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Abstract
The nuclear envelope is a barrier comprised of outer and inner membranes that separate the cytoplasm from the
nucleoplasm. The outer (ONM) and inner (INM) membranes have different physical characteristics and protein
compositions. In contrast to the extensive data available on the protein quality control processes operating in the
cytoplasm, endoplasmic reticulum and the nucleoplasm, the mechanisms controlling protein turnover at the INM are poorly
documented. The work presented in this thesis focuses on Asi1, Asi2 and Asi3, three bona-fide integral INM proteins of
the yeast Saccharomyces cerevisiae. By contrast to mammalian cells, yeast progress through the cell cycle with a closed
mitosis, that is cells divide in the absence of the cyclical fragmentation/reassembly of the nuclear membrane. Consequently,
examining the processes affecting the stability of the Asi proteins in yeast may provide useful paradigms for understanding
the turnover of INM components in non-dividing, terminally differentiated and post-mitotic cells of metazoan origin.The
results have contributed to the elucidation of the biological function of Asi1 and Asi3, which are homologous proteins with
C-terminal RING domains. Asi1 and Asi3 function together as a dimeric E3 ubiquitin ligase complex that operates with
ubiquitin conjugating enzymes Ubc6 and Ubc7. The Asi1/3 complex ubiquitylates transcription factors Stp1 and Stp2 when
they gain inappropriate access to the nucleus in the absence of SPS-sensor activation. Intriguingly, the Asi1/3 complex
also mediates the turnover of multiple membrane proteins that primarily localize to other cell membranes. This latter
finding indicates that the barrier function of nuclear pore complexes is not as tight as previously thought. Consistently, asi1
null mutations are synthetic lethal when introduced into hrd1Δ ire2Δ cells with compromised ER-associated degradation
(ERAD) and unfolded protein response (UPR) pathways. Together the results define Asi1/3 as components of a novel
quality control pathway operating in association with the INM that acts to safeguard the identity and maintain the function
of the nuclear compartment. Asi1 and Asi2 exhibit rapid turnover and their turnover is ubiquitin-dependent, exhibiting a
clear requirement for Ubc7. The ubiquitylated forms of Asi1 and Asi2 are degraded by nuclear-localized proteasomes; the
ubiquitylated forms exhibit enhanced stability in sts1-2 mutants. Asi1 turnover requires Cue1, the AAA ATPase Cdc48
and co-factor Ubx1. Asi1 turnover occurs unimpeded in cells lacking a functional Asi1/3 complex and in cells lacking
Doa10, an E3 ligase complex also known to function at the INM. Consequently, Asi1 is subject to a quality control pathway
associated with INM but that is distinct from the Asi1/3 and Doa10 INM- associated degradative (INMAD) pathways. This
thesis documents work that clearly demonstrates that the INM is a highly dynamic structure that possesses multiple and
active quality control pathways.
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Abstract 
The nuclear envelope is a barrier comprised of outer and inner mem-

branes that separate the cytoplasm from the nucleoplasm. The outer (ONM) 
and inner (INM) membranes have different physical characteristics and pro-
tein compositions. In contrast to the extensive data available on the protein 
quality control processes operating in the cytoplasm, endoplasmic reticulum 
and the nucleoplasm, the mechanisms controlling protein turnover at the 
INM are poorly documented. The work presented in this thesis focuses on 
Asi1, Asi2 and Asi3, three bona-fide integral INM proteins of the yeast Sac-
charomyces cerevisiae. By contrast to mammalian cells, yeast progress 
through the cell cycle with a closed mitosis, that is cells divide in the ab-
sence of the cyclical fragmentation/reassembly of the nuclear membrane. 
Consequently, examining the processes affecting the stability of the Asi pro-
teins in yeast may provide useful paradigms for understanding the turnover 
of INM components in non-dividing, terminally differentiated and post-
mitotic cells of metazoan origin.  

The results have contributed to the elucidation of the biological function 
of Asi1 and Asi3, which are homologous proteins with C-terminal RING 
domains. Asi1 and Asi3 function together as a dimeric E3 ubiquitin ligase 
complex that operates with ubiquitin conjugating enzymes Ubc6 and Ubc7. 
The Asi1/3 complex ubiquitylates transcription factors Stp1 and Stp2 when 
they gain inappropriate access to the nucleus in the absence of SPS-sensor 
activation. Intriguingly, the Asi1/3 complex also mediates the turnover of 
multiple membrane proteins that primarily localize to other cell membranes. 
This latter finding indicates that the barrier function of nuclear pore com-
plexes is not as tight as previously thought. Consistently, asi1 null mutations 
are synthetic lethal when introduced into hrd1Δ ire2Δ cells with compro-
mised ER-associated degradation (ERAD) and unfolded protein response 
(UPR) pathways. Together the results define Asi1/3 as components of a nov-
el quality control pathway operating in association with the INM that acts to 
safeguard the identity and maintain the function of the nuclear compartment. 

Asi1 and Asi2 exhibit rapid turnover and their turnover is ubiquitin-
dependent, exhibiting a clear requirement for Ubc7. The ubiquitylated forms 
of Asi1 and Asi2 are degraded by nuclear-localized proteasomes; the ubiq-
uitylated forms exhibit enhanced stability in sts1-2 mutants. Asi1 turnover 
requires Cue1, the AAA ATPase Cdc48 and co-factor Ubx1. Asi1 turnover 
occurs unimpeded in cells lacking a functional Asi1/3 complex and in cells 
lacking Doa10, an E3 ligase complex also known to function at the INM. 
Consequently, Asi1 is subject to a quality control pathway associated with 
INM but that is distinct from the Asi1/3 and Doa10 INM- associated degra-
dative (INMAD) pathways. This thesis documents work that clearly demon-
strates that the INM is a highly dynamic structure that possesses multiple 
and active quality control pathways.   
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Sammanfattning 
Med hjälp av deras mycket varierande enzymatiska och strukturella egen-
skaper bestämmer proteiner praktiskt taget varje aspekt av livet. Proteiner är 
inte statiska enheter och är känsliga för många kemiska och fysiska utma-
ningar i den fysiologiska miljön i levande celler. Celler är alltså beroende av 
proteinkvalitetskontroll (protein quality control - PQC), som är ett samlings-
begrepp för processer som verkar för att eliminera proteiner som inte uppnår 
funktionella strukturer under syntes, eller förlorar funktion under sin ex-
istens. PQC är viktigt för att förhindra att anormala proteiner skadar cellen. 
Anormala proteiner bryts ned av riktad proteolys. De flesta cellulära protei-
ner har en karakteristisk omsättningshastighet, det vill säga att de syntetise-
ras och bryts ned inom livslängden av en cell. Proteinomsättningen används 
för att reglera många viktiga processer, och kan vara avgörande i kampen 
mot cancer och virusinfektioner. Omsättningen och nedbrytningen av de 
flesta proteiner utförs av ubiquitin-proteasom-systemet. Proteasomen är ett 
stort multikatalytisk proteas som bryter ned proteiner som modifierats med 
ubiquitin till små peptider. I eukaryota celler, är proteasomer lokaliserade till 
cellkärnan och cytoplasman. 

Cellkärnhöljet (nuclear envelope - NE) är en av de viktigaste barriärer i 
den eukaryota cellen, där NE isolerar DNA från cytoplasman. NE består av 
två membran - det inre nukleära membranet (inner nuclear membrane - 
INM), och det yttre nukleära membranet (outer nuclear membrane - ONM) 
som är förenade genom pormembranet (pore membrane - POM). Nukleära 
porkomplex (nuclear pore complex - NPC) reglerar den dubbelriktade nuk-
leära-cytoplasmiska transporten. ONM är kontinuerligt med det en-
doplasmatiska nätverket (endoplasmic reticulum - ER) och dessa membran 
tros innehålla en gemensam uppsättning av proteiner och lipider. INM om-
sluter nukleoplasman och innehåller distinkta proteiner som spelar en central 
roll i olika processer, inklusive genomorganisation, reglering och stabilitet 
av genuttryck, och positionering av kärnan i cellen. Trots ackumulerad kun-
skap om funktion och omsättning av cytosoliska, ER och plasmamembran-
proteiner, finns nästintill ingen kunskap om PQC av INM-proteiner. 
Denna avhandling behandlar funktionen och omsättningen av tre INM-
proteiner i jäst Saccharomyces cerevisiae, Asi1, Asi2 och Asi3. Asi-
proteinerna fungerar tillsammans i ett enzymatisk komplex som katalyserar 
fästning av ubiquitinkedjor till fellokaliserade proteiner som gör dem mot-
tagliga för nedbrytning av proteasomer inne i cellkärnan. Individuellt är Asi-
proteinerna utmärkta modellproteiner för att studera omsättning av INM-
proteiner. De visade resultaten har klargjort mekanismerna samt identifierat 
en nästan komplett uppsättning av specifika PQC-komponenter som deltar i 
omsättningen av Asi-proteiner. Tillsammans har dessa studier etablerat an-
vändbara paradigm som förhoppningsvis kommer att tjäna för att vägleda 
studier som syftar till att belysa de PQC-mekanismer som är verksamma vid 
INM av däggdjursceller.  



 7 

List of Publications 
 
This thesis is based on the following papers, which will be referred to in the 
text by their roman numerals.  
 

 

I. Khmelinskii A, Blaszczak E, Pantazopoulou M, Fischer B, Omnus 

DJ, Le Dez G, Brossard A, Gunnarsson A, Barry JD, Meurer M, 

Kirrmaier D, Boone C, Huber W, Rabut G, Ljungdahl PO, and Knop 

M. (2014) Protein quality control at the inner nuclear membrane. 

Nature 516:410-3. 

 

II. Boban M, Pantazopoulou M, Schick A, Ljungdahl PO, and Foisner 

R. (2014) A nuclear ubiquitin-proteasome pathway targets the inner 

nuclear membrane protein Asi2 for degradation. 

J Cell Sci. 127:3603-13. 

 

III. Pantazopoulou M, Boban M, Foisner R, and Ljungdahl PO. 

AAA ATPase Cdc48Ubx1 is a component of an inner nuclear mem-

brane associated degradation pathway that governs the turnover of 

Asi1. Submitted 

  



 8 

  



 9 

Table of Contents 
Abstract .......................................................................................................... 5 
List of Publications ........................................................................................ 7 
Abbreviations ............................................................................................... 10 
1. Introduction ............................................................................................. 11 

1.1. Nuclear envelope and Inner Nuclear Membrane proteins ................. 11 
1.2. Proteolysis and the Ubiquitin Proteasome System (UPS) ................. 15 

I. Ubiquitylation .................................................................................... 16 
I.1. Types of modifications by ubiquitin ...................................................... 18 
I.2. E3 ubiquitin ligases ................................................................................ 20 
I.3. E2 Ubiquitin Conjugating enzymes ....................................................... 22 
I.4. Deubiquitylation ..................................................................................... 24 

II. Proteasome ........................................................................................ 25 
II.1. Functional elements of the proteasome ................................................ 27 
II.2. Intracellular localization of proteasomes .............................................. 28 

III. Proteolytic pathways of the Ubiquitin Proteasome System (UPS) . 29 
III.1 ER-associated degradation (ERAD) ..................................................... 30 
III.2 Proteasomal degradation within the nucleus ........................................ 34 

2. Summary of the papers: results and discussion ................................... 36 
2.1 The aim of the thesis ............................................................................ 36 
2.2 Protein quality control at the inner nuclear membrane- the Asi 
complex (paper I) ...................................................................................... 36 
2.3 A nuclear ubiquitin-proteasomal pathway targets inner nuclear 
membrane protein Asi2 for degradation (Paper II) .................................. 41 
2.4 AAA ATPase Cdc48Ubx1 is a component of an inner nuclear membrane 
associated degradation pathway that governs the turnover of Asi1 (paper 
III). ............................................................................................................. 45 
2.5 Future perspectives ............................................................................. 51 

3. Acknowledgements .................................................................................. 53 
4. References ................................................................................................ 54 
 
 



 10 

Abbreviations 

DUB 
ER  
ERAD 
INM 
INMAD 
NE 
NPC 
ONM 
PQC 
POM 
SPB 
SPS 
Ub 
UPS 
UPR 
 
 

Deubiquitylating enzyme 
Endoplasmic reticulum 
ER- associated degradation 
Inner nuclear membrane 
INM- associated degradation 
Nuclear envelope 
Nuclear pore complex 
Outer nuclear membrane 
Protein quality control 
Pore membrane 
Spindle pole bodies 
Ssy1- Ptr3- Ssy5 
Ubiquitin 
Ubiquitin proteasome system 
Unfolded protein response 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 11 

1. Introduction 
 
 

1.1. Nuclear envelope and Inner Nuclear Membrane 
proteins 

 
 
Despite the accumulating knowledge on the function and regulation of 

cytosolic, ER and plasma membrane proteins, little is known about the Inner 
Nuclear Membrane (INM) proteins.  

The nuclear envelope (NE) consists of two lipid bilayers—the inner nu-
clear membrane (INM), and the outer nuclear membrane (ONM) connected 
by the pore membrane (POM). The nuclear pore complex (NPC) is inserted 
into the POM, where it regulates the bidirectional nucleocytoplasmic 
transport. The space between the membranes is called the perinuclear space, 
a region contiguous with the lumen of the endoplasmic reticulum (ER) 
(Hetzer 2010). The ONM is also continuous with the ER and is thought to 
contain many of the same proteins and lipids. The INM encloses the nucleo-
plasm but in contrast contains distinct proteins (over 1000), many of which 
interact with chromosomes and/or the nuclear lamina (Schirmer & Gerace 
2005). The nuclear lamina consists of a meshwork of intermediate filaments 
present in higher eukaryotes that maintains the structural integrity of the 
nucleus and distribution of NPCs, and additionally is involved in chromatin 
function and gene expression (Dittmer & Misteli 2011). During the G2 phase 
of interphase, the nuclear membrane increases its surface area and doubles 
its number of nuclear pore complexes. In lower eukaryotes, such as yeast, 
which undergo a closed mitosis, the nuclear membrane stays intact during 
cell division. The spindle pole bodies (SPD) either form within the mem-
brane, or penetrate it without tearing it apart. In higher eukaryotes, as well as 
plants, the nuclear membrane must break down during the prometaphase 
state of mitosis to allow the mitotic spindle fibers to access the chromosomes 
inside. NE disassembly is facilitated by two mechanisms: breakdown of the 
nuclear lamina and physical tearing of the membrane by the microtubule 
cytoskeleton (Smoyer & Jaspersen 2014). 

