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Zusammenfassung I

Zusammenfassung

Das Ubiquitin-Proteasom Sysem (UPS) ddlt den  wichtigdten Abbauweg  fir
intrazdllul&re Proteine in eukaryotischen Zdlen dar. Das abzubauende Protein wird zunéchst
Uber ene Enzym-Kaskade mit ener kovdent gebundenen Ubiquitinkette markiert.
Anschlielfend wird das konjugiete Substrat  vom Proteasom erkannt und proteolytisch
gespdten. Ubiquitin bedtzt ene Reihe von Homologen, die ebenfals podtrandationd an
Proteine gekoppelt werden konnen, wie z.B. SUMO und NEDDS8. Die hierbe verwendeten
Aktivierungs- und Konjugations-Kaskaden snd vollsdndig andog zu der des Ubiquitin-
Systems. Es it charakteristisch fir das UPS, dal3 sich die Vidzahl der daran betelligten Proteine
auss nur  wenigen Protenfamilien rekrutiet, die durch  gemensame,  funktionde
Homologiedoménen gekennzeichnet sind. Einige dieser funktionden Doménen snd auch in den
Modifikations-Sysemen der UbiquitinrHomologen zu finden, jedoch verflgen diese Syseme
zusétzlich Uber spezifische Doménentypen.

Homologiedoménen lassen dch ds mathematische Moddle in Form von Doméanen
deskriptoren (Profile) beschreiben. Diese Deskriptoren konnen wiederum dazu verwendet
werden, mit Hilfe gedgneter Verfahren eine gegebene Proteinsequenz auf das Vorliegen von
entsporechenden Homologiedoménen zu untersuchen. Da die im UPS involvieten Homologie-
domanen fast ausschligdich auf dieses Sysem und sane Andoga beschrankt snd, kdnnen
domanenspezifische Profile zur Kadogiserung der UPS-relevanten Proteine einer Spezies
vewendet werden. Auf diessr Bass konnen dann die entsprechenden UPS-Repertoires

verschiedener Spezies miteinander verglichen werden.

In dieser Arbeit wurden baserend auf UPS-relevanten Homologiedoménen und unter
Vewendung der Profilmethode solche Katdoge fir den Menschen und die Hefe
Saccharomyces cerevisiae ergdlt. In Kombination mit phylogenetischen Methoden wurden die
evolutiondren Beziehungen 2zwischen den UPS-Komponenten dieser beiden  Organismen
untersucht und in gedigneten Fdlen ene Orthologiebezienung abgelatet. Durch die
Vewendung der hoch-sengtiven Profiltechnik und die  Einbeziehung von  genomischen
Datenbanken wurden im Rahmen dieser Arbelt eine Reihe von Proteinen identifiziert, die bisher
nicht mit dem UPS asoziiet worden waren. Zusdzlich konnten enige unerwartete
Vewandtschaftsbeziehungen zwischen Proteinen des UPS abgeleitet werden. So konnte z.B.
das lange gesuchte Hefe-Ortholog des 'Antizyms der Ornithin- Decarboxylase identifiziert
werden - ene wichtige Voraussatzung zur experimentelen Untersuchung des Ubiquitin-
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unabhdngigen Proteinabbaus durch das Proteasom. In enem weteren Beispid konnte gezeigt
werden, dal3 Ataxin-3 aus Mensch ene Homologiedoméne mit funktioneller Ahnlichkeit zu den
deubiquitylierenden Enzymen bedgtzt. Da Ataxin-3 bel Patienten mit spinocerebellarer Ataxie 3
(SCA3) mutiert id, kann diese Entdeckung zur Aufklérung des Krankheitsmechanismus von
SCA3 betragen. In ener dritten exemplaischen Anwendung konnten waeitreichende
Vorhersagen fUr den strukturdlen Aufbau des 19S-Proteasoms getroffen werden, insbesondere
mit Bezug auf dessen 'lid' Subkomplex.

Ein Veglech da UPS-rdevanten Proteinrepertoires der Hefe und des Menschen
elaubte Schlisse Uber den evolutiondren Ursprung  eniger  Komponenten des UPS.
Insbesondere bel  Proteinfamilien mit ener eablieten oder angenommenen Rolle in der
Subgraterkennung und -ubiquitylierung oder im reversen Prozess der Deubiquitylierung  findet
man bem Menschen ene dake Diverdfizierung der Protenfamilien, wahrend die dementaren
Funktionen des UPS durch anndhernd vergleichbare Proteinsets ausgefihrt werden. Trotz der
telweise eheblich groleren  Protenfamilien im  Menschen, konnten nicht dlen UPS
asoziieten Proteinen der Hefe humane Orthologe zugeordnet werden, was auf spezifische
Prozesse innerhdb des UPS von S cerevisiae hindeutet. Ingesamt Uberwiegen jedoch die
Ahnlichkeiten der beiden Syseme und untersreichen die Rolle von S cerevisae ds
Modellorganismus zur Aufklarung des UPS.
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Abstract

The UPS (ubiquitin-proteasome system) is the most important degradeation pathway for
intracdlular proteins in the eukaryotic cel. In a firs step, the protein to degrade (subdtrate) is
tagged covdently with a Ubiquitin chain via an enzyme cascade. Subsequently, the Ubiquitin
chain is recognized by the proteasome and the subgrate is proteolyticaly cleaved. Ubiquitin has
severd homologues, which can be conjugated to proteins postrandationdly, eg. SUMO or
NEDDS8. The enzymes used for activation and conjugation of the Ubiquitin homologues are
completely analogous to the ones used in the UPS. A halmark of the UPS is that most proteins
involved bdong to only a few protein families, which are characterized by common functiona
homology domains. Severd of these homology domains are found in the modification systems
of Ubiquitin homologues, but these systems appear to have specific homology domains on their
own aswell.

Homology domains may be described as mathematicd modds in terms of domain
descriptors (profile). These profiles together with appropriate search agorithms can be applied
to screen a given protein sequence for the occurrence of the corresponding homology domains.
As the homology domains involved in the UPS are dmost exclusvely found in proteins of this
and andogous systems, profiles corresponding to these homology domains seem to be an
appropriate means to catalogue proteins of the UPS of a given species.

In this work catalogues of proteins with a known or putative role in the UPS or
andogous systems were set up for human and Saccharomyces cerevisiae (here referred to as
‘yveast’) based on relevant homology domains and their corresponding profiles. In combination
with phylogenetic methods the evolutionary relationships between the UPS components of these
two organisms were andyzed and, if possble, orthologous relaionships were derived. Using the
highly sendtive profile technique and including genomic databases, severd new proteins were
identified that have not been associated with the UPS so far. Additionaly, severd unexpected
relationships were reveded between proteins of the UPS. For example, the postulated yeest
orthologue of the antizyme of the ornithine decarboxylase could be reveded, which may be
important for the experimentd andyds of Ubiquitin independent protein degradation by the
proteasome. Another example is human ataxin-3, in which a homology doman was found with
gmilaity to the cadytic Ste of deubiquitylaing enzymes. As aaxin-3 is mutated in patients
with a spinocerebdlar aaxia 3 (SCA3), this discovery might have implications for the
eucidation of the SCA3 disease mechanism. Furthermore, predictions on the gtructure of the
‘lid of the 19S regulatory particle could be formulated.



Abstract IV

A comparison of the UPS-rdevant protein repertoires of yeast and human dlowed
conclusons on the evolutionary origin of UPS components. Especidly protein families with an
edablished or putative role in subdtrate recognition/ubiquitylation or in the reverse process of
deubiquitylation exhibited a drong diverdfication in human. Smultaneoudy, dementary
functions of the UPS are carried out by amog identica protein sets in both yeast and human.
Dexpite the extensvely expanded protein families in human, not dl yeast proteins associated
with the UPS could be assgned to human orthologues. This finding might indicate specific
processes within the yeast UPS. To summarize, the smilarities of both yeast and human UPS
are ggnificant and underline the role of S Cerevisiae as a modd organism used in andyzing the
UPS.
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ATPases associated with a variety of

AAA o MPN Mprl, Padl N-terminal
cellular activities
h ti I . .
APC anaphase-promoting comprex MSA multiple sequence alignment
(cyclosome)
BAG Bcl2-associated athanogene domain - |[NEDD neural precursor expressed,
9 developmentally downregul ated
loviral IAP - ini .
BIRCE bacu _OVI ral repeat-containing OAZ ODC antizyme
protein 6
BLOSUM |blocks substitution matrix ODC ornithine decarboxylase
bp base pair ORF open reading frame
Bric-a-brac (bab), Tramtrack (ttk), and .
BTB Broad-Complex (BR-C) PAM per cent accepted mutation
cDNA complementary DNA PAZ poly-Ub associated Zn-finger
CHIP ;?L?;);y terminus of hsp70-interacting | o, proteasome, COP9, initiation factor 3
Clp caseinolytic protease PCNA proliferating cell nuclear antigen
CP core particle (20S proteasome) PIAS protein inhibitor of activated STAT
CSN COP9 signalosome POMP proteasomal maturation protein
coupling of Ub conjugation to ER . :
CUE degradation RING really interesting new gene
. regulatory particle (19S proteasome
lasm-to- I RP
Cwvt Cytoplasm-to-vacuol e targeting subcomplex)
DNA desoxyribonucleic acid RPN regulatory particle non-ATPase
DUB deubiguitylating enzyme RPT regulatory particle triple A ATPase
E1l Ub activating enzyme SC, sc Saccharomyces cerevisiae
E2 Ub conjugating enzyme SCF Skp1l, cullin, F-box (E3 complex)
E3 Ub ligating enzyme SGD Saccharomyces Genome Database
E4 Ub chain elongation factor SUMO small Ub-like modifier
olE3 eukaryotic trandation initiation factor TrEMBL trand _ated EMBL nucleotide sequence
3 datalibrary
ENTH Epsin N-terminal homology domain  |Ub Ubiquitin
ER endoplasmatic reticulum UBA Ubiquitin-pathway associated domain
ERAD ER-associated protein degradation UBC Ub conjugating
EST expressed sequence tag UBL Ub-like modifier
GAT GGA and TOM (target of myb) UBP/USP Ub-specific protease
HAUSP herpes-associated ubiquitin-specific UBX Ub-like moti f sometimes referred to
protease as UX domain
H I he E6-AP I .
HECT omq ogousto the E6 Carboxy UCH Ub C-terminal hydrolase
Terminus
HMM hidden Markov model UEV Ub conjugating enyzme variant
HS, hs Homo sapiens UFD Ub fusion degradation pathway
JAMM JAB1/MPN/Mov34 metall oenzyme UIM Ub interacting motif
kDa kilodalton UPS Ub proteasome system
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1 Introduction
1.1 Comparative sequence analysis

1.1.1 Functional classification of protein sequences

Comparative sequence andyss of proteomes from digtinct species is a generdly applied
gpproach to derive knowledge on phylogenetic reationships, evolution and function of any new
proten sequence. Trander of avaladble functiona information from dready characterized
proteins to novel ones is often peformed based on sequence homology. Homologous protein
sequences are sequences that share a common evolutionary ancestor. Homology is often
inferred from sequence Smilarity messurements, dthough in a few cases sequence Smilarity
seems to have arisen by convergence. Sequences of homologous proteins can diverge gresatly
over evolutionary time, but function or Sructure may be mantaned anyway. Thus, if sufficent
sequence Smilarity is detected between a well studied and an uncharacterised protein, available
information can be trandferred dong the homol ogous rel aionship between the two proteins.

Homologues can be divided into orthologues and pardogues. Orthologues have diverged
from each other by a gspeciation event, i.e. the evolution of new biologicd species from a
common ancestor, while pardogues have diverged from each other by gene duplication events
(Fitch, 2000). Unlike orthologues and paralogues, a xenologue represents a homologue that has
entered the genome of a species by interspecies gene transfer (horizontal gene transfer). While
pardogues often evolve new functions, even if related to the origind one, orthologues typicaly
occupy the same functiond niche, which remains the same even in phylogeneticdly digtant
species. Therefore the identification of orthologues is more reliable for functiond inference than
comparing two padogous sequences, which ae smilar without necessarily fulfilling the same
biologicd role. Besdes edimating sequence smilarity for the purpose of functiond trandfer, the
actua phylogenetic rdationship between sequences is important as well. In addition to detecting
sequence smilarity and phylogenetic relaionships, the possbility of convergence has to be
accounted for in the homology approach.

Homologues of a given protein are normdly found in a protein or DNA database by
gpecidized tools, for example BLAST (Altschul, 1997) or FASTA (Pearson, 1988). As a
amplistic gpproach, the function of the best scoring hit returned by such a search is trandferred
to the query sequence. This method can be refined by examining a larger number of hits that
exhibit a certain degree of sequence dmilarity. Congderaion of maeny hits in turn may include
sequences, which only show regiona smilarity to the query. When trying to use those ‘partid



Chapter 1 Introduction 2

homologies for functiond inference, it is a prerequidte that the information meant to be
trandferred from the hit to the query redly resdes within the matching region. By deducing a
conensus from the cdassfication of multiple reisble and preferably globd hits, the query
sequence can be asdgned a gpecific function or a more genera classfication such as the
involvement in a certan biologicd process In this regpect the usage of a unified functiond
vocabulary greetly facilitates the determination of a consensus classification (Ashburner, 2000).

1.1.2 The modular architecture of proteins

In the best case of a sequence-to-sequence comparison involving both the query and a
clealy amilar sequence, the region of amilaiity spans the complete length of the query. More
frequently, the direct comparison reveds only a patid maich between the two sequences.
Strictly gpesking, this Stuation dlows only a functiond cdlassfication of the paticular stretch of
the query segquence that was responsible for the reported database hit. One possible explanation
might be a higher divergence of the sequences in the dissmilar region, but many of thee
congelations are caused by the modular architecture of proteinsinvolved.

From the analysis of 3D protein gdructures it is known that a large portion of proteins
contain multiple folding units rather than one monalithic fold. A folding unit, generdly termed a
domain, is a compact Sructure that folds independently from other parts of the protein. Typica
domains have ahydrophobic core and consst of secondary structure eements such as b-strands
or a-hdices, which in turn can arange themsdves into sheets or a-hairpins. The exterior of a
doman is usudly hydrophilic due to its exposure to the solvent, but may aso exhibit
hydrophobic patches in order to fulfil certain functions, eg. acting as a binding ste. Within
ome mult-domain proteins, such binding Stes are used to minimize the intramolecular
repulson of the domains. Others have their domains connected via flexible linkers. Another
interpretation of a domain is that of an intra-protein subunit in andogy to the formation of a
quaternary dructure by separate proteins. As dructure defines function, domains are generaly
asociated with particular functions like enzymetic activity or ligand recognition.

In the course of evolution, the autonomous folding capabilities of domains seem to have
made them suitable evolutionary units tha could be aranged in different doman contexts
without disurbing their dructurd integrity and therefore ther function. An example for a
domain, which exigs as a monolithic proten as wdl as pat of multi-doman proteins with
different dructures, is the ubiquitin-like doman (Figure 1-1). The undelying evolutionary
events that lead to the formation of new doman organisstions are manly exon shuffling,
duplication and fuson of whole genes or just gene regions (Li, 1997). Duplicaion of gene
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regions may lead to a repetitive domain dructure, whereas fuson or insertion can generate

'mosaic proteins composed of domans originating from genes with different evolutionary

histories.
DSK2 sc RAD23 sc
UBIGUITIN UBIQUITIN
STI1 domain LIBA&
UBA UBA_2
DDI1 sc 'Z ’:fg se
_Gly
UBIQUITIN ) Leucine rich repeats
Azspartyl protease domain LUBIQUITIN

UBPE6 sc YOD1 sc
UBIQUITIN UBIQUITIN RUB1sc

catalytic domain UBPIUSP oTU UBIQUITIN

= | [ ]

Figure 1-1 Domain topologies of multi-domain proteins with a Ubiquitin-like domain. In proteins like Ubiquitin,
SUMO and Rubl/NEDDS8 (shown here), this type of fold is able to form monoalithic proteins. ‘sc’ following the
protein name indicates S. cerevisiae.

1.1.3 Homology domains and their impact on protein classification

Common domains of otherwise unrelated protein sequences may be used for functiond
classfication. It has to be kept in mind that this type of classfication is redtricted to the domains
under congderation. Common domains from different proteins often share congruent
boundaries and a homology rdationship and are thus caled ‘homology domains. In many cases
these homology domains correspond to structural domains, which are thought to exhibit folding
independence. Homologous regions shorter than approximately 20 resdues are too smal to
form an independent hydrophobic core and thus should not be consdered true ‘domains.
Neverthdess, those smal conserved regions can be carrier of important functiond informetion,
eg. by being a recognition target for other proteins. In the following, short conserved regions
are referred to as 'motifs instead of ‘domains.

As many proteins ae multi-domain proteins, the protein classfication based on
homology domains inevitably leads to more than one function for such proteins, because each
homology domain can have its own characterigic function. Therefore these proteins belong to
more than one protein family. As a consequence, the most accurate gpproaches to protein
classfication rdy on doman-to-domain rather than on complete protein-to-protein comparisons.
Another reason to compare domains individuadly comes from the observation that within mosaic

proteins with the same set of domains, the domain organization may be shuffled.
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Once a homology domain is identified as a sequence stretch conserved across various
proteins and attributed to a certain function, it can serve as a template for the classfication of
novel sequence data. To that end, severd techniques have been developed that am a the
extraction of the essertid features of a homology domain, and dore them in terms of motif
descriptors (‘profiles) (Bucher, 1996). This concept will be introduced in the following, as
sequence profiles can be applied as a very sendtive method to find distant homologous
members of a protein family and therefore are a centra technique of thiswork.

1.2 The ubiquitin-proteasome system

Mogt of the homology domans used by proteins of the ubiquitin-proteasome system
(UPS) described below are present exclusively in this pathway. Thus, nove proteins containing
one of these UPS-specific domains may be considered as new components of the WPS with a
high rdiability. Indeed, in the recent past the mining of sequence databases for proteins with
domains relevant to the UPS has been a valuable source for new components and regulators of
thissysem (Bai, 1996, Hofmann, 1996, Hofmann, 1998, Hofmann, 2001).

Common to dl eukaryotic cells is their capability to degrade proteins and peptides, and
for this purpose two maor proteolytic system, the 26S proteasome and the lysosome are present
within the cdls While the lysosome is respongble for the nonrspecific degradation of
endocytosed proteins such as receptors, the proteasome bears the main load of intracelular
proteins to be degraded. The proteasome is a multi-subunit protease that combines substrate
recognition, unfolding and hydrolytic cleavage (see Figure 1-2 for a rough overview of the
UPS). Prior to proteasoma digestion, substrates are usudly tagged with a poly-ubiquitin chain
via a covaent isopeptide bond that links the free Gterminus of a ubiquitin (Ub) and the e-amino
group of alysine. This multi-step enzymétic reaction is generadly known as ubiquitylation.

Until Ub is linked to a subdrate protein in a covaent manner, it passes through severd
enzymatic reactions. First, Ub precursors have to be processed to dlow activaion by Ub-
activating enzymes (E1) (see chapter 1.2.1 and 1.2.2).

Secondly, the activated Ub is trandferred from the E1 to a so-caled Ub-conjugaing
enzyme (E2) (see chapter 1.2.3) (Hershko, 1983).

Then a Ub-ligase (E3) catalyses the transfer of the Ub moiety to a subdtrate via one of
two mgor types of trander mechanisms (Huang, 2004). E3 enzymes form a heterogeneous
group of proteins belonging to different protein families and will be described in more detal in
chapter 1.24. Enzymes that catdyse the éongaion of Ub chains by ligating Ub to exising
poly-Ub chains are often referred to as E4 enzymes (Koegl, 1999). They can be considered as
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specidized E3s, and correspondingly share the same sequence motifs as the other E3s (Pickart,
2004).

Ubiquitylation is a reversble process, and eukaryotic genomes harbour a st of
deubiquitylating enzymes of various evolutionary background. These enzymes use different
homology domains to cleave both isopeptide bonds between Ub moieties in poly-Ub chains and
protein-Ub conjugates and are described in chapter 1.2.5.

The proper atachment of Ub to a subdtrate requires a lysine-based ubiquitylation Ste
and specific surface patches that are recognized by the subdtrate-binding ste of an E3. The
sequence features involved are diverse and hardly amenable to sequence andyss (Peters, 2002).
In contrast, Ub recognition motifs are readily recognizeble in multiple Ub binding proteins and
seem to be widdy applied throughout the UPS (see chapter 1.2.6) (Hofmann et a., 1996,
Hofmann et d., 2001).

