
Immunoproteasome

(The Ubiquitin Proteasome System) 

(UPS) 

Institut für Experimentelle Innere Medizin

Medizinische Fakultät

Otto-von-Guericke-Universität Magdeburg

VL 1 (Dr. Dawadschargal Dubiel)



Outlines
1. Protein, Proteinturnover

2. Discovery

3. UPS components:

Ubiquitin:

Ubiquitin-bond (isopeptide, covalent bond)

Ubiquitin-chains

E1-E2-E3 enzyme cascade: E3 Ub ligases classes

26S Proteasome: 20S Proteasome

19S Regulator

Another regulators

DUBs: Deubiquitinating enzymes

Immunoproteasome

4. Functions: 

1. Antigene presentation (MHC class I)

2. Protein quality control (degradation of misfolded proteins in cytosol)

3. Signal transduction (NFkB pathway)

5. Ub-like proteins:

Features of Ub-like proteins

Functions

1



Protein (Eiweß)_Turnover

Definition: In cell biology, protein turnover refers to the

replacement of older proteins as they are broken down within the cell

by new synthesized protein.

Different types of proteins have very different turnover rates.

A rate of new synthesized protein is equal to rate of degrading protein: Steady state

New Protein

Degradation

Half life (different, p27, collagen)1. Single Protein

UPS

Single proteins: from amino acids (peptide bond)

Cleaved by enzymes: proteases



Localization of cellular proteases
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DUBs
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The Nobel Prize in Chemistry 2004

Aaron Ciechanover Avram Hershko Irwin Rose

1/3 of the prize 1/3 of the prize 1/3 of the prize

Israel Israel USA

Technion – Israel Institute of 

Technology 

Haifa, Israel

Technion – Israel Institute of 

Technology 

Haifa, Israel

University of 

California 

Irvine, CA, USA

b. 1947
b. 1937

(in Karcag, Hungary)
b. 1926

"for the discovery of ubiquitin-mediated protein degradation" 
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Discovery



The Ubiquitin (Ub) Proteasome System (UPS)

Components of the UPS

• E1 – Ub activating

enzymes

• E2 – family of Ub

conjugating enzymes

• E3 – families of Ub

ligating enzymes

• The 26S proteasome

• Family of deubiquitinating

enzymes (DUBs) 

Modified from Sullivan et al., 2003

Substrate

-Major proteolytic system in eukaryotic cells

-Ub is a signal for proteolysis
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Ubiqutin: Covalent bond between:

Ub-Ub

Ub-Substrates

-Ubiquitination/Ubiquitylation:

a posttranslational modification

Ub
Ub

Ub
Ub

Ub
Ub

Ub
Ub

Ubiquitin

Ubiquitin: from Latin ubique (“everywhere”), from ubi (“where”)

Components of the UPS

https://en.wikipedia.org/wiki/Latin
https://en.wiktionary.org/wiki/ubique#Latin
https://en.wiktionary.org/wiki/ubi#Latin
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The peptide bond

Components of the UPS

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwijudLgjI3eAhUFIMUKHbc6ANIQjRx6BAgBEAU&url=https://slideplayer.com/slide/9785030/&psig=AOvVaw0FhiI8Cq6XvFGlfW9QnDrl&ust=1539852646685718


Ubiquitin (Ub)
Amino acid sequence of Ub

Alpha-helix (cylinders) and 

beta-strands (ribbons) of Ub

structure

48

63

Ubiquitin-like proteins: 

SUMO - small ubiquitin-like modifier 

Nedd8 - neural-precursor-cell-expressed 

developmentally down-regulated 8  
8

Components of the UPS



The diversity of possible Ub chains
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Different forms of Ubiquitin chains have 

different functions

Degradation

Degradation

Mono-ubiquitination of membrane receptor proteins

leads to internalization.
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Poly-Ub chains are the signals for proteolysis

In tetra-Ub molecules of Ub are linked via isopeptide bond between the 

Ub-Gly-COOH and Ub-Lys48-NH2.  

Ub conjugates = branched proteins

Substrate

Lys
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Components of the UPS



Transthiolation reaction from

E1-S-Ub to E2-S-Ub. 

Thioester bond

E3

Activation and transfer of Ub

E1 – Ub activating enzyme

There are few Ub

activating enzymes in 

eukaryotic cells

E2s – UBCs – Ub conjugating enzymes

There is a large family of Ub

conjugating enzymes (~50 UBCs).
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~ ~

36 kJ/mol

Components of the UPS



E1-E3 enzyme cascade
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Ub ligases (E3s)

HECT domain Ub ligases

RING domain Ub ligases

The Ub ligases (E3s) ligate specifically Ub to protein substrates. They

determine the specificity of the UPS.