Despite the lipid continuity between the NE and the ER, both ONM and 
INM are comprised of diverse groups of proteins. The first group consists of 
peptides, called nucleoporins or Nups, which form the NPCs. The second 
class localizes in the ONM and the third group resides in the INM. The INM 
proteins play a pivotal role in various processes, including genome organiza-
tion, expression and stability, positioning of the nucleus within the cell, reas-
sembly of nucleus after mitosis, molecular crosstalk between the nucleus and 
the cytoplasm. In mammalian cells, a set of INM proteins share the LEM 
domain, named after three mammalian members of this protein family, 
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LAP2, Emerin and Man1. The LEM domain proteins interact with the DNA-
binding protein barrier-to-autointegration factor (BAF). Defects in emerin 
lead to Emery–Dreifuss muscular dystrophy. The lamina-associated poly-
peptides LAP1 and LAP2β and lamin B receptor (LBR) constitute the major 
lamin-binding proteins at the INM. Metazoan INM proteins have been pro-
posed to play a vital role in chromatin organization, gene expression, nuclear 
architecture and signaling. Another class of INM proteins, the SUN proteins, 
binds to nesprins (KASH domain proteins) of the ONM to form the LINC 
complex. SUNs bind to lamins and some nesprin isoforms bind to cytoskele-
tal proteins including actin, thus mediating the interaction between the cyto-
skeleton and the nucleoskeleton (Dreger et al 2001, Schirmer et al 2003).  

In yeast, very few INM proteins have been characterized. The RING-
domain-containing membrane proteins, Asi1, Asi2 and Asi3, function as 
regulators of amino-acid-uptake signaling (Ljungdahl & Daignan-Fornier 
2012). Doa10, a RING domain E3 Ubiquitin (Ub) ligase, targets nuclear 
proteins for degradation, and localizes to both the INM and the ER (Deng & 
Hochstrasser 2006). Nuclear envelope morphology-1 (Nem1) and Spo7 form 
a phosphatase complex that regulates lipid biosynthesis (Santos-Rosa et al 
2005). Mps2 (KASH protein) and Mps3 (SUN protein) localize to the nucle-
ar envelope and are required for spindle pole body (SPB) insertion and du-
plication in the NE (Jaspersen et al 2002, Jaspersen et al 2006). Mps3 also 
interacts with a telomere adaptor protein, Ndj1, mediating telomere tethering 
during meiosis (Conrad et al 2008). Additionally, during interphase, Mps3 
mediates telomere tethering, which is thought to protect telomeres from tran-
scription and inappropriate recombination (Antoniacci et al 2007, Schober et 
al 2009). In addition, Mps1 function has been linked to DNA replication and 
repair mechanisms (Kalocsay et al 2009, Oza et al 2009). Helix–extension–
helix-1 (Heh1) and Heh2 are homologues of mammalian Man1 but their role 
in yeast is not fully understood. It has been shown that Heh1/Src1 associates 
with subtelomeric genes and regulate their gene expression (Grund et al 
2008). Additionally, Heh1 and Heh2 have been used as model INM proteins 
to decipher the mechanism underlying the localization of integral proteins 
from the ER to the INM through the NPCs (King et al 2006). 

Accumulating data have led to models for the localization of proteins des-
tined to the INM. INM proteins are co-translationally or post-translationally 
inserted into the ER, most probably through the Sec61 translocon (Park & 
Rapoport 2012), and move from the outer membrane to the inner nuclear 
membrane through or past the nuclear pore complexes (NPC). The transloca-
tion past the barrier imposed by NPCs can either be by diffusion or active 
transport. Proteins that use a diffusion-retention mechanism to localize to the 
INM fail to accumulate at the INM when the cytoplasmic domain is >∼60 
kDa (Deng & Hochstrasser 2006, Turgay et al 2010). However recent data 
support that membrane proteins with an extralumenal domain of 90 kDa can 
still partly localize in the nucleus on a time scale of hours (Popken et al 
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2015), thus the NPC appears to be only a weak barrier for membrane pro-
teins. Once in the inner membrane, proteins are retained by interactions with 
lamins, lamin- associated proteins or chromatin (King et al 2006). Studies in 
budding-yeast showed that transport of LEM domain-containing proteins 
Heh1 (helix-extension-helix-1)/Src1 and Heh2 is not based on diffusion-
retention, but rather requires active transport similar to the pathway used by 
soluble cargos that pass through the larger central channel of the NPC (King 
et al 2006, Meinema et al 2011). Moreover, two additional mechanisms have 
been suggested: 1) The signal sequence model in which INM proteins con-
tain small, charged domains that are recognized by a membrane-associated, 
truncated version of karyopherin-α, known as importin-α-16, directing the 
INM protein to peripheral NPC channels for transport to the INM, and 2) 
The vesicle-mediated model where a vesicle containing the protein buds 
from the ONM into the lumenal space and upon fusion with the INM targets 
the protein-cargo in the INM, in an NPC-independent manner (Katta et al 
2014).   

Previous research in our laboratory increased the understanding of the lo-
calization and topology of the yeast inner nuclear membrane proteins, Asi1, 
Asi2 and Asi3 (Fig. 1). The present studies elucidated the function of these 
three INM proteins, which participate in a novel inner nuclear membrane 
associated degradation (INMAD) pathway. The Asi INMAD pathway medi-
ates the turnover of diverse soluble and integral proteins that inadvertently 
mislocalize to the INM (Foresti et al 2014, Khmelinskii et al 2014). Asi1 and 
Asi3 are homologous proteins with five membrane-spanning segments and 
hydrophilic C-terminal domains carrying a RING-finger (Boban et al 2006, 
Forsberg et al 2001, Zargari et al 2007). The Asi1 and Asi3 constitute an E3 
Ub-ligase complex. Originally, the Asi proteins were found as components 
of the SPS sensing pathway of extracellular amino acids (Ljungdahl & 
Daignan-Fornier 2012). Yeast cells use the plasma membrane localized SPS 
(Ssy1-Ptr3-Ssy5)-sensor to monitor amino acids in their surroundings. Ssy1 
and peripherally associated Ptr3 and Ssy5, the latter a serine protease, couple 
amino acid-induced signals to the endoproteolytic processing of two latently 
expressed transcription factors Stp1 and Stp2. In the absence of inducing 
amino acids, the latent unprocessed forms of Stp1 and Stp2 are primarily 
localized to the cytosol. However, cytoplasmic retention is not absolute, and 
low levels of the full-length forms of Stp1 and Stp2 that enter the nucleus 
can activate SPS sensor-regulated promoters in cells lacking any of the three 
Asi proteins. We demonstrate that Stp1 and Stp2 that escape cytoplasmic 
retention are ubiquitylated by the Asi1/3 E3 Ub-ligase complex co-operating 
with E2 Ub-conjugating enzyme, Ubc7. The ubiquitylation of the mislocal-
ized transcription factors targets them to the proteasome for degradation 
(Khmelinskii et al 2014, Omnus & Ljungdahl 2014).  
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Figure 1: Topology of the Asi proteins in the inner nuclear membrane. 
Asi2 contains two transmembrane domains with both N-terminus and C-
terminus facing the nucleoplasm. Asi1 and Asi3 are homologous proteins 
with five transmembrane segments and C-terminal Zn2+ - binding RING 
domains facing the nucleoplasm (Boban et al 2006, Zargari et al 2007). 
 
 
This thesis addressed two main questions: 
 

1) What is the exact function of the Asi proteins as potential RING do-
main E3 Ub ligases? 
 
 2) What processes govern the stability of Asi1, Asi2 and Asi3 after 
reaching the INM? More specifically, how and when are the Asi proteins 
turned over, and what molecular mechanisms lay behind their degrada-
tion?  
 
 

Before addressing these questions, and to place INM protein function and 
turnover in cell biological perspective, it is necessary to obtain an apprecia-
tion for the current level of understanding of how cells target proteins for 
degradation and which are the predominant mechanisms orchestrating this 
essential process within the cell.  
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1.2. Proteolysis and the Ubiquitin Proteasome System 
(UPS) 
 

Proteins determine virtually every aspect of life by means of their highly 
diverse enzymatic and structural properties. At the same time, proteins are 
vulnerable macromolecules in the physiological environment of living cells. 
The long-term wellbeing of the cell is thus associated with protein quality 
control (PQC), which functions towards the elimination of abnormal proteins 
in the cell, and prevents them from damaging the cell. Abnormal proteins 
can arise from genetic mutations, errors in transcription, translation and fold-
ing. Even functionally folded native proteins can be damaged by high-energy 
radiation and a number of reactive chemicals and metabolic by-products that 
cause oxidation, carbonylation, nitrosylation, and other modifications. While 
all of these types of protein damage take place continuously in every cell of 
an organism, they are exacerbated by adverse intrinsic and environmental 
conditions, such as unbalanced protein synthesis, metabolic stress, oxidative 
stress, heavy metals, and heat. When a misfolded or damaged protein fails to 
be repaired by chaperone-mediated processes, it will be degraded by targeted 
proteolysis (Goldberg 2003). 

Besides the PQC of aberrant proteins, most cellular proteins are continu-
ously synthesized and degraded within the life-span of a cell. Continuous 
protein turnover serves many critical regulatory roles in many cellular pro-
cesses including metabolic regulation, growth control, embryonic develop-
ment, cell cycle progression, transcriptional regulation and silencing, DNA 
repair, stress response, signal transduction, cell surface signaling, antigen 
presentation and combating cancer and viral infection. 

In the nucleus, cytoplasm, in the surface of the endoplasmic reticulum 
and the mitochondria of eukaryotic cells, the degradation of most proteins is 
carried out by the ubiquitin-proteasome system (UPS). The proteasome is a 
large, 26S, multicatalytic protease that degrades polyubiquitylated proteins 
to small peptides. Degradation of a protein via the ubiquitin-proteasome 
pathway involves two discrete and successive steps: 1) modification of the 
substrate by covalent attachment of multiple ubiquitin molecules and 2) deg-
radation of the tagged protein by the 26S proteasome complex with release 
of free and reusable ubiquitin (Glickman & Ciechanover 2002).  
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I. Ubiquitylation 
 

Originally described as the cellular reaper, ubiquitin (Ub) is a small, high-
ly conserved protein of 76 amino acid residues (Hershko & Ciechanover 
1998). It is encoded by a family of multiple genes, and their contribution to 
the basal levels of the protein varies among different organisms, tissues and 
cell types. Human and yeast ubiquitin share 96% sequence identity. In yeast, 
ubiquitin is encoded by four genes: three of them, UBI1, UBI2 and UBI3, 
encode Ub fused to ribosomal subunits and provide all of the ubiquitin nec-
essary to support cell activities under basal metabolic conditions. UBI4 en-
codes a tandem, head-to-tail repeat of five Ub moieties and is essential dur-
ing stress. Mammalian ubiquitin is similarly encoded by four genes. Two of 
them, Uba52 and Uba80, code for Ub fusion proteins with ribosomal subu-
nits, whereas Ubb and Ubc code for tandem-repeat, head-to-tail spacerless 
ubiquitin units. Thus, none of the genes encodes for monomeric Ub, and the 
generation of single and functional Ub units requires post-translational 
cleavage of the Ub precursor at the C-terminus of each unit by cytoplasmic 
Ub-specific proteases (deubiquitylating enzymes- DUBs) (Shabek & 
Ciechanover 2010). 

Ubiquitylation, the covalent attachment of ubiquitin to proteins, is a 
common modification that leads to a number of outcomes, including protein 
degradation, endocytosis, sorting and trafficking of transmembrane proteins 
(Fig. 2). Due to the capacity of ubiquitin to expand the functional repertoire, 
or to affect the lifespan of target proteins, ubiquitylation is a key mechanism 
for controlling biological signaling in many cellular compartments. The 
ubiquitylation of misfolded or damaged proteins usually directs them to the 
26S proteasome for degradation, but ubiquitylation can also control signal-
ing by regulating cellular levels of proteins and by controlling their subcellu-
lar localization.   

The process of ubiquitylation involves the sequential transfer of activated 
ubiquitin between a Ub-activating enzyme (E1), a Ub-conjugating enzyme 
(E2) and a Ub ligase (E3). The E1 adenylates the C-terminus of ubiquitin in 
an ATP-dependent manner, forming a thioester bond between the ubiquitin 
C-terminus and a catalytic E1 cysteine residue. Secondly, the thioester-
linked ubiquitin is transferred from the E1, onto an active-site cysteine resi-
due of an E2, where it is again linked by a thioester bond. E3s facilitate the 
transfer of ubiquitin from the E2 to one or more Lys residues in a specific 
substrate. Covalent conjugation occurs between the carboxyl group of the 
carboxy-terminal Gly residue of ubiquitin and the ε-amino group of an inter-
nal Lys in the substrate (Rotin & Kumar 2009). Serine hydroxyl and cysteine 
thiol groups can also be modified by ubiquitin through E3 ligases (Cadwell 
& Coscoy 2005, Wang et al 2007). 
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Figure 2. The multiple roles of protein ubiquitylation. (a) In the nucleus, 
ubiquitylation signals for proteasome-independent regulation of DNA repair. 
Histones and PCNA are examples of nuclear targets of ubiquitylation. (b) 
Ubiquitylation functions in kinase activation by acting as a scaffold to bring 
kinases and their substrates together to enable the activation of kinase cas-
cades. (c) Proteasome-mediated degradation regulating many cellular pro-
cesses through targeted degradation of key regulatory proteins. (d) Ubiq-
uitylation signals for protein quality control to degrade misfolded proteins. 
Protein quality control of ER proteins occurs through the ER-associated pro-
tein degradation (ERAD) pathway by proteasomal degradation (i), whereas 
some large protein aggregates are eliminated through the autophagy (Av, 
autophagic vesicles)-lysosome route (ii). Polyubiquitylation acts as a signal 
for autophagy targeting. (e) Ubiquitylation signals for vesicular trafficking 
between membrane compartments. (iii) Ligand-bound plasma membrane 
proteins internalized into early endosomes (EE). Protein sorting into mul-
tivesicular bodies (MVB). (v) Newly synthesized membrane proteins sorting 
from the trans-Golgi network (TGN) to the MVBs. (f) Ubiquitin signaling 
regulates gene transcription. The Figure and legend are from (Liu & Walters 
2010), reproduced with permission. 
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Apart from ubiquitin, a number of ubiquitin-like molecules have been 
identified, the so-called "ubiquitin like" modifiers (UBLs). The UBL family 
is defined not so much based on sequence homology but rather on a common 
3D structure, the ubiquitin fold, and a C-terminal glycine residue with its 
carboxyl group serving as the site of attachment to the lysine residue of sub-
strates via isopeptide bond formation. Hence, they are conjugated to proteins 
and function in a “ubiquitin-like” manner. ISG15, NEDD8, SUMO and 
FAT10 are some of the UBL proteins participating in distinct intracellular 
pathways. The attachment of UBLs creates a protein surface topography in 
the conjugate that is changed substantially, at least locally, from that of the 
unmodified protein. This may facilitate or inhibit the binding of the modified 
protein to other molecules, affect enzymatic activity or subcellular localiza-
tion, and may ultimately affect its stability, i.e., half-life (Herrmann et al 
2007).  