The multi-subunit proteasome itsdf is dso characterized by recurring  homology
domains. For example, the cylindrica, proteolytic core particle of the proteasome (20S) conssts
of 28 homologous subunits. Moreover, the two subcomplexes of the 19S regulatory particle,
base and lid, contain particular homology domains (Ferrell, 2000). In this respect, the base
complex harbours sx AAA-ATPases and the 'lid conasts of eight subunits semming from two
different protein families (Hofmann et d., 1998, Maytd-Kivity, 2002). Each proten family
contributing to the 26S proteasome structure will be described in chapter 1.2.7.
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Figure 1-2 Simplified overview of the ubiquitin-proteasome pathway. A, activation of Ub by an E1; B, transfer of
activated Ub to an E2; C1/C2, recognition of a substrate molecule by an E3 and biosynthesis of a substrate-linked
poly-Ub chain; D, binding of the ubiquitylated substrate to the proteasome and substrate degradation; E, recycling
of Ub by deubiquitylating enzymes for subsequent rounds of substrate ubiquitylation. More details will be givenin
the text. Figure adapted from Kloetzel, 2004.
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1.2.1 Ubiquitin and its relatives
Ubiquitin

Ubiquitin (Ub) is a smdl protein of 76 reddues and is ubiquitoudy found in 4l
eukaryotic species. Its primary sequence is extremely well conserved and can easly be detected
in quite different organisms. Ub is usudly trandated as a precursor, which congss of multiple
inframe fused Ub copies or of Ub fused to other highly expressed proteins like ribosoma
subunits (Redman, 1994). Prior to their use in the UPS, Ub precursors have to be processed by
Ub specific hydrolases (Amerik, 2000, Finley, 1989).
The primary role of ubiquitin as a degradation signd for proteins is achieved by its atachment
to the subgrate via a covaent isopeptide bond. The substrate may be Ub as wel, leading to
poly-Ub chains. So far, three lysine resdues of Ub have been demondrated as posshble
ubiquitylation stes (K29, K48 and K63) and different types of linkage seem to be associated
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with different functions within the cdl (Pickart, 2000). Even monoubiquitylation serves a
specific role and was reported to be utilized as a Sgnd for interndisation of receptors (Di Fiore,
2003, Terrell, 1998).

Type | Ub-like proteins

Ubiquitin has a multiplicity of homologous proteins that dso can be attached to other
proteins podtrandationdly, eg. SUMO family proteins (Mechior, 2003, Muller, 2001),
NEDD8/Rubl (Ohh, 2002), Urml (Goehring, 2003), FUBI/FAU (Michids 1993), Hubl
(Dittmar, 2002), 1SG15 (Kim, 2003) and Fatl0 (Raas, 2001). The latter two consst of two
fused UDb-like domains and have only been found in vertebrates so far. Besides the obvious Ub
homologues, there are severd andogous protein modifiers, eg. Atg8 (Mizushima, 2003), Atgl2
(Wang, 2003) and Ufml (Komatsu, 2004). Ther relationship to the Ub family is not yet fully
understood. Like Ub, at least some of these modifiers use cascades of activating and conjugeating
enzymes, as well as proteins recognizing and removing the modification of a substrate. Ub and
proteins that can act as modifiers are generdly referred to as type | Ub-like proteins or Ub-like
modifiers.

Except for Hubl, Ub and its homologous type | Ub-like proteins end with a "GG" moatif. As the
"GG" motif has been discussed as a prerequisite for conjugation to substrates (Jentsch, 2000,
Rudolph, 2001), Hubl probably requires mechaniams different from that of the "GG" motif
containing type | Ub-like proteins. Whether Hubl is covaently attached to other proteins is ill
controversa (Luders, 2003). Despite the described smilaities, type | Ub-like proteins typicdly
do not mark their substrates for proteasoma degradation. For example, SUMO-conjugeation
targets cytosolic RanGAPL to the nuclear pore complex (Matunis, 1996) and SUMOylation of
p53 leads to its activation (Gostissa, 1999). NEDD8/Rubl is conjugated to the Cullin subunits
of SCF complexes in order to regulate ther activity (Lammer, 1998, Ohh et a., 2002) and was
found to modify p53 (Xirodimas, 2004). Fatl0 was reported to be conjugated to so far unknown
proteins and to stimulate apoptosis (Raas et al., 2001). Unlike Ub but smilar to Nedd8, Fat10 is
asubgtrate of the proteasome (Hipp, 2004).

Type Il Ub-like proteins

Type 1l Ub-like proteins contain a Ub-like homology domain, but are not conjugated to
subgtrates (Jentsch et a., 2000). The Ub-like domain lacks the Gtermind "GG" moatif, which is
a hdlmak of type | Ub-like proteins and a likely prerequidite for atachment to other proteins.
Proteins with a Ub-like domain often are mosaic proteins containing other, UPS associated
homology domains, some examples are shown in Figure 1-1. Prominent examples for type Il
Ub-like proteins are yeast Rad23 and its human orthologues Rad23A and Rad23B, which in
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addition to the Ub-like doman contan two Ub-binding UBA domains. These proteins play an
important role in nucleotide excison repair of DNA, and the Ub-like domain is necessary for
this function (Prakash, 2000, Watkins, 1993). Furthermore, the Ub-like domain of Rad23B was
shown to associate with the Sba subunit of the human 26S proteasome (Hiyama, 1999).

Another widespread Ub-like domain is the UBX domain, which shares the same fold
with Ub and plays a role in the UPS as wdl (Buchberger, 2001). For example, fisson yeast
Ubx2 and Ubx3 both contain a UBA and a UBX domain with the UBX domain mediating
interaction with the hexameric p47/V CP/Cdc48 complex (Hartmann-Petersen, 2004).

1.2.2 Ub-activating enzymes (E1)

Before free Ub enters the ubiquitylation machinery, it is activated by enzymes termed E1
(Ub ectiveting enzymes). The activation is ATP-dependent and is subdivided into two steps,
both cataysed by an El. Firs, the C-terminus of the free Ub or Ub-like protein becomes
adenylated. In the second step, the activated C-terminus is transferred to the cataytic cyseine
resdue of the E1 yidding a highly energetic thioester bond (Pickart et al., 2004). Besides
activation, E1s bind to Ub conjugating enzymes (E2), which are downstream components of the
ubiquitylation process, and trandfer the Ub moiety to the cataytic cysteine of these enzymes
afterwards.

All Els known so fa share a common homology domain, which contans a NAD
binding dte. This domain assumes a fold found in many NAD binding proteins and can be
traced back even to bacteria Here it is detected in proteins of thiamine and molybdopterin
biosynthesis pathways, ThiF and MoeB, respectivdy (Begley, 1999, Unkles, 1999). These
proteins catdyse the adenylation of the C-temini of ThiS and MoaD, two proteins with
dructurd dmilarity to Ub (Lake, 2001, Rudolph et al., 2001), but do not transfer them to
proteins. Rather, activation of ThiS and MoaD serves for sulphur transfer in the corresponding
biosynthetic pathways (Pitterle, 1993, Taylor, 1998).

Interestingly, E1s harbouring two NAD binding domains like yeast Ubal, human UBEL
or human UBEIL ae active as monomers, while those with a single copy fulfil ther function
only in complex with a protein that have a second NAD-binding doman (Huang et d., 2004).
This may be a copy of the same protein as it is the case for Atg7, or a distinct homologue, as
found in the parings of yeast Aosl/Uba2, human Aosl/Uba2 and human APPBP1/Uba3
(Johnson, 1997, Komatsu, 2001, Walden, 2003).

Els exhibit a modular architecture as seen in severd solved E1 sructures (Lois, 2005,
Walden et a., 2003). Besdes the common NAD binding domain, in some Els a Rhodanese
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domain is present, eg. in Ubad/MOCS3. This observation is of particular interest, as the
Rhodanese is dso found in becterid Thil, a proten involved in the thiamine biosynthess
pathway (Palenchar, 2000). The Rhodanese domain is known to have sulphur transferase
activity, but its role in some Els is so fa unknown. Another example for the modular
architecture of Els is the Ub-like domain recently reported in the human SUMO-E1 Sae? (Lois
et d., 2005). A detailed andyss of E1 domain structures will be given in chapter 3.

1.2.3 Ub-conjugating enzymes (E2)

After a thioester bond is established between Ub and an E1, the latter recruits a second
class of enzymes important for ubiquitylation, dubbed E2s or Ub-conjugeating enzymes (UBC).
Once recruited, the E2 itsdf becomes ubiquitylated itsdf in a tranghiolation reaction (Pickart,
1985). Interegtingly, there are multiple Ub-specific E2s known (11 in yeast) (Pickart et d.,
2004), while for the enzymatic cascades of the modifiers SUMO/Smt3 or NEDD8/Rubl only
one E2 has been discovered so far, which is Ubc9 or Ubcl2, respectively (Hershko et d., 1983,
Johnson, 1997, Pickart et al., 1985, Schwarz, 1998). The function of an E2 is not necessarily
resricted to one particular modifier, as seen in the case of human UBE2E2/UCHS8. The latter
was recently reported to conjugate Ub as well as the linear di-Ub-like ISG15, indicating at least
in this case overlgpping pathways of Ub and a Ub-like modifier (Zhao, 2004).

Independent of the modifier conjugated, dl E2s have a conserved homology doman
termed UBC (Ub conjugating) in common, which is ~150 reddues in length and harbous the
cadytic cysene (VanDemark, 2002). Besides this domain, some E2s have large sequence
extendons up- and downdream of this doman, which in some cases play a role in E3
recognition (Mathias, 1998). A driking example for an E2 bearing much primary seguence
outside the common homology domain is the ~5000 aa BRUCE/BIRC6 (Hauser, 1998).

E2s act on Ub function in distinct biological processes. One very specific and important
function is performed by the yeast E2 Cdc34, which is responsble for the degradation of cyclin-
G1 and Scl, two key regulators of the cell cycle (Blonddl, 1996). Yeast Rad6 has been shown
to be essential for degradation of N-end-rule pathway subdstrates as wel as for modification of
histones and the polymerase processing factor PCNA (Dohmen, 1991, Dover, 2002, Hoege,
2002). Human UBEL1 and UBE2E2 ae inteferon inducible E2s important for 1SG15
conjugation and therefore play a role in immune response (Kim, 2004, Zhao et a., 2004). More
E2s and their specific function are reviewed by Haas and Siepmann (Haas, 1997).

In rare cases, the E2 can directly transfer the modifier to some substrates, but most often
a specificity factor for subdtrate recognition is required. Another mode of modifier trandfer
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involves an intermediate sep, in which the modifier is trandferred to the specificity factor before
find conjugation to the substrate. The specificity factor isin both cases termed E3 or Ub-ligase.

1.2.4 Ub-ligases (E3)

Ub-ligases (E3) have the function of recognizing a substrate and mediating the transfer
of Ub to the subgtrate. Organisms generdly possess a large number of E3s, each responsible for
a limited set of subdrates. Thus, E3s provide specificity in substrate ubiquitylation. In the case
of Ub, E3s are a prerequisite for substrate recognition, while SUMO can be transferred to some
subgtrates in the absence of an appropriate E3 (Hershko, 1998, Seeler, 2003). There is evidence
that the E2 for SUMO/Smt3, Ubc9, directly interacts with the substrate RanGAPL via binding to
a sumoylation consensus dte hKx(DIE) (Bernier-Villamor, 2002). In this regard, Ubc9 acts as a
combined E2/E3 enzyme taking over the activated SUMO from its E1 and trandferring it to the
subgtrate. Nonetheless, severd SUMO-specific E3s have been reported, which act as bridging
factors like Ub-E3s bringing both E2 and subdrate into a Sericdly favourable arrangement
(Dohmen, 2004).

So far, no universd recognition motif for ubiquitylation comparable to the sumoylation
consensus Ste is known and this observetion is likdy associated with the large number of Ub-
gpecific E3s in the UPS. One exception might be the 'N-end-rule-pathway' that is responsble for
the proteasome dependent degradation of proteins with a destabilizing N-termind residue (F, H,
I, K, L, R, T, W), which may be regarded as a degradation signd (‘degron’). Based on sequence
andysis, the E3 components for the ligation of Ub can be subdivided into three mgor classes
(HECT, RING and U-Box), but a fourth protein family characterized by a particular  homology
domain (A20 zinc finger) has recently joined the ranks of ubiquitin ligases (Deshaies, 1999,
Jang, 2001, Scheffner, 1990, Wertz, 2004).

HECT based Ub-ligases

Proteins of the HECT family share a C-termind homology dbmain of gpproximately 350

resdues. The firda HECT family member discovered to have ligase activity was EGAP.

Therefore, the homology domain was named after this protein, 'homologous to E6AP carboxyl
terminus  (Scheffner, 1995). E6AP has been shown to bind and ubiqutylate the tumour
suppressor p5S3 in cdls infected with the human papilloma virus, leading to proteasoma
degradation of p53. One of the natural targets of EGAP is human Rad23A (Kumar, 1999).

The HECT domain binds the E2 enzyme and contains the cadytic cydene that gets
linked to Ub in a tranghiolation reaction between a ubiquitylated E2 and a HECT E3 (Pickart,
2001, Scheffner et d., 1995). HECT type E3s are thought to transfer a poly-Ub chain onto the
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substrate a once, with the poly-Ub chain being assembled first on the HECT E3 (Pickart et 4.,
2004).
RING-based Ub-ligases

The second class of E3s is the so-cdled RING-finger family (for 'redly interesting new

gen€)). RING finger proteins share a globular domain, whose gructure depends on complexing
two zinc ions. Unlike the HECT proteins, RING finger proteins do not get covdently linked to
Ub, but rather function as adaptors between the substrate and the E2. Another characteristic
feature of the RING family is tha some members are subunits of large multi-subunit E3
complexes like the SCF-complex or the APC (Deshaies, 1999, Peters, 2002). Other RING finger
proteins, like p53-ubiquitinating Mdm?2, work without auxiliary proteins (Li, 2003).

Some Ub ligases use a U-box for E2 recruitment. The U-box represents a highly
divergent vaiant of the origind RING finger motif (Aravind, 2000, Pringa, 2001). A wdl
known U-box protein is CHIP, which associates with chaperones like Hsc70 or Hs090 in order
to recognize the substrates to ubiquitylate, e.g. the glucocorticoid receptor (Connell, 2001, Cyr,
2002).

The SCF and other RING-cullin-based Ub-ligase complexes

The SCF complex (for 'Skpl, Cullin, F-box’) is a multisubunit Ub-ligase whose core
consggs of the RING finger protein Hrtl/Rocl/Rbx1, the cullin Cdc53 and Skpl. Anadogous to
the monomeric RING finger E3s, the RING finger domain of Hrtl is utilized for E2 recruitment.
Cdc53 serves as a scaffold binding the Hrtl subunit and Skpl smultaneoudy (see Figure 1-3
B). Skpl in turn ties the red subdrate binding protein, which contains two mgor domains, an =

box domain utilized for Skpl binding and a further protein interaction domain. For example, the
yeast F-box protein Cdcd contains a repetitive WD40 region that adopts a b-propeler fold
auitable for binding the subdtrate, Sicl (Deshaies, 1999). The Fbox subunit may be regarded as
an exchangesble subgrate specificity factor, thereby alowing the SCF to ubiquitylate different
targets while the E3 core remans unchanged. From the sructure of the SCF a more generd
model was developed vaid for smilar types of complex E3 ligases (see Figure 1-3 A). The
main feaures that differ between the SCF complex and rdated complexes is the usage of
completely different subgtrate specificity adaptors like SOCS-box or BTB proteins (see Figure
1-3 C,D) (Willems, 2004). The APC (‘angphase promoting complex’) dso beongs to the family
of complex SCF-type E3 ligases, but uses a distinct RING finger protein, Apcll, and contains
markedly more subunits (Zachariae, 1998).
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Figure 1-3 Cullin-RING-based E3 complexes (SCF-like complexes); A, general composition of a cullin-RING
based E3 complex; B-D, specific examples together with an example alaptor and its corresponding substrate are
shown. See 1.2.4 for more details. Figure adapted from Willems(Willemset a., 2004).

1.2.5 Ub-hydrolases (DUB)

Deubiquitylating enzymes (DUBs) form a heterogenecus enzyme group, whose
members cdeave ubiquitin-linked proteins after Gly76, the termina ubiquitin resdue (Lam,
1997). Thee enzymes can paticipate in two different celular processes, biosynthess of free
Ub and deubiquitylation of Ub-protein conjugates.

A family of DUB enzymes that preferably cleaves Ub monomers from Ub precursors
conadss of andl thiol-proteases (~ 25 kDa) and is often referred to as UCH family (Ub
C-termind hydrolases). They cleave regular peptide bonds a the C-terminus of Ub in poly-Ub
precursors or in fusion proteins consging of ribosoma proteins and Ub. However, there are
examples of UCH-type DUBs that act both on precursors and conjugates (Kwon, 2004).

Unlike the processng of precursors, the deubiquitylation of Ub-protein conjugates
requires hydrolyss of an isopeptide bond. The family of Ub specific proteases (USP in human,
UBP in yeast), which is larger than the UCH family, and whose members are larger in size (60-
300 kDa), prefers the cleavage of such isopeptide bonds. Only for a few USPs functions are
known, e.g. USP11 has been shown to deubiquitylate RanBPM (Ideguchi, 2002) and UBP3 has
been implicated in gene dlencing (Moazed, 1996). There seems to be a broad diversty
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concerning their function, their dependence on ATP and ther locdizaion within the cel. Some
USPs occur fredly, while others are associated with large complexes, such as the proteasoma
lid, the CSN or the SAGA complex (Danid, 2004, Leggett, 2002, Zhou, 2003). The
proteasome-associated USPs are thought to be responsble for protecting Ub from proteasoma
degradation. Other USPs like yeast Ubpl4 and human UCHL5/UCH37 probably play a role in
editing poly-Ub chains on target proteins and for Ub recycling by ceaving free poly-Ub chains
ingtead (Amerik, 1997, Lam, 1997, Lam et d., 1997).

Ataxin-3, the protein mutated in Machado Joseph Disease (SCA3), belongs to a nove
group of cysteine-proteases and is active agangt ubiquitin chains (Burnett, 2003, Scheel, 2003).
Like aaxin-3, the OTU (ovarian tumour) proteases display a sructurd smilarity to the USP
protein family in their cadytic core (Makarova, 2000) and a deubiquitylating activity was
shown for severd OTU proteins (Evans, 2003, Soares, 2004).

Beddes these four DUB cdasses of cydteine proteases, a deubiquitylating activity was
found in the MPN subunit Rpnll of the proteasomd lid (Maytal-Kivity et a., 2002, Verma,
2002, Yao, 2002). Rpnll generates free poly-Ub chains by hydrolysng the bond that connects
the target protein and the proxima Ub of the poly-Ub chain. Interestingly, a deneddylating
activity, i.e. the cleavage of Lys-linked Nedd8 conjugates is intrinsc to the MPN protein Canb,
the CSN subunit anadogous to Rpnll (Cope, 2002, Maytal-Kivity et d., 2002). In contrast to
UCH and UBP proteases, MPN proteins are metalloproteases coordinating Zn2+ in their active
gte(Tran, 2003, Vermaet d., 2002, Yao et d., 2002).

1.2.6 Ub-binding proteins

Typicd intracdlular dgnd transduction pathways are characterized by a modular
architecture of the proteins involved in the three fundamental seps of sgnd generation, signa
recognition and signd remova. In protein phosphorylation, the archetype of such transduction
gystems, the three roles are filled by kinases, phosphatases, and phosphopeptide recognition
domains (SH2, PTB, FHA etc), respectively. The components of the UPS obvioudy form an
andogous system. Here, the E1-E2-E3 cascade corresponds to the signal generation, where Ub
conjugated to a subdtrate conditutes the sgnd itsdf. Ub-binding proteins serve for recognizing
the sgnd, while DUBs quench it. Smilaly, the andogy to dgnd transduction pathways seems
to be valid for most Ub-like modifiers and their associated apparatus.

Within the UPS, there exis many recognition sysems, which can recognize the different
ubiquitylation dates including different types of Ub-to-Ub linkages and various chain lengths.
Ub-recognizing proteins are normaly dasdsfied according to the homology domains involved
and play acrucid role in the UPS.
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UBA domain

The Ub associaed doman (UBA) occurs in many different proteins of the UPS,
including E3s, DUBs, Ub conjugases and adeptors (Hofmann et d., 1996). The universa
character of the UBA as a Ub binding domain can be seen from many reported interactions
between UBA containing proteins and Ub (Bertolaet, 2001, Rao, 2002, Wilkinson, 2001).

The UBA domain is a samdl doman of only ~40 resdues with a three-hdix bunde fold
(Mudler, 2002). It has a preference for tetra-Ub chains, which is of two orders of magnitude
higher than to mono-Ub (Wilkinson et a., 2001). There are contradicting reports on the linkage
preference of UBA domains. Both a binding to Lys-48 linked chains and to Lys-29 linked
chains have been described (Raasi, 2003, Rao et al., 2002).

While the uncertainty on linkage preference of UBA domains remains, more information
exigs on the pat of Ub that is recognized by UBA domains. By NMR-based methods, Ryu et
d. have idettified the lle-44 surface patch of Ub, and a homologous region in the Ub-like
domain of human Rad23B, as interacting with UBA domains (Ryu, 2003). These experiments
aso demondrate the ability of UBA domainsto interact with type |1 ubiquitin-like proteins.