Isopeptide bond

E2-S~Ub
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1. HECT domain Ub ligases

HECT – homologous to E6-AP carboxy terminus. Approximately 30 genes.

E6-AP is a typical HECT domain E3, which ubiquitinates p53 in cervical tumor cells.

Cervical carcinoma = Gebärmutterhalskrebs.

These tumor cells are infected with the human papillomavirus (HPV) transmitted by sex, 

which produces the protein E6. This viral protein binds to cellular E6-AP, activates 

it and causes the degradation of the tumor suppressor p53.    Vaccination
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2. RING domain Ub ligases

RING domain – RING=Really Interesting

New Gene

-Hundreds of genes

-Zinc-binding domain

-Functions as molecular scaffolds that

bring UBCs and substrate proteins

together and support the transfer of Ub  

Complex of the RING domain CBL

and the UBCH7 enzymes.  
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Metal-Ion???

Components of the UPS
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New subunits

Degradation

Half life

Protein complexes

Coordinated

assembly

UPS

Autophagy

Inactivation, Activation: 

Protein complex functions:

-Energy saving

-Specificity

-Regulation 

-Time saving: quick reaction

2. RING domain Ub ligases

as protein complexes



Cullin-RING Ub ligases (CRLs)
There are nearly 600 Ub ligases encoded in the human 

genome and up to 240 are CRLs.

About 20% of the proteasome-dependent degradation is
dependent on CRLs.

Composition of CRLs:

• Cullin, scaffold, member of the cullin family

(cullins 1 -7)

• RING domain proteins, Rbx1 or Rbx2

• Substrate recognition subunits, F-box proteins, BTB-proteins

• In mammalian cells exist 69 genes for F-box proteins and 
hundreds of BTB proteins
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Multisubunit RING domain ligases

Cullin-RING Ub Ligases (CRLs)
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Protein complex activation/inactivation:
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New Protein

Degradation

Half life

Protein complex

Assembly

UPS

Autophagy

Inactivation, Activation

Protein complex:

-Energy

-Time

-Complex: Specificity



Structure of CRLs

suppressors of cytokine signaling

- specifically ubiquitinates JAK 

CRL1Skp2
CRL1b-TrCP

CRL2VHL

CRL5SOCS2
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The cascade of E1, E2 and E3 enzymes activates and 

transfers Ub to protein substrates

Substrate Substrate

Poly-ubiquitination of substrate proteins Ub moieties linked

through lysine 48

Formation of poly-Ub conjugates

The E3 enzymes determine the specificity of the UPS. They select proteins

at a certain time, at a certain place for ubiquitination and degradation. Binding

of substrates to the Ub ligases can be regulated by phosphorylation etc.

Ub
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20S proteasome

Base

Lid

3
1

2

4

b1

57

b2 b3
b4

b6b7

6 57 4

b5

t4 t5

t3

t1

t6

t2

n2
n1

n10

n5 n11
n8 n7

n6 n3
n12n9

Composition of the 26S proteasome

57
t4 t5

26S proteasome

19S regulatory complex

Poly-ubiquitinated proteins are recognized and degraded 

by the 26S proteasome

n = Rpn

t = Rpt
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Structure of the 20S core proteasome

Active sites

Entrance of substrates

called the gate
Alpha-Ring

Beta-Ring 24

Components of the UPS

Horizontal symmetry



Active sites of the 20S proteasome

(Threonine (Thr) protease)

• Caspase-like activity (ß1): cleaves after Glu/Asp 

residues

• Trypsin-like activity (ß2): cleaves after the basic

amino acids (Lys, Arg)

• Chymotrypsin-like activity (ß5): cleaves after 

hydrophobic amino acids (Ala, Val, Leu, Isoleu)
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One molecule of 20S Proteasome contains 6 active sides

Components of the UPS



Function of the 26S proteasome

Lid

+ ATP

Base

Peptides

Free Ub
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Function of the UPS

proteolysis

Peptides come from sides



Cryo-electron microscopy of the 26S proteasome

Cryo-EM map of the S. pombe 26S proteasome. (A) The single-particle cryo-EM density map of the 26S 

proteasome from S. pombe at 8.4-Å resolution is shown in two views, related by a 90° rotation around the 

pseudo-sevenfold axis of the CP (CP: red; AAA-ATPase hexamer: blue; Rpn subunits: gold). (B) The

isosurface of the cryo-EM map is colored according to the local resolution in Å, as specified in the color bar.