 
 

I.1. Types of modifications by ubiquitin 
 
Proteins can be modified by monoubiquitylation (one ubiquitin attached), 

multi-monoubiquitylation (ubiquitylation on multiple lysine residues) and/or 
polyubiquitylation (polyubiquitin chains attached). Each of these modifica-
tions can be recognized as specific signals in a vast variety of distinct path-
ways. For example, monoubiquitylation has been implicated in the DNA-
damage response, histone regulation, nuclear transport, endocytosis and vi-
rus budding. 

Ubiquitin has seven lysine residues (K6, 11, 27, 29, 33, 48, 63) and it can 
itself undergo ubiquitylation (Fig. 3). Polyubiquitin chains can be homoge-
neous (the same K residue used for elongation), mixed or branched (Kim et 
al 2007). In addition, it is also possible to assemble ubiquitin chains through 
the alpha-amino group at the N-terminus (head-to-tail, or linear ubiquitin 
chains). The best characterized residues involved in polyubiquitylation are 
K48 and K63. However, it has been shown in yeast that all seven lysines can 
participate in polyubiquitin chain formation in vivo (Peng et al 2003). Dif-
ferent lysine residues participate in distinct cellular functions (Fig. 3). 
Chains attached through K48 promote proteasomal degradation whereas 
K63-linked chains are involved in DNA repair, translation activation, endo-
cytosis and vesicular transport.  
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Figure 3. Ubiquitin and its lysine residues. The structure of ubiquitin re-
veals that all seven lysine residues (red, with blue nitrogen atoms) reside on 
different surfaces of the molecule. Met1 (with a green sulfur atom) is the 
linkage point in linear chains, and is spatially close to Lys63. The C-terminal 
Gly75 -Gly76 motif involved in isopeptide bond formation is indicated (red 
oxygen atoms, blue nitrogen atoms). Lysine residues are labeled, and num-
bers in parentheses refer to the relative abundance of the particular linkage in 
S. cerevisiae. Figure is from (Komander 2009), reproduced with permission. 
 
 

Ubiquitin has a globular structure (Fig. 3) that is stable at high tempera-
tures and in extremely acidic conditions. Important features of this structure 
are the C-terminal Leu-Arg-Gly-Gly motif, which extends from the core and 
is flexible, and a prominent hydrophobic surface patch centered on Ile44 that 
interacts with ubiquitin receptors carrying ubiquitin binding domains. Im-
portantly, all lysine residues of ubiquitin reside on different surfaces of the 
molecule, and point in different directions (with the exception of the N-
terminal amino group of Met1, which is spatially close to Lys63) (Fig. 3).  

Structural analysis in combination with molecular remodeling of the 
available chain types has shown that different chains have entirely different 
structures. K6-, K11-, K27- and K48- linked di-Ub chains adopt a compact 
fold under physiological conditions. The hydrophobic Ile44 patches of two 
linked ubiquitin moieties interact, and the linking residues are closely packed 
against the ubiquitin units. K63-, K29-, K33- linked and linear di-ubiquitin 
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chains have an entirely different three dimensional structure compared with 
Lys48-linked chains. These chains are extended and adopt an open confor-
mation, where the individual ubiquitin molecules are not interacting with 
each other. The open conformation results in freely accessible Ile44 patches, 
as ubiquitin molecules can rotate without restraints, allowing the Ile44 
patches to adapt to ubiquitin-receptors, carrying ubiquitin binding domains 
(UBDs) (Fushman & Walker 2010). These models provide useful insights on 
how ubiquitin receptors will interact with one chain type, but not another, as 
all chain types present different surfaces and environments for interaction.  
 
 
I.2. E3 ubiquitin ligases  

 
As E3 Ub ligases primarily dictate the specificity of the ubiquitylation 

system, organisms typically contain only a few E1s and E2s but a large 
number of E3s (Fig. 4). The human genome is estimated to encode 2 poten-
tial E1s (1 in yeast), approximately 30 E2s (11 in yeast) and over 600 E3s 
(approximately 80 in yeast). Three types of E3s are commonly found: the 
RING (Really Interesting New Gene), HECT (Homologous to the E6-AP 
Carboxyl Terminus) type and U-box types. A key feature of the HECT ligas-
es is a conserved Cys residue that forms an intermediate thioester bond with 
the ubiquitin C-terminus before catalysing substrate ubiquitylation. By con-
trast, RING E3s are scaffolds that bring the E2 near the substrates to facili-
tate the direct transfer of ubiquitin to the substrate. RING E3s can be a single 
chain or be part of multimeric complexes. HECT E3s can either function on 
their own or in conjunction with accessory or adaptor proteins. Of the human 
E3s, only 28 belong to the HECT family, whereas the most (~95%) belong 
to the RING family. In yeast, only 5 members of HECT E3 ligases exist, the 
remaining 65 E3s belong to the RING family (Hicke et al 2005, Rotin & 
Kumar 2009).  

 
Apart from HECT domain and RING-finger domain ligases, there are ad-

ditional proteins bearing characteristics of a typical E3 ligase. Ufd2 (Ubiqui-
tin Fusion Degradation) belongs to a third type of E3 ligases, characterized 
by a conserved C-terminal U-box of 70 amino acids that is structurally relat-
ed to RING-finger motifs (Aravind & Koonin 2000). Additionally, one more 
type of E3 has been defined, the PHD (Plant Homeo Domain) finger-type. It 
is comprised of approximately 60 amino acids and has a Zn2+-binding do-
main that is structurally similar to RING-finger domains (Bienz 2006). 
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Figure 4. The sequential transfer of activated ubiquitin between a Ub-
activating enzyme (E1), Ub-conjugating enzyme (E2) and a Ub ligase 
(E3). (a) HECT- and RING finger- type E3 ubiquitin ligases and substrate 
(S) protein ubiquitylation (Rotin & Kumar 2009). (b) Representation of in-
creasing complexity of E1, E2 and E3 enzymes in human and yeast (Hicke et 
al 2005). Figure panels reproduced with permission from (Rotin & Kumar 
2009) and (Hicke et al 2005). 
 
 
The RING-finger ubiquitin ligases 

The RING-finger domain-containing E3s can be divided into two sub-
classes: monomeric proteins (e.g. Cbl in humans, Tul1 and Ssm4 in yeast) 
and multimeric protein complexes (APC-Anaphase Promoter Complex and 
cullin-based E3s in humans and yeast). The RING-finger domain is defined 
by a consensus sequence of cysteines and histidines binding Zn2+. Cul-family 
proteins are scaffold proteins for a wide series of Ub-ligase complexes, such 
as SCFs (Skp1, Cul-1, Roc1, and F-box proteins), which consist of multi-
meric protein complexes and regulate the degradation of a broad range of 
cellular proteins. In SCF ligases, the cullin subunit, Cul1, functions as a mo-
lecular scaffold that simultaneously interacts at the amino terminus with the 
crucial adaptor subunit Skp1 (S-phase-kinase-associated protein-1) and at 
the carboxyl terminus with a RING-finger protein (Rbx1, which is also 
known as Roc1, or Roc2) and a specific E2 enzyme such as Ubc3, Ubc4 or 
Ubc5. Skp1, in turn, binds to one of many F-box proteins (FBPs), compo-
nents that define the binding specificity with the substrates of the complex 
(Cardozo & Pagano 2004). The yeast Skp1–Cul1–F-box (SCF) Ub ligase 
with the F-box protein Grr1 (SCFGrr1) controls the proteolytic turnover of 
regulators of cell-cycle entry and a glucose sensor, regulating the glycolytic–
gluconeogenic switch (Benanti et al 2007). Moreover, Grr1 participates in 
the SPS sensing regulation, mediating the amino acid-induced activation of 
Ssy5, the protease that endoproteolytically processes the transcription factors 
required for the induction of the SPS sensing pathway (Bernard & Andre 
2001, Iraqui et al 1999, Omnus et al 2011).  
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The HECT ubiquitin ligases 
HECT is a domain of ~350 amino acids that is found at the C-terminus of 

proteins. It was first described in human papilloma virus (HPV) E6-
associated protein (E6AP) (Huibregtse et al 1995). Based on N-terminal 
architecture of the HECT domain, the 28 human HECT E3s can be divided 
into 3 groups or families: the Nedd4 (9 members), HERC (6 members) and 
other HECTs (13 members) families. The Nedd4 family members contain an 
N-terminal C2 domain, two to four WW domains and a C-terminal HECT 
domain. The C2 domain binds to phospholipids and mediates intracellular 
targeting to the plasma membrane, endosomes and multivesicular bodies 
(MVBs) (Dunn et al 2004, Plant et al 2000). The WW domains bind to PY (a 
short protein motif, either Pro-Pro-X-Tyr or Leu-Pro-X-Tyr) motifs in ligase 
substrates or its adapters (Staub et al 1996). WW domains are considered as 
the region of substrate recognition by the Nedd4 ligases. HECT is a bilobal 
domain in which the conserved Cys residue that forms thioester complexes 
with ubiquitin is oriented towards the C- terminus (the C lobe) of the protein, 
whereas the N-terminal (the N lobe) region binds an E2 enzyme (Rotin & 
Kumar 2009, Staub et al 1996).  

  
 
I.3. E2 Ubiquitin Conjugating enzymes  

 
Central players in Ub transfer are the E2 Ub-conjugating enzymes. Once 

thought to serve merely as carriers of ubiquitin from E1 to E3-substrate 
complexes, it has become increasingly clear that E2s must perform multiple 
functions. The protein family has expanded during evolution. Simpler eukar-
yotes have lower numbers of E2 enzymes than more complex multicellular 
ones. For example, in S. cerevisiae 16 E2 enzymes are found, whereas in 
human 35 E2s have been described (Michelle et al 2009). The variability in 
the number of E2s between different organisms appears mostly due to gene 
duplication. For example, in yeast the almost identical E2s Ubc4 and Ubc5, 
involved in the degradation of short-lived and abnormally folded proteins, 
occur in higher eukaryotes as UbcH5A-D (UBE2D1–4) and UbcH6, -H8, 
and -H9 (UBE2E1–3) (Seufert & Jentsch 1990).  

An E2 must interact with an E1, form a covalent thioester conjugate with 
the C-terminal tail of ubiquitin and function with a variety of E3s. Members 
of the family of ubiquitin conjugating enzymes are characterized by the 
presence of a highly conserved 150-200 amino acid ubiquitin conjugating 
catalytic (UBC) fold. These domains of 14-16 kDa are approximately 35% 
conserved among different family members and provide a binding platform 
for E1s, E3s and the activated ubiquitin. Within this domain, a catalytic cys-
teine is embedded that accepts the activated ubiquitin via a thioester bond, 
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prior to interaction with E3 ligases and subsequent substrate conjugation 
(van Wijk & Timmers 2010).  

It has been shown that E2s play an important role in dictating whether the 
final product is mono- or poly-ubiquitylated, and also determine lysine link-
age specificity (Chen & Pickart 1990). Also, E2s can exert a strong influence 
on the processivity of chain formation, and thus, affect the length of ubiqui-
tin chains (Rape et al 2006). As a consequence, the observed selectivity of 
E2 enzymes towards ubiquitin and the resulting types of modifications clear-
ly demonstrate that E2s critically affect the fate of modified products, in-
cluding their function and longevity. 

 The assembly of ubiquitin chains is usually initiated by the transfer of 
the first ubiquitin to a Lys on a substrate. Subsequently, the E2–E3 pair 
switches to chain elongation, during which additional ubiquitin molecules 
are attached to the substrate-linked ubiquitin. The decision of whether a Lys 
residue in the substrate or in the ubiquitin will receive the next ubiquitin is 
often made by the E2, and E2s with dedicated roles in ubiquitin chain initia-
tion and elongation have recently been described. As an example of the divi-
sion of labor of E2s between ubiquitin chain initiation and elongation, the 
yeast APC/C uses Ubc4 to modify Lys residues in substrates and Ubc1 to 
extend Lys48-linked ubiquitin chains (Rodrigo-Brenni & Morgan 2007). 

The substrate receptors of the 26S proteasome recognize ubiquitylated 
proteins only after a chain containing at least four ubiquitin molecules has 
been attached (Thrower et al 2000). In the protein dense environment of a 
cell, assembling long ubiquitin chains is not a trivial task, and it is limited by 
the availability of chain-elongating E2s, competition for a finite pool of E3s 
and opposition by deubiquitylating enzymes, i.e., deubiquitylases (DUBs). A 
crucial factor in determining the probability of assembling a ubiquitin chain 
of sufficient length is the processivity of the chain formation reaction. The 
processivity of ubiquitylation is defined as the number of ubiquitin mole-
cules transferred to a growing chain during a single round of substrate asso-
ciation with an E3. It can be determined by the affinity of a substrate for its 
E3 (that is, how long the substrate remains bound to the E3 and therefore 
able to receive ubiquitin) and by the rate of ubiquitin transfer catalyzed by 
the E2 (that is, how fast ubiquitin is transferred during the time a substrate is 
bound to an E3). The higher the processivity of chain assembly, the greater 
the likelihood that a substrate will receive a ubiquitin chain that is long 
enough to be recognized by the substrate receptors of the 26S proteasome 
(Jin et al 2008). The processivity of a ubiquitylation reaction can have dra-
matic effects on the biological consequences of the reaction. For example, 
differences in the processivity of chain formation on APC/C substrates can 
determine the timing of their degradation during mitosis, which is required 
for proper cell cycle progression (Rape et al 2006). Some E2s have resorted 
to even more dramatic measures to improve the processivity of ubiquitin 
chain formation. For example, the mammalian E2 UBE2G2 and its yeast 
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homologue, Ubc7, pre-assemble ubiquitin chains on their active sites both in 
vivo and in vitro. These preassembled chains can then be transferred to the 
substrate, thus effectively increasing processivity (Ravid & Hochstrasser 
2007). 