CUE domain

The CUE domain is ancther ubiquitin-binding homology domain (Ponting, 2000), which
has been suggested to be digtantly related to the UBA domain (Shih, 2003). This rdationship
was recently confirmed by Kang et d., who have solved the Cue2 sructure in complex with Ub
(Kang, 2003). In this CUE/Ub complex, the CUE domain is bound to Ub's lle-44 paich, smilar
to the binding of the human Rad23B-UBA domain to Ub (Ryu et d., 2003). Additiond evidence
for the CUE domain as a Ub binding doman comes from Donddson et d. and Shih et d., who
have reported the CUE domain of yeast Vps9, Cue2, Cue3, Cues and human Tollip to drectly
bind mono-Ub (Donadson, 2003, Shih et al., 2003). The preference for mono-Ub is probably
vaid for dl CUE domain proteins and makes it different from the UBA domain, which prefers
poly-Ub (Shih et d., 2003). Another CUE family member, Cuel, has been assgned a role in the
ER associated degradation pathway (ERAD), which rdies on Ub ggnds (Biederer, 1997).
However, its afinity to ubiquitin is sgnificantly reduced compared to VpO and Cue2 (Shih e
al., 2003).

UM

The UIM (Ub interacting motif) was first described in 2001 by Hofmann et d. based on
a motif in Rpn10/Sba (Hofmann et d., 2001), a proteasoma subunit, which had been shown to
bind ubiquitin (Young, 1998). Other proteins associated with the UPS contain this motif as well,
eg. severd DUBs, the yeast F-Box protein Ufol and some E3s. Besides the UPS, the UIM
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gopears in proteins that regulate Ub-dependent events of endocytoss. Mono-ubiquitylation of
target proteins saves as an intendisation sgnd, and the Ub-recognizing dement in this
process has been narrowed down to the UIM in epsl5 and Hrs (Di Fiore et a., 2003, Polo,
2002). Interesingly, mono-ubiquitylation of endocytosds components such as ligand-bound
receptors in the plasma membrane depends on a functiond UIM domain in the same protein
(Klapisz, 2002, Rolo et d., 2002) and the UIM aso keeps the ubiquitylation status of a target on
mono-ubiquitylation (Di Fiore et a., 2003).

The UIM is a veay short motif of ~20 resdues condsing of an a-hdix with the
conserved resdues located on one Sde of the hdix (Shekhtman, 2002). Like the UBA domain,
the UIM binds to the lle-44 patch of Ub. This interaction of a UIM and Ub does not involve the
Lys-48 of Ub, which would dlow the UIM to differentiate between poly-Ub and mono-Ub.
Neverthdess, within the UPS, the UIM obvioudy prefers poly-Ub as a binding partner (Perez,
2003, Polo et d., 2002, Shekhtman et al., 2002, Thrower, 2000).

GAT domain

The GAT domain (GGA and Toml) was initidly found in proteins regulating dathrin-
mediated trafficking of vescdes (Del'’Angdica, 2000). Recent findings have shown the GAT
domain to bind to Ub (Katoh, 2004, Shiba, 2004). The sructures of severd GAT domains have
been solved, presenting the GAT domain as a three-hdix bundle with dongated and admost
padld hdices, an arangement quite different from the helix bundle of the UBA dsructure
(Shiba et al., 2004). Like he UBA domain, the GAT domain is thought to interact with the lle-
44 patch of Ub (Shiba et a., 2004).

UEV domain

The UEV (Ub E2 variant) domain is related to the domain responsble for the cataytic
E2 activity, but is devoid of the cysteine important for Ub conjugation (Ponting, 1997). A well
known member of this inactive subfamily of E2 enzymes is the tumour susceptibility gene 101
protein (TSG101/Vps23), which plays a role in Ub-dependent protein sorting and is mutated in
certain types of breast cancer (Bishop, 2002, Pornillos, 2002, Pornillos, 2002). Budding yesst
Mms2, another UEV protein, forms a complex with Ubcl3 (functiond E2) and is required for
Rad6/Rad18 dependent postreplicative DNA repair  (Broomfield, 1998, Hofmann, 1999).
Avalable dructurd information on TSG101 in complex with ubiquitin demondrates the ability
of the UEV domain to bind Ub (Sundquist, 2004). At the same time, other UEV proteins may
differ in ther Ub binding modes (Sundquist et al., 2004).
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NZF domain

The NZF doman (Npl4 Zn-finger) is a C4-type Zn-finger that coordinates a zinc ion via
four cyseines, which makes this domain very different from the Ub-binding modules described
so far (Wang, 2003). This Zn-finger is found in human Npl4, a VCP/Cdc48/p97 adaptor protein,
and in yeast Vps36. Experiments with both proteins reveded Ub-binding properties (Alam,
2004, Meyer, 2002).

1.2.7 Proteasome

20S proteasome

The 20S proteasome is a subcomplex of the 26S proteasome and after binding of two
copies of the 19S regulatory particle yieds the 26S proteasome. The barrd-shaped 20S
proteasome condsts of 28 subunits arranged in four stacked rings with seven subunits each. All
subunits share a common evolutionary ancestor and can be further subdivided into the a-
subunits forming the outer rings and the b-subunits, which are found in the two inner rings. This
a7b7b7a7 dructure of four rings harbours three mgjor chambers in its centre. All chambers are
connected with each other and the surrounding solvent. The largest and centrally located
chamber bears the sx cadyticdly active stes, which are located on digtinct subunits of the
beta-rings. The active subunits are termed b1, b2, and b5, each of which occurs with two copies
in the 20S proteasome. The sequedtration of the protease activity to the shielded chamber alows
the proteasome to limit degradation to the correct substrates. Before a substrate can be degraded
within the centrd chamber, it has to be recognized as a correct subdtrate a one of the entry
pores and unfolded in a subsequent step (Baumeister, 1998).

Archeae and severd bacteria also possess proteasome-like proteases, which typicdly
only conss of one or two subunit types. During evolution, the number of distinct subunits has
multiplied in higher organisms, i.e. the yeast genome encodes seven different a-subunits and
seven b-subunits (Gille, 2003). The dtuation in mammas is even more diverse with ten distinct
b-subtypes, three of which are interferon-g inducible (immunosubunits) and only found in so-
cdled ‘immunoproteasomes (Kloetzel, 2004). The three immunosubunits bli, b2 and b5
occupy the pogtions of bl, b2 and b5 postions, respectivey, of newly synthesized 20S
immunoproteasomes upon  interferon-g induction. As a consequence of the dtered catalytic
subunit layout, immunoproteasomes generate peptides suitable as antigen precursors. The latter
nomely have to be trimmed to the correct length by cytosolic or ER-based peptidases
(Kloetze, 2004). Suitable antigens are finaly presented by MHC class | proteins. Interferon-g
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dso dimulates the biosynthess of PA28a and PA28b proteins, which assemble into the
heptameric PA28 regulatory complex able to cap the immunoproteasome.

All a-subtypes are non-cadytic in nature and fulfil a regulatory function ingdead. Their
N-termind extensons, especidly that of the a3 subunit, lock the pores of the 20S proteasome.
Only upon binding to the 19S regulatory particle (PA700) or the PA28 complex in the case of
the immunoproteasome, the a-subunits N-termini become deocdised and open up the pores
(Groll, 2000, Kloetzdl, 2004).
19Sregulatory particle

The 19S regulatory paticle is essentid for proteesomd activity and conssts of two
subcomplexes. The one binding the 20S proteasome is the 'base, which is a hexameric ring of
AAA-ATPases with chaperone activity (Braun, 1999) and three additional subunits, Rpnl, Rpn2
and Rpn10. Base subunit Rpt5 and Rpnl0 have been shown to bind to poly-Ub chains and
therefore may function as receptors of ubiquitylated substrates (Deveraux, 1994, Lam, 2002). A

more indirect role in substrate delivery to the proteasome has been mapped to Rpnl, as this
protein asociates with the adgptor protein Rad23, which in turn is responsble for the
recognition of many ubiquitylated subsirates (Elsasser, 2002).

The other subcomplex caled the 'lid has a more complex structure based on eight core
subunits  (Glickman, 1998). The lid is composed of multiple subunits harbouring the PCI
domain, named after the three amilar complexes ((i) proteasome lid, (i) COP9 signalosome or
CSN complex, (iii) eukaryotic trandation initistion factor elF3) tha contain this doman
(Hofmann et d., 1998). These complexes in turn are termed PCI complexes. Other subunits of
the lid are characterized by a second homology domain cadled MPN (Mprl-Padl N-terminal)
(Aravind, 1998, Kapelari, 2000). The lid complex contains an intrindc deubiquitylaing activity,
which is encoded by the MPN subunit Rpnll that has the hdlmarks of a metdloprotease as
described in chapter 1.6.5 (Mayta-Kivity et al., 2002, Verma et d., 2002, Yao et d., 2002).
Interestingly, Csn5, an MPN-bearing subunit of another PClI complex, the sgndosome, dso
encodes a metdloprotease that can cleave Ub from proteins (Groisman, 2003). In addition, Csn5
is needed for the cleavage of the Ub-like protein Nedd8 from cullins (Cope et a., 2002). No
gpecific function has been described for the PCI subunits of the lid so far.
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1.3 Detection of homologues and protein family analysis

1.3.1 Sequence comparison methods

As homology serves as a vector adong which information can be transferred from one
known sequence to a new sequence, methods have developed that help deciding if two
sequences are aufficiently similar to infer a reationship. The basic concept is the dignment, in
which two or more sequences are arranged along each other, so that evolutionary or structuraly
equivdent resdues are opposed. Multiple sequences can be aigned smultaneoudy as well,
leading to multiple sequence dignments (MSA'). MSAs ae not only hepful to illusrate
evolutionary events within a protein family, but adso conditute the basis for phylogenetic tree
congtruction, secondary dructure prediction, homology moddling and, of specid interest, the
identification of conserved domains. With regard to the latter, homology domains and motifs
often gppear as columns with obvious conservation, while the adjacent primary sequence has a
higher levd of variation. When looking for further proteins with a given domain, information on
amino acid frequency at each postion within the domain was shown to be useful for so caled
profile-based techniques (Bucher et d., 1996, Gribskov, 1987). A more detailed description on
profile congtruction as well as database search methods will be given in chapter 2.

For calculating a mathematicaly optima aignment of two or more sequences, dynamic
programming dgorithms ae typicaly used, for example the Smith-Waterman dgorithm that
looks for the best dignment between two subsequences (loca dignment’) (Smith, 1981). These
dgorithms am a maximizing the dignment score under an additive scoring scheme by
incorporating as many pogtively scoring resdue pairs as posshle into the dignment. At the
same time, negaively scoring pairs from unconserved resdues and specid pendties for gaps
have to be minimized. Findly, a dngle optimad dignment and its correponding score ae
reported. Efforts to increase the sengtivity of this type of comparison am a scoring dterndive
adignments as wel and weighting them by a probability vaue (Bucher et ., 1996).

1.3.2 Multiple sequence alignments (MSA)

MSAs are dmultaneous dignments of more than two sequences (see Figure 1-4). As
mentioned above, MSAS provide information on amino acid compostion a each individud
postion within the dignment. Unfortunately, the cdculation of a mahematicdly optima MSA
is computationdly too expensve to be feasble (Wang, 1994). Current MSA generating
programs rely on heurigtics and none of them guarantees to report the fully optimised MSA. The
programs used in this work, ClustdW and TCoffee (Chenna, 2003, Notredame, 2000), belong
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to the category of progressve MSA dgorithm. In generd, these adgorithms assemble an MSA
by adding sequences one by one. Firs, dl parwise distances are caculated, followed by a
phylogenetic tree condruction usng the neighbour joining method. The phylogenetic hierarchy
defines the order by which the sequences are added to the MSA. At the same time, a weighting
of each sequence takes place, with the weight being proportiond to the amount of unique
evolutionary information the sequence contributes to the MSA  (Altschul, 1989, Lipman, 1989).
The MSA condruction sarts with the closest related sequences and then the less related
sequences are added according to the tree. While the firs sequence par is digned in a
conventional pairwise dignment fashion, every further sequence is compared with a consensus
of each pogdtion in the previous dignment. An improvement of this progressve dgorithm is
found in T-Coffee, which gpplies postion-specific scoring schemes insgead of a globa
subdtitution matrix and which can combine globa and loca dignments.
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Figure 1-4 Multiple alignments reveal conserved positions. A, local alignment of two enzymes catalysing similar,
phospholipase D (PLD) type reactions. The overall similarity within this alignment is ~10%; B, same sequences as
in A now embedded in a multiple alignment together with representative members of the PLD family. Positions
invariant or occupied with similar residues in at least 80% of the sequences are shown on black or grey
background, respectively. ‘a and ‘b’ indicate the first and second copy of this motif in the sequences.

1.3.3 Profile searching

Standard sequence dignment methods have a common property: they use the same
scoring matrix and gap pendties for dl pogdtions within an dignment. This behaviour can be
traced back to the fact that during the comparison of two sequences no information on
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conservation of individua pogtions or on the likdihood of gaps exigds In 1987, Gribskov
introduced the profile technique as an extenson to the Smith-Waterman method (Gribskov et
al., 1987).

Pr ofiles are position-specific scoring schemes

Profiles ae derived from dignments of homologous proteins and represent a
mathematicad descriptor for dl kinds of homology regions. The basic idea behind the profile
technique isto treet the positions of an dignment as nortequivaent.

Each podtion of the profile stores an array of 20 score vaues, one for each amino acid
that the profile might encounter when digned to a new sequence. These postionspecific scores
are gengated from the amino acids found in the corresponding dignment column, typicdly by
applying a BLOSUM-type subgtitution matrix to each of the obsarved resdues and summing up
the results. As a consequence, a strongly conserved dignment column will yidd a high postive
score for the over-represented amino acid, and strongly negative scores for the under-
represented or even absent residue classes. By contrast, a non-conserved dignment column will
result in a reatively flat' profile podtion, with a weskly negaive score for dl of the possble
amno acds To summarize, pogtionspecific score  parameters  reflect  evolutionary
consarvation for each dignment pogtion. The actud profile is a matrix, where the number of
rows corresponds to the alignment length and the number columns corresponds to the 20 amino
acids (Hofmann, 2000).

Gaps and other features can be included in the profile

Similar to the match scores, gap pendty parameters can be stored for each individua
dignmett podtion or trandgtion between two dignment pogtions, respectively. Ggp pendties
can be adjusted to the occurrence of known insartions or deletions. If a particular insertion
dready has been observed in the initid aignment, it is obvious to asign lower gap pendties to
that pogtion. In the same manner, more expensve gap pendties are used in uninterrupted
regions. Moreover, diginct pogtions in the dignment can be weghted differently, which in its
extreme formulation can lead to the absolute requirement of a match a a certain postion tht,
for example, harbours a catadytic resdue. The type of profile used in this work, cdled '
generdised profile, dso dlows to anchor a doman or motif to the beginning or the end of a

sequence.

Profiles can be used for database searches

A profile can be digned to a sequence or a sequence database using dynamic
programming agorithms. In contrast to sequence comparison methods described so far, no
explicit subgtitution matrix is needed a tha dep, as the profile dready contains such
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evolutionary information in a processed form. The ‘generdised profilé forma dlows different
dignment modes, i.e, if the profile has to be maiched entirdy (‘doman globd’) or patidly
(‘locd") to the target sequence (Bucher et d., 1996).

Iter ative refinement

The sendtivity of profiles and their ability to discriminate between true meatches and
randomly occurring ones can be enhanced markedly by iterative refinement (Tatusov, 1994). In
this process, database sequences found to be sgnificantly related to the initid query profile can
be used to augment the initid multiple dignment, which in turn can be used for the cdculation
of an improved 'second-round profile. In generd, the iterative refinement of profiles leads to
increased sengtivity, but holds some problems as well. Mgor problems are the integration of

amilar, but non-homologous sequences and the treatment of large protein families.

Profile methods

The most popular methods used for profile searching are the ‘generdised profile
technigue of PROSITE, HMMER/Pfam and PSI-BLAST (Altschul et al., 1997, Eddy, 1998,
Hulo, 2004). These databases and the congtruction of profiles will be described in chapter 2.

1.3.4 Substitution matrices

Conventional dignment methods calculate an optimd dignment between two sequences
by application of a scoring scheme. These schemes congst of a 'subgtitution matrix’, which
contains scores for al possble resdue pars, as wdl as pendty scores for insetions ad
deletions. Exiging scoring schemes mainly have been determined by probabilistic means from
the analyss of sequences known to be related. Subgtitution matrices quantify preferences for
certain amino acid subgtitutions over others during evolution. Besides abundance of each amino
acid, the evolutionarily derived scoring schemes often  reflect physcochemica  smilarities
between the amino acids. Pairwise and multiple sequence aignment methods, as wel as profile
techniques, rely on those scoring schemes, which therefore play a crucid role in sequence
andyss. In the course of this work a subgtitution matrix cadled BLOSUM45 was generdly
goplied. BLOSUMA45 is a paticular matrix of the BLOSUM (BLOCKS subgtitution matrix)
matrix series. It is directly compued from a MSA of true protein families by counting the
subgtitution events. The '45' indicates a minimum of 45% identity between sequences of the
source MSA (Henikoff, 1991).
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1.3.5 Dendrogram analysis of proteins and genes

Definition of dendrograms

Origindly, a phylogengtic andyss ams a resolving the evolutionary rdationship
among organisms based on a particular protein or nucleotide sequence. These relaionships can
be illusrated usng tree-like diagrams (‘phylogenetic trees, 'gene trees, 'dendrograms), in which
branches indicate 'evolutionary timeé or smply evolutionary reaionships and nodes as wdl as
leaves represent a gene or protein sequence a a certain time point in evolution. In this respect,
externd nodes correspond to contemporary sequences and are called 'operationd taxonomic
units (OTUs), while internd nodes either reflect gene duplication or speciation events. Trees
can be ether rooted if the direction of time is known or unrooted if not. Rooted trees are
anchored to a specid internd node, cdled the root, which defines the postion of the common
ancestor of dl nodes within the tree.

Dendrograms help to define the subtype of homoloqy: orthol ogy/par alogy

A dendrogram may reflect a species tree, but in genera dendrograms are more complex,
i.e. there are more leaves than species involved. One reason for this are gene duplications events
in one or nore species. Gene loss is possble as wdl, but is much less frequent. As mentioned in
chapter 1.1, knowledge about the exact evolutionary reationship between proteins or genes is
crucid for functiond prediction. In this regard, dendrograms are an important means to define

the two main subtypes of homology, which are orthology and pardogy.

Some practical considerations on dendrograms

Dendrograms are cdculated from similarity data of protein or gene sequences involved.
Smilarity data can ether be derived from parwise comparisons as described above or from
sequence fesatures that make sequences differ from each other. Approaches relying on the laiter
try to find a gene tree with a minimum number of evolutionary events causing the observed tree
topology a hand (‘parsmony methods). Another way to congtruct trees is to derive the
distances between sequences or between groups of nearest neighbours. Here, a gene tree is
condructed with the am to minimize digances within the tree. This method implies an amost
condant number of mutations within an evolutionary interval for the whole gene tree. The
problem of different molecular clocks is solved more agppropriately by stochastic modds that
edimate the maximum likelihood of a set of trees. For a detaled introduction to phylogenetic
approaches see Durbin et d. and Saitou (Durbin, 1998, Saitou, 1987).
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1.4 Data sources and functional prediction

1.4.1 Protein protein interactions and their prediction

Physcd protein-protein interactions are fundamentd to cdl viability, growth proliferation and
many other biologica processes within the living cdl. Protein interactions take place between
subunits of protein complexes, between diginct domains of mosaic proteins and in trandent
complexes between proteins that otherwise exist independently. During the last years, much
attention has been pad to large-scde protein interaction andysis using different techniques like
the two-hybrid sysem or the tandem-affinity purification technology (Gavin, 2002, Ho, 2002,
Ito, 2001, Uetz, 2000). Severd computationa gpproaches exist in order to mine the rich
interaction data sets or to derive protein interaction prediction methods. For example, systematic
andyses of yeast two-hybrid data were performed by Sprinzak and Sched (Schedl, 2001,
Sprinzak, 2001). In both approaches, the occurrence of homology domains in pars of
interacting proteins were analysed for corrdaion. By datisticd means, it could be shown that
some combinations of homology domains were over-represented in the available interaction st.
As a consequence, such combinations of homology domains could be used to infer interaction
properties of other proteins containing these domains. Another approach predicts protein
interactions from conserved gene based on the observation that genes with a conserved gene
order across different species often encode proteins with mutua binding capacities (Dandekar,
1998). Marcotte and d. tried to infer protein interactions from the observation that two binding
partners occasondly have homologues in another species, where they ae fused into a
composte gene (Marcotte, 1999). In a different gpproach, the andyds of protein-protein
interfaces based on dructura and sequence motifs has proven to be successful in the past
(Jones, 1995). Here, generd rules are derived from the interface regions of known protein
complex dructures and afterwards used to examine dructures of test candidates for mutua
interaction (Jones, 1996).