Lasker K, Förster F, Bohn S, Walzthoeni T, Villa E, Unverdorben P, Beck F, Aebersold R, Sali A, Baumeister W.

Proc Natl Acad Sci U S A. 2012 Jan 31;109(5):1380-7.

Base

Lid

20S
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Regulatory complexes of the proteasome

• The 19S regulatory complex

• The COP9 signalosome (CSN)?

• The PA28 or 11S regulator
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Composition of the 26S proteasome, 19S regulator

and the COP9 signalosome (CSN)

3
1

2

4

b1

57

b2 b3
b4

b6b7

6 57 4

b5

20S proteasome

Base

Lid

t4 t5

t3

t1

t6

t2

n2
n1

n10

n5 n11
n8 n7

n6 n3
n12n9

19S regulatory complex

CSN

Alternative Lid
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Different forms of the proteasome

The 11S regulator/PA28

3
1

2

4

b1

57

b2 b3
b4

b6b7

6 57 4

b5

t4 t5
t3

t1

t6
t2

n2 n1
n10

n5 n11
n8 n7
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bb

b
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bb

20S proteasome

3
1

2

4

b1i

57

b2i b3
b4

b5i
b6b7

6 57 4

20S immunoproteasome

19S regulatory complex
11S regulator/PA28

Single capped 26S 

proteasome
Hybrid-26S proteasome

Involved in antigen processing

30

Infection

Replacement by ß1i, ß2i and ß5i Infection
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Ubiquitination and 

Deubiquitination
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Deubiquitinating enzyme (DUB) families

USP = Ub-specific protease; UCH = Ub-carboxy-terminal hydrolases; OTU = ovarian tumor enzymes; 

JAMM-domain enzymes; MJD = Machado-Josephin domain superfamily; SENP = SUMO proteases 
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DUBs are necessary for the 26S proteasome

Rpn11
Rpn13
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Functions of the ubiquitin proteasome 

system (UPS) in cells

57
t4 t5

26S proteasome

Cell cycle

Signal transduction

Apoptosis

Antigen processing

Transcription regulation

Protein quality control

Stress response

Adipogenesis

Tumor growth Bortezomib – inhibitor of

the 20S proteasome used 

in tumor therapy

Angiogenesis
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Functions of the UPS

1.

2.
3.



THE ROLE OF THE UPS IN ANTIGEN 

PROCESSING

Functions of the UPS:
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What is the immune system?
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The immune system is a host defense system 

comprising many biological structures and processes

within an organism that protects against disease. 

It protects against pathogens, from viruses to parasitic 

worms, and distinguish them from the organism's own 

healthy tissue. 

In Mammalia the immune system can be classified into 

subsystems, such as the innate immune system versus 

the adaptive immune system, or humoral immunity

versus cell-mediated immunity. 

https://en.wikipedia.org/wiki/Biological_process
https://en.wikipedia.org/wiki/Organism
https://en.wikipedia.org/wiki/Disease
https://en.wikipedia.org/wiki/Pathogens
https://en.wikipedia.org/wiki/Virus
https://en.wikipedia.org/wiki/Parasitic_worm
https://en.wikipedia.org/wiki/Major_histocompatibility_complex
https://en.wikipedia.org/wiki/Biological_tissue
https://en.wikipedia.org/wiki/Innate_immune_system
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/Humoral_immunity
https://en.wikipedia.org/wiki/Cell-mediated_immunity
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Innate immune system

The innate immune system, also known as 

the non-specific immune system or in-born 

immunity system.

The cells of the innate system recognize and 

respond to pathogens in a generic way, but, 

unlike the adaptive immune system, the system 

does not provide long-lasting immunity to the 

host.

Innate immune systems provide immediate 

defense against infection, and are found in all 

classes of plant and animal life.

The innate immune system is an evolutionarily 

older defense strategy.

https://en.wikipedia.org/wiki/Pathogens
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/Plant
https://en.wikipedia.org/wiki/Animal


Major functions of the innate immune system
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•Recruiting immune cells to sites of infection, through 

the production of chemical factors, including 

specialized chemical mediators, called cytokines

•Activation of the complement cascade to identify 

bacteria, activate cells, and promote clearance of 

antibody complexes or dead cells

•Identification and removal of foreign substances 

present in organs, tissues, blood and lymph, by 

specialized white blood cells

•Activation of the adaptive immune system through a 

process known as antigen presentation

•Acting as a physical and chemical barrier to infectious 

agents.

https://en.wikipedia.org/wiki/Cytokine
https://en.wikipedia.org/wiki/Complement_cascade
https://en.wikipedia.org/wiki/Immune_complex
https://en.wikipedia.org/wiki/White_blood_cells
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/Antigen_presentation


What are antigens?