Connecting ubiquitin molecules in a defined manner by modifying specif-
ic Lys residues in ubiquitin is another intrinsic property of many E2s 
(Hofmann & Pickart 1999). Early studies showed that E2s could synthesize 
ubiquitin chains of a distinct linkage even in the absence of an E3. For ex-
ample, UBE2S catalyzes the formation of Lys11-linked ubiquitin chains; 
UBE2K, UBE2R1 and UBE2G2 assemble Lys48-linked chains; and the 
UBE2N–UBE2V1 complex links ubiquitin molecules through Lys63. The 
linkage specificity of these E2s is not altered when their cognate E3s are 
present. The preference for a specific Lys in ubiquitin probably results from 
the E2 orienting the acceptor ubiquitin in a way that exposes the favored Lys 
to its active site (Eddins et al 2006). Taking these observations into account, 
it is evident that E2s lie at the heart of ubiquitylation by regulating ubiquitin 
chain formation on several levels. 

 
 

I.4. Deubiquitylation 
 
Since the majority of ubiquitin exists in conjugates, the free ubiquitin 

pool has to be replenished, a procedure mediated by deubiquitylating en-
zymes (DUBs). DUBs can display specificity at multiple levels to distin-
guish between the many ubiquitin-like molecules, isopeptides (using an ε-
amino group) and linear peptides (using an α-amino group), and between 
different types of ubiquitin linkage and chain structure. The human genome 
encodes 79 deubiquitylating enzymes whereas the yeast genome encodes 18. 
They can be subdivided into five families: ubiquitin C-terminal hydrolases 
(UCHs), ubiquitin specific proteases (USPs), ovarian tumor proteases 
(OTUs), Josephins, and JAB1/ MPN/MOV34 metalloenzymes (JAMMs; 
also known as MPN+ and hereafter referred to as JAMM/MPN+). The UCH, 
USP, OTU and Josephin families are Cys proteases, whereas the 
JAMM/MPN+ family members are zinc metalloproteases (Komander 2009). 
In yeast, 3 families of DUBs have been distinguished, including 16 UBPs, 
one UCH and one JAMM metalloprotease. 

DUBs have three major functions. First, ubiquitin is transcribed from 
several genes as a linear fusion of multiple ubiquitin molecules or with ribo-
somal proteins, such that the generation of free ubiquitin requires DUB ac-
tivity. Second, DUBs can remove ubiquitin chains from post-translationally 
modified proteins and thereby facilitate the recycling of ubiquitin. Hence, 
DUB activities contribute to ubiquitin homeostasis.  In yeast, Ubp6 (pro-
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teasome-associated enzyme) and Doa4/Ubp4 (endosomal-membrane associ-
ated enzyme) consist of well-characterized DUBs that facilitate the rescue of  

 

 
Figure 5. Layers of DUB specificity. (a) The existence of eight topological-
ly different ubiquitin chains allows for differential recognition by the DUBs. 
(b) In ubiquitin chains, deubiquitylation can occur from the ends (exo) or 
within the chain (endo). (c) DUBs may be targeted to their substrates direct-
ly, leading to a single-step chain amputation or might leave the substrate 
monoubiquitylated. (d) DUBs might recognize only monoubiquitylated sub-
strates. Figure adapted from (Komander 2009) and reproduced with permis-
sion. 

 
 

ubiquitin monomers from proteolytic degradation (Dupre & Haguenauer-
Tsapis 2001, Leggett et al 2002). Also, removal of ubiquitin can reverse 
ubiquitin signaling or promote protein stabilization by rescue from either 
proteasomal (for example, cytosolic proteins) or lysosomal (for example, 
internalized receptors) degradation. Third, DUBs can be used to edit the 
form of ubiquitin modifications by trimming ubiquitin chains. 
 
 
II. Proteasome  
 

The 26S proteasome, a sophisticated protease of 2.5 megadaltons, func-
tions primarily to degrade proteins that have been modified by ubiquitin 
(Fig. 6). The ubiquitin proteasome system (UPS) provides the main mecha-
nism for a selective and ATP-dependent degradation of proteins within the 
cell (Hershko et al 2000). The attachment of certain types of ubiquitin 
chains, in which one ubiquitin is attached to a Lys residue such as Lys11, 
Lys29, Lys48 of another ubiquitin, serves as a targeting signal leading to 
proteasome-dependent degradation. The UPS is essential for cell viability 
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and malfunctions within this system are implicated in an increasing number 
of diseases including obesity, neurodegenerative disorders, muscular dystro-
phies and cancer. Conversely, the proteasome has also become the target for 
the treatment of certain diseases, in particular of cancer. Knowledge of the 
structure, the catalytic activities and the assembly pathways is essential to 
develop strategies that allow therapeutic manipulation.  
 

 
Figure 6. Overview of the ubiquitin proteasome system. Ubiquitin is acti-
vated by the ubiquitin-activating enzyme, E1 (1) followed by its transfer to a 
ubiquitin-carrier protein (Ub-conjugating enzyme, UBC), E2 (2). E2 trans-
fers the activated ubiquitin moieties to the protein substrate that is bound 
specifically to a unique Ub-ligase E3. The transfer is either direct ([3] in the 
case of RING finger ligases) or via an additional thiol-ester intermediate on 
the ligase ([4, 4a] in case of HECT domain ligases). Successive conjugation 
of ubiquitin moieties to one another generates a polyubiquitin chain that 
serves as the binding (5) and degradation signal for the downstream 26S 
proteasome. The substrate is degraded to short peptides (6), and free and 
reusable ubiquitin is released by de-ubiquitylating enzymes (DUBs) (7) Fig-
ure and legend are from (Ciechanover 2013), reproduced with permission.  
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II.1. Functional elements of the proteasome  
 
The proteasome exists in multiple forms, but contains two major assem-

blies, the 28S core particle (CP) and the 19S regulatory particle (RP). The 
CP is a barrel-like structure whose subunits are arranged in four stacked 
seven-membered rings. The proteasome’s proteolytic active sites are seques-
tered within the large internal space of the CP. The RP binds to the cylinder 
end of the CP and opens a channel located centrally within the cylinder end. 
In the RP-CP holoenzyme, substrate entry is controlled by the RP. The RP 
both opens a substrate translocation channel into the CP and guides sub-
strates into the channel. The substrate translocation channel, even when 
open, is sufficiently narrow that it prevents the bulk of cytoplasmic proteins 
from entering. Thus, for the free CP, substrate access into the proteolytic 
chamber is blocked through an essentially topological mechanism. The 
channel also imposes a constraint on true substrates, they must be unfolded 
by the RP prior to translocation into the CP. Substrate entry in an unfolded 
state presumably also facilitates efficient hydrolysis of substrates within the 
CP. Finally, in contrast to the distributive mechanism typical of proteases, 
the proteasome degrades substrates processively, which reflects its com-
partmentalized structure and substrate translocation mechanism. Processive 
protein degradation avoids the generation of truncated reaction products, 
which could compromise cell function (Finley 2009).  

The 19S RP is comprised of the lid and the base. It has a critical role in 
gate opening, unfolding and deubiquitylating. The protein-unfoldase activity 
of the base of RP is thought to be mediated by its six ATPase subunits, 
which are members of the AAA protein family. These ATPases, known as 
the Rpt proteins in yeast, are thought to form a pseudosymmetrical ring 
structure, which is embedded within the highly asymmetric structure of the 
RP. Docking of the RP to the CP is stabilized by the alignment of two ring 
assemblies—the Rpts and the outer ring of the CP (Marques et al 2009). 

It is generally assumed that the initial recognition of substrates by the 
proteasome is mediated by the substrate’s ubiquitin binding. This is a func-
tion of the RP lid; by itself the CP cannot degrade ubiquitin-protein conju-
gates. A surprising number of proteins can mediate ubiquitin recognition at 
the proteasome: two subunits of the RP, known in yeast as Rpn10 and Rpn13 
and apparently three proteasome-associated proteins, Rad23, Dsk2, and Ddi1 
(Glickman & Ciechanover 2002). Each contacts the proteasome through its 
UBL (ubiquitin-like) domain and ubiquitin conjugates through one or more 
UBA (ubiquitin-associated) domains. One function of multiple ubiquitin 
receptors might be to increase the affinity for a substrate by simultaneously 
binding to its ubiquitin chain. Another role of distinct ubiquitin receptors is 
to provide an additional layer of substrate specificity by recognizing either 
structural aspects of the ubiquitin tag or of the substrate itself.  
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Removal of the complex ubiquitin chains by proteasome-associated 
deubiquitylating enzymes (DUBs) is required for efficient translocation into 
the chamber of the CP. Several DUB activities are associated with the 19S 
RP. The DUB activity of the 19S subunit, Rpn11 (metalloprotease activity) 
mediates a removal of ubiquitin and appears to be critical for proteasome 
function. Its activity is coupled to substrate degradation and requires ATP 
(Verma et al 2002). Another DUB activity associated with the 19S subunit is 
provided by Ubp6 in yeast and its orthologue Usp14 in mammalian pro-
teasomes. Ubp6 removes ubiquitin chains from the distal ends. Its activity is 
stimulated by the binding to the proteasome. Ubp6 has an additional role in 
ubiquitin homeostasis, preventing degradation of ubiquitin chains along with 
the substrate (Guterman & Glickman 2004).  
 
 
II.2. Intracellular localization of proteasomes 

 
Proteasomes localize to different cellular compartments within the cell. 

Despite the fact that proteasomes are ubiquitous and abundant, studying their 
localization has not been an easy task. There is also considerable variability 
in the intracellular distribution of proteasomes among sources. Proteasomes 
exist in multiple forms: free 20S proteasomes, 26S proteasomes, intermedi-
ate forms of 20S proteasomes coupled with one or the other 19S cap 
(Glickman & Ciechanover 2002). The relative proportions of the different 
molecular species depend on the cell type, cell-cycle phase and metabolic 
conditions.  

In rapidly growing yeast cells the majority of proteasomes have been re-
ported to be localized inside the nucleus (Laporte et al 2008). This is thought 
to be the outcome of nuclear import of newly synthesized proteasome subu-
nits, which enter the nucleus as inactive precursor complexes. Although dif-
ferent lines of evidence support that proteasome-mediated degradation of 
proteins can occur inside the nucleus, it is not yet clear whether this is a gen-
eral view for nuclear substrates. One established role of proteasomal degra-
dation occurring inside the nucleus is the rapid inactivation of regulatory 
factors, such as the yeast Matα2 and the human MyoD proteins (Floyd et al 
2001, Lenk & Sommer 2000). Degradation of the tumor suppressor p53 was 
thought to be exclusively in the cytoplasm, however, there is increasing evi-
dence that degradation occurs in both the cytoplasm and the nucleus (Karni-
Schmidt et al 2008). Growing evidence support that sets of cytosolic proteins 
are translocated into the nucleus where they are degraded by nuclear pro-
teasomes, a process mediated by chaperone-dependent delivery to the nucle-
ar E3 ligase San1 (Guerriero et al 2013, Heck et al 2010, Park et al 2013, 
Prasad et al 2010). 
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The overall picture emerging from various studies and different organ-
isms is that the localization of proteasomes within the nucleus is a dynamic 
and complex process. In yeast, it is established that active proteasomes are 
assembled inside the nucleus from separately imported precursors. The cur-
rent model of the assembly process of nuclear 26S proteasomes in yeast sug-
gests that the lid and the base are made in the cytosol and are imported in the 
nucleus independently. Maturation is thought to take place in the nucleus 
with the participation of accelerators of the process, such us Ump1 in yeast 
(Lehmann et al 2002). However early work in mammalian cells indicated 
that intact proteasome particles may also be capable of crossing the nuclear 
border, through the NPCs (Mayr et al 1999). Although, in higher eukaryotes, 
the whole nuclear envelope disassembles and reforms once in every cell 
cycle, which creates another opportunity for nuclear targeting of whole pro-
teasome particles or specific subunits. In contrast, yeast and other unicellular 
eukaryotes are characterized by closed mitosis, meaning that the nuclear 
envelope remains intact throughout the mitotic cycles, requiring NPC medi-
ated nuclear import of different proteasomal subunits. Localization of pro-
teasomes in the nucleus is mediated by Sts1, which interacts with the im-
portin-α Srp1 and secures the targeting of both the 19S RP and the 20S CP, 
suggesting a general impact of Sts1 on the nuclear localization of the holo-
enzyme (Chen et al 2011). 
 
 
III. Proteolytic pathways of the Ubiquitin Proteasome System 
(UPS) 

 
Once thought to be an unregulated and a non-specific end process, it has 

become clear that proteolysis of cellular proteins is a highly complex, tem-
porally controlled and tightly regulated. Intracellular proteins are turning 
over extensively, and turnover of individual proteins is specific and can vary 
under different conditions. Protein turnover plays major roles in a broad 
array of basic pathways. Among these processes are cell cycle, development, 
differentiation, regulation of transcription, antigen presentation, signal trans-
duction, receptor-mediated endocytosis, quality control, and modulation of 
diverse metabolic pathways.  