1.4.2 Model systems as source for biological data

The number of genes within the human genome is edimaed to be in the range of 23.000 -
40.000 genes (Lander, 2001, Venter, 2001) and only a smdl portion of them has been
characterized in detail. For the most part, functional annotations within genomic databases have
been derived by sequence analyss as described above. However, computationa prediction
methods have ther limits, for example in predicting cdlular locdization or cdl-specific gene
expresson, and the need for complementary experimenta gpproaches is obvious. One of the

most widdy used techniques to examine gene function is to andyse mutants. In this respect, the
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mouse and its genome has become a mammadian modd organiam, which is more accessble to
genetic modification than man for obvious reasons. At the same time, human and mouse share
many anaomica, physologicd and metabolic pathways making the mouse a ussful modd in
genetic sudies. However, even the mouse genome is fa from beng completdy andysed in
detall. Instead, many other modd organisms esser in use and more amenable to high-
throughput approaches have gained importance in the recent past. For example, the zebrafish
Danio rerio is condgdered as ided for developmentd studies due to its transparent embryos.
Besides vertebrate modd organiams, even smpler life forms like the nematode Caenorhabditis
elegans with its body of just 959 well-defined cells or the popular unicdlular eukaryote budding
yeast (Saccharomyces cerevisae) can serve as modds. In these organiams, fundamenta cell
processes can be studied and resulting information later be trandferred to higher organisms like
human. In this context, the homology approach plays a crucid role as pointed out in chapter 1.1.
Fundamenta to usng eg. yess as a modd in the homology approach is the detection of
homology between yeast and human genes despite their long evolutionary distance, but this has
shown to be a feasble task (Foury, 1997). A connection between sequence Smilarity on one
hand and functiond dgmilaity on the other, comes from the observatiion that mutationd
phenotypes in yeast can often be complemented by the ectopic expresson of human cDNA
clones encoding homologous genes (Schild, 1990). One of the main advantages of yeast as a
model organism is its completdly sequenced, smdl and compact genome with approximatdy
5800 to 6350 genes (Brachat, 2003, Goffeau, 1996). The compactness of the yeast genome is a
result of the paucity of introns and a high gene dendity ( ~1 gene in 2 kb) (Goffeau et d., 1996).
These advantages of yeast provided a basis for globd sudies that have focussed on functiona
andyses via sysematic knockouts, protein locdization, gene expresson and protein interaction
maps (Birrdl, 2001, Gavin et d., 2002, Ho et al., 2002, Huh, 2003, Ideker, 2001, Ito et al.,
2001, Ooi, 2001, Uetz et d., 2000, Winzeler, 1999). From these and previous studies, as well as
from complementary experiments in human and other higher eukaryotes, the observations were
made that yeast employs the same fundamental biologica processes as higher eukaryotes, eg.
cdl cycde gene expresson regulation, intracdlular trafficking and protein  degradation
mechanisms. Therefore, yeast genetics provides a wedth of information, which to a certan
degree dso gppliesto the biology of ahuman cell.

Cliften e d. and Kdlis e d. have shown that a comparative andyds of genomes worked
successfully for the eucidation of genome evolution, the discovery of gene regulatory eements
and the purpose of gene identification (Cliften, 2003, Kdlis, 2004, Kdlis, 2003). In these

dudies, genomes of closdy related Hemiascomycetes with quite Smilar genome structures were



Chapter 1 Introduction 25

compared, and orthologous genes were identified according to their syntenic locations.
Smilaly, Boffdli e d. predicted functiond regions in the genomes of primaes (Boffdli,
2003). However, genome dructures of yeast and human differ greetly, and synteny as a means
for the assgnment of orthologues is not appropriate. Often, comparable biological processes are
more complex in human then in yead, as canh be seen from the expanson of gene sets
underlying a certain cdlular process To draw conclusons on ther evolution in yeest and
human, senstive compaisons of gene families usng proten sequences and the profile

technique as described above are more suited.

1.5 Aim of the study

The god of this work was to andyse the ubiquitin-proteasome-pathway (UPS) and related
pathways of S cerevisae and human by means of profile-based homology detection. This
bioinformatica approach can be divided into three basic steps:

Fird, al proteins known to be reevant to the UPS should be catalogued both for human and S.
cerevisiae. In this respect, the occurrence of homology domains, which are present & mogt if not
dl levds of the ubiquitylation pathway, made the profile technique a suitable means. The
domain-specific profiles should be used to detect corresponding homologues in the proteomes
of both species and to generate domain-specific catadogues of proteins.

Second, a gene tree should be inferred for each homology doman based on its respective
multiple dignment. In this step, phylogenetic methods were used as described in chapter 2. The
god of this dendrogram andyss was to define orthologous protein pars between S cerevisiae
and human for each UPS-rdlevant protein family. As additiona approaches to the identification
of orthologous pairs, the comparison of complete doman architectures and other methods of
classcad sequence comparison were used. In cases of a newly reveded evolutionary relaionship
between yeast and human proteins, exising knowledge on function should be tried to be
transferred from one homologue to the other. The biologicad impact of each prediction should be

andysed afterwards with a specid focus on genes implicated in human diseases.

The god of the third part of this work was to give indghts into the evolution of the didtinct
subprocesses of the UPS system. Based on the results of the previous steps, the UPS repertoires
of both species should be compared. For that purpose, each UPS-rdevant protein family should
be andysed for expandon and deletion events in the human and yeast genomes. Besdes
families, protein complexes with known or assumed importance for the UPS should be

compared for their subunit composition.
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2 Methods

2.1 Protein and nucleotide sequences for database searches

Protein sequence database searches for human were performed with a non-redundant
data st in FASTA format constructed from current releases of UniProt (includes SwissProt,
TrEMBL, PIR), GenPept and Ensembl peptides as described below. For generating this non
redundant data set, duplicate sequences found in multiple databases were discarded in the order
SwissProt > TrEMBL > PIR > GenPept > Ensembl peptides with SwissProt being the preferred

data source.

The UniProt protein database was obtained from the EBI (http://www.ebi.uniprot.org). A
last update was performed in 02/05 with upgrading to UniProt release 4.0 (Bairoch, 2005). Even
the non-redundant human portion of UniProt conssted of ~128,000 entries, which indicates that
duplicates 4ill existed as the Sze of the human genome is estimated to be in the range of 23.000
- 40.000 genes (Lander et d., 2001, Venter et d., 2001).

In addition to UniProt, GenPept release 146 (02/05) was included in the non-redundant
database  (ftp://ftp.nciferf.gov/pub/genpept/).  Genpept  is produced from trandating coding
regions of GenBank nucleotide sequences (Benton, 1990). GenPept was used in addition to
UniProt, because of its higher update frequency.

Ensembl provides a polypeptide collection based on genomic sequence data (Hubbard,
2002). Thus, every entry has a corresponding genomic locus. The collection is subdivided into
two parts, the 'Ensembl proteins and the 'Ensembl GenScan predictions. For Ensembl proteins
usudly experimental indications exist that these proteins are encoded in humans or other
organisms. They are generated in an automatic procedure that regards exising proteins from
human or other vertebrates, known mRNA or ESTs (Boguski, 1993, Curwen, 2004). In contrat,
the peptide sequences belonging to the Ensembl GenScan group were predicted directly from
the human genome using GenScan (Burge, 1997). GenScan-based transcripts and corresponding
peptide sequences are identified in genomic DNA by an ab initio dgorithm. Therefore, not
every GenScan transcript and peptide sequence might reflect a proper protein.

Each protein sequence of interest for this work was tested for ESTs in order to examine
its biologica relevance. Ensembl entries were only taken into condderation, if no gppropriate
entry in the other, more reliable databases existed.
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For severa proteins of interest, only fragmentary polypeptide sequences were found in
the protein databases. In these cases, full-length sequences were assembled from ESTs and
genomic data provided by the NCBI and Ensembl project if possible.

The yeast protein sequences were downloaded from SGD (http://www.yeastgenome.org)
(Issdl-Tarver, 2002).

2.2 Databases for homology domain descriptors

A centrd point of this work was the classfication of proteins into families based on
homology domans and motifs. Several databases exist harbouring mathematical descriptors for
homology domains, but only PROSITE and Pfam were used extensvey in thiswork.

PROSITE (http://www.expasy.org/proste/) consss of patterns and profiles of the
'generdized profiles type that describe protein domains, motifs and enzyme families (Hofmann,
1999). The PROSTE entries are manualy congructed and generally well curated. Only the
profile section of PROSITE was used here, as patterns are not robust againgt deviations from the
consensus pattern and do not take into account the conservation of the rest of the sequence they
are matched to. These features make patterns much less sendtive than profiles. The PROSITE
database distributes a software package to make use of the profile entries. This package, pftools
2.1, has been used here for database searching as well as for the congtruction of new profiles
(see Table 2-1).

The Pfam database (http://www.sanger.ac.uk/Software/Pfam/) condsts of profile Hidden
Markov modes (profile HMMs), which are generated from systematic andyss of domainwise
MSAs of homology domains (Bateman, 2004). Like PROSITE, the Pfam database provides
tools necessary to search protein sequences againgt a given profile HMM and to construct own
HMMs (Eddy, 1998). Although the Pfam database is ggnificantly larger than PROSITE, the st
of homology domains relevant to the UPS are of the same Size.

2.3 Constructing, refining and application of profiles

The condruction of 'generdized profiles can be subdivided into four mgor tasks,
dignment generation, profile condruction, profile scding and iterdtive improvement. These
tasks were carried out using different types of programs. An overview of this software and the
corresponding WWW addresses of dl programs used for profile condruction are lised in Table
2-1.
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Table 2-1 List of programs used described in this chapter.

program package URL

LALIGN FASTA ftp://ftp.virginia.edu/pub/fasta
Clustalw ftp://ftp.ebi.ac.uk/pub/software/unix
T-Coffee http://igs-server.cnrs-mrs.fr/~cnotred/
SPDB-Viewer http://swissmodel.expasy.org/spdbv/
BLAST ftp://ftp.ncbi.nih.gov/blast/

pfw

pfmake

pfscale pftools 2.1 http://www.isrec.isb-sib.ch/ftp-server/
autoscale

psa2msa

readseq ftp://ftp.bio.indiana.edu/molbio/readseq
dotter ftp://ftp.sanger.ac.uk/pub/dotter

GDE http://golgi.harvard.edul/ftp/

2.3.1 Obtaining an initial alignment

The first step in profile condruction was to obtain a biologicdly reasonable dignment of
complete sequences or subsequences suitable for profile construction. These sequences had to
be homologous over their entire range or at least a locad domain and were collected by BLAST
searches (Altschul, 1990). Programs of choice for cdculating the dignments were LALIGN for
two-sequence locd dignments and ClustdW as wdl as T-Coffee for MSAs (Chenna et d.,
2003, Huang, 1991, Notredame et a., 2000). As ClustadW dways creates globa dignments, it
is essentid to exclude the non-homologous sequence gtretches prior to MSA caculation. For
that purpose, severad not too divergent sequences were compared in a pairwise manner usng a
locd dignment agorithm or by a dotplot anayss usng the dotter program. If there were hints
a multiple homology domans within one protein, eg. if there were large non-homologous

insertions between homologous regions, separate M SAs were caculated for each region.

For generating MSAs, fragmentary sequences are generdly no problem and may be
included in smal numbers in the sequence st to be digned. The sandard gap pendties of
ClugaW and T-Coffee appeared appropriate to keep the number of gaps a a low levd. It is
important to keep the number of gaps as smal as possble in order to generate a profile that
discriminates better againg fdse postives, which is essentid for the iterative profile
improvement in later steps.

The generated MSAs were inspected and manudly edited with GDE. The editing step
included the remova of non-consarved resdues at the domain borders, correction of aignment
erors, minimizing the number of gaps and shifting of gap pogtions if necessary. In some cases,
the dignment was adjusted according to a 3D dructure available for one of the sequences in the
dignment, i.e. gaps could be adjusted to secondary structure eements. If Structures of at least
two sequences were known, dructurd superpositions were cdculated using the SPDB-Viewer
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in order to generate a dructurdly correct dignment (Guex, 1997). Alignments were sored in
MSF format for usage as starting point for following profile congtruction.

2.3.2 Construction of the profile

To generate a profile from an MSA in MSF format, weights for each sequence within the
MSA were cdculated usng pfw from the pftools package. The reason for sequence weighting is
to avoid a bias due to large subfamilies that might be part of the MSA. The pfw program
peforms a Monte-Calo weghting for the MSA file with 2000 Monte-Carlo experiments

chosen here.

Afterwards, the profile was congructed from the weighted MSA using the pfmake
program, which is dso pat of the pftools package. The pfmake program was invoked with
BLOSUM45 as subdtitution matrix and default pendties of 2.1 for gap opening and 0.2 for gap
extengon.

2.3.3 Scaling the profile and database search

When deciding whether a sequence belongs to a protein family, scores from searches
with profiles in databases are only useful in combination with a score threshold separating
random matches from true podtive matches. To estimate what scores from a profile-sequence
dignment may be conddered sgnificant, the profile has to be scaled. For that purpose, it is
normaly run against a randomised database (scding database) lacking any true postive maiches
(Hofmann, 2000). From the scores of the matches, a score distribution can be plotted as depicted
in Fgure 2-1 A, in which intermediate scores condiitute the main portion of resulted scores
while high scores are rare and the frequency of high scores drops repidly. In this high-scoring
region, the score digribution follows an 'extreme vaue didribution’, and can be plotted as a
linear relationship between the log of the cumulaive frequency and the score (Figure 2-1 B).
Andyss of this function dlows an extrgpolation to the maximum expected score for a random
maich and thereby provides the posshbility of defining a score threshold. This threshold is used
for the generation of the scding parameters, which are stored within the profile and dlow to
convert the raw score to an expectation vaue (E values).

Scding of generdized profiles was carried out usng the autoscale script from pftools.
This program runs the raw profile againg the scaing database (using pfsearch), invokes the
proper scaling program pfscale to determine the scaling parameters and findly generates the
scded profile. The scaling database was built from randomisation of the SwissProt 34 database
by individudly inverting each protein sequence. The scores, and therefore the probability vaues
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reulting from randomisation scaing of profiles, are much more relidble than those obtained
from theoreticd scding gpproaches, which assume a uniform sequence composition (Hofmann,
2000). Scaed profiles were subsequently used for the database searches employing the pfsearch
program from the pftool s package.
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2.3.4 lterative improvement

The sendtivity and &bility of a profile to discriminate between true and fase protein
family members can be enhanced remarkably by iterdive refinement (see Fgure 2-2) (Tatusov
et a., 1994). Frd, the initid profile is run agangt a non-redundant database, which in this work
was generated from dl entries of UniProt and GenPept and therefore included various species.
Beddes the seed sequences present in the initid alignment, this database search was expected to
identify additiond proteins, which were not present in the initid dignment, but which
represented homologues of the seed sequences. If the novel matches were judged true members
of the doman family, they were added to the initid dignment and a new profile was
congructed. Only sequence matches found with a probability of P < 0.01 were included into the
subsequent round of profile congruction. For that purpose, old and novel sequences were
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digned udng the origind profile as templaie (‘profile-guided dignment). The program used
here was pfsearch with its =x' option turned on. It runs the profile againg the database, extracts
the matching segments with scores above a given threshold and digns them to the template
defined by the profile. Afterwards, the output was converted by psaZ2msa and readseq to a
multiple sequence dignment in MSF format suitable as input for pfmake in order to generate a
new profilee MSAs were inspected and corrected manualy prior to profile congtruction to
ediminate dignment erors. This process of profile refinement was iterated severd times until
the results from profile searches converged, i.e. no novel sequence above threshold was found
by the refined profile.

As a oconsequence of iterative improvement, the sendtivity of the profile will rise in
generd, i.e. further homologues of the integrated sequences can be expected in a following
database search. At the same time, the profilés ability to discriminate between true and fase
postive matches will increese, because the higher the diverdty of sequences in the multiple
dignment, the clearer it becomes which pogtions are more conserved than others. The same
holds true for gap podtions or domain boundaries. A crucid point is the correctness of the
multiple dignment and the absence of non-homologous sequences in the latter. The incluson of
non-homologous sequences inevitebly leads to the detection and possbly ingppropriate

integration of even more nor-homologous sequences resulting in mis-classficaions.

Sequence
Family

Figure 2-2 The concept of iterative profile

. Multiple Profile )
improvement. e — —>  Scaling

Alignment Construction

Yes New, reliable 4 Database
No Hits ? Searching

done



Chapter 2 Methods 32

2.3.5 Determination of complete sets of protein families

In order to determine dl the yeast and human members of a given proten family
characterized by a homology domain, the corresponding profile was run agangt the species
specific datasets described in chapter 2.1. As the number of profiles for these searches was large
and profile searches are computationally expengve, the results were sored in a permanent and
eadly accessible way. For that purpose, a Smple relaiond database was st up, which stored al
features returned from a successful profile match. These features are a unique protein identifier,
the protein name, the name of the profilelhomology doman, matching coordinates of the
sequence, relative coordinates of the profile, etc. For searches with generalized profiles,
normaized scores and for searches with profile HMMs P-vaues were stored, respectively. For
each profile match, one entry was added to the database.

For database implementation, the MySQL software was used. MySQL is a relationd
database system fredy avalable from hitp://dev.mysgl.com. It has severd interfaces to current
programming languages, but only the PERL interface, which was obtained from the MySQL
gte, was used in this work. Database maintenance and update procedure was performed by ad
of PERL-based scripts.

To retrieve members of a given protein family, this database was queried usng SQL, the
sandard language for accessng databases. After thelr retrievd, proteins were subjected to a
proper nontredundancy check usng an dl-agang-dl-BLAST search drategy. The curated
protein lits are shown in chapter 3. For visudization of the domain dructure, a PERL-based
script was devel oped using the GD-module and database queries as inpuit.

2.4 Other tools

2.4.1 Dendrogram analysis

Dendrogram andysis was done with ClusdW, usng the neghbour-joining adgorithm
(Saitou et d. 1987). Alignment columns contaning gaps were removed prior to tree
condruction. The neighbour-joining trees were then tested by bootstrapping analysis with 1000
replicates. The programs treetool, which s part of the GDE package (Table 2-1), and Treeview
were used for viewing and manipulating phylogenetic trees. Treeview can be obtained from
http://taxonomy.zool ogy.gla.ac.uk/rod/treeview.html.



Chapter 2 Methods 33

2.4.2 BOXSHADE

The dignments were shaded usng BOXSHADE. It is avalddle from
(http:/Amww.isrec.ish-Sb.ch/ftp-server/).

2.4.3 Secondary structure prediction

Secondary predictions were obtained from sending the protein sequence dignments to
the Jored and PHD servers (http://cubic.bioc.columbia.edwpredictprotein/) (Cuff, 1998, Rost,
2003). Jpred predictions rdy on a neurd network srategy and assgn either a-hdix, b-sheet or
random coil dsates to the pogtions of the provided adignment. The principle of how PHD

generates its predictionsissmilar.

2.4.418S rRNA tree

For andysng the phylogenetic didribution of the SUMO interaction motif (SIM)
described in chepter 3.6.7, an 18S rRNA based tree was constructed for selected species. The
18S rRNA gene sequences were digned by usng ClustadW. The dignments were adjusted
manudly. Phylogengtic andyses were peformed dso by usng ClutdW and an unrooted
phylogenetic tree was condructed by using the neighbour-joining method. The dability of the
individud branches was assessed by using the built-in bootstrap method of the ClustaW
program. By ad of PERL sripts the phylogenetic profile of a SIM for a given protein was
mapped onto the 18S rRNA tree for visud inspection.
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3 Results

3.1 Ubiquitin and its relatives
3.1.1 Type | Ubiquitin-like modifiers

3.1.1.1 Ubiquitin in the yeast and human genome

Ubiquitin (Ub) is a highly abundant protein in the eukaryotic cdl. Its expresson is
unusud, as it is encoded as a poly-ubiquitin precursor or fused to the ribosoma proteins L40
and S27a which are normdly highly expressed as wel (Ozkaynak, 1987, Ozkaynak, 1984,
Redman, 1989). Prior to the usage of the Ub moieties contained in these polypeptides, the
precursors have to be processed, i.e. the fuson proteins have to be cleaved. A role of Ub fused
to ribosomal proteins in ribosome biogenesis has also been suggested (Finley et ., 1989).

Screening genomic sequence databases, four distinct ORFs coding for Ub in both yeast
and human were detected (see Table 3-1). In yeast, three of these ORFs consst of one Ub
moiety fused to an L40 or S27a ribosoma protein and one ORF encodes a poly-Ub containing 5
copies. In comparison, the human genome contains two poly-ubiquitin genes, UBB and UBC,
which harbour 3 or 9 Ub moieties, respectively. Two additiond Ub encoding genes have their
Ub moiety fused to either L40 or S27a Therefore, yeas and human store their Ub-coding
regions in a smilar manner. The number of pseudogenes derived from human Ub-coding genes
is remarkable (see Table 3-2). At least nine different Ub-pseudogenes were detected, six of
which ssem to have originaled from RPS27A. The remaning four are likely processed
pseudogenes of UBB and UBAS2. In nearly dl cases, the Ub-pseudogenes have arisen from
retrotransposition (data not shown).
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Table 3-1 Ub-like modifiers in yeast and human. Column 'CT' shows the amino acids homologous to the terminal

'GG" motif in Ub. Column ‘orphan’ indicates if orthologues are present in human or yeast, respectively.