39

An antigen is a molecule capable of inducing an immune response

(to produce an antibody) in the host organism

An immunogen is an antigen substance (or adduct) that is able to trigger a 

humoral (innate) or cell-mediated immune response. It first initiates an 

innate immune response, which then causes the activation of the adaptive 

immune response. An antigen binds the highly variable immunoreceptor

products (B-cell receptor or T-cell receptor) once these have been 

generated. 

Antigen presenting cells present antigens in the form of peptides on 

histocompatibility molecules. The T cell/T lymphocyte (a subtype of white 

blood cell), of the adaptive immune system, selectively recognize the 

antigens. Depending on the antigen and the type of the histocompatibility 

molecule, different types of T cells will be activated. For T-Cell Receptor 

(TCR) recognition, the peptide must be processed into small fragments 

inside the cell and presented by a major histocompatibility complex

(MHC).

https://en.wikipedia.org/wiki/Immunogenicity
https://en.wikipedia.org/wiki/Immune_response
https://en.wikipedia.org/wiki/Antibody
https://en.wikipedia.org/wiki/Host_(biology)
https://en.wikipedia.org/wiki/Immunogen
https://en.wikipedia.org/wiki/Adduct
https://en.wikipedia.org/wiki/Innate_immune_system
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/B-cell_receptor
https://en.wikipedia.org/wiki/T-cell_receptor
https://en.wikipedia.org/wiki/Antigen_presenting_cell
https://en.wikipedia.org/wiki/Histocompatibility_molecule
https://en.wikipedia.org/wiki/T_lymphocyte
https://en.wikipedia.org/wiki/Adaptive_immune_system
https://en.wikipedia.org/wiki/T-cell_receptor
https://en.wikipedia.org/wiki/Major_histocompatibility_complex
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Antigenic peptides

41

MHC class I

MHC class II

~8-10 amino acids long, generally SMALLER because the 

antigenic peptide binding domain is CLOSE-ENDED (like 

a pita). Anchor residues are at position #2 and #9. 

Nonamers bind strongest!!!

~18-20 amino acids long, generally LARGER because the 

Antigenic peptide binding domain is OPEN-ENDED (like a 

hotdog).

Endogenous antigens

Exogenous antigens

Why self-peptides are not recognized by TCRs???



Which cells are involved in antigen presentation?
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Which cells express MHC class I molecules?

All nucleated cells, all somatic cells.

Which cells express MHC class II molecules?

All professional antigen presentig cells including macrophages,

Dentritic cells and B cells. 



Antigen presentation and the creation

of „Self“

43



Antigen processing by the proteasome and 

presentation via MHC class I is important:

-self recognition

-for the recognition of mutated/tumor cells by the

immune system

-for the recognition of antigenes drived from viral 

proteins

Bad consequence:

-for rejection of organs during transplantation

44
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1. Antigen processing by the 26S proteasome

Processing of viral proteins

Presentation of antigenic peptides

by infected somatic cells

Cell membrane

Kloetzel, P.-M. (2004) Nature Immunology

ABC transporters
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Different forms of the proteasome

The 11S regulator/PA28, immunoproteasome
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n8 n7
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20S proteasome

3
1

2

4

b1i

57

b2i b3
b4

b5i
b6b7

6 57 4

20S immunoproteasome

19S regulatory complex
11S regulator/PA28

Single capped 26S 

proteasome
Hybrid-26S proteasome

Involved in antigen processing
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Infection

Replacement by ß1i, ß2i and ß5i Infection

1

2



Proteasome populations in infected or cytokine

stimulated cells
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26S constitutive proteasome (26S standard proteasome)

26S immunoproteasome

?

?

McCarthy et al. 2015, IJMC  
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20S immunoproteasome

INFγ, TNFα, viral infection, oxidative stress

In all cells

apart from red

blood cells

Thymus

Stimulis

McCarthy et al. 2015, IJMC  



20S constitutive- and immuno-proteasome

subunits:

ß1: ß1i, LMP2

ß2: ß2i, MECL-1

ß5: ß5i, LMP7
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70-80% amino acid sequence similarities



Active sites of the 20S constituve- and 

immuno-proteasome

(Threonine (Thr) protease)

• Caspase-like activity (ß1, ß1i): cleaves after Glu/Asp 

residues

• Trypsin-like activity (ß2, ß2i): cleaves after the basic

amino acids (Lys, Arg)

• Chymotrypsin-like activity (ß5, ß5i): cleaves after 

hydrophobic amino acids e.g. Met, Val, Trp, Leu, Ile, 

Phe; Tyr, Pro
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One molecule of 20S Proteasome contains 6 active sides



Formation of the 20S immunoproteasome is

induced by interferon g

Immunoproteasome

51

Function of the UPS

Self-processing!!!