The combinatorial action of ubiquitylating, deubiquitylating, and ubiqui-
tin-binding proteins determines the ubiquitin modified protein´s fate. It is 
well established that protein Lys48-linked poly-ubiquitylation of soluble, 
cytosolic proteins results in degradation by targeting to the proteasome, and 
thus regulates protein stability. Integral membrane proteins are not directly 
accessible to the proteasome, and eukaryotic cells have evolved elaborate 
mechanisms to monitor, sort, and degrade them. These mechanisms rely on 
membrane trafficking events in the cell that are often guided by ubiquitin 
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modification of substrates. There is an emerging consensus that, although 
Lys48-linked polyubiquitin chains function in proteasomal degradation, 
ubiquitin-mediated membrane trafficking events in the cell are largely gov-
erned by monoubiquitylation and Lys63-linked polyubiquitylation. Turnover 
of plasma membrane proteins and integral proteins following the biosynthet-
ic pathway from the Golgi to the endosomes, is mediated by the lyso-
somes/vacuole. This process is of high complexity and requires the orches-
trated action of different enzymes and accessory proteins. The formation of 
K63-linked chains is essential in this pathway and acts as a signal for the 
internalization into vesicles, the multivesicular body (MVB) sorting and the 
consequent lysosomal/vacuolar targeting (Belgareh-Touze et al 2008, 
Lippincott-Schwartz et al 1988).  

Unlike downstream compartments in the secretory and endocytic path-
ways, protein turnover does not seem to follow the same pathway in the ER.  
Lumenal or integral membrane proteins that do not fold properly are retained 
in the ER and are subject to ER–associated degradation (ERAD). 

 
 

III.1 ER-associated degradation (ERAD) 
 
As the site where a large fraction of a cell’s newly synthesized proteins 

are folded, modified, and assembled, the ER must also have the capacity to 
monitor these activities and eliminate proteins that fail to complete them 
successfully. All of secretory proteins and most transmembrane proteins are 
processed by the ER. These proteins enter the ER in an unfolded state, many 
are co-translationally inserted during synthesis. Once in the ER, the proteins 
must fold, often assembling into complexes with other proteins, and are sub-
strates for various post-translational modifications. If these proteins fail to 
fold or assemble properly, or lack the appropriate disulfide bonds or sugar 
modifications, they are prevented from proceeding to the Golgi. Through the 
action of ER chaperones and other enzymes, further attempts at folding and 
assembly are made. However, if these attempts fail, unfolded proteins asso-
ciated with the ER are targeted for destruction. Remarkably, regardless if the 
proteins are in the ER lumen or integrally inserted in the ER membrane they 
are degraded in the cytoplasm, i.e., misfolded or misassembled proteins are 
recognized and translocated back to the cytosol (called retrotranslocation or 
dislocation), where they are polyubiquitylated and degraded by the 26S pro-
teasome. The mechanisms that monitor protein folding and assembly within 
the ER, the so-called ER quality control machinery, and the proteolytic 
pathways linked to the ER are collectively referred to as ER-associated deg-
radation, or ERAD (Lippincott-Schwartz et al 1988).   

The heterogeneity of the defects that can occur in the luminal, transmem-
brane or cytosolic domain of a protein, leads to the requirement of distinct 
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E3 ligases. In yeast, there are two characterized E3 Ub ligase complexes that 
largely target discrete substrates. The Doa10 ligase complex acts on sub-
strates with lesions in cytosolic parts, whereas substrates of the Hrd1 ligase 
complex have defects in transmembrane and/or luminal domains (Fig. 7). 
Thus, proteins with lesions in the cytoplasmic, membrane-spanning and lu-
minal domains follow the ERAD-C, ERAD-M and ERAD-L pathways, re-
spectively. Certain membrane substrates require both Doa10 and Hrd1, 
hence the ERAD-C and ERAD-L pathways exhibit some overlap. In mam-
malian cells, there is no such distinction of pathways, which may reflect a 
more elaborate repertoire of ERAD- requiring components in mammalian 
cells (Carvalho et al 2006).  

Accumulating data suggest that the Derlin family of proteins (Der1 in 
yeast) are candidates for the retrotranslocation channel (Carvalho et al 2006). 
Since Der1 is a component of both Doa10 and Hrd1 complexes, it has been 
proposed that these E3 ligase complexes either form or possess integral 
components of the retrotranslocation channel (Kostova et al 2007). Combin-
ing the ubiquitylation and retrotranslocation activities in a single enzyme 
complex may provide an efficient way to target substrates to proteasomes.  

Most ERAD substrates are ubiquitylated prior to proteasome targeting. 
Protein ubiquitylation, and thus proteasome-dependent degradation, requires 
the action of an E1 Ub-activating enzyme, E2 Ub-conjugating enzymes and 
E3 Ub-ligases. In select cases, E4 Ub-chain-extension enzymes have also 
been shown to facilitate ERAD. The importance of chain extension during 
ERAD suggests that the polyubiquitin appendage must attain a critical length 
before becoming a retrotranslocation substrate.  

In yeast, Doa10 and Hrd1 are RING domain E3 ligases that exhibit dif-
ferent preferences for E2 Ub-conjugating enzymes (Fig. 7): Doa10-
dependent ubiquitylation requires Ubc6 and Ubc7 (Ravid et al 2006), where-
as Hrd1 primarily uses Ubc7 (Bays et al 2001). These E2s associate with the 
ER membrane using different means. Ubc6 is an integral membrane protein, 
whereas Ubc7 is recruited to the membrane through interaction with an ER-
membrane adaptor Cue1 (Coupling of ubiquitin conjugation to ER degrada-
tion protein-1) (Biederer et al 1997). Although mammalian orthologues of 
Hrd1 and Doa10 have been identified, the repertoire of E3s implicated in 
ERAD is greatly expanded in higher organisms. 

Once a protein has become polyubiquitylated, it must be extracted from 
the membrane either prior to or during proteasome targeting. Although the 
proteasome is sufficient in a few cases to retrotranslocate substrates, another 
cytoplasmic protein complex, the cell-division cycle-48 (Cdc48) complex, 
has a more pivotal role in substrate retrotranslocation in both yeast and 
mammals (Fig. 7). The AAA ATPase, Cdc48 (Cdc48 in yeast, CDC-48 in  
Caenorhabditis elegans, TER94 in Drosophila melanogaster, p97 or VCP in 
vertebrates) participates in distinct cellular processes, acting as a key regula-
tor of the ubiquitin proteasome pathway (Buchberger 2013, Meyer et al 
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2012). It forms homo-hexameric ring-structured complexes and utilizes en-
ergy derived from ATP hydrolysis to extract or segregate ubiquitylated pro-
teins from protein complexes, membranes or chromatin (Hanson & 
Whiteheart 2005, Sauer & Baker 2011). In yeast, the complex consists of 
Cdc48, and two associated factors, Ufd1 and Npl4 (Jentsch & Rumpf 2007). 
In mammals, the Cdc48 homologue p97 similarly associates with conserved 
UFD1 and NPL4 homologues. Since Cdc48 is involved in different path-
ways within the cell, its activity should be regulated by additional adaptors 
that dictate time and space of its segregase action. The complex might be 
recruited to the ER membrane in part through its interaction with the UBX 
domain-containing membrane proteins (Neuber et al 2005). UBX proteins, 
known as Cdc48 adaptors, facilitate the diversity of Cdc48 functions. Many 
of these co-factors, utilize the UBX domain in the C- terminus, as a common 
motif that consists of a ubiquitin-like fold, and the UBA (ubiquitin associat-
ed) domain in the N- terminus, mediating the interaction of Cdc48 with 
ubiquitylated substrates (Buchberger et al 2015, Schuberth & Buchberger 
2008). Ubx2 is among the best-characterized proteins of this family in yeast. 
It participates in the degradation of ERAD substrates and possibly together 
with additional co-factors, it is thought to recognize the polyubiquitylated 
substrate exposed on the cytosolic face of the ER and drive its extraction 
(Neuber et al 2005, Schuberth & Buchberger 2005). 

As Cdc48 associates with the proteasome cap, soluble and integral mem-
brane substrates might be transported directly from the membrane-associated 
Cdc48-containing engine to the proteasome for degradation. However, ac-
cumulating evidence indicates that distinct Cdc48- and proteasome-
interacting factors have important roles prior to substrate degradation. Mem-
bers of this family include UBA domain- and UBL domain-containing pro-
teins, which interact both with the proteasome and with ubiquitylated sub-
strates in the Cdc48 complex. Two factors in this class, Rad23 and Dsk2, 
increase ERAD efficiency (Medicherla et al 2004). Ubiquitin receptors that 
are residents of the 19S proteasome subunit Rpn13, Rpn10 and the Rpt5, 
recognize the ubiquitylated substrate and target it to the proteasome for sub-
sequent degradation (Husnjak et al 2008).  
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Figure 7. The ERAD response – Different steps and branches in the 
ERAD. (A) A misfolded protein (indicated with a star) is recognized, re-
trotranslocated and ubiquitylated by a dedicated membrane-embedded E3 
Ub ligase complex of the ER. (B) Three branches exist in S. cerevisiae de-
pending on the domain the lesion occurs. ER proteins with a misfolded do-
main in the cytoplasm (ERAD-C substrates) are degraded via the Doa10 
complex. Proteins with luminal (ERAD-L) or intramembrane (ERAD-M) 
misfolded domains are degraded via the Hrd1 complex. Ubc6 and Ubc7 are 
the E2 Ub conjugating enzymes mediating the process. Doa10 interacts with 
both of them whereas Hrd1 preferentially functions together with Ubc7. 
Ubc7 is a soluble protein that is targeted and tethered to the ER membrane 
through its interaction with Cue1, an ER integral membrane. Once the pro-
tein is polyubiquitylated, Ubx domain proteins (Ubx2) attract the AAA 
ATPase, Cdc48 and its cofactors Npl4 and Ufd1 (depicted as N and U, re-
spectively) in close proximity to the substrate and through ATP hydrolysis 
relocates the ubiquitylated protein to the cytoplasm for proteasomal degrada-
tion. The figure is from (Ruggiano et al 2014) and reproduced with permis-
sion. 
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III.2 Proteasomal degradation within the nucleus 
 
In addition to ERAD, protein quality control (PQC) degradation systems 

have been identified in the cytoplasm, the secretory pathway, and mitochon-
dria. In the cytoplasm, the ER and the mitochondria, PQC degradation is 
primarily brought about by protein-ubiquitylation complexes that target pro-
teins for proteasomal degradation. In contrast to the cytoplasm and the ER, 
little is known about degradation of proteins inside the nucleus. Studies have 
recently identified a discrete pathway with distinct enzymes and accessory 
proteins that mediate the proteasome-dependent degradation of aberrant pro-
teins within the nucleus. The Ub-ligase San1, a nuclear localized protein 
with a bipartite NLS, targets mutant temperature sensitive proteins within the 
nucleus, such as sir1-4, cdc68-1 and cdc13-1, for degradation, whereas nor-
mal versions of the proteins are not degraded (Gardner et al 2005). Further 
studies have implicated the involvement of Cdc34 and Ubc1 E2 enzymes in 
the degradation of San1 substrates (Gardner et al 2005). Although not a 
membrane protein, San1 exhibits 24% identity and 40% similarity with 
Hrd1, which opens up intriguing parallels between nuclear and ER PQC. In 
fission yeast, it has been shown that San1, Ubc4 and Ubc5 are the enzymes 
that catalyze the proteasome-dependent degradation of a mutant form of 
Asf1. Asf1 is recognized as a histone chaperone in a wide variety of eukary-
otes, including humans, and participates in the silencing of chromatin 
(Matsuo et al 2011). Due to its large unstructured coiled-coil domain outside 
the RING finger, San1 can adopt multiple conformations, therefore is highly 
flexible in binding substrates. In contrast to cytoplasmic ligases interacting 
with chaperones such as Hsp70, San1 directly interacts with its misfolded 
nuclear substrates and ubiquitylates them without the help of chaperones 
(Rosenbaum et al 2011). Recently it has been discovered that the AAA-
ATPase Cdc48 is involved in keeping substrates soluble for San1 recogni-
tion (Fredrickson et al 2013). The mammalian nuclear E3 RING ligase 
URHF-2 has been shown to promote the degradation of polyglutamine-
expanded huntingtin (Htt) and therefore suppresses the cytotoxicity caused 
by Htt. Interestingly, yeast San1 expressed in mammalian cells is able to 
accelerate the degradation of nuclear Htt (Iwata et al 2009). 

Additionally, the yeast Slx5–Slx8 SUMO targeted UB ligase (STUbL) is 
involved in a nuclear ubiquitylation processes functioning in genome 
maintenance and in control of sumoylation. Slx5–Slx8 is involved in protein 
quality control in a manner different from San1. STUbLs, and more specifi-
cally the SUMO E3 ligases Siz1 and Siz2 together with the SUMO-
conjugating enzyme Ubc9, target sumoylated proteins for ubiquitylation and 
subsequent proteasomal degradation. The sumoylated transcription factor 
Mot1 is slowly degraded via the Slx5–Slx8 system, but when mutated, deg-
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radation is accelerated due it being ubiquitylated by the E2 conjugation en-
zymes Ubc4 and Ubc5 (Wang & Prelich 2009). 

Transcription factors are frequent targets of ubiquitin-dependent proteol-
ysis. A well-known example is the yeast MATα2 (α2) transcriptional re-
pressor, which functions as a regulator of mating-type determination 
(Hochstrasser et al 1991). The yeast S. cerevisiae can exist as either of two 
distinct haploid cells (a or α) or diploid cells (a/α) formed by the mating of 
the two haploid cell types. So-called homothallic strains (most strains found 
in the wild) readily switch between the a and α mating types. The phenotypic 
transition from one cell type to the other requires rapid proteolytic inactiva-
tion of previously active cell-type-specific transcription factors. The α cell-
specific transcriptional repressor α2 was the first natural ubiquitin pro-
teasome system substrate to be identified, and early genetic analysis demon-
strated that it is targeted by multiple ubiquitin conjugation pathways 
(Swanson et al 2001). The better characterized of the two major pathways 
utilizes E2 Ub-conjugating enzymes Ubc6 and Ubc7, and the E3 Ub-ligase 
Doa10. The second pathway involves the E2 Ubc4 and an unidentified E3. 
Interestingly, Doa10 plays a role in degradation of a mutant form of the nu-
clear kinetochore protein Ndc10 (Ravid et al 2006). The fraction of Doa10 
localized to the inner nuclear membrane is able to catalyze the ubiquitylation 
of the mutant Ndc10-2. The degradation signal that is recognized by Doa10 
is composed of a helical hydrophobic surface of an amphipathic helix and a 
hydrophobic C-terminal tail called DegAB. The Hsp70 chaperone Ssa1 to-
gether with its co-chaperone Ydj1 are essential in the Doa10 mediated deg-
radation pathway of the Ndc10-2 mutant protein (Alfassy et al 2013, Furth et 
al 2011). 