Ub-like modifier

Gene name

process

Ub: UBI4
Ub: RPL40A
Ub: RPL40B
Ub: RPS31
RUB1

SMT3
URM1
ATGS8
ATG12
HUB1

Ub: UBA52
Ub: RPS27A
Ub: UBB

Ub: UBC
NEDDS8
SMT3A/SUMO-3
SMT3B/SUMO-2

SUMO-4
SUMO-5/UBL6
UBL3
UBL4
UBL5
GABARAP/FLC3B
GABARAPL1/GEC1
GABARAPL2
GABARAPL3
APG12L

Fat10
ISG15/UCRP
FAU/FUBI/MNSF
Ufmil

MOCS2

C9orf74

Table 3-2 Predicted human pseudogenes of Ub and related modifiers. The identification of pseudogenes is
described in chapter 2. Accession numbers are Uniprot for Q6ZRT8 and Q9BX44, otherwise EnsEMBL peptide

SMT3C/UBL1/SUMO-1

without
ORF/Uniprot CT  orthologue
YLLO39C GG -
YIL148W GG -
YKR094C GG -
YLR167W GG -
YDR139C GG -
YDR510W GG -
YILOOBW GG -
YBLO78C FG -
YBR217W FG -
YNRO32C-A (YL -
13569612 GG -
Q5RKT7 GG -
Q5U5U6 GG -
Q7L684 GG -
Q15843 GG -
P55854 GG yes
P61956 GG yes
P63165 GG -
Q6EEV6 GG yes
Q6P094 GG -
095164 ET yes
P11441 EK yes
Q9BzL1 YQ -
095166 YG -
Q9HORS8 YG -
P60520 FG -
Q9BY60 YG -
094817 WG -
015205 GG yes
P05161 GG yes
P35544 GG yes
P61960 VG yes
096033 GG yes
Q9BTM9 GG -

UPS, protein sorting
UPS, protein sorting
UPS, protein sorting
UPS, protein sorting
cullin/RING-E3 regulation
nuclear transport, localization
stress, invasive growth
autophagy, CVT pathway
autophagy, CVT pathway
polarized morphogenesis
UPS, protein sorting
UPS, protein sorting
UPS, protein sorting
UPS, protein sorting
cullin/RING-E3 regulation
conjugated under stress
conjugated under stress
nuclear transport, localization
heat shock induced

?

?

?

polarized morphogenesis
autophagy, CVT pathway
5

intra-Golgi traffic

?

autophagy, CVT pathway
apoptosis, interferon response
immune response

T-cell activation

regulation

molybdoterin synthesis

stress (by similarity)

IDs or Genscan IDs are given. For SUMO-1-like 1 only chromosomal coordinates were available.

Gene name

Ub: RPS27A-like 1/bA92K2.2

Ub: RPS27A-like 2
Ub: RPS27A-like 3
Ub: RPS27A-like 4
Ub: RPS27A-like 5
Ub: UBA52-like 1
Ub: UBA52-like 2
Ub: UBB-like 1
Ub: UBB-like 2
FAU-like
FAU-like2
SUMO-1-like 1
SUMO-2-like 1
SUMO-2-like 2
SUMO-2-like 3

Accession number Chromosome
Q9BX44 Chrl
GENSCANO00000014306H ChrX
GENSCANO00000048511H Chr6
ENSP00000355184 Chr2
ENSP00000334842 ChrX
ENSP00000258728 Chr7
GENSCANO00000058681H Chr9
ENSP00000320067 Chr2
Q6ZRT8 Chr17
ENSP00000335590 Chrl8
ENSP00000310146 Chrl1
Chrl, base 157100317:157101631 |Chrl
ENSP00000313744 ChrX
ENSP00000328831 Chr7
GENSCANO00000025561H Chr8
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3.1.1.2 Type | Ubiquitin-like modifiers

Among the 20 human and Ix yeast type | Ub-like modifiers, only few have been
andyzed in detal like human NEDD8 or SUMOL1 as well as their yeast orthologues. At least the
broad biologica process of most type | Ub-like modifiersis known (Table 3-1).

The human genome encodes five SUMO pardogues while yeast has only one SUMO
protein encoded (Smt3) (see Table 3-1). Four of the five human SUMO proteins have been
described so far and functiond deta is avallable (Dohmen, 2004). The fifth one is currently only
mentioned in the Vertebrate Genome Annotation (VEGA) database and the name UBL6 has
been suggested (Ashurst, 2005). From segquence andysis done here, UBL6 has a clear
evolutionary connection to the SUMO subfamily of type | Ub-like modifiers and is referred to
as SUMOS in this work. SUMO5S shares 87% sequence smilarity with SUMOL and is therefore
more closdy related to the classc SUMO than SUMO2-4. It maps to chromosome 20 and
appears to be weakly expressed (only in testis) compared to SUMOL (Strausberg, 2002).
However, any functiona charecterization of the SUMO5 protein is gill unavalable. As introns
are missing and the 3-UTR of SUMOS is related to the 3-UTR of SUMOL, the SUMO5 gene
probably has arisen from retro-transposition of SUMOL1 mRNA. A 'GG'-moatif is present a the
C-terminus of the gene product as is the case for SUMO1-4. In addition to these five expressed
SUMO genes, a least four SUMO pseudogenes exist in the human genome, which probably
have arisen from SUMO1 and SUMO2 mRNA retrotransposition (see Table 3-2).

For yeast Rubl and Urml, clear human orthologues could be proposed, which are
NEDDS8 and C9orf74, respectively (see Table 3-3). Human Ufml & absent from yeast and other
fungi. Ancther dass of type | modifier, which is completely missng in yeed, are linear
diubiquitin modifiers like Fatl0 or ISG15. As the latter caries out a function in the innate
immune sygem (Kim et d., 2003), which is spedific to multicdlular organisms, it is not
expected to be found in unicdlular organismslike yeast.

The Ub-like protein FUBI (35.5% identity to Ub) is encoded by the human gene FAU, in
which it is fused to a ribosoma sibunit (S30). FAU is not found in the yeast genome. Like the
Ub-precursors, the initid FAU gene product is post-trandationaly cleaved in order to dlow S30
incorporation into the smal ribosomd subunit. FUBI has been reported to get covaently linked
to a murine Bd2-like protein, which is orthologous to human pro-apoptotic BCL-G (Nakamura,
2003). Within the human genome, two paralogues of the FAU gene have been detected, which
are likely to be pseudogenes. FAU-like on chromosome 18 seems to be the result of the
retrotranspogition of the origind FAU-mRNA, as no intron exists and a polyA-tal is detectable
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in the genomic sequence, ~15 bases downstream of the 'AATAAA'-moatif. In agreement with
this finding, FAU-like has been described as pseudogene FAUPL dsewhere (Kas, 1995). A
second putative FAU pseudogene, here named FAU-like2, was found on chromosome 11. This
gene has the same intron as FAU, but lacks the start-codon.

Three sequences (UBL3, UBL4, UBL5) were found in the human genome that share a
high smilarity to the origind Ub sequence. All three genes are expressed. However, a role as
modifier seems questionable, as these three proteins lack the C-termind ‘GG motif thought to
be characterigtic for type | modifiers. The yeast orthologue of UBL5 is Hubl, which has been
reported to form adducts with other proteins, though it is not clear, whether these adducts are
covdent or noncovdent in nature (Wilkinson, 2004). In contradiction to Wilkinson et 4d.,
Yashiroda et a. have ruled out a function of Hubl from S pombe as a classc type | modifier
(Yashiroda, 2004).

Table 3-3 Orthology assignments according to sequence comparisons in a dataset of Ub-like type | modifiers.

Ubiquitin Ubiquitin

RUB1 NEDDS8

SMT3 (SMT3C/UBL1/SUMO-1), (SUMO-5/UBLS)
HUB1 UBL5

ATG8 GABARAP, GABARAPL1-3

ATG12 APG12L

URM1 C9orf74

3.1.2 Type Il Ub-like proteins

3.1.2.1 Ub-like domains detected by the Ub-profile

Besdes type | Ub-like proteins, a sat of multi-domain proteins with an embedded Ub-
like domain was found in yeast and human (see Table 3-4). These proteins were detected by the
same Ub-based profile that was aso used for the detection of most of the type | Ub-like
proteins. Often, these so cdled type Il Ub-like proteins have their Ub-like domain postioned a
the extreme N-terminus (see Figure 3-1). They lack the 'GG' moatif a the C-terminus of the Ub-
like domain (data not shown). Therefore, it is likey tha type Il Ub-like proteins cannot be
processed and conjugated (Jentsch et al., 2000).

The human Ub-like type Il protein st condgsts of 59 members while the yeast st
contains only twelve proteins. Prominent members are yeast Rad23 and Dsk2 as wdl as ther
human orthologues (see Table 3-4), which al have been dudied extensvely (Luders et 4.,
2003, Walters, 2002). These proteins possess one or two UBA domains in addition to their Ub-

like domain (see Figure 3-1).
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Interestingly, Ub-like domains are found in many proteins with a direct connection to the
UPS like DUBs, Els and subdrate ddivery factors like Rad23. Moreover, Ub-like domans
could be detected in two subunits of the IKK complex, CHUK/IKKA and IKBKB, responsible
for phosphorylation of NF-kB inhibitors from the [kB family. Such phosphorylation
immediady triggers the rgpid Ub-mediated proteasoma proteolyss of the kB inhibitor,
thereby restoring NF-kB function as a transcription factor. The observation of Ub-like domains
in these both NF-kB related kinases as wdl as in another protein involved in the NFkB
pathway, IKBKE, is probably tightly linked to the Ub-dependent degradation of the inhibitors.
Moreover, this example shows that the occurrence of typicaly UPS-associated homology
domains in seemingly unrdated cdlular processes, here NF-kB sgndling, may indicaie the
involvement of the UPS on aregulatory level in these processes.
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Table 3-4 Ub-like type Il proteins. Additional domains were provided as well if possible. Orthologues are defined
in the upper panel with different assignments separated by grey/white transitions. Bold letters denote proteins
without Ub-like domain whose orthologues were found to contain one. Pseudogenes are printed in italics.

Ub-like type Il proteins

Yeast additional Human additional
Gene name ORF domains Gene name Uniprot number domains
. DDI1 Q8WTS3 UBA, peptidase
DDI1 YER143W UBA, Asp peptidase DDI2 Q7RTZ0 UBA. peptidase
PAC2 YEROO7W LRR TBCE Q15813 LRR
NPL4 YBR170C NPL4 Q8TAT6 NZF_RANBP
YOD1 YFL044C OoTU FLJ46133 Q6ZRS6 oTuU
UBQLN1/PLIC1 Q9UMXO0 UBA
UBQLN2/PLIC2 Q9UHD9 UBA
DSK2 YMR276W UBA UBQLN3 Q9H347 UBA
UBQLN4/UBIN QINRR5 UBA
RAD23A P54725 UBA
RAD23 YELO37C UBA RAD23B P54727 UBA
UBA1 YKL210W UBA_NAD UBE1 P22314 UBA_NAD
UBA2 YDR390C UBA_NAD UBLE1B/UBA2/SAE2  Q9UBT2 UBA_NAD
UBP6 YFRO10W USP USP14 P54578 USP
UBA3 YPRO66W no Ub-like domain |UBE1C/UBA3 0Q8TBC4 UBA NAD
PRP21 YJL203W no Ub-like domain |SF3A1 015459 SURP
Yeast members without orthologues
Gene name ORF domains
ESC2 YDR363W
USA1 YMLO29W
YOL111C YOL111C
Human members without orthologues
Gene name Uniprot number domains Gene name Uniprot number domains
BAG1 Q99933 BAG USP31 Q86UV5 USP
GABPA Q06546 ETS USP32 Q8NFAO USP
FBXO7 Q9Y3I1 Fbox SACS/Sacsin Q5T9J7 DNAJ_N, HEPN
CHUK/IKKA 015111 kinase A-735G6.2 014562
IKBKB 014920 kinase ANUBL1 Q86XD8
IKBKE Q14164 kinase BAT3 P46379
FLJ46103 Q6ZRU1 Ttrap_NT C160rf33 Q9BV90
MGC10067 Q8WVY7 NIF C7orf21 Q9BVT8
VCIP135 Q96JH7 OoTuU DC-UbP Q8WUN7
PARKIN 060260 Parkin triad (RING) |FAFX Q93008
UBCE7IP3/XAP4 Q9BYMS8 Parkin triad (RING) |FAFY 000507
UHRF1/NP95 Q96T88 RING FLJ22313 Q9BSE4
UHRF2/NIRF Q96PU4 RING FLJ35834 Q8NA54
Catastrophin Q5QJ74 UBA FLJ90280 Q8NCF5
NUBL/NYREN18  Q9Y5A7 UBA HERPUD1/MIF1 Q15011
RAD23C ENSP00000334233 UBA KIAA0633 075128
SB132/BMSCUBP Q96S82 UBA LOC164153 Q8N7F7
UBADC1/GBDR1 Q9BSL1 UBA novel-UBL-type-Il 1 GENSCANO00000058079H
mop-4 Q9H3T7 UBA_NAD OASL Q15646
UBE1L/UBE2 P41226 UBA_NAD TCEBZ2/Elongin B Q15370
FAF1 QI9UNNS5 UBX TCEB2/Elongin B like ~ ENSP00000333957
uUspP24 Q9UPUS5 USP UBTD1 Q9HACS8
UNQ1897 Q71RG4

Two of the Ub-like type Il proteins from human have a 'GG' matif that is homologous to
the 'GG' in Ub-like type | modifiers. While in ANUBL1 the Ub-like domain is locdized at the
N-terminus with much primary sequence following, the homologous ‘GG of SF3A1 is only
three resdues away from the Gterminus. SF3A1 is a well known subunit of the spliceosome but
a processng amilar to that found in severa Ub-like type | modifiers has not been described for
SF3A1 (Das, 2000). Remarkably, the yeast orthologue Prp21 lacks the Ub-like domain (Table
3-4). This observation probably indicates that the Ub-like doman is digoensable for splicing
related functions of Prp21/SF3A1 in these species.
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Interestingly, FAF1, an enhancer of FAS-induced apoptosis has both the Ub-like and a
Ubx doman merged into one polypeptide (see Figure 3-1) (Ryu, 1999). The Ubx doman has
been reported to adopt a Ub-like fold (Buchberger et d., 2001). However, only in a few cases,
Ubx based profiles were able to detect proteins with a proper Ub-like doman and vice versa
(data not shown). Apat from the wesk sequence smilarity, proteins with Ubx or Ub-like
doman ae frequently found together with other homology domains typicaly associated with
the UPS, e.g. UBA domains (see Figure 3-1).

3.1.2.2 Remotely Ub-like domainsin Ub-activating enzymes

The dructures of the human Ub-activaing enzymes, UBELIC/UBA3 and
UBLE1B/UBA2, clearly demondrate the presence of a Ub-fold doman outsde the catdytic
doman (Lois et a. 2005 Waden et d., 2003). In mos EIls, this Ub-fold doman is too
divergent to be matched by the classc Ub-based profile. Therefore, new profiles were generated
based on the Ub-fold domain of the crysalized human Els for an in-depth andyss of the Ub-
fold domain in other proteins of the E1 family.

By means of a rigid-body superpostion of the Ub-fold domans in  humen
UBE1C/UBA2 and UBLE1B/UBA3, a dructurd aignment was derived and converted to a
profile, which afterwards was run againgt E1 sequences. As a result, three human Els as well as
many other Els from different species were found to contain a Ub-fold domain (see Table 3-4
and Figure 3-2 for a doman gructure). These human proteins are the Ub-activating UBEL and
the 1SG15-activating UBELL as wdl as mop-4, which has no known modifier to activate so far.
Remarkably, the Ub-fold domain is absent from yeast Uba3 and its fungd orthologues.
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Figure 3-1 Domain structure of selected proteins with Ub-like domains. The Ub-like domain is coloured in green.
A frame indicates orthologues from human ('hs)) and yeast ('sc'). For yeast Dsk2, only one of the four orthologous
Ubiquilinsis shown, UBQLNL1.



Chapter 3 Reaults 42

3.2 Activating enzymes for Ub and related modifiers (E1)

3.2.1 E1 protein sets for yeast and human

The UBA_NAD profile of PROSITE covers the NAD-binding region of typicd Els By
means of this profile, severd established and putative E1s were identified (see Table 3-5). The
largest group of E1 enzymes harbours two copies of the NAD-binding region in one
polypeptide, for example the Ub-activating Ubal (yeast) or UBEL1 (human). By contrast, the
SUMO- and NEDDS8-activating enzymes act as heterodimers, whose subunits carry only one
UBA_NAD copy each. The homodimeric yeast Atg7 and its human orthologue APG7L as well
as the likdy homodimeric Ubad (a sdf-interactor in yeast) dso contain only one NAD-binding
region.

As the primary sequences of the most familiar E1s are well conserved between yeast and
human, dear 1:1-type orthologous pairs could be defined. Concomitantly, the domain topology
is preserved for each pair (see Figure 3-2). They ae liged in Table 3-6 together with ther
substrates and corresponding E2s.

Table 3-5 Activating enzymes from yeast and human. Gene names are shown together with systematic ORF names

and protein accession numbers, respectively. Orthologues are opposed in the same row and different pairs are
separated by grey/white transitions.

Yeast E1 Human E1

Gene name ORF Gene name Uniprot number
UBA1l YKL210W |UBE1 P22314

UBA2 YDR390C |UBLE1B/UBA2/SAE2 Q9UBT2

UBAS3 YPR0O66W |UBE1C/UBA3 Q8TBC4

UBA4 YHR111W |MOCS3 095396

ULA1 YPLOO3W |APPBP1 Q13564

AOS1 YPR180W |UBLE1A/AOS1/SAE1/SUA1 Q9UBEO

ATG7 YHR171W |APG7L 095352

YHRO03C YHR003C - -
YKLO27W YKLO27W

UBE1L/UBE2 P41226
- - UBE1DC1/Ubab Q9GzZ9
- - mop-4 Q9H3T7
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Table 3-6 Known Ub-like modifiers and their activating and conjugating enzymes in yeast and human. Atgl2, Atg8
and Urml are distinct from the other modifiers because they are unrelated in sequence to Ub. Whether Hubl

functions as amodifier is currently unclear.

Yeast

Modifier E1l E2

Ub Ubal Ubcl-8, Ubcl10-11, Ubcl3
Smt3 Aosl-Uba2 Ubc9

Rubl Ulal-Uba3 Ubcl2

Urml Uba4(-Uba4?) -

Atg8 Atg7 Atg3

Atgl2 Atg7 Atg10

Hubl ? ?

Human

Modifier El E2

Ub UBE1 many, see chapter 3.3
SUMO-1 UBLE1A/SAE1-UBLE1B/SAE2 UBE2I
NEDDS8/Rubl APPBP1-UBE1C/UBA3 UBE2M
Urm1/C9orf74 MOCS3 -

GABARAP (Atg8-like) APG7L APG3L

APG12L APG7L APG10L

ISG15 UBE1L/UBE2 UBE2E2/UBCHS8
Ufm1 Ubab Ufc1/HSPC155
Fat10 ? ?

FUBI/FAU ? ?

UBL5 ? ?

3.2.2 Specific genes and homology domains in the E1 family

In addition to a common set of E1 enzymes found in both species, both yeast and human
have specific E1 copies that occur only in that particular species. For two of these human
proteins, UBELL/UBE2 and Ubab, the Ub-like protein to be activated is known, which is 1SG15
and Ufml, respectively (Komatsu et a., 2004, Yuan, 2001). The 1SG15 activator UBELL/UBE2
is cosdy rdated to the Ub-activator UBEL, and has another close pardogue with an identicd
domain topology, mop-4. The laiter protein is highly expressed in monocytes, but its subgrate is
unknown (Takayama 1998, unpublished).

In addition to the known ectivators of the known Ub-like proteins, yeast dso contains
two orphan proteins with an E1 architecture (YhrOO3c and YkIO27w). Both genes seem to have
aisen from gene duplication and share only week sequence Smilarity with Ubal. Interestingly,
ther C-terminus is probably homologous to the human hypotheticad protein FLJ36074
(Q8N9Y?2), which in turn lacks the UBA_NAD domain, the hadlmark of E1 enzymes. While
these two ORFs are specific to yeadt, it is remarkably that the yeast genome does not encode any
orphan type | Ub-like modifiers. It is currently not clear if the corresponding proteins have a
redundant function in activeting type | Ub-like modifiers or a E1 function a al (see chapter

4.2.1 for amore detailed discussion).
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Rubl1/NEDD8 UBA3sc
UBA_NAD [1-14]
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mop-4 hs (QIH3TT)
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type-1 repetitive motif_2 [635-711]
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Figure 3-2 Domain structure of yeast and human E1 enzymes with a similar C-terminal domain arrangement in the
active subunits/fmonomers. Each box contains E1 enzymes responsible for the activation of the modifier given in
red letters. Asfar as possible, yeast and human orthol ogues are opposed indicated by the species abbreviations, sc'
and ,hs' in each description line, respectively. Two different proteins within a row reflect the subunits of
heterodimeric E1s. The type-l repetitive motif that followsa UBA_NAD domain contains the catalytic cysteine.
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Atg8, Atgl2 UBA4 sc Um1
UBA_NAD [4520
ATG7 sc UBA_NAD [01477 HNAD 16208 RHODANESE [34243]

MOCS3 hs (095396)

LUBA_NAD [G2-214]
UBA_NAD [332431] RHODANESE [350-456]

— I

Ufml MoaD

MoeZ C.glutamicum (QBNTU4)
UBE1DC1/Uba5 hs (Q9GZZ9) UBA_NAD [12-164]

UBA_MNAD [52-225] RHODAMESE [278-361]

— . T

APGT7L hs (095352)

Figure 3-3 Domain structure of Els for Atg8/Atgl2, Urml, Ufml and the MoaD from C. glutamicum, MoeZ. The
catalytic cysteine in Els containing a Rhodanese domain is located few residues downstream of the UBA_NAD
domain (not shown).

3.2.3 Repetitive motifs in some Els contain the active site

Two new and digtinct repetitive motifs (type-1/type-2) were found downstream of the
UBA_NAD doman in Els (see Figure 3-2). The rdative pogdtion of these motifs is quite
vaiable. In generd, the type-1 repetitive motif, which directly follows the UBA_NAD domain,
harbours the catdytic cysteine. A second copy located downstream is devoid of a cysteine at the
corresponding position. The presence of the type-2 repetitive motif does not seem to be
obligatory, as it could not be detected in al Els so far. A more general observation is that type-1
motifs aways precede the type-2 motif(s). The insertion length between the two dfferent repesat
dretches is highly varigble, eg. they are immediately adjacent in UBEL1C/Uba3, while there are
large insertions for Uba2/SAE2. There seems to be a dight preference for two copies of the
type-2 matif in Elswith two UBA_NAD domains, i.e. in E1s, which are active as monomers.

3.2.4 Other domain arrangements in E1

Not dl Els share the same domain arrangement as found in yeast Ubal and other Els as
shown in Fgure 3-2. Ubad and MOCS3 have a Rhodanese domain C-temindly of ther
UBA NAD domain (see Figure 3-3). This doman arangement is aso detected in El-like
bacterid proteins mediating MoaD and ThiS activation, which is specificdly adapted to the
function of these two dructurd homologues of Ub and therefore not found in other Els
(Rajagopaan, 1997). Atg7/APG7L and Ubab neither share the Rhodanese domain nor show a
domain arangement of repetitive motifs and a Ub-like domain. Probably, ther function does
not rdy on auxiliay domans in addition to the UBA_NAD or such domans have not been
discovered so far.
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3.3 Ub-conjugating enzymes (E2)

3.3.1 E2 protein sets for yeast and human

To find sequences related to the E2s known so far, a profile adapted from the Ubc
homology domain was used for database searches. Overdl, 15 proteins from yeast and 42 from
human were detected with significance. These sequences can be divided into two groups lkased
on the presence or absence of the catalytic cysteine. Proteins with a cataytic cyseine are
condgdered active E2s, while proteins lacking that specid cysteine are thought to be inactive
Ubc enzyme variants (UEV) (Ponting et d., 1997). As the Ubc domain in UEV proteins has
been reported to have Ub-binding properties, UEV proteins are described in chapter 3.6.
Therefore, Table 3-7 covers just active Ubc proteins including autophagy E2s.

For dmog dl yeast E2 proteins with a Ubc domain, human orthologues could be defined
(see Table 3-7). In some indances, the human ancestor gene seems to have been duplicated
leading to 1:n-relaionships, but in the case of yeast Ubc4 and Ubc5 the funga organism shows
adso evidence of gene duplication after its branching off from the last common ancestor of yeast
and human. Only the yeast peroxisome biogenesis factor Pex4 could not be assgned to a human
orthologue. As Pex4 dmog exclusvely condsts of the Ubc domain, regions outside this domain
did not hep in finding a human orthologue. While there is only one yesst-specific Ubc protein,
the human genome has a condderably higher number of unique Ubc genes, including the
conjugating enzyme for the humanspecific modifier ISG15 (Zhao et d., 2004).
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Results

Table 3-7 List of yeast and human E2s. Orthology assignments are given in a subtable. For autophagy EZ2s,

orthologous pairs have directly been opposed.

Yeast Ubc-E2

Human Ubc-E2
Gene name

Accession number

Gene name

CDC34 YDRO054C
PEX4 YGR133W
QRI8 YMRO022W
RAD6 YGLO58W
UBC1 YDR177W
UBC11 YOR339C
UBC12 YLR306W
UBC13 YDR092W
UBC4 YBR082C
UBC5 YDRO059C
uBC6 YER100W
UBCS YELO12W
UBC9 YDL064W
Assignment orthologues
Yeast Human
CDC34 CDC34, UBC3B
QRI8 UBE2G2
RAD6 UBE2B, UBE2A
UBC1 HIP2
UBC11 UBE2C
UBC12 UBE2M
UBC13 UBE2N

UBE2D1, UBE2D2,
UBC4, UBC5 UBE2D3, UBE2D4,

OTTHUMP00000030191
UBC6 UBE2J2
UBCS8 UBE2H
UBC9 UBE2I

Human Ufm1-E2
Gene name Uniprot number
Ufcl/HSPC155 Q9Y3C8

Yeast autophagy E2s
Gene name ORF
ATG3 YNROO7C
ATG10 YLLO42C

BIRC6
CDC34
FLJ11011
FLJ13855
HIP2
HSPC150
KIAA1734
LOC92912
MGC42638
NCE2
UBE2A
UBE2B
UBE2C
UBE2D1
UBE2D2
UBE2D3
UBE2D4
UBE2E1
UBE2E2/UBCHS
UBE2E3
UBE2G1
UBE2G2
UBE2H
UBE2I
UBE2J1
UBE2J2
UBE2L3/UBCH7
UBE2L3-C13
UBE2L3-C14
UBE2L6
UBE2M
UBE2N
UBE2Q
UBE2QL
UBE2R2
UBE2S
UBE2SL
UBE2U

Human autophagy E2s

Gene name
APG3L
APGI10L

QINRO09
P49427
Q96B02
Q9H832
P61086
QINPDS8
Q9C0C9
Q8WVNS
Q8IWF7
Q969M7
P49459
P63146
000762
P51668
P62837
P61077
Q9Y2X8
P51965
Q96LR5
Q969T4
P62253
P60604
P62256
P63279
Q9Y385
Q8N2K1
P68036
Q5VZ96
10444495
014933
P61081
P61088
Q7Z7E8
ENSP00000339662
Q712K3
Q16763
QB6NXQ4
Q8N1D4

Uniprot number
QINT62
Q6PIX1
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3.4 Ligases for Ub and related modifiers

3.4.1 Finding RING finger proteins

One class of Ub ligase is characterized by the presence of a complex Zn finger domain
termed ‘RING finger’ and acts by binding to Ubiquitin conjugating enzymes bringing them into
close contact with the substrate. Severa sequence-based approaches for the clasdfication of
complex Zn fingers are currently in use. The smplest and most accessble one rdies soldy on
the nature and spacing of the cysteine and hidtidine resdues that act as ligands for the Zn(ll)
ion. However, a number of RING finger proteins deviates from the consensus Cys/His pattern
(Aravind et a., 2000). Therefore, profiles are a more exact method to describe the RING finger
domain, as the profile technique dlows dso to consgder important residues outdde the zinc-

binding resdues.

3.4.1.1 Construction of a pure RING finger profile

In a firg approach, members of the RING finger family were identified by means of the
RING finger profile entry of PROSITE. There was a markedly high portion of sequences that
tested pogtive for both the RING finger and a second, functiondly distinct type of zinc finger,
the PHD finger. This observation was the reason to congtruct ‘pure€ profiles for each the RING
and the PHD finger family in order to enable a clearer classfication of novel proteins To gain
such pure profiles, only proteins with an unambiguous PHD/RING datus were used in the initid
dep of profile generation. As a consequence, the resulting profiles had a dightly reduced
sengtivity but yielded a clearer separation between RING and PHD domains. As evident from
Fgure 3-4, RING and PHD finger proteins form diginct clugters in the two-dimensona score
gpace. Therefore, the newly congructed RING finger profile was employed to retrieve true
RING finger membersin yeast and human.
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Figure 3-4 The score distribution of RING finger and PHD finger profiles is shown. Each protein region having
significant or near-significant similarity to RING finger or PHD finger domains was scored against both
discrimination profiles mentioned in the text. The axes indicate the Evalues as a measure of significance. A dashed
line indicates an Evalue of 1, tentatively separating positive and negative predictions. Classic RING finger and
PHD domains are evident as two separated clusters, with only a few sequences having significant scores with both
profiles. The group of viral proteins discussed in 3.4.4 is indicated by blue circles, and the zinc finger domain of
MEKK1 as ared circle. Both protein classes are members of the RING finger cluster. Some of the viral proteins do
not reach significant RING scores with the given profile (blue circles left of the dashed line). A more sensitive
profile, which already includes the significant viral proteins in the training set, would yield convincing RING
scoresfor all of the classification targets.

3.4.1.2 Role of zinc-coordinating residues for subfamily deter mination

The dasic RING finger is a zinc-finger dructure coordingting two zinc cations in a
cross-braced arrangement. For zinc-coordinating, eight cysteine and hidtidine resdues are ether
ordered as C3H2C3 (RING-H2) or as C3HC4 (RING-HC). Besdes this arrangement of the
coordinating resdues, there are severd proteins with RING-finger like domans displaying a
different arangement of these resdues or lack even some of them. However, sequence
comparisons suggest an evolutionary relationship for these proteins to cdasic RING finger
proteins. Like the classc RING fingers, severd RING-finger like proteins from different
families have been shown to function as ligases for Ub (TRIAD/RBR/Parkin triad family and U-
box family) and in some cases for SUMO (PIAS family) (Hatakeyama, 2001, Johnson, 2001,
Marin, 2004). Therefore, a grouping of classc RING-finger proteins and RING-finger like
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proteins seems reasonable. To find the whole protein set of each subfamily, subfamily-specific
profiles had to be generated.

The dignment in Figure 3-5 shows the RING finger domain of representative members
of the dassc RING finger family and dl RING finger variants. Obvioudy, the dassic RING
finger domain is defined by a saries of eight well consarved hididines and cyseines, which
coordinate the zinc ions and dready congdtitute large parts of the domain. The members of the U
box family deviale mogt drikingly from the cdassc RING finger, as the U-box lacks dl zinc-
coordinating residues (Aravind et d., 2000). Other families have logt only few of these resdues
or use different resdues for zinc-binding a certain pogtions like the PIAS family or even more

pronounced in some proteins termed ‘ degenerated RING fingers' here.

DVA1l_SC
DVA2_SC
CHFR_HS classic
BARD1_HS RI NG fi nger
BRCA1_HS
SYVNL_HS
PARKIN_1_HS [€P[YeVSPL. . ... GCDDDLPSL Parkin-triad type
PARKI N_2_HS [€SNLTWCTNPQGCDRI LCRQGL S RI NG fi nger
PARKIN_3_HS [@PSEQAPIE.......... KNE! LE ............
PI AS1_HS GPECEAVRETI . . . .. .[® @FDAT. LY[JQWEKK. PT oD Pl AS-type
Sl z1_SC GPSYTRIKY. . . .. SKS (@ eFDA. . WFLHSQLQ PTW(elz\VieQ RI NG fi nger
RVD5_SC PVL EETTTENP. . SHA. . [@® SLSKNGT]I . opP ---
FLJ13910_HS [6P[L[zQOTTDNNP. . V C NAVFNGSK. . . . . 2YOP |
FLJ22318_HS [@P[JL{zQOTSDSNP. . .[® NELINGEK. . . . . iYer |

| degener at ed
NOSI P_HS 1 SLQPCHE, . . . . =, DG@ ....... KKEI AR | RI NG fi nger
NOSI P_HS 2 Eﬁ'iTRDSlSNA CAVLR PSGAYVTL EKL ...... DWDEVTG |

I
MPE1_SC dx T RQ ... E KTSK 'S VES. . ... OFE - --
RBBP6_HS Nl G TD. . ... RT LESDE. . oH classic

UFD2_SC DP[l 5. . ... = ! LPA. SKVNI DEST[IKAHELS. . . . . . DSTDEFNZ U- Box
CH P_HS GK[ISFEENR=. . . . . 3 Cl TP. . SG T)DFKDIEEHEQRV. . . . . GHFDgVT |5

Figure 3-5 Alignment of representative members of each RING finger subfamily including the zinc less Ubox
domain. The classic RING finger proteins are shown at the top, while RING finger variants are shown below. Red
background indicates zinc coordinating residues or potentially zinc binding residues at positions homologous to
thosein the classic RING finger.

3.4.1.3 Overview of the RING superfamily including U-Box proteins

Altogether, 48 proteins in yeast and ~300 proteins in human were detected with the
cdassc RING finger profile or one of its variants including the U-box (see Table 3-8). The
cdassic RING finger accounts for 39 proteins in yeast and ~270 proteins in human and
conditutes the largest group by far. Due to the Sze of the dassc RING finger family, a
complete ligt of its members is provided in the gopendix. The family next in Sze is the Parkin
finger triad family. Here, two yeast representatives are opposed to 14 in human.
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Not adl members of the RING supefamily are Ub-specific E3s, but some ligate other
type | Ub-like modifiers to subgtrates. The PIAS family comprises the SUMO-ligases Sz1 and
S22 in yeast (Johnson et a., 2001, Takahashi, 2003), as well as Mms21 that has been assigned a
Ub-ligase activity (Hofmann et d., 1999). Interestingly, the S pombe orthologue of Mms21,
Nse2/Pli2 (P87298) has recently been reported to be a SUMO ligase (Andrews, 2005). In
human, seven proteins with the PIAS-type RING finger ae expressed, with PIASL,
PIAS2/PIASX, PIAS3 and PIASA/PIASy being known SUMO-ligases (Dohmen, 2004).

For the Ubox family, Prp19 and Ufd2 were found in yeast. Both have been reported to
have Ub-ligase activity (Koegl et a., 1999, Ohi, 2003). Of the sx U-box homologues in human,
CHIP is the best sudied one with a wel explored Ub-ligase activity depending on chaperones
as subgtrate specificity factors (Conndl et a., 2001).

Table 3-8 Overview of the RING family including UBox proteins, the HECT family and the A20 zinc finger
family.

Yeast with orthologues Human
classic RING 39 27 264
PIAS type RING 2 3 14
Parkin finger triad 3 2 7
degenerate RING 2 2 6
U-Box 2 2 5
HECT 5 5 28
A20 zinc finger - - 7

3.4.2 Comparing the RING finger and its variants

3.4.2.1 The Parkin finger triad

According to sequence andyss done here, the Parkin triad family conssts of three
consecutive copies of complex zinc fingers (‘Parkin finger’) with smilarity to the cdassic RING
finger rather than of two RING finger copies with a distinct zinc finger in between (Marin et d.,
2004). On doser examination of the fird two zinc finger domains within the Parkin finger triad
of Parkin, individud resdues that normdly bind zinc have been replaced by non-binding ones.
By contrad, the third RING finger gill holds dl eght zinc coordinating resdues and, like the
fird RING finger domain, is detected with sgnificant scores by the classc RING finger profile.
As the intermediate RING finger copy lacks two zinc coordinating residues and obvioudy
requires a gap to dign the remaining cysteines correctly as seen in Figure 3-5, it is not detected
dggnificantly by the dasic RING finger profile Neverthdess, when regarding conserved
resdues outsde the zinc-coordinating cysteine and histidine resdues, the reationship between
the intermediated zinc finger and the RING finger becomes clearer.



Chapter 3 Reaults 52

Table 3-9 Yeast and human Parkin finger triad proteins. A subtable contains orthology assignments. Gene namesin
italics denote pseudogenes.

Parkin finger triad

Yeast Human
Gene name ORF Gene name Uniprot number Gene name Uniprot number
YKRO17C YKRO017C ANKIB1 Q9P2G1 PARK2 060260
ITT1 YMLO68W ARIH1/UBCH7BP Q9Y4X5 RNF14/ARA54 QouUBS8
Assignment of orthologues ARIH2/TRIAD1 095376 RNF144 P50876
Yeast Human IBRDC1 08TC41 RNF19 Q9NV58
YKRO17C ARIH1/UBCH7BP |IBRDC2 Q72419 RNF31 Q96EPO
ITT1 RNF14/ARA54 IBRDC3 Q6ZMZz0 UBCE7IP1/TRIAD3 QINWF9

PARC Q8IWT3 UBCE7IP3/C200RF18 Q9BYMS8

GENSCANO00000039330H

3.4.2.2 PIAS-type RING finger

In PASL and Siz1, only sx of the zinc coordinating resdues are left compared to the
classc RING finger. PIAS3 lacks even three of these resdues. The zinc finger domains in PIAS
family members are detectable using the classc RING finger profile, but with wesk scores
below threshold. This observetion is probably due to the high weight of zinc coordinating
resdues during profile congtruction. As described above, a PIAS specific profile of the RING
finger domain had to be generated to find al PIAS family members (Table 3-10).

Table 3-10 Y east and hurman PIAStype RING finger proteins. A subtable contains orthology assignments.

RF_PIAS

Yeast Human

Gene name ORF Gene name Uniprot number
SIz1 YDR409W FLJ32440 Q96MF7
NFI1/S1Z2 YOR156C PIAS1 075925

MMS21 YELO19C PIAS2/PIASX 075928
Assignment of orthologues PIAS3 Q9Y6X2

Yeast Human PIAS4/PIASY Q8N2W9

SIZ1, NFI1/S1Z2  PIAS1-4 RAI17 Q9uULJ6
MMS21 FLJ32440 ZIMP7 Q8NF64

3.4.2.3 Highly degenerated RING-finger

Within this work, severd proteins were found that exhibit a wesk smilarity to the classc
RING finger. This smilarity has so far not been described in the literature. However, control
profiles could confirm a homologous reationship between the classc RING finger and these
proteins. The degeneration of the series of zinc binding resdues in these proteins is even more
pronounced than in the protein families described so far and they are abdractly denoted as
‘degenerated RING fingers here (see Table 3-11). A generd role of these atypicd RING
fingers as E3 has Hill to be established, dthough a least Rmd5 is required for the ubiquitylation
of the gluconeogenetic enzyme fructose-1,6-bisphosphatase (Regelmann, 2003). Rmd5 and its
human orthologues FLJ13910 and FLJ22318 share a st of rudimentary cysteine and hididine
resdues used for zinc coordination in classc RING finger proteins Interestingly, the
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degeneration of the zinc- binding resdues in yeast Mpel and its putative human orthologue
RBBP6 seems to have progressed at different rates. While RBBP6 may be classfied as classic
RING finger protein, Mpel is lacking three zinc-coordinating residues. It should be mentioned
that RBBP6 is makedly larger than Mpel and likedy has new or additiond functions. In this
respect, the different conservation of the RING fingers may indicate a change in function of the
RING finger and the corresponding protein. In the case of human NOSIP with two degenerated
RING finger domains, no obvious yeast orthologue could be assgned, dthough SIx8 may be a
candidate. By contrast, in N. crassa and F. gramineum NOSIP orthologues seem to exigt. In
those proteins, the RING finger domains are more closdy related to the classc RING finger
than the human NOSIP RING finger domains.

Table 3-11 Y east and human degenerated RING finger proteins. A subtable contains orthology assignments.

degenerated RING finger

Yeast Human

Gene name ORF Gene name Uniprot number
MPE1 YKLO59C C200rf43 Q9BY42

FYV10 YILO97W FLJ13910 Q9H871

RMD5 YDR255C FLJ22318 Q96G75
Assignment of orthologues MAEA Q9B0Q11

Yeast Human NOSIP Q96FD2

MPE1 RBBP6 PPIL2 Q13356

RMD5 FLJ22318, FLJ13910

FYV10 MAEA

3.4.2.4 No zinc binding capabilities, but still E3 activity: U-box

The U-box family is an extreme example for the degenerdtion of zinc-coordinaing
resdues of the RING finger domain. For example, in human CHIP and yeast Ufd2, none of
these resdues is retained (see Fgure 3-5). However, the U-box is Hill adle to adopt the same
gructure as severd gructurdly solved RING domains (Ohi et d., 2003). Both the U-box and the
RING finger domain share a centrd a-helix surrounded by short b-strands and these secondary
dructure dements can dmost be completely superimposed. The U-box fold is manly sabilized
by a hydrophobic core with resdues occupying the origindly zinc chelating podtions, which
have a strong impact for the correct fold (Ohi et a., 2003). Besides sructurd smilarity, other
features shared between U-Box proteins and classic RING finger proteins are the ability to bind
to E2s and to act as Ub ligases (Pringa et d., 2001) (Jiang et d., 2001).
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Table 3-12 Yeast and human U-box proteins. A subtable contains orthology assignments. A gene name in italics
denotes a pseudogene.

U-Box

Yeast Human

Gene name ORF Gene name Uniprot number
UFD2 YDL190C CHIP/STUBL1 Q9UNE7
PRP19 YLLO36C PRP19/SNEV Q9UMS4
Assignment of orthologues [UJ3]=ER Q14139

Yeast Human UBE4B/UFD2 095155

UFD2 UBE4B/UFD2 |WDSAM1 Q8N6N8
PRP19 PRP19/SNEV |GENSCANO00000045262H

3.4.3 Assignments of orthologues for the RING-type ligases

41 out of the 53 yeast RING superfamily members could be assgned to one or more
human orthologues and only in a few cases severd human paralogues had to be assigned to one

yeast protein (see Table 3-13). Some specid cases will be described here in more detall.

Table 3-13 Assignment of yeast/human orthologues for classic RING finger. For orthology assignments of non-
classic RING finger families see previous tables. See appendix for ORFs or Uniprot numbers. Commas separate
different proteins, backslashes alternative names.

Assignment of orthologues

Yeast Human Yeast Human
APC11 ANAPC11 PEX10 PEX10
BRE1 RNF20, RNF40/KIAA0661 |PEX12 PEX12
CWC24 ZNF183, ZNF183L1 RAD18 RAD18
DMA1, DMA2 CHFR, RNF8 RADS5, RAD16, RIS1 SMARCA3/HIP116
FAP1 NFX1 SSM4 MARCHG6/KIAA0597
HRD1 SYVN1/HRD1 TFB3 MNAT1
HRT1 RBX1 VPS8 KIAA0804
MAG2 RIE2 YDR128W FLJ12270/KIAA1923
MOT2 CNOT4 YDR266C ZNF598
PEP3 VPS18 YHL010C BRAP
PEP5 VPS11 YMR247C ZNF294
UBR1, UBR2,
UBR1, UBR2 UBR1L1/FLJ45053

3.4.3.1 Dmal/Dma2 vs. CHFR/RNF8

Difficulties were encountered finding orthologues for yeast Dmal/Dma2. Two
dternative human proteins (CHFR and RNF18) appeared to be suitable candidates. The closdly
related Dmal and Dma2 are classc RING-H2 finger proteins and involved in regulating spindle
pogtion and orientation. Besides the RING finger domain, there is a FHA domain (Forkhead-
associated) present in dl four proteins upstream of the RING finger (see Figure 3-6). The FHA
domain is a phosphopeptide-binding moatif often found in regulatory proteins (Hofmann, 1995)
(Durocher, 1999). All four proteins are the only examples for a combined FHA/RING domain
topology in yeast and human. CHFR corresponds to Dmal/Dma2 functionaly (Fraschini, 2004).
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However, sequence comparison favours RNF8 as Dmal/Dma2 orthologue when andyzing the
FHA doman only. This can be seen from 43% sequence smilarity between RNF8 and each
Dmal and Dma2 versus ~30% between CHFR and Dmal/Dma2. At the same time, the RING
finger domains of both human sequences are more smilar to each other than to the homologous
doman in Dmal/Dma2, i.e. the human genes seem to have arisen from gene duplication after
the splitting of the metazoan and fungd lineege A 22 rdationship is the most probable
explanation for the evolutionary history of this family, i.e. Dmal/Dma2 are assumed to be co-
orthologous to CHFR/RNF8 (see Table 3-13).

DMA1 sc
FHA domain [185-252]
RING finger [327-371]
DMAZ2 sc
FHA domain [295-358]
RING finger [433477]

CHFR hs (QI6EP1)

FHAdomain [35-59]
RING finger [304-343]

— i

RNF8 hs (O76064)
FHAdomain [38-592]

—

Figure 3-6 Domain structure of Dmal, Dmal, CHFR and RNF8.

3.4.3.2 YKRO17C vs. ARIHL/UBCH7BP

YKRO17C is a protein with a Pakin finger triad, a motif aso found in Parkin, the
causative gene of Parkinson disease (Tanaka, 2004). Interestingly, YKRO17C enhanced the
toxicity of ectopicaly expressed human huntingtin exon 1 with an expanded poly(Q) repeet in
yeast (Willingham, 2003). Both Parkinson disease and Huntington discase are characterized by
ubiquitylated intraneurond incluson bodies in afected bran cdls but differ in the cdlular
mechanisms leading to pathogeness (Willingham et d., 2003). Therefore, the Parkin triad motif
links & leest two proteins with effect on toxicity of poly(Q)-expanded proteins. In the
publication of Willingham et d., YKRO17C has been mentioned to be involved in Ub-mediated
protein degradation, dthough no further reference is given for this clam (Willingham e 4.,
2003).

RING finger [403441]
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Parkin is a known Ub ligase with its Parkin finger triad being crucid for its function.
Mutations in the Parkin finger triad of the Parkin gene have been detected in Parkinson disease
patients (Tanaka et a., 2004) suggesting that the homologous region in YKRO17C may play a
role for the observations of Willingham et d.. However, YKRO17C exhibits an additiond N-
termind domain (‘Ariadne N-termind doman’), which is rdated to the UBA-domain and
therefore probably has a Ub-binding capacity that might be implicated in the observations made
for YKRO17C as well (see Fgure 3-7). The human orthologue of YKRO17C is ARIH1 that has
been shown to bind to the E2s UBCH7 and UBCH8 (Moynihan, 1999). Thus, there are severd
hints that functiondly link YKRO17C to the UPS, modst likdy as a Ub ligase. Notably, no
indications for a role of ARIH1 in Parkinson or Huntington disease have been reported so far.
Instead, ARIH1 appears to be involved in Ub-dependent degradation of a protein involved in
protein trandation, 4EHP (Tan, 2003).

Figure 3-7 Domain structure of yeast YKRO17C and ITT1 as well as of their human orthologues. The individual

YKRO17C sc
AriNT [20-156]
Parkin Finger 1 [178-247] ITT1sc o
Parkin Finger 2 [236-318] Parkin Finger 1 [180-233]
Farkin Finger 3 [330-335] Parkin Finger 2 [2B3-342]

AriCT [338-5239) Parkin Finger 3 [391-453]

— N BT

ARIH1 hs (Q9Y4X5)

AriNT [100-157]
Parkin F;-‘;gﬁ-r 1':[.1332,321][2&321] RNF14/ARAS4 hs (Q9UBSS)
rkin Finger Parkin Finger 1 [220-254]
Parkin Finger 3 [333-393] Parkin Finger 2 [302-354]
AriCT [34-530] Parkin Finger 3 [33-457]

Parkin fingers are shown, termed ‘ Parkin Finger 1-3'.
3.4.4 No evidence for PHD fingers as Ubiquitin ligases

Note: the following work has been published as " No evidence for PHD fingers as Ubiquitin ligases." by Scheel, H.
and K. Hofmann in Trends Cell Biol 13(6): 285-7 (Schedl, 2003).

In a 2003 aticle, Coscoy and Ganem had proposed a third class of Ub ligases, which
rely on PHD fingers indead of RING finger domains (Coscoy, 2003). As mentioned above,
PHD fingas ae complex zinc fingers like RING fingers and typicdly occur in proteins
involved in chromatin regulation. The proposd of Coscoy and Ganem was based on two
different protein families tha reportedly contain PHD fingers and have been shown to possess
Ub ligase activity: the mitogenactivated protein kinase kinase kinase MEKK1 (Lu, 2002) and a
group of vira proteins including MIR1 and MIR2 encoded by the Kgpos sarcoma virus KSHV
(Boname, 2001, Coscoy, 2001, Fruh, 2002, Mansouri, 2003). While there is little doubt thet
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both protein classes can catdyse the trander of Ub, the notion that the zinc fingers in those
proteins should be classfied as PHD fingers must be disagreed on. According to segquence
andydss in this work, both protein classes are dightly atypicd members of the RING finger
family. To show this, the sequences were compared againg both the pure RING finger and PHD
finger profiles from 34.1. Both MEKK1 and members of the vird MIR family yieded better
scores with the RING finger profile and unambiguoudy grouped with the RING fingers in
Figure 3-4. Smilar results were obtained by control profiles condructed from the MIR family,
which dgnificantly retrieved severad RING finger proteins but no PHD protein. Thus, in 2003
there was no reason to assume that true PHD finger proteins are involved in ubiquitylaion.
Similar conclusions have been drawn by Aravind et d. (Aravind, 2003).

In a more recent publication, a true PHD finger protein, AIRE (043918), has been shown
to have E3 activity (Uchida, 2004). PHD inger proteins should therefore not be ruled out as E3
ligases, but AIRE remans the only PHD protein with this activity so far. The putative PHD
finger proteins with E3 activity andysed in this chapter clearly bdong to the RING finger
family and therefore do not contribute to a speculative new class of PHD-type E3 ligases.

3.4.5 RING-cullin based E3s

3.4.5.1 Few scaffolds for RING-cullin based E3s

As described in the introduction, complex E3s are composed of modules, which may
roughly be subdivided into a RING-allin based scaffold and different adgptors mediating
substrate specificity (see Figure 1-3 and Table 3-14). The number of diginct RING and cullin
proteins in complex E3s is managedble with just 2 or 3 different RING finger proteins and 3 to 8
different cullinsin yeast or man, respectively (see Table 3-15).



Table 3-15List of cullinsand SKP1-like proteinsin yeast and human. Pseudogenes are printed in italics.

Cullin

Yeast Human

Gene name ORF Gene name Uniprot number
APC2 YLR127C ANAPC?2 Q9UJIX6
CDC53 YDL132W cuL1 Q13616
CUL3 YGROO3W CuL2 Q13617
RTT101 YJL047C CuL3 Q13618
Assignment of orthologues CUL4A Q13619
Yeast Human CuL4B Q13620
APC2 ANAPC2 CUL5 Q93034
CDC53 CUL1, CUL2 CuUL7 Q14999
CUL3 CUL3, CUL4A, CUL4B |PARC Q8IWT3

SKP1-like
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Table 3-14 RING-cullin based E3s.
human
complex cullin RING adaptor substrate binding
SCF CuL1l RBX1 SKP1 F-Box protein
VBC, ECS, SCF2 |CUL2 RBX1 TCEB1/Elongin C |SOCS-Box protein
TCEB2/Elonain B
BCR3, SCF3 CUL3 RBX1 BTB BTB
VDC, SCF4 CUL4A RBX1 DDB1
? CuUL4B RBX1 ? ?
SCF5 CUL5 RNF7/ROC2 | TCEB1/Elongin C [SOCS-Box protein
TCEB2/Elongin B
SCF7 CuL7 RBX1 SKP1 F-Box protein
APC ANAPC2 ANAPC11 multiple
? PARC ? ? ?
yeast
complex cullin RING protein adaptor substrate binding
SCF CDC53 HRT1 SKP1 F-Box protein
? ? HRT1 ELC1 ELALl, RAD7
APC APC2 APC11 mulitple CDC20, HCT1
? CUL3 HRT1(?) BTB BTB

Yeast Human
Gene name ORF Gene name Uniprot number
SKP1 YDR328C SKP1 P63208
ELC1 YPL0O46C TCEB1/ElonginC Q15369
- P78561
- P78389
RP1-254P11.1-001 Q9H575
Fos39347_1 075863

3.4.5.2 Defining the substrate-binding subunits

RING-cullin based complex E3s use a vaiety of subgrate-binding subunits For
example, in the SCF complex the subdtrate specificity is conferred by an F-Box protein. The
VBC complex condsts manly of the RING-cullin scaffold and Elongin C, which in turn binds
to proteins with a SOCS domain, eg. VHL. The SOCS doman proteins have a function



Chapter 3 Reaults 59

analogous to he FBox subunit in the SCF complex. The third mgor class of RING-cullin based
E3s employs BTB doman proteins as subdrate-binding subunits The BTB proteins are
somewhat different from F-Box and SOCS proteins, as they directly bind to the RING-cullin
sceffold while F-Box and SOCS proteins are connected to the scaffold via the adaptors Skpl
and Elongin C, respectivey. Interestingly, the dructure of the BTB doman has a fold that is
gmilar to Skpl and Elongin C (Ahmad, 1998). In order to compare the substrate-binding
subunits of yeast and human, F-Box, SOCS and BTB protein sets were determined by profile-
based methods.

F-Box, SOCS and BTB proteins are present in both yeast and human. Each of these three
classes was subclassfied on the basis of the digtinct protein-protein-interaction domains that are
present in each protein. Again, profiles were used for this secondary classfication step,
including profiles based on the WD40 repeet, the KELCH domain, leucine-rich repeats (LRR),
the Ankyrin motif, zinc finger matifs etc. A comprehendve lig of the subgrae-binding
subunitsis provided in the appendix.

One specific complex E3 ligase is the APC, which is not conddered here. A novd type
of RING-cullin based E3s employs DDB1 as a subgtrate-binding subunit and Cul4A/RBX1 as a
scaffold (Wertz et al., 2004). This E3 is a rather specific example for a RING-cullin based E3
and a more general role for DDB1 based adaptors is yet unexplored. A yeast orthologue for
human DDB1 could not be found.

3.4.5.3 Large families of potential substrate binding subunits

Subgtrate-binding proteins form large families both in yeast (28) and in human (237)
(see Table 3-16). Within yeast, the FBox family (20) contributes clearly more substrate-binding
subunits than the SOCS (2) or BTB family (6). By contragt, in human each subdrate binding
class is dgnificantly expanded with the BTB cdlass accounting for 126 members, while the F-
Box class and SOCS class display hdf that sze with 67 and 41 members, respectively. The
novel DDB1 class has just three members.

Not dl proteins harbouring the typica substrate-binding subunits are guaranteed to be
part of active complex E3s. For example, the yeast CBF3-kinetochore associated FBox-protein
Ctf13 interacts with Skpl without any cullin-based E3 activity involved for proper function
(Conndlly, 1996). Moreover, the dimer of Skpl and Rcyl has a role in vescular trafficking
without being pat of an active E3 ligase (Galan, 2001). Comparable examples are likely to

occur inthe BTB and SOCS classes aswell.
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Table 3-16 Substrate binding subunits.

adaptor type substrate binding site

2
ZINC_FINGER 0
KELCH 0
GRF_RCC 1
others/none 13 31
all 2 41
ANKYRIN 0 17
SH2 0 8
SPRY 0 4
WD40 0 3
LRR 1 1
others/none 1 8
all 6 126
KELCH 2 48
ZINC_FINGER 0 48
ANKYRIN 1 5
GRF_RCC 0 3
MATH 0 2
others/none 3 21

3.4.5.4 Assignment of orthologues

The adaptor proteins SKP1 and Elongin C have clear orthologues in both species and
most yeast cullin proteins could be assgned to human orthologues except for RTT101 (see table
Table 3-15). The assgnment of orthologues for the FBox, SOCS-Box and BTB proteins proved
to be more difficult and only few cearly orthologous pairs were found (see Table 3-17). For
example, the well known yeast F-Box Cdc4, which is requred for G1/S and G2/M trandtion
(Goh, 1999) has a true human orthologue (FBXW?7) with amilar functions (Strohmaier, 2001).
Moreover, the human genome encodes three paraogous Elongin A proteins, which dl ae
orthologous to the yeast SOCS-Box proten Elal (Elongin A) involved in transcription
elongation (Botuyan, 1999). All three human proteins seem to be functiondly smilar and can
form heterotrimers with Elongin B and C (Y amazaki, 2002).

Table 3-17 Orthol ogy assignments for substrate-binding subunits of complex E3s.

Yeast Human Comments Molecular Function / Biological process

CDC4 FBXW7 F-Box cell cycle

HRT3 FBXO9 F-Box nuclear Ub ligase

ELA1 TCEB3, TCEB3B, TCEB3C SOCS-Box RNA elongation

YILOO1W ABTB1 BTB translation elongation

RAD7 LOC196394 SOCS-Box nucleotide-excision repair, DNA damage recognition

3.4.5.5 Fivenovel BTB proteinsin yeast

While screening the yeast database with a BTB-based profile, only YilOOlw was
matched dgnificantly as compared to 126 in human. Besdes this hit, severd dightly
subsignificant matches were dso found and therefore considered as candidates for novel BTB
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proteins. Only proteins with a sufficiently long match were sdected for a subsequent validation
gep. Control profiles were then constructed from these candidates and their clear orthologues
from other fungad organisms. As a reault, five of the candidates turned out to be disant BTB
homologues (see Figure 3-8). While the classc BTB protein Yil0OOlw has a human orthologue,
ABTBLBPOZ, dl five novd BTB proteins are specific to fungi, sometimes even without a
clear orthologuein S pombe. The individud BTB proteins will be discussed below.
K-channel tetramerization domain vs. BTB domain

The family of BTB proteins condsts of two cdosdy rdated subfamilies. Within the Pfam
database, these subfamilies are described by two different classes of profile HMMs, called

'BTB' and 'K-channd tetramerization domain. Comparing the dtructures that are available for
each subfamily demondrates a sructurd relaionship. Therefore, good evidence exist that both
subfamilies and the corresponding domains, respectively, are evolutionarily related. The name
'K-channd tetramerization doman' is somewhat mideading, because substrate-binding subunits
of a complex E3 and channd proteins obvioudy share digtinct functions. The 'K-channd
tetramerization domain' has a functiond motif inserted, which supports tetramerization, while
the core domain with aBTB-like fold is not involved in the laiter.
Yir108c/Ydr132c

The previous short introduction to the BTB supefamily is important for understanding
the analyss of YIrl08c and its close rdative Ydrl32c, two of the five new yeast ORFs with

BTB-like domains (see Figure 3-8). A reverse profile search garting from the putative BTB-like
regions in these proteins found members of the 'K-channd tetramerization domain’ family. Clear
orthologues were identified in other fungad species, C. albicans and N. crassa, while the best
match in metazoan sequence databases was KCNV1 from mouse, a K-channd. However, the
resdues needed for tetramerization are absent in both proteins, so there is no reason to assume a
function as K-channels. According to the profile-based searches, each ORF harbours two copies
of the BTB doman, which is in good agreement with the casic BTB protein YilOO1lw.
Interestingly, YIrl08c seems to interact with yesst Cul3, thus the BTB-like domans might be
functiond (Pintard, 2003). Both YIrl08c and Ydrl32c lack a characteristic protein-protein
interaction domain as it is found in other BTB proteins, eg. KELCH or Ankyrin repeats, S0 a
role as subgtrate binding subunits in a Cul3-based complex E3 remains elusive.
Mds3/Pmdl

Mds3 and Pmdl (ardogue of Mds3) are more closely related to the proper BTB family
and both contain KELCH-domans upstream of a sngula BTB doman. Nonethdess, the
gmilarity to the dassc BTB domain is wesk and only in the context of the KELCH-domains,
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which are quite common among red BTB proteins, these proteins should be ranked as BTB
proteins. The high divergence of both proteins might be the reason why even in S pombe no
orthologue could be defined. Interestingly, both novel BTB proteins are functiondly linked, as
they both areinvolved in the regulation of sporulation specific genes (Benni, 1997).
Whi2

The fifth newly identified yeest BTB protein is Whi2, which like YIr108c and Ydrl32c
belongs to the 'K-channd tetramerization domain' subfamily. Again, no known protein
interaction domain was found in this protein. However, results from sequence analysis point to a
vdid, sngular BTB domain in the case of Whi2. Whi2 has orthologuesin C. albicans, S. pombe

and N. crassa, but not in human.

YILOOTW sc
Ankyrin repeats [8-466] YDR132C sc
classic BTE [106215] novel BTE [27-133]
classic BTE_2 [257-336] novel BTB_2 [137-243]
YLR108C sc
WHIZ sc novel BTB [26-118]
novel BT [40-177] novel BTB_2 [119:226]
MDS 3 sc
KELCH_REGION [162-261]
novel BTE [957-1071]
PMD1 sc
KELCH_REGION [134-233]
novel BTB [1057-1174]

Figure 3-8 Domain structure of yeast BTB proteins.