Coordinated assembly!

Kloetzel, P.-M. (2004) Nature Immunology



Function of immunoproteasomes

• Efficient MHC class I antigen presentation

• Degradation of oxidized proteins
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3
1

2

4

b1

57

b2 b3
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b6b7

6 57 4

b5

20S proteasome

3
1

2

4

b1i

57

b2i b3
b4

b5i
b6b7

6 57 4

20S immunoproteasome
Reasons:

Production of epitops:

1. some preferences e.g. more digestion after hydrophobic amino

acids, high binding affinity to MHC class I molecule, more nanomers

(qualitative change), but no formation of neoantigens! 

2. Immunoproteasome is more active?. (quantitative change)!!!! 

20S constitutive proteasome



Viral escape mechanisms

HIV-1 Tat protein
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Function of the UPS



2. THE ROLE OF THE UPS IN THE

DEGRADATION OF MISFOLDED

PROTEINS

Functions of the UPS:
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2a. Stress-induced misfolded proteins can be degraded by

the proteasome or by autophagy
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Function of the UPS
2. Protein quality control



Mutation of proteins implicated in aggresome

formation lead to neurodegenerative diseases
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Folding of amyloid 

precursor protein (APP)

Function of the UPS



2b. The endoplasmatic reticulum-associated

degradation (ERAD) pathway
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ER function???

ER has no 26S proteasome

Function of the UPS
2. Protein quality control



The endoplasmatic reticulum-associated degradation (ERAD)

Protein quality control in the ER
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Degradation of misfolded proteins from the ER

The cyclooxygenase-2 (COX-2) is a substrate of the ubiquitin

proteasome system associated with the ER (ERAD)

COX-2 is localized 

to the luminal surface 

of the ER and 

degraded by the 

ERAD pathway
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COX-2 is induced under conditions of inflammation 

and tumor growth
Gasparini et al. 2003 The Lancet Oncology 4, 605-615

Coxibis: inflammation inhibitors e. g. paracetamol, aspirin

Specific inhibition or degradation of COX-2 has high anti-tumor therapeutic significance

60

Function of the UPS



3. THE ROLE OF THE UPS IN THE

SIGNAL TRANSDUCTION

Functions of the UPS:
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3. The NF-kB pathway depends on the UPS

CRL1b-TrCP
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Protein complex activation/inactivation:
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New Protein

Degradation

Half life

Protein complex

Assembly

UPS

Autophagy

Inactivation, Activation

Protein complex:

-Energy

-Time

-Complex: Specificty



• Proteasome inhibitors:

-bortezomib (Velcade) is a drug against myeloma

-new drugs: carfilzomib (Kyprolis), ixazomib

(Ninlaro) with lesser side effects

E3 Ub Ligases or their regulators (more specific):

-MLN 4924

64

Treatment

The UPS is involved in cancerogenese and is a 

target for tumor therapy



Covalent-conjugated

proteins:

-NEDD8 

-Ubiquitin

-Sumo

-ISG15

-FAT10

-UBL5

-UFM1

Ub
Ub

Ub
Ub

Ub
Ub

Ub
Ub

Ubiquitin

Ub-like proteins



Ub-like proteins



Each ubiquitin-like protein has it‘s own

conjugation system
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Ub-like proteins



Transthiolation reaction from

E1-S-Ub to E2-S-Ub. 

Thioester bond

E3

Activation and transfer of UbLs like Ub

E1 – Ub activating enzyme

There are few Ub

activating enzymes in 

eukaryotic cells

E2s – UBCs – Ub conjugating enzymes

There is a large family of Ub

conjugating enzymes (~50 UBCs).

68
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Ub-like proteins



3D Structures of the Ubiquitin Family Proteins

Cappadocia L and Lima CD (2018)

Ub-like proteins

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cappadocia%20L%5bAuthor%5d&cauthor=true&cauthor_uid=28234446
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lima%20CD%5bAuthor%5d&cauthor=true&cauthor_uid=28234446


Proteins of the Ubiquitin Family

Homology with Ub

Ub-like proteins



Conjugation and deconjugation of UbF proteins

Ub-like proteins



ATG8 

ATG12

Ub-like proteins