Thus Doa10, a well-established ERAD component, participating in the 
degradation of nuclear substrates seems peculiar. However, the ER mem-
brane is continuous with the nuclear envelope's outer membrane, which in 
turn is directly connected to the inner nuclear membrane (INM) at the nucle-
ar pore complexes (NPCs). The fact that the large Doa10 protein and its co-
factors have been found in the INM indicates that Doa10 can somehow pass 
through the pore membrane anchoring the NPCs at the ONM-INM interface 
(Deng & Hochstrasser 2006).    
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2. Summary of the papers: results and discussion 
 
 

2.1 The aim of the thesis 
 
In this thesis, I present the study of the function and regulation of three 

inner nuclear membrane (INM) proteins in yeast, Asi1, Asi2 and Asi3. These 
proteins function in concert and in context of the SPS-sensor regulon to pre-
vent promoter access of transcription factors Stp1 and Stp2 that inappropri-
ately enter the nucleus in the absence of amino acid induction. The goals of 
my work were to: 

 
1) Determine the function of the Asi proteins in the SPS sensing pathway 
as well as their broader biological significance (Paper I). In summary, my 
work was focused on deciphering the mechanisms governing the turnover 
of proteins in the INM of yeast, and thereby establishing a paradigm to 
guide studies aimed at elucidating the nuclear protein quality control in 
mammalian cells. 
 
2) Investigate the turnover kinetics of the Asi proteins and identify the 
degradative mechanism as well as the complete set of specific component 
that participate in the degradation of the Asi proteins (Paper II and III). 

 
 
2.2 Protein quality control at the inner nuclear 
membrane- the Asi complex (paper I) 

 
In this study we aimed at deciphering the role of the Asi proteins. Asi1 

and Asi3 are integral proteins of the INM that have a RING domain. The Asi 
proteins together with Asi2 participate in the SPS signaling pathway, re-
stricting the unprocessed forms of transcription factors Stp1 and Stp2 from 
inappropriately accessing the promoters of amino acid permease (AAP) 
genes, in the absence of amino acid-induction. We initiated our experiments 
with the ultimate goal of identifying components of the INM quality control 
systems. For this purpose, our collaborator Gwenaël Rabut (Institut de Gé-
nétique et Développement de Rennes, Université de Rennes) focused on the 
Ub conjugating enzyme Ubc6. Using a microscopy-based bimolecular fluo-
rescence complementation (BiFC) assay, he screened all the 54 known or 
putative E3 Ub-ligases for interaction with Ubc6. Among the 10 proteins 
that were found to interact with Ubc6, Asi3 displayed significant and Asi1 
weaker BiFC signals that were restricted to the nuclear rim. He also found 
that Asi1 strongly interacts with Ubc7 and less pronounced with Ubc6. Both 
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Asi1 and Asi3 interacted to a lesser extend with Ubc4. Further experiments, 
using a microscale thermophoresis analysis, reinforced these findings. Asi1 
and Asi3 RING domains interact with Ubc7 provided it was bound to Cue1 
and more specifically to its Ubc7-binding region (U7BR). Cue1 is the inte-
gral protein that tethers Ubc7 to the ER membrane (Biederer et al 1997).  

Preliminary experiments had showed that ubc7Δ and to a lesser extent, 
ubc6Δ mutants exhibited increased expression of Stp1/Stp2-regulated genes 
similar to the asi1Δ and asi3Δ, implicating these Ub conjugating enzymes in 
the SPS pathway. To further examine the involvement of Ubc6 and Ubc7 as 
well as the activity of Asi1 and Asi3 as potential E3 Ub-ligases, we per-
formed Ni-column purifications of the total ubiquitin conjugates in the cell 
by overexpressing the His-tagged ubiquitin. These experiments were facili-
tated by using full-length HA epitope-tagged Stp1 and Stp2 constructs carry-
ing mutations favoring their nuclear localization. Immunoblotting with anti-
HA showed that Stp1 and Stp2 were specifically included in the ubiquitylat-
ed protein fractions. We found that in asi1Δ, asi3Δ and ubc7Δ strains Stp1 
and Stp2 ubiquitylation was severely impaired, and reduced in ubc6Δ strains. 
Together these results establish the Asi complex as an E3 Ub-ligase of the 
INM that functions with Ubc6 and Ubc7.  

Using genetic interaction profiles, collaborating groups headed by 
Charles Boone (Department of Molecular Genetics, Donnelly Centre for 
Cellular and Biomolecular Research, University of Toronto) searched for 
novel functions of the Asi Ub-ligase. They mined a genome-scale genetic 
interaction map obtained by assessing the fitness of 5.4 million double-
mutant combinations generating genetic interaction profiles for 75% of all S. 
cerevisiae genes. Correlation coefficients between genetic interaction pro-
files of ASI genes and the other 4,458 genes in the genetic interaction map 
were calculated. The resulting genetic interaction profiles of ASI genes cor-
related with each other and, to a similar extent, with HRD1, DOA10, UBC6, 
UBC7 and CUE1, suggesting that Asi and ERAD E3 Ub-ligases are func-
tionally related. To determine whether they work in the same or parallel 
pathways, a null allele of ASI1 was introduced into double mutant strains 
lacking HRD1 and the unfolded protein response genes IRE1 or HAC1. The 
presence of asi1Δ resulted in a synthetic lethal phenotype, indicating that 
Asi1 and Hrd1 function in parallel pathways. Further experiments performed 
by Foresti et al. showed that ASI2 additional deletion had a milder growth 
defect (Foresti et al 2014).  

To identify Asi substrates, a third collaborating group headed by Michael 
Knop (Zentrum für Molekulare Biologie der Universität Heidelberg) devel-
oped a tandem fluorescent protein timer (tFT) approach. The tFT is a tag 
composed of two fluorescent proteins (mCherry and superfolder green fluo-
rescent protein (sfGFP)) with distinct fluorophore maturation rates. When 
the tFT is introduced into a protein of interest, the mCherry/sfGFP intensity 
ratio is a measure of the protein degradation kinetics under steady state, with 
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a dynamic range and sensitivity that exceeds conventional cycloheximide 
chase experiments. Together with the Boone group, a genome-wide library 
of yeast strains, each expressing a different tFT-tagged protein, was con-
structed. In total, 4,044 proteins were successfully tagged to create a tFT 
library covering, 73% of verified or uncharacterized open reading frames in 
the S. cerevisiae genome. Null alleles, asi1Δ, asi3Δ, hrd1Δ, doa10Δ, ubc6Δ 
and ubc7Δ, were individually introduced into the tFT library using high-
throughput genetic crosses. The effect of each gene deletion on the stability 
of each protein in the library was examined with high-throughput fluores-
cence measurements. More proteins were stabilized (positive z-score) than 
destabilized in the six mutants, in agreement with the role of Asi, Hrd1 and 
Doa10 Ub-ligases in protein degradation. Hierarchical clustering of top hits 
recapitulated known E2–E3 interactions and revealed three clusters of 20, 30 
and 9 potential substrates for the Asi, Hrd1 and Doa10 Ub-ligases, respec-
tively. Hrd1 substrates, including the known substrate Der1, were stabilized 
only in the ubc7Δ mutant, whereas Doa10 substrates were stabilized in both 
ubc6Δ and ubc7Δ mutants. Most Asi substrates, including the recently iden-
tified Erg11 (Foresti et al 2014), were stabilized in the ubc7Δ mutant with 
only weak effects of the ubc6Δ mutant. Stp1 and Stp2 were not identified as 
Asi substrates in the screen, probably the consequence of their cytoplasmic 
retention due to the N-terminal anchor and efficient targeting for degradation 
by the E3 Ub-ligase SCFGrr1 in the cytoplasm. The vast majority of potential 
substrates in each set were integral membrane or secretory proteins distribut-
ed along the endomembrane system (ER, Golgi, vacuole, mitochondria, 
plasma membrane).  

Further validation of the tFT screening approach was performed with cy-
cloheximide chase experiments with HA-tagged variants that reinforced the 
involvement of the Asi complex in the degradation of Vtc1, Vtc4, Vcx1 and 
Erg11. These findings are consistent with the organization and functions of 
endoplasmic reticulum-associated Ub-ligases, thus indicating that the Asi 
complex is involved in degradation of a distinct set of integral membrane 
proteins. Foresti et al. identified an additional substrate of the Asi complex, 
Nsg1, participating in the ergosterol biosynthetic pathway (Foresti et al 
2014). Moreover, they found that Asi2 is involved in the degradation of this 
protein. Asi2 participation in the complex is vague. Asi2 displays specificity 
in substrate turnover, degrading only some of the Asi1/3 complex substrates 
(Erg11, Vcx1, Are2, Alg2). Asi2 is dispensable for Asi1-Asi3 or Asi3-Ubc6 
interactions, suggesting that Asi2 might function as a substrate-specific 
recognition factor.  
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Figure 8. The INMAD pathway distinct from the ERAD. 
The Asi E3 Ub-ligase complex, comprised of Asi1 and Asi3, mediate the 
degradation of mislocalized membrane and soluble proteins in the INM 
membrane. This pathway, the INMAD, is distinct from the ERAD and to-
gether with the E2 Ub-conjugating enzymes Ubc6 and Ubc7 tag proteins 
with ubiquitin destined for destruction by the nuclear proteasomes, restricted 
to the INM. The INMAD is acting to maintain and safeguard the identity and 
integrity of the INM (Figure adapted from (Shao & Hegde 2014) and repro-
duced with permission). 

 
 

 
One of the major implications of this work regards the barrier function of 

nuclear pore complexes (NPCs). NPCs act as gatekeepers that regulate mo-
lecular movement between the cytoplasm and the nucleoplasm. However, 
membrane proteins with cytoplasmic domains up to 60 kDa can diffuse past 
the nuclear pore through an approximately 10 nm side channel (Ravid et al 
2006). More recent data support that membrane proteins with an extralu-
menal domain of up to 90 kDa can partly localize to the nucleus on a time 
scale of hours (Popken et al 2015). Apparently, the NPC is a rather weak 
barrier with respect to membrane proteins. In this study, we propose a mech-
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anism through which the Asi E3 Ub-ligase complex together with the Ub 
conjugating enzymes, Ubc6 and Ubc7, regulate the turnover of mislocalized 
soluble and membrane potentially harmful proteins in the INM (Fig. 8). Here 
we introduce the concept of a novel quality control system functioning inti-
mately associated with the inner nuclear membrane, and collectively term 
these ubiquitin and proteasome dependent systems Inner Nuclear Membrane 
Associated Degradation, or INMAD pathways. Due to their localization, the 
INMAD pathways are distinct from the more well-characterized ERAD 
pathway. INMAD acts to maintain and safeguard the identity and integrity of 
the INM.   
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2.3 A nuclear ubiquitin proteasomal pathway targets 
inner nuclear membrane protein Asi2 for degradation 
(Paper II) 

 
Asi2 is an integral INM protein in Saccharomyces cerevisiae (Fig. 1). 

Asi2 is a 33 kDa protein with two membrane-spanning segments and a large 
26 kDa N-terminal domain oriented towards the nucleoplasm (Zargari et al 
2007). Asi2 is a negative regulatory component of the amino acid induced 
Ssy1-Ptr3-Ssy5 (SPS) sensing pathway (Forsberg et al 2001, Ljungdahl & 
Daignan-Fornier 2012). In the absence of inducing amino acids, Asi2 func-
tions together with two other INM proteins, Asi1 and Asi3, to prevent pro-
moter access of transcription factors Stp1 and Stp2 (Boban et al 2006, 
Zargari et al 2007). 

In this study, we used Asi2 as model protein to unravel the mystery be-
hind the turnover of inner nuclear membrane (INM) proteins. In contrast to 
mammalian cells, yeast grow and divide via a closed mitosis, meaning that 
the nuclear envelope remains intact throughout the mitotic cycles (Heath 
1980). Therefore, in the absence of nuclear breakdown, there are limited 
possibilities to reshuffle and refresh the INM proteins. Consequently, Asi2 
may represent a good model protein for examining the turnover of INM pro-
teins in terminally differentiated and post-mitotic cells of metazoan origin, 
such as neurons.  

To fill the obvious gap in the knowledge regarding this important class of 
proteins, we initiated the development of assays to monitor Asi2 protein 
degradation. We began by limiting our analysis to a 90 minute period using 
cycloheximide to block de novo protein synthesis, following in this case the 
turnover of Asi2. Asi2 exhibited appreciable turnover during this time frame.  

Membrane proteins can be degraded either by being targeted to the vacu-
ole or to the 26S proteasome. Therefore we first tested whether vacuolar 
function is necessary for Asi2 degradation. We analyzed Asi2 protein stabil-
ity in a pep4Δ mutant yeast strain with impaired vacuolar function. Pep4 is a 
vacuolar aspartic proteinase required for proteolytic activation of many vac-
uolar zymogens, such as carboxypeptidase Y (CPY) (Ammerer et al 1986). 
Zymogens and proteins normally degraded in the vacuole are stabilized in 
pep4Δ null mutants. We found that Asi2 stability was not affected in the 
pep4Δ mutant, indicating that the vacuole is not involved in Asi2 degrada-
tion. Next we examined Asi2 stability in a yeast strain carrying a tempera-
ture-sensitive cim3-1 mutation that impairs the activity of the Rpt6 (Cim3) 
ATPase in the proteasomal regulatory particle (Ghislain et al 1993, Schork et 
al 1995). At the restrictive temperature of 37 °C, Asi2 levels were signifi-
cantly increased and Asi2 turnover was greatly slowed in the cim3-1 mutant 
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(half-life, 81 min), as compared to the wild-type (half-life, 35 min), indicat-
ing that Asi2 is a proteasomal substrate. 

Targeting of substrates to the proteasome requires their prior ubiquityla-
tion, a requisite for being recognized by the proteasomal receptors carrying 
ubiquitin binding domains (UBDs). In order to test this possibility, we per-
formed immunoprecipitation assays under denaturing conditions. The exper-
iments confirmed that Asi2 is modified by long ubiquitin chain, since im-
munoblotting of the purified protein against ubiquitin, revealed Asi2 ubiq-
uitylation.  

Next we pursued the identity of the enzymes required to mediate ubiq-
uitylation of Asi2 and additionally, obtain a complete understanding of the 
molecular mechanisms governing Asi2 stability. Our results clearly pointed 
towards the involvement of Ubc7. Next, we examined stability of Asi2 in 
ubc6Δ single and ubc6Δ ubc7Δ double mutants concluding that Asi2 was 
also partially stabilized in mutants lacking Ubc6. However, we noted that 
Asi2 is more stable in the ubc7Δ than in ubc6Δ mutant. Ubc7 is a well-
characterized component of ERAD implicated to functions within the nucle-
us together with its co-partner, the E3 ligase, Doa10. Doa10 has been shown 
to be distributed within the ER and INM. Therefore, Doa10 was an obvious 
candidate for mediating the last step of ubiquitylation of Asi2. We examined 
whether Asi2 degradation required Doa10. We also examined Asi2 stability 
in a mutant lacking the E3 Ub-ligase, Hrd1, an integral membrane protein of 
the ER involved in ubiquitylation of several ERAD substrates (Vembar & 
Brodsky 2008), that functions primarily with E2 enzyme Ubc7 (Bays et al 
2001, Deak & Wolf 2001). In contrast to Doa10, Hrd1 has not been found in 
the INM (Deng & Hochstrasser 2006). While the deletion of HRD1 did not 
significantly alter Asi2 stability, Asi2 was stabilized in the deletion mutant 
lacking DOA10. Furthermore, the stability of Asi2 was similar in the doa10Δ 
mutant and in the doa10Δ hrd1Δ double mutant cells. These data indicate 
that a Doa10-dependent pathway together with its partner Ubc7 contribute to 
targeting Asi2 for degradation. 

Asi2 was only partially stabilized in a doa10Δ mutant, thus additional E3 
ligases are likely to be involved in targeting Asi2 for degradation. There is a 
variety of examples in yeast where more than one pathway mediate the pro-
teolysis of a single protein. The MATα2 (α2) transcriptional repressor is a 
well-studied example of this. Normal rates of α2 protein degradation in α 
haploid cells depend on at least two different ubiquitylation pathways that 
require distinct E2 and E3 enzymes. One of the pathways recognizes an un-
defined degradation signal and utilizes the closely related E2 enzymes Ubc4 
and Ubc5. The other uses a ubiquitylation complex composed of the Doa10 
E3 and Ubc6 and Ubc7 E2s to recognize the Deg1 degradation signal found 
in the N-terminus of α2 (Rubenstein & Hochstrasser 2010). Mutagenesis 
experiments implicate the hydrophobic face of a predicted amphipathic helix 
as the critical determinant of the Deg1 signal, suggesting that this surface 
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serves as the primary element that is discriminated by the Ubc6/Ubc7/Doa10 
complex (Johnson et al 1998). 

San1 was recently discovered as an E3 Ub-ligase involved in degradation 
of aberrant nuclear proteins (Gardner et al 2005, Rosenbaum et al 2011). 
Therefore, we tested Asi2 stability in a doa10Δ hrd1Δ mutant lacking SAN1. 
The deletion of SAN1 did not enhance the stability of Asi2. Therefore, it is 
unlikely that San1 participates in Asi2 degradation. Asi2 is functionally con-
nected to Asi1 and Asi3 that we have recently shown function together as a 
dimeric E3 Ub ligase (See paper I). Therefore, we tested the involvement of 
the Asi1/3 proteins in the degradation of Asi2 by examining Asi2 stability in 
a double asi1Δ asi3Δ mutant. Consistent with the possibility that Asi2 inti-
mately interacts with Asi1/3 complex, Asi2 degradation was enhanced in the 
asi1Δ asi3Δ double mutant as compared to wild-type. Consequently, an ad-
ditional and yet to be identified E3 Ub-ligase appears to function in parallel 
with Doa10, or that may engage in the absence of Doa10 to target Asi2 for 
degradation. 

Further validation for the direct involvement of Doa10- and Ubc7-
dependent Asi2 degradation came from immunoprecipitation assays under 
denaturing conditions. We examined Asi2 ubiquitylation in mutants lacking 
Doa10 and Ubc7. By analyzing the ubiquitylation status of immunoprecipi-
tated Asi2 in immunoblots using anti-ubiquitin antibody we found that Asi2 
was less ubiquitylated in the doa10Δ mutant as compared to the wild-type. 
Moreover, Asi2 ubiquitylation was almost completely abolished in the mu-
tant lacking Ubc7. The diminished level of Asi2 ubiquitylation correlates 
well with the enhanced stability of Asi2 observed in doa10Δ and ubc7Δ 
mutants. These results clearly demonstrate that Asi2 is a novel substrate for 
Doa10- and Ubc7- dependent ubiquitylation and degradation. 

To determine whether Asi2 degradation occurs within the nuclear com-
partment we exploited a temperature sensitive allele of the gene encoding 
Sts1. Sts1 together with importin α, Srp1 in yeast, is responsible for the tar-
geting of proteasomal subunits into the nucleus (Chen et al 2011). At non-
permissive temperatures, proteasomes remain in the cytoplasm of sts1-2 
mutant cells, and as a consequence, nuclear proteasomal substrates accumu-
late. Our results show that Asi2 is significantly stabilized in a sts1-2 mutant 
grown at non-permissive temperature. Thus, it appears that Asi1 turnover 
occurs within the nucleus.  

In summary, this study addresses for the first time the turnover of a na-
tive, functional INM protein, Asi2 (Fig. 9). The rapid degradation rate ena-
bled us to assess the nuclear ubiquitin proteasomal pathway mediating Asi2 
turnover. This work creates opportunities to further investigate INM protein 
turnover and establish a paradigm to guide studies aimed at elucidating the 
stability of INM proteins in terminally differentiated mammalian cells, such 
as neurons. Additionally, as accumulation of aberrant proteins in the nucleus 
is a likely cause of several diseases, elucidating mechanisms of NE- associ-
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ated protein degradation may contribute to the better understanding of dis-
ease mechanisms.  

 
 

 
Figure 9. A molecular model for INM protein Asi2 degradation 
A putative Asi2 degradation signal (yellow star) may be exposed upon dam-
age or upon changes of its molecular environment at the INM. INM-
localized Asi2 is poly-ubiquitylated (blue circles) through the action of the 
E3 ligase Doa10 and the E2 enzymes Ubc6 and Ubc7, localized in the nu-
cleus. The involvement of other E3 ligases and chaperones, which may facil-
itate Asi2 ubiquitylation, is possible. ER-localized Hrd1 E3 ligase and nu-
clear San1 are not involved in Asi2 degradation. Poly-ubiquitylated Asi2 is 
targeted to the nuclear proteasomes, presumably in a manner dependent on 
the activity of the Cdc48-Ufd1-Npl4 complex (Boban et al 2014). 
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2.4 AAA ATPase Cdc48Ubx1 is a component of an inner 
nuclear membrane associated degradation pathway that 
governs the turnover of Asi1 (paper III). 

 
Our study documented in Paper I revealed the role of the Asi1/3 complex 

as an important component of INMAD. In Paper II we used Asi2 as a model 
INM protein to begin investigating the mechanisms governing the turnover 
of integral components of the INM. Although these efforts resulted in sub-
stantial progress in understanding, the mechanisms controlling the stability 
of Asi1 and Asi3 were not known. As the Asi proteins are components of the 
ubiquitin proteasome system that regulates the degradation of mislocalized 
proteins, our main question addressed in Paper III was to identify what is 
regulating the regulators. More specifically, the follow-up questions pursued 
were: what is the fate of Asi1 after it reaches the INM, where is Asi1 turned 
over, and what molecular mechanisms underlie Asi1 degradation?  

We found that Asi1 displays a rapid turnover with a half-life of about 30 
minutes, whereas Asi3 is a more stable protein with a half-life of greater 
than 90 minutes. Asi2 exhibits an intermediate turnover rate with a half-life 
of approximately 43 minutes (Boban et al 2014). To assess whether Asi1 and 
Asi2 are degraded similarly we proceeded to characterize the Asi1 degrada-
tion pathway. Based on our findings that Asi1 and Asi3 are RING domain 
proteins that function together in a multimeric E3 ligase complex and that 
Asi2 participates in the ubiquitylation of Stp1 and Stp2, we examined the 
possibility that Asi1 degradation is dependent on the presence of these other 
INMAD components. Cycloheximide chase experiments showed that Asi1 
turnover is independent of the action of Asi3 and of Asi2. Since Asi1 was 
originally described as a negative regulator of the SPS sensing pathway, we 
next performed cycloheximide chase experiments assessing the turnover 
rates of Asi1 in the on- and off- states of SPS sensor signaling. Here we used 
strains carrying a SSY5 null mutation to inactivate signaling. Our data 
demonstrate that Asi1 degradation occurs independent of SPS-sensor derived 
signals.  

Next we assessed whether Asi1 is degraded in the vacuole. Here we used 
a pep4 mutant strain with greatly impaired vacuolar degradation (Ammerer 
et al 1986, Woolford et al 1986). In PEP4 deletion mutants proteins destined 
to be degraded in the vacuole show enhanced stability. The results showed 
that Asi1 degradation occurs independent of the vacuole; Asi1 exhibited 
similar and rapid degradation in both wild-type and in pep4 mutant strains. 

This finding prompted us to examine whether Asi1 degradation depends 
on proteasome function. Asi1 stability was assessed in cim3-1 temperature 
sensitive cells that show impaired proteasomal function due to mutations in 
RTP6, a gene encoding for an ATPase present in the heterohexameric Rpt 
ring of the 19S regulatory particle (RP) of the proteasome (Ghislain et al 
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1993, Schork et al 1995). When shifted to the non-permissive temperature, 
Asi1 was strongly stabilized in the cim3-1 cells, indicating that Asi1 is regu-
lated in a proteasome-dependent manner. As in the case of Asi2, we sought 
to determine whether the degradation of Asi1 occurs within the nuclear 
compartment. Again we examined Asi1 stability in a strain carrying the tem-
perature sensitive sts1-2 allele. Asi1 exhibited substantially enhanced stabil-
ity in cells with depleted levels of nuclear localized proteasomes, suggesting 
that the bulk of Asi1 is degraded by proteasomes within the nucleus. 

Most proteasomal substrates require prior modification by a long ubiqui-
tin chain that serves as a signal recognized by the subunits of the 19S RP and 
additional shuttling receptors associated with the holoenzyme, for efficient 
targeting to the proteasome (Chau et al 1989, Ravid & Hochstrasser 2008, 
Thrower et al 2000). Therefore, we examined the ubiquitylation status of 
Asi1. Immunoprecipitation experiments were performed in cells overex-
pressing ubiquitin. Anti-ubiquitin immunoblots showed that the immunopre-
cipitated HA-tagged Asi1 is poly-ubiquitylated. Combined, our data suggest 
that the ubiquitin proteasome system (UPS) operating in association with the 
nuclear compartment dictates the stability of Asi1. 

 To identify UPS components required for Asi1 degradation, we exam-
ined whether E2 and E3 enzymes known to function in the nucleus were 
involved. Specifically, E2 Ub-conjugating enzymes Ubc6 and Ubc7 and the 
E3 Ub-ligase, Doa10 are known to target nuclear substrates for proteasomal 
degradation (Boban et al 2014, Deng & Hochstrasser 2006, Ravid et al 
2006). Asi1 showed enhanced stability in cells lacking UBC7 and a slight 
additive effect in ubc6Δ ubc7Δ double deletion cells, suggesting only limited 
functional overlap between these E2 enzymes. Consistent with our data, both 
microscopy-based bimolecular fluorescent complementation assays (BiFC) 
and microscale thermophoresis experiments have shown that the RING do-
main of Asi1 strongly interacts with Ubc7, but only weakly with Ubc6. 
Thus, Ubc7 appears to have a dual role in the INM protein quality control; 
Ubc7 mediates degradation of soluble mislocalized transcription factors, 
Stp1 and Stp2 through the action of the Asi1/3 complex, and also controls 
the regulation of integral INM proteins, e.g., Asi1 and Asi2. With respect to 
Doa10, Asi1 stability was not significantly affected in doa10 null mutants. 
Also, consistent with being an INM protein, Asi1 turnover is independent of 
the ERAD E3 ligase Hrd1. Intriguingly, our findings that Asi1 degradation 
occurs largely unimpeded in cells lacking functional Asi1/3 or Doa10 com-
plexes suggest the involvement of additional INMAD pathways.  

To identify the missing E3 Ub-ligase activity and to search for additional 
INMAD components contributing to the rapid turnover of Asi1, we assessed 
the stability of Asi1 in a panel of 87 strains carrying inactivating mutations 
in genes encoding components in the yeast degradative pathways. The mu-
tant collection contained 39 E3 Ub-ligases, including RING, HECT and 
PHD proteins, and F- box proteins.  Our data showed that none of these can-
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didates showed any significant effect on the Asi1 turnover with the excep-
tion of Doa10, which as previously noted, demonstrated slightly enhanced 
stability. Notably, Asi1 turnover occurs independently of San1, the major E3 
Ub-ligase in the nucleus (Rosenbaum et al 2011). 

Additionally, all of the 13 UBC proteins were tested for their influence in 
the Asi1 turnover, including the double mutant strain of ubc4Δ ubc5Δ. The 
experiments reconfirmed the strong involvement of Ubc7. Moreover, 35 
accessory proteins of the UPS were examined. Cue1 was found to participate 
in the degradation of Asi1. Cue1 is an integral protein that tethers Ubc7 to 
the membranes, activates the E2 enzyme and prevents its degradation 
(Bazirgan & Hampton 2008, Biederer et al 1997, Kostova et al 2009). Nota-
bly, in Paper I we found that the RING domain of Asi1 interacts with Ubc7 
provided it is bound to the U7BR (Ubc7 Binding Region) of Cue1 
(Khmelinskii et al 2014). Together these data reinforce the participation of 
Ubc7 and Cue1 in the turnover of Asi1. 

Of the remaining mutants tested, we found that Cdc48 together with its 
co-factor Ubx1 strongly affect the stability of Asi1, demonstrating a novel 
role for the Cdc48Ubx1 complex in the INM protein quality control. The AAA 
ATPase, Cdc48 (Cdc48 in yeast, CDC-48 in C. elegans, TER94 in D. mela-
nogaster, p97 or VCP in vertebrates) participates in distinct cellular process-
es and interestingly to our work, acts as a key regulator of the ubiquitin pro-
teasome pathway (Buchberger 2013, Meyer et al 2012). It forms homo-
hexameric ring-structured complexes and utilizes energy derived from ATP 
hydrolysis to extract or segregate ubiquitylated proteins from protein com-
plexes, membranes or chromatin (Hanson & Whiteheart 2005, Sauer & 
Baker 2011). In addition to substrate dislocation, Cdc48 binds to E3 Ub- 
ligases, thus coordinating ubiquitylation and downstream ubiquitin editing 
events. It recruits E4 Ub chain editing factors, such as Ufd2, which can ex-
tend shorter ubiquitin chains (Jentsch & Rumpf 2007), and even deubiq-
uitylating enzymes that modify the ubiquitin chain, acting as positive regula-
tors that remove branches and make the ubiquitin chain appropriate for pro-
teasomal recognition and subsequent degradation (Ernst et al 2009, Wang et 
al 2006). Additionally, Cdc48 function is associated with outer mitochondri-
al membrane protein quality control, homotypic membrane fusion, lysoso-
mal degradation through autophagy, signaling and cell cycle regulation and 
chromatin-associated functions (Meyer et al 2012).  

Due to its diverse role in cellular functions, Cdc48 interacts with a large 
number of interaction partners and co-factors that regulate its subcellular 
localization and substrate specificity. Cdc48 functions in complex with Ufd1 
and Npl4 co-factors that occupy only one protomer of the homohexameric 
AAA ATPase Cdc48 (Pye et al 2007). Unoccupied protomers of Cdc48 can 
bind additional cofactors like Ubx2, a binding partner in the ER membrane 
that contains a N-terminal UBA and a C- terminal UBX domain that inter-
acts with Cdc48 and bridges the interaction with the ubiquitylated substrate 
(Schuberth & Buchberger 2008). Ubx4 is an additional UBX domain protein 
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required for the continuous degradation of polyubiquitylated proteins of the 
ERAD pathway mediating the protein release from the Cdc48 complex 
(Alberts et al 2009). The action of the additional UBX proteins is not well 
established. Ubx1, Ubx2, Ubx4, Ubx6 and Ubx7 participate in the degrada-
tion of the artificial substrate ubiquitin-proline-β-galactosidase (Ub-P-bGal) 
whereas Ubx4, Ubx6, and Ubx7 are further involved in meiosis 
(Decottignies et al 2004, Schuberth et al 2004). Ubx1 (Shp1) is found to 
regulate autophagosome biogenesis in an Atg8-dependent manner, ubiquitin- 
dependent proteasomal degradation of Ub-P-bGal and activity of the protein 
phosphatase 1 (Glc7) in cell cycle progression (Bohm & Buchberger 2013, 
Krick et al 2010, Schuberth et al 2004).  

Of potential relevance is that Ubx1 has been implicated in the control of 
piecemeal microautophagy of the nucleus (PMN) under starvation conditions 
in a Ufd1- and ubiquitin-independent manner (Krick et al 2010). Microau-
tophagy is a process whereby parts of the nucleus are degraded by the vacu-
ole in yeast and the lysosome of larger eukaryotes. The lamin A mutant form 
progerin was found to be degraded by the lysosomes upon rapamycin addi-
tion (Cenni et al 2011). Similarly, lamin B1 is targeted by macroautophagy 
mediating its degradation in cells transformed by activated RAS (Dou et al 
2015). However, in contrast to lamin A, the degradation of lamin B is not 
enhanced upon rapamycin addition and subsequent induction of autophagy. 
In yeast grown under nitrogen starvation, the INM protein Src1 and 
ER/ONM protein Hmg1 are directed by autophagic sequestration of double-
membrane vesicles derived from the NE for vacuolar degradation (Mochida 
et al 2015). It has also been shown that “juxtanuclear quality control com-
partment” surprisingly localizes in the nucleus (Miller et al 2015). The nu-
clear export of aggregated proteins could be mediated either through the 
NPCs or through vesicle- mediated budding of larger aggregates via the NE 
(nuclear egress) or even by the creation of NE-derived vesicles creating the 
autophagosomes that will fuse with the lysosome. Similarly, INM proteins 
under cellular stress could be targeted for vacuolar degradation by either of 
these pathways. Further research conducted could elucidate a dual role of 
Ubx1 in the turnover of INM proteins under stress conditions. Contingent 
upon the nutrient availability, Ubx1 can target integral proteins of the NE 
either in a ubiquitin- dependent manner to nuclear proteasomes under nutri-
ent- balanced conditions, as our data suggest, or in an Atg8- dependent man-
ner to vacuolar degradation under nutrient exhaustion and cellular stress, a 
condition where proteasomes deplete from the nucleus and reside in motile 
and reversible PSGs (proteasome storage granules) in the cytoplasm 
(Laporte et al 2008). 

So far, Asi1 and Asi2 are the only INM proteins whose degradation via 
nuclear-localized proteasomes has been characterized. The newly character-
ized INMAD pathways mediate, on one hand the degradation of mislocal-
ized integral and soluble proteins through the INMAD pathway (Foresti et al 
2014, Khmelinskii et al 2014) and on the other hand the regulation of the 
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INMAD components themselves (Fig. 10). These branches of the INM nu-
clear quality control that share common regulatory components, such as the 
E2 Ub- conjugating enzyme Ubc7 and its co-factor, Cue1, reveal a tight reg-
ulation of protein turnover that results in the maintenance of the nuclear en-
velope (NE) architecture and represents an entirely new area of cell biology 
research. These novel pathways represent a molecular mechanism through 
which the INM safeguards its integrity by refreshing the properly localized 
integral proteins and removing all the mistargeted proteins whose function is 
required in a different compartment.  

 

 
Figure 10. Schematic diagram of known ERAD and INMAD pathways. The 
two major E3 Ub-ligase complexes, Hrd1 and Doa10 that function in ERAD 
are depicted in the membrane of the ER (Sommer and Jentsch, 1993, Werner 
et al., 1996, Hiller et al., 1996, Carvalho et al., 2006, Denic et al., 2006). 
These ERAD complexes target substrates for degradation by proteasomes 
located in the cytoplasm. The characterized Asi1/3 and Doa10 E3 Ub-ligase 
complexes that function in INMAD are depicted in the INM. The results 
presented here suggest that Asi1 turnover is dependent on being ubiquitylat-
ed by one or more, as yet to be identified E3 Ub-ligase(s) (E3?). Dislocation 
of Asi1 to the nucleoplasm is mediated by the Cdc48Ubx1 complex. The 
INMAD complexes target substrates for degradation by proteasomes located 
in the nucleus. 
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Our model (Fig. 10) represents an additional level of regulation of the 
INMAD pathway. Ubc7, Cue1 and partially Ubc6 and Doa10, orchestrate 
the Asi1 modification by a long ubiquitin chain resulting in the dislocation 
of the integral protein in the nucleoplasm through the coordinating action of 
Cdc48 and Ubx1 and its subsequent degradation by nuclear localized pro-
teasomes. Such mechanisms have not been characterized in mammalian cells 
that, in contrast to yeast (Anderson & Hetzer 2008), undergo an open mitosis 
with the disintegration of the nuclear envelope. In the literature there is only 
one study examining the turnover of INM protein emerin, which fails to 
correctly localize in human cells lacking lamin A, and accumulates in the ER 
where it is targeted for proteasomal degradation (Muchir et al 2006). The Asi 
proteins may represent good models for examining the turnover of INM 
proteins, either mislocalized or functionally active, in terminally differentiat-
ed and post-mitotic cells of metazoan origin, such as neurons. 
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2.5 Future perspectives 
 
Hopefully, future work will increase our understanding of mechanisms 

regulating turnover in the INM. A crucial issue is to resolve the involvement 
of Asi2 in the INMAD pathway. Previous data have shown that Asi2 is a 
component working together with the Asi complex towards the regulation of 
the SPS sensing pathway. Asi2 co-localizes with Asi1 and Asi3 to the INM 
and co-fractionates with the Asi proteins (Zargari et al 2007). Data published 
by our lab demonstrate that only Asi1 and Asi3 co-purify. However, Foresti 
et al. tested the possibility of all three proteins consisting as a complex. Af-
finity isolation of tagged Asi1, Asi2, or Asi3 led to co-precipitation of the 
other two proteins, leading to the conclusion that Asi1, Asi2, and Asi3 as-
semble into the Asi complex. However, Asi2 was dispensable for the interac-
tion between Asi1 and Asi3, which form the core of the Asi complex 
(Foresti et al 2014). Additionally, both our and their studies demonstrate 
dependency on Asi2 of certain substrates, suggesting that Asi2 functions as 
substrate-specific recognition factor. It would be interesting to decipher the 
nature of this specificity by finding exactly the domains on Asi2 mediating 
this interaction.  

It has been shown that one of the INMAD substrates, Erg11, interacts 
with Asi2 (Foresti et al 2014). Erg11 could be used as a model substrate to 
investigate the exact mechanism that regulates such interaction and specifici-
ty. Asi2 region encompassing amino acid residues 49 to 66 is predicted to 
form an amphipathic helix. Amphipathic helices have been predicted in 
some Doa10 substrates, such as in the Deg1 region of MATα2 (Johnson et al 
1998) and Ndc10 (Furth et al 2011). Hence it is tempting to speculate that 
this region could be involved in the Asi2-mediated recognition of specific 
substrates and subsequent interaction with the Asi complex, making Asi2 the 
bridge or the scaffold that induces the Asi substrate binding. Moreover, it 
would be interesting to investigate what feature of the mechanism mediates 
the different recognition of substrates. We showed that Asi2, together with 
the Asi complex, is responsible for the degradation of mislocalized mem-
brane proteins, such as Erg11, Nsg1, Are2 and to a lesser extent Vcx1, Aqy2 
and Alg2. Moreover, our results demonstrated that Asi1 and Asi3, but not 
Asi2, mediate the degradation of a set of mislocalized membrane proteins, 
such as Vtc1, Vtc4 and Yip4. Additionally, only Asi1 and Asi3 are indispen-
sable for the turnover of Sec61-2, a misfolded translocon subunit, whose 
degradation is slowed down in hrd1Δ mutants, but is severely impaired in 
hrd1Δ asi1Δ or hrd1Δ asi3Δ double deletion mutants (Foresti et al 2014). 
Compared to hrd1Δ single mutants, hrd1Δ asi2Δ cells showed only a slight 
delay in Sec61-2 degradation. This different requirement for Asi proteins 
suggests that the Asi1/3 complex could preferentially function with Asi2 for 
recognizing a set of mistargeted proteins depending on the proteins’ post-
translational modification (glycosylation, phosphorylation, ubiquitylation, 
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sumoylation). There may be additional factors that recognize exposed 
degrons of misfolded proteins, or different post-translational modifications 
than those recognized by Asi2. Thus, the variety in structure, post-
translational modifications or targeting sequences of the INM substrates 
could result in the different requirement of the Asi1/3 complex alone, or in 
association with Asi2 or additional adaptor proteins.  

In our studies we defined the Asi1/3 pathway that mediates degradation 
of mislocalized proteins at the INM. We also found that the rather poorly 
studied Doa10-dependent pathway localized to the INM participates in tar-
geting not only soluble (MATα2 and Ndc10), but also the integral membrane 
protein Asi2 for degradation. Although, in the case of Asi2, the Doa10 path-
way was only partially responsible for its turnover. This latter observation, 
and the Doa10 independent targeting of Asi1, clearly suggests that there are 
additional E3 Ub-ligases operating as INMAD components. Our inability to 
identify additional ligases suggests a high degree of functional overlap. Con-
sequently, future investigations may require creating double or triple muta-
tions with the different combination of potential E3 enzymes.  

In this thesis we presented a novel function of the Cdc48Ubx1 complex. 
Under physiological conditions, it translocates Asi1 to the nucleoplasm for 
proteasome-dependent degradation. It has been shown that Cdc48Ubx1 regu-
lates the piecemeal micronucleoautophagy (PMN) in an Atg8-dependent 
manner (Krick et al 2010). Atg8 coupled to phosphatidylethanolamine (PE) 
is crucial for autophagosome elongation and, in vitro, mediates tethering and 
hemifusion. It would be interesting to further investigate the degradation of 
Asi1 and Asi2 under stress conditions and to assess the involvement of the 
vacuole. Provided that Ubx1 participates in both processes, what is the 
mechanism or the post-translational modifications that direct proteins either 
to the vacuole or the proteasome? Is it Atg8 or the Ub modifications that 
differentially targets the substrate towards these distinct pathways? What 
parameters dictate the modification? Ubx1/Shp1 contains a ubiquitin-
associated domain (UBA) involved in ubiquitin binding, a SEP (Shp1, eyes-
closed, p47) domain involved in Ubx1 trimerization, and a Cdc48-binding 
Ubx domain. BS1, or the SHP box, is a second Cdc48-binding site of Ubx1 
at the end of the SEP domain. Deletion of the SEP and UBX domain, which 
removes both Cdc48 binding sites, severely inhibited autophagy. Deletion of 
the UBA domain had no obvious effect on autophagy. This suggests that 
Atg8 binding requires the domain between the UBA and the SEP domain 
(Krick et al 2010). Taking together, we expect that Asi1 is degraded by the 
proteasome pathway when the UBA is available for interaction with the 
Asi1-ubiquitin conjugates under physiological conditions. Under stress con-
ditions however, Atg8- modified Asi1, may interact with the SEP domain of 
Ubx1 mediating the induction of the PMN pathway. Concluding, Asi1 could 
serve as a good model to further investigate the PMN processes in the INM 
under stress conditions, which could reveal an interplay between the vacuo-
lar and the proteasomal pathways.   
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