3.4.6 HECT type Ub-ligases

HECT type ligases are shown in Table 3-18. The overdl number of human HECT ligases
is 28 and therefore much higher than in yeadt, which encodes five HECT proteins. All five yeast
HECT ligases could be assgned to human orthologues. In three cases, two or more human
genes correspond to one yeast gene.
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Table 3-18 HECT -type ligases

HECT

Yeast

Gene name ORF

TOM1
RSPS5
HULS
HUL4
UFD4

YDR457W
YER125W
YGL141W
YJR036C
YKLO10C

Assignment of orthologues

Yeast
TOM1
RSP5
HULS
HUL4

UFD4

Human

UREB1

NEDD4, NEDD4L
UBE3B, UBE3C
HERC5, HERC3,
UBE3A, HECTD2,
HERC4, HERC6
TRIP12

Human

Gene name

EDD/HYD
HACE1/KIAA1320
HECTD1

HECTD2

HERC2

HERC3

HERC4
HERC5/CEBP1
HERC6

ITCH

KIAAQ317
KIAA0614/FLJ30092
KIAA1333/FLJ20333
UBE3C/KIAA0010

3.4.7 A20-zinc-finger-type Ub-ligases

A20-znc-finger type ligases are a recently discovered class of Ub ligases (Wertz et d.,
2004). The zinc finger of TNFAIP3/A20 has been demondrated to modify RIP1 (receptor
interacting protein) with lysne-48-linked Ub chains resulting in RIPL degradation. RIP1
degradation in turn inactivates the NF-kB sgndling pathway (Zhang, 2000). Remarkably, A20
has an additiond function as deubiquitylating enzyme due to an OTU domain. Indeed, A20 is
able to cleave both lysne-48- and lysne-63-linked Ub chains (Evans, 2004, Wertz et d., 2004).
This dud functiondity of A20 dlows this proten to change the linkage type of ubiquitylated
RIP1 by deaving the lysne-63-linked chain and subsequently adding a lysine-48-linked chain.
Proteins with an A20-zing finger could not be detected in yeas, in contrast to seven members in

human (see Table 3-19).

Table 3-19 Human A20 Zn-finger type Ub-E3.

Uniprot
095071
Q5VU99
Q9ULTS8
Q5U5R9
095714
Q15034
Q5VXS9
Qoull4
Q8Ivu3
Q96J02
015033
Q9Y4D8
Q9NXCO0
Q15386

Human A20 Zn finger type Ub-E3

Gene name Uniprot number
ZA20D1/Cezannel Q6GQQ9
ZA20D2 076080
Cl50rf16/Cezanne2 Q8TE49

AWP1 Q9GZY3
TEX27 Q9H8U3
RABGEF1 QouJ41
TNFAIP3/A20 P21580

Gene name

Uniprot

HECW2/KIAA1301 Q9P2P5

NEDD4
NEDD4L
HECW1/NEDL1
HERC1/P532
FLJ21156
SMURF1
SMURF2
TRIP12
UBE3A/EGAP
UBE3B
UREB1
WWP1
WWP2

P46934
Q7Z5F1
Q9HCC7
Q15751
Q5T447
Q9HCE?
Q9HAU4
Q14669
Q05086
Q9BXZ4
Q72627
Q9HOMO
000308
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3.4.8 Non-RING based SUMO-ligases

RanBP2 (Ran binding protein 2) has been shown to be a SUMO ligase associated with
the nuclear pore complex and mediates sumoylaion of Sp100 (Pichler, 2002). It contains two
copies of a so-cdled RanBP-repeat and sumoylation activity seems to depend on these copies.
RanBP2 is currently the only protein with RanBP-repesats that has been reported to function as
SUMO ligase. No yeast RanBP2 orthol ogue could be detected.

Sumoylated human RanGAPL is able to bind to RanBP2 and therefore to associate with
the nuclear pore complex in order to mediate nuclear protein import (Matunis et a., 1996). In
yeast, RanGAPL lacks the sumoylation motif needed for conjugation of SUMO to RanGAPL in
human (data not shown). Taken together, yeast lacks the two prerequistes used to bring
RanGAPL to the nuclear pore complex in human. Nonetheless, SUMO conjugation seems to be
involved in nuclear protein import in yeast suggesting a different mechanism than the one used
in human (Stade, 2002).

Another SUMO ligase not present in yeast is the polycomb group protein Pc2 (O00257).
Kagey et d. have obsarved a drongly simulating effect for Pc2 on sumoylation of CiBP, a
transcriptional corepressor (Kagey, 2003). The mechanism of Pc2 as a SUMO ligase rdies on
recruiting both the substrate and Ubc9, the SUMO E2.
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3.5 Ub-hydrolases (DUB) and desumoylating enzymes

3.5.1 UCH family

This family of DUBs preferably cleaves Ub monomers from Ub precursors. Only one
yeast protein, Yuhl, belongs to the UCH family (see Table 3-20). It is orthologous to both
human UCHL1 and UCHL3, but Yuhl has a dightly higher smilarity to UCHL3 and shares
some functiond properties with it (Linghu, 2002, Wada, 1998). Thus, Yuhl and UCHL3 are
probably functiona orthologues.

UCHL1, a dose homologue of UCHL3, is highly expressed in the brain and condtitutes
~1% of brain protein content. It is of particular interest, as it is mutated in some cases of familid
Parkinson disease and has adso been described to be a component of Lewy bodies (Leroy, 1998,
Polymeropoul os, 1997).

Another UCH protein with a proposed role in human diseese is BAP1 (BRCA1
associated protein 1), which has a C-termind extenson required for interaction with the tumour
suppressor BRCA1 (breast cancer associated gene 1). This interaction enhances BRCAL
mediated growth inhibition, probably through deubiquitylation and therefore <abilization
(Jensen, 1998).

Table 3-20 Y east and human UCH proteins. Y uhl and UCHL 3 are probably orthologues.

Yeast Human
Gene name ORF Gene name Uniprot number
- UCHL1 P09936
YUH1 YJR099W UCHL3 P15374
- - UCHL5/UCH37 Q9Y5K5
- BAP1 Q92560

3.5.2 USP family

3.5.2.1 USP-type DUBs are highly diversified

By means of the profile congructed from the cadytic domain, dl USP members could
be readily identified in yeast and human (see Table 3-21). The USP family is by far the largest
family of DUBs with 58 members in human and 18 in yeast. Only few members in yeast and
human lack the cadytic cyseine and probably have no deubiquitylating activity (see Table
3-21). Although the best-conserved part in the USP proteins is the catalytic domain, some USP
proteins share detectable sequence conservation in the N- and C-termina regions. Often,
additiond known domains accompany the cadytic doman and sSmilar doman topologies are
found in different USPs (see Fgure 3-9). Therefore, sequence features outsde the cataytic
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domain could be used for assgnment of orthologues besdes a dendrogram andysis (Table
3-22).

Table 3-21 List of yeast and human USP members. USPs with a compl ete catal ytic triad are underlined.

USP/UBP
Yeast
Gene name
UBP1 YDL122W UBP10 YNL186W
UBP2 YOR124C UBP11 YKR098C
UBP3 YER151C UpPB12 YJL197W
DOA4 YDRO069C UBP13 YBLO67C
UBPS YER144C uBP14 YBRO058C
UBP6 YFRO10W UBP15 YMR304W
UBP? YIL156W UBP16 YPLO72W
UBP8 YMR223W PAN2 YGL094C
YER098W SAD1 YFRO05C
Human
Gene name accession number Gene name accession number
USP1 094782 uUspP28 Q96RU2
USP2 075604 USP29 Q9HBJ7
USP3 Q9Y614 USP30 Q96JX4
USP4 Q13107 USP31/KIAA1203 Q70CQ4
USP5/ISOT P45974 USP32 Q8NFAQ
USP6 P35125 USP33 Q8TEY7
USP7/HAUSP Q93009 USP34 060316
USP8 P40818 USP35 Q9P2H5
USP9X Q93008 USP36 Q9P275
USP9Y 000507 USP37 Q86T82
USP10 Q14694 USP38 Q8NB14
USP11 P51784 USP39 Q96RK9
USsP12 075317 USP40 Q9NVES5
USP13/ISOT3 Q92995 usp41 Q70BM7
USP14 P54578 USP42 Q9H9J4
USP15 Q9Y4ES8 USpP43 Q70EL4
USP16 Q9Y5T5 usp44 Q9HOE7
USP17 Q60QN14 USP45 Q70EL2
USP17L Q7RTZ2 USP46 Q80V95
USP1712/DUB3 Q6R6M4 USPA7/FLJ14456 Q96K76
USP18 Q9UMWS8 uUSP48 Q86UV5
USP19 094966 USP49 Q70CQ1
USP20 Q9Y2K6 USP50 Q70EL3
UsP21 Q9UKS80 USP51 Q70EK9
usp22 Q9UPT9 USP52/PAN2/KIAA0710 QS8IVEL
USP24 Q9UPU5 USP53 Q70EKS8
USP25 Q9UHP3 USP54 Q70EL1
USP26 Q9BXU7 CYLD Q9NQC7
Usp27Xx GENSCAN00000038249 |C130rf22 Q14109
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Table 3-22 Orthol ogous rel ationships between yeast and hurman USPs.

USP/UBP
Orthologues
Yeast additional domains
UBP1 -
UBP2 USP25,USP28
UBP3 USP10
DOA4, UBP5, UBP7 USP8 Rhodanese
UBP6 USP14 Ub-like
UBPS8 USP22, USP27X, USP51 ZF UBP
UBP9,UBP13 USP12,USP46
UBP10 -
UBP11 -
UBP12 USP4, USP11, USP15 HAUSP2A
UBP14 USP5,USP13 ZF_UBP
UBP15 USP7 MATH, HAUSP2A, HAUSP2B
UBP16 -
PAN2 USP52 nuclease domain
SAD1 USP39 ZF_UBP
UBP1 sc UBP9 sc
catalytic domain UBRYUSP [101.739] catalytic domain UBPIUS P [134.658]
—
UBP2 sc UBP10 sc
catalytic domain UBP/USP [736-1259] catalytic domain UBP/USP [352-734]
I —-
UBP3 sc UBP11sc
catalytic domain UBP/USP [460-912] catalytic domain UBP/US P [295-708]
— — .
DOA4 sc UBP12 sc
Rhodaness [208-326] catalytic domain UBP/USP [354-1111]
catalytic domain UBPIUSP [562-624] ]
—-—- HAUSP2A [355-630]
B
UBPS5 sc
Rhnedaness ;Biazl-f't?;]domain UBP/USP [446:805] uBP13 sc
_-__ catalytic domain UBP/US P [140-669]
— I
UBP6 sc
UBIQUITIN [6:30] UBP14 sc
catalytic domain UBPJUSP [109-456] PAZIZF _h;:?t'P ggj_z'43]UBPIUSP S
_ ca IC domain
UBP7 sc
Rhodaness [331-448] UBP15 sc
catalytic domain UBP/USP [B02-1070] MATH [46-181]
“ catalytic domain UBPIUSP [205537]
HAUS P2A [977-1067]
HAUSPFZE [1118-1230]
UBPS sc T
FAZIZF_UIBP [44.91]
catalytic domain UBP/USP [137-469] UBP16 sc

catalytic domain UBP/USP [33-496]

Figure 3-9 Domain structures of yeast USPs and the exact localization of their catalytic domain. The non-catalytic
Sadl and Pan2 proteins are not shown. Like its human orthologue USP15, yeast Ubpl2 has a HAUSP2A domain
inserted in the catalytic domain.
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3.5.2.2 The catalytic domain consists of six major boxes

All USP-type DUBs share a rather large catdytic domain with an average length of ~350
resdues. The boundaries of this domain as defined here are in good agreement with the X-ray
dructure of USP7/HAUSP, solved by Hu et d. (Hu, 2002). In this dructure, two main
functiond dements can be recognized, an extensve Ub-binding surface and a cataytic cdleft.
The cleft is formed by two sequence boxes conserved in dl USPs, a Cys-Box and a His-Box.
From sequence andyss, the catdytic doman could be further refined yidding sx mgor
sequence boxes conserved across the USPs (see Figure 3-10). Block 1 contains the cataytic
cysteine and corresponds to the Cys-Box. The His-Box was divided into two boxes that
correspond to boxes 5 and 6. Here, box 5 carries the catalytic higtidine, while box 6 harbours an
invariant aspartate found in dl catayticaly active USPs. The resdue N-termindly adjacent to
this agartate is frequently an asparagine or aspartate in other USPs. According to Hu et d., this
preceding asparagine or aspartate is involved in catayss (Hu et al., 2002). It is noteworthy that
boxes 2, 3 and 4 are present in dl USPs, athough they do not contain any catalytical residue.

Figure 3-10 (next page) Alignment of yeast and human USPs. Conserved alignment positions are printed on black
background. Positions occupied by amino acids with similar physicochemical properties are shaded in grey if
supported by 50% of all available USP sequences. Residues of the catalytic triad are marked with an asterisk and
printed on red background, while residues of the potential zinc finger are depicted on blue background and marked
with a'%'. A '? marksthe invariant aspartate that could act as an alternative to the adjacent catalytic residue. Boxes
are numbered from 1 to 6 and correspond to '‘Box_1'to 'Box_6' inFigure 3-11.
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3.5.2.3 Largeinsertions between the individual boxes

The distance between the individua boxes varies remarkably between the USPs. The
different dimensgons of the USP homology doman in different proteins are a direct
consequence of variable insartions between the boxes. For example, the boxes in USP7/HAUSP
are adjacent or have only short insertions in between, while USP1 has a ~200 residue insert
between boxes 3 and 4 and another large ~150 residue insert between box 5 and box 6 (see
Figure 3-11). Overdl, the USP domain in USP1 spans ~700 residues as opposed to ~300 in
USP7. Nonethdess, the generdized profile congtructed from an initia set of USP proteins was
flexible enough to report the proper USP domain even in USP1 and other extreme cases, which
had not been part of the training set.

Ancther prominent example for a rather large insertion is USP15 with ~330 resdues
between boxes 3 and 4. Interestingly, the region following the C-terminus of box 3 shares
homology with a domain of USP7, which here is located C-termindly of box 6. This doman
was detected during a homology domain andysis of USP7/HAUSP carried out in this work and
has the preliminary working titte HAUSP2A. It has no known function or Structure (not part of
the crystdlized USP7), but it is detectable in severa USP family members besides USP15,
suggesting a role in deubiquitylation. Human USP13 is an example for a large insartion between
box 4 and box 5. Here, two UBA domains are inserted (data not shown). Likewise, three UIMs
are inserted between the same boxes in human USP37. As the boxes of the USP domain can
accommodate even the insation of large or multiple homology domains, the question arises
how the cataytic domain fold till can be stabilized.
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USP7/HAUSP hs (Q93009)
catalytic domain UBP/USP [214-522]

MATH [75-157]
Box_1 [214-245]
Box_2 [263-314]
Box_3 [316-330]
Box_4 [374-414]
Box_5 [445472]
Box_6 [474-522]
HAUS F2A [857-978]
HAUSF2B [365-1102]

— -

USP1 hs (094782)
catalytic domain UBP/USP [81-783]

Box_1 [81-112]
Box_2 [192-218]
Box_3 [422-465]
Box_4 [502-535)
Box_5 [573601]
Box_6 [744-785]

USP15 hs (QIY4ES)
catalytic domain UBP/USP [268934]

Bo_1 [285-320]
Bax_2 [37
Box_3 [430-474]
HAUS F2A [475-557]
Bax_4 [05843]
Bow_5 [B72-699]
Bo_5 [201-934]

— & T— -

Figure 3-11 Domain structure of selected human USPs. In addition to the catalytic domain (black box) the positions
of the six blocks (named Box_1-6) that constitute the catalytic domain are depicted. The regions between these
blocks are regarded as insertions not conserved among the USP family. USP7 has a so-called HAUSP2A domain
located near the Gterminus. The same domain is found between box 3 and box4 in USP15. Note the different
dimensions of the catalytic domain in USP7 and USPL.

3.5.2.4 A potential zinc finger isinserted into the catalytic domain

Note: some of the following results have been published in Current Biology (Hetfeld, 2005).

Regarding the question of how the USP fold is mantained despite large insartions, the
observation of two conserved cysteine dyads in boxes 3 and 4 is of specid interest. There is
evidence that these two dyads work together as their occurrence in the two boxes is found to be
highly correlated. The cysenes within each dyad ae in nearly dl cases separated by two
resdues, reminiscent of classic C4 zinc fingers. To find further evidence for a putaive zinc
finger behaviour, the only avalable USP dructure, which is USP7/HAUSP, was anadysed.
Unfortunatdy, USP7 is one of the very few USPs lacking the dyads and only a sngle cysteine
appears retained. Indeed, no zinc ion is vishle in the part of the structure that corresponds to the
putative zinc finger. However, ingpection of this region in USP7 reveded a secondary sructure
arangement smilar to that in known zinc fingers (see Figure 3-12). There are two b-hairpins
that lie in a perpendicular orientation. The four resdues a pogtions homologous to the cysteine
dyads in other USPs occupy pogtions in the turns of the b-hairpins. Therefore, this region of
USP7 adopts a fold andogous to classic zinc ribbon sructures, though no zinc is coordinated. A
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amilar observation has been discussed in chepter 34 for a zinc-less derivative of the RING
finger, the U-box doman, which shows that the zinc-less zinc finger fold of USP7 is not a
gructurd sngularity. It should be mentioned that the crysta structure of the USP member yeast
Ubp6 has recently been solved, but this USP lacks both cysteine dyads and the region
corresponding to the zinc finger is disordered (Murshudov, 2004, unpublished, submitted to
PDB as1VWV).

The zinc finger in USPs may have a dructurd role and dabilize the tertiary dructure, when
there are large insertions between box 3 and 4. Indeed, most USPs without the cysteine dyads
and therefore without the capability to coordinate zinc show rdaively smdl insertions between
boxes 3 and 4.

Ub-binding
pocket

b-hairpin1 D

.

b-hairpin 2

Figure 3-12 Zinc finger like fold between box 3 and box 4 in USP7. (A), section of USP7 comprising box 3 (blue)
and box 4 (red) (pdb:1INBF, residues 316 to 414). The insert between these two boxes is coloured in green and part
of alarger structural domain (‘palm’) not shown. (B), a purple circle indicates the Ub-binding pocket. (C), close-up
view on the region homologous to the putative zinc finger in other USPs. Side chains of residues homologous to
cysteines in the USP dyads are shown in ball-and-stick representation. These residues are distributed over two b-
hairpins. Yellow indicates sulphur atoms, while other atoms are coloured according to the box to which they
belong. (D), zinc finger of Rubredoxin (pdb:1H7V), which was detected by profiles derived from boxes 3 and 4.
The blue sphere indicates a zinc ion. The two hairpins harbouring the coordinating cysteines are coloured in red and
blue, respectively.
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3.5.3 Other families

3.5.3.1 A cysteine-protease motif in ataxin-3

Note: the following work has been published as "Elucidation of ataxin-3 and ataxin-7 function by integrative
bioinformatics." by Sched, H. et al. in Hum Mol Genet 12(21): 2845-52 (Sched! et al., 2003).

The daaxin-3 (MJD1) gene is mutated in spinocerebelar ataxia type 3 (SCA3)
(Kawaguchi, 1994). The corresponding protein harbours an uninterrupted stretch of multiple
glutamine residues, which is condderably longer in the disease date as a consequence of the
pathologica expanson of an ungtable (CAG)n triplet repeat found in the coding portion of the
SCA genes. The expanded poly(Q) region is thought to contribute crucidly to SCA3
pathogenesis, as aaxin-3 induces the formation of intranuclear incluson bodies. The mutated
protein is found within these inclusons, typicaly associated with other components such as
Ubiquitin and chaperones. Despite a lot of research into this topic, the pathological mechanism
of this disease is not entirdy cler and severd pathogeness modds exist, which are not
mutudly exclusve. Poly(Q) inclusons are known to sequester other glutamine-rich proteins,
which might be required in soluble form for cdl vidbility (Gusdla, 2000, Margolis, 2001,
Uchihara, 2001). In modd organisms, poly(Q) toxicology can be rescued by overexpresson of
chaperones, suggesing an  involvement of the codlula qudity control mechaniam in
pathogenicity, an idea supported by the presence of Ubiquitin and proteasoma components in
the incduson bodies. Findly, a loss-of-function of the mutated protein might contribute
substantialy to the disease. In most cases, this latter contribution cannot redlly be assessed, as
the function of mary ataxinsis not known.

Ataxin-3 has been found to bear three UIM copies in the C-termind portion of the
protein, an observation origindly reported by Hofmann e d. (Hofmann et d., 2001). As the
UIM in generd appears to be closdy connected to pathways of protein ubiquitylation and Ub-
recognition, aaxin-3 is suggested to work in the UPS. In the course of this work it became
obvious that the human genome encodes severd aaxin-3-like proteins and that the N-termind
pat of aaxin-3 is the most highly conserved portion of the protein. Therefore, sequence
andyss was focussed on the functiond role of this protein domain.

In the first step, current versons of the protein database were searched for proteins with
gmilaity to the aaxinr3 N-termind doman. In order to obtan the full complement of
mammdian aaxin-3-like protens, the EnsEMBL verson of the human genome database and
trandated versgons of the current mammadian EST databases were aso searched (Hubbard et al.,
2002). As shown in FHgure 3-13, it was possble to identify four aaxin-3-like proteins in
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mammas. Beddes aaxin-3, there is one closdy relaