin SystemUbiquitin - Adenylation

RMSD 1,11

Sc = 8,69

PDB ID: 4NNJ

Structural alignment



3. Ubiquitin-activating enzymes



The Ubiquitin SystemE1 - Classification

• Class: Alpha and beta proteins (α/β)

• Fold: Activating enzymes of the

ubiquitin-like proteins

• Superfamily: Activating enzymes of

the ubiquitin-like proteins

• Family: Ubiquitin activating enzymes

(UBA)

SCOP Classification

• Class: Alpha Beta (3)

• Architecture: 3-Layer(aba) Sandwich

(3.40)

• Topology: Rossmann fold (3.40.50)

• Homologous Superfamily: NAD(P)-

binding Rossmann-like Domain

(3.40.50.720)

CATH Classification



The Ubiquitin SystemE1 – General features

Functions

• Selection of ubiquitin for the pathway.
• Activation of ubiquitin C-terminus for further 

reactions.
• Coordination of the ubiquitin with correct 

downstream E2.

Reactions

• Ubiquitin activation by adenylation.
• E1 forms a thioester between a conserved 

catalytic cysteine and the Ubiquitin.
• Adenylation of another ubiquitin

Huang D, Walden H, Duda D, Schulman B. Ubiquitin-like protein activation. 
Oncogene. 2004;23(11):1958-1971.

Ubiquitin activation



The Ubiquitin SystemE1 – Genes and Sequence

MSSNNSGLSAAGEIDESLYSRQLYVLGKEAMLKMQTSNVLILGLKGLGVEIAKNVVLAGVKSMTVFDPEPVQLADLSTQFFLTEKDIGQKRGDVTRAKLAELNAYVPVNVLDSLDDVTQLSQFQV
VVATDTVSLEDKVKINEFCHSSGIRFISSETRGLFGNTFVDLGDEFTVLDPTGEEPRTGMVSDIEPDGTVTMLDDNRHGLEDGNFVRFSEVEGLDKLNDGTLFKVEVLGPFAFRIGSVKEYGEYKKG
GIFTEVKVPRKISFKSLKQQLSNPEFVFSDFAKFDRAAQLHLGFQALHQFAVRHNGELPRTMNDEDANELIKLVTDLSVQQPEVLGEGVDVNEDLIKELSYQARGDIPGVVAFFGGLVAQEVLKAC
SGKFTPLKQFMYFDSLESLPDPKNFPRNEKTTQPVNSRYDNQIAVFGLDFQKKIANSKVFLVGSGAIGCEMLKNWALLGLGSGSDGYIVVTDNDSIEKSNLNRQFLFRPKDVGKNKSEVAAEAVC
AMNPLKGKINAKIDKVGPETEEIFNDSFWESLDFVTNALDNVDARTYVDRRCVFYRKPLLESGTLGTKGNTQVIIPRLTESYSSSRDPPEKSIPLCTLRSFPNKIDHTIAWAKSLFQGYFTDSAENVN
MYLTQPNFVEQTLKQSGDVKGVLESISDSLSSKPHNFEDCIKWARLEFEKKFNHDIKQLLFNFPKDAKTSNGEPFWSGAKRAPTPLEFDIYNNDHFHFVVAGASLRAYNYGIKSDDSNSKPNVDEY
KSVIDHMIIPEFTPNANLKIQVNDDDPDPNANAANGSDEIDQLVSSLPDPSTLAGFKLEPVDFEKDDDTNHHIEFITACSNCRAQNYFIETADRQKTKFIAGRIIPAIATTTSLVTGLVNLELYKLIDNK
TDIEQYKNGFVNLALPFFGFSEPIASPKGEYNNKKYDKIWDRFDIKGDIKLSDLIEHFEKDEGLEITMLSYGVSLLYASFFPPKKLKERLNLPITQLVKLVTKKDIPAHVSTMILEICADDKEGEDVEVPFI
TIHL

There are 8 genes that encode for human Ubiquitin-activating enzymes:

UBA1 UBA6UBA5UBA3

UBA7 SAE2SAE1ULA1

Uba1 gene encodes for a 1.058 aa protein:



The Ubiquitin System
E1 - Structure

UBA1 (S. Cerevisiae)
PDB ID: 3CMM

Consists of 4 building blocks:

Adenylation domains:

• IAD: Inactive Adenylation Domain

• AAD: Active Adenylation Domain

Cysteine catalytic half-domains (CCHs)

• FCCH: First CCH

• SCCH: Second CCH

Ubiquitin-fold domain (UFD)

Four-helix bundle (4HB) 4HB

UFD
SCCH

FCCH

AAD

IAD



The Ubiquitin SystemUBA1 Evolution

Catalytic Cysteine

Second Cysteine Catalytic Half-Domain (partially)



The Ubiquitin System
UBA1: Catalytic Cysteine

UBA1 (S. Cerevisiae)
PDB ID: 3CMM

100% conserved!



The Ubiquitin System
The Ubiquitin Folded Domain

Ubiquitin (S. cerevisiae)                 UFD from UBA1 (S. cerevisiae)
PDB: 1UBQ                                             PDB:3CMM

SC: 3.48
RMSD: 1.78



The Ubiquitin System
ATP - binding 

R22 NH1

R474 NH2

N437 N

K487 NH2
D463 OD2 

V515 O

8 Hydrogen Bonds

UBA1 involved resdiues:

IAD: Arg22

AAD: Val515, Lys487, 

Ala437, Arg474 and 

Asp463.

Uba1 - Ubc4

(S. pombe)

PDB ID: 4II2C



4. Ubiquitin-E1 interaction 



The Ubiquitin System
Ubiquitin - E1 interactions

E1 enzymes can interact covalently and 

non covalently with Ub.

Non-covalently (3 interfaces):

Covalently linked to Cys600:

Interface 1

Interface 2)

Interface 3

Interface 1)

UBA1 (S. Cerevisiae)
PDB ID: 3CMM

UFD and SCCH are not shown Only FCCH and SCCH are shown



The Ubiquitin System
E1 + Ubiquitin 

90º

(Ubiquitin is 
shown in yellow)

PDB ID: 3CMM



The Ubiquitin System
INTERFACE 1

Hydrophobic interaction

+

Hydrogen Bond

UBA1 involved resdiues:
AAD: Phe 898, Asn 900, Leu903 and 
Phe905

4HB: Phe 283 and Ala 284

Ubiquitin involved residues:

● Leu 8, Ile 44, Ala 46 and Val 70

F898

V70

L903

A46

F283

F206

L8 O

N900 N

A284

I44

PDB ID: 3CMM



Salt Bridge

+

4 Hydrogen Bond

UBA1 involved resdiues:

Ubiquitin involved residues:

AAD: Gln 576, Tyr 586, Ser 589, Asp 591 and               
Glu 594

Arg 74 and Arg 72

PDB ID: 3CMM
Crossover loop

R72

S589 O

Q576 OE1

D591 OD2

Y586 O

R74
E594

The Ubiquitin System
INTERFACE 2



The Ubiquitin System
INTERFACE 3

3 Hydrogen Bonds

UBA1 - FCCH involved residues:
● Arg202, Gly204, andGlu206 

Ubiquitin involved residues:

● Lys11, Thr12,  and Asp32

T12 N

R202 NH1

D32 O

K11 NH2

E206 OE1

G204 O

PDB ID: 3CMM



The Ubiquitin System
Ubiquitin Surface

Interface 1
Interface 2
Interface 3

PDB ID: 1UBQ



The Ubiquitin SystemUbiquitin - Involved residues

Interface 1
Interface 2
Interface 3



The Ubiquitin SystemInterface 1 - Residues involved in interaction

Interface 1
Interface 2
Interface 3



The Ubiquitin SystemInterface 1 - Residues involved in interaction

Interface 1
Interface 2
Interface 3



The Ubiquitin SystemInterface 2 - Residues involved in interaction

Interface 1
Interface 2
Interface 3



The Ubiquitin SystemInterface 3 - Residues involved in interaction

Interface 1
Interface 2
Interface 3



The Ubiquitin System
E1 + 2 Ubiquitins - Ternary Complex

(Ubiquitins are shown in 
yellow)

UBA1 (S. cerevisiae)
PDB ID: 4NNJ



The Ubiquitin System
E1 + 2 Ubiquitins - Ternary Complex

(Ubiquitins are shown in 
yellow)

UBA1 (S. cerevisiae)
PDB ID: 4NNJ

L73

D188 

OD1

D200 

OD2

H68

F236

I44

C600 (UBA1) + G76 (Ub)



The Ubiquitin 

Systemº

1ºººº1ºq

SCCH restrictions

37,025 A
Asp 782

UBA1 (S. cerevisiae)
PDB ID: 3CMM

Cys 600

Arg 603



The Ubiquitin System
Some movements

Sc: 8,58

RMS: 1,55

UBA1 with 1 Ub (ID: 3CMM)

UBA1 with 2 Ub (ID: 4NNJ)

**Both structures are from S. cerevisiae 



5. Ubiquitin conjugating enzimes (E2)



The Ubiquitin SystemE2 - Classification

• Class: Alpha and beta proteins (α+ β)

• Fold: UBC-like

• Superfamily: UBC-like

• Family: UBC-like

SCOP Classification

• Class: Alpha Beta (3)

• Architecture: Roll (3.10)

• Topology: Ubiquitin conjugating

enzime (3.10.110)

• Homologous Superfamily: Ubiquitin

conjugating enzime (3.10.110.10)

CATH Classification



The Ubiquitin SystemE2 - General features

Function

• Covalently attaches to ubiquitin

• Binds to ubiquitin ligase (E3)

Topological diagram

Process

E1∼E2∼Ubl intermediate ➝ E2∼Ubl

E2∼Ubl ➝ Target protein
E2∼Ubl ➝ E3 ➝ Target protein

N

C

(Two mechanisms)

Ubiquitin



The Ubiquitin System

Ubc1 (S. Cerevisiae)
PDB ID: 1FXT

180º

E2 - Structure

N-t

N-t

C-t C-t



The Ubiquitin System

Ubc1 (S. cerevisiae)
PDB ID: 1FXT

E2 - Structure

N-t

C-t

Cys 85. A



The Ubiquitin SystemE2 - Conservation

Catalytic Cysteine



6. E1-E2 interaction 



The Ubiquitin System
E1-E2 Complex: a general view

4HB

UFD

SCCH

FCCH

AAD

IAD

Ubiquitin

E2

Uba1 - Ubc4

(S. pombe)

PDB ID: 4II2C



The Ubiquitin System
E1-E2 interaction surface

C593

I592

F598

F701

F689
L685

Q583

E2E1

A124

D116
P118

P121

L119

N79

F62

C85

PDB ID: 4II2
(Only SCCH domain is shown)



The Ubiquitin System
Catalytic cysteines

SCCHE2

Cys 85

Cys 593

PDB ID: 4II2



The Ubiquitin System
E1-E2 interacting residues (I): Hydrogen bonds

SCCHE2

C593

C85

D116 

OD1

D116 

OD2

S696 

OG

S696 

N

K128 

NZ

V694 

O

SCCH domain (E1, Uba1). PDB ID: 4II2 

E2 (Ubc4). PDB ID: 4II2



The Ubiquitin System
E1-E2 interacting residues (II): Hydrophobic contacts

SCCHE2

SCCH domain (E1, Uba1). PDB ID: 4II2 

E2 (Ubc4). PDB ID: 4II2

F701

F689

L685 P121

P118

F598

A124

C85

C593



The Ubiquitin System
E1-E2 interacting residues (III): Conserved E1 residues



The Ubiquitin System
E1-E2 interacting residues (IV): Conserved E1 residues



The Ubiquitin System
E1-E2 interacting residues (V): Conserved E2 residues



The Ubiquitin System
UFD displacement

UFD

E2

3
E1 (Uba1)  interacting with E2 (Ubc4) PDB ID: 4II2 

E1 (Uba1)  PDB ID: 4II3 

Sc: 8,34

RMS: 1,22



The Ubiquitin System

E1

E2

C593

C85

G76

Doubly Loaded Uba1-Ubc4

E2 (Ubc4) PDB ID: 4II2 

E1 (Uba1) PDB ID: 4II2 

Ubiquitin  PDB ID: 1FXT



7. Ubiquitin-protein interaction



The Ubiquitin SystemProtein ubiquitination

Residues:
- Lys → isopeptide bond
- Cys → thioester bond
- Ser/Thr → ester bond
- N-terminal → peptide bond

Outcome:
- N-terminal: proteasome degradation
- Depends on Ubiquitin chain

Komander D, Rape M. The Ubiquitin Code. Annual Review 
of Biochemistry. 2012;81(1):203-229.



The Ubiquitin System
H2A Lys15 ubiquitylation

Gly 76

Lys 15

1,333A

PDB ID: 5VEY



The Ubiquitin System
Lys29 ubiquitin chain

Lys 29

Gly 76

1,318A

PDB ID: 4S22



The Ubiquitin System
UBA1 Cys600 ubiquitination

Cys 600

Gly 76
1,728 A

PDB ID: 4NNJ 
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The Ubiquitin SystemPEM questions

1) Choose the correct answer:

a. Ubiquitin is not present in prokaryotes.

b. Ubiquitination only participates in protein degradation.

c. There is a larger number of E1s than E2s.

d. Ubiquitin is encoded for only one gene.

e. Ubiquitin is bonded to target proteins through its catalytic cysteine.

2) Choose the incorrect answer:

a. E1 catalytic cysteine is highly conserved.

b. Human E1 is encoded for more than 20 genes.

c. E1 is formed by 6 domains.

d. UFD domain has a similar structure to Ubiquitin.

e. All of them.



The Ubiquitin SystemPEM questions

3) Which is not a function of Ubiquitin Activating Enzyme E1?

a. Binds Ubiquitin.

b. Activates Ubiquitin.

c. Interacts with E2.

d. Degrades Ubiquitin.

e. All of them.

4) Which is a domain of the Ubiquitin Activating Enzyme E1?

a. IAD

b. AAD

c. UFD

d. FCCH

e. All of them



The Ubiquitin SystemPEM questions

5) Mark the correct answer:

a. Ubiquitin’s N-terminal is the most flexible part of the protein.

b. Ubiquitin has thermic but not chemical stability. 

c. The human ubiquitin’s Gly76 is hidden and needs a phosphorylation to be activated.

d. Ubiquitin B1/B2 loop contains a G1 B-bulge.

e. None of the above is correct. 

6) Mark the incorrect one:

a. Ubiquitin is a really stable protein due to hydrophobic interactions. 

b. Two of the lysines of ubiquitin form intramolecular salt bridges. 

c. Human ubiquitin is encoded in 4 different genes present in different chromosomes.

d. The ubiquitin’s N-terminal Met is hidden to protect the protein of degradation. 

e. E1’s UFD suffers a conformational change in order to facilitate the transesterification reaction. 



The Ubiquitin System8PEM questions

7) Select the correct answer

a) Ubiquitin activating enzymes must suffer conformational changes for doing their functions 

b) The non-covalent interactions between UBA1(E1 enzyme) and Ubiquitin are related to the adenylation process

c) Both of them are correct

d) The catalytic cysteine of UBA (E1 enzyme)  is not conserved among plants, because of its different function.

e) all of them are correct

8) Choose the incorrect sentence about Ubiquitin and Ub activating enzymes:

a) Ubiquitin sequence is conserved among eukarya

b) Ubiquitin structure is conserved among eukarya

c) There is a catalytic cysteine in each cysteine catalytic half domain (in UBA1 enzyme)

d) UBA1 can load 2 ubiquitin at the same time

e) All of them all correct



The Ubiquitin System8PEM questions

9) Which is the most common functional residue ubiquitinated?

a. Met

b. Ser

c. Glu

d. Lys

e. Pro

10) Which is/are the most flexible regions of ubiquitin?

a. C-terminal tail

b. N-terminal end

c. Both

d. Telek box

e. All of them



THE END
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The Ubiquitin System
Addendum : UBA1 domains

PDB ID: 3CMM

IAD AAD UFD



The Ubiquitin System

FCCH SCCH

PDB ID: 3CMM

4HB

Addendum : UBA1 domains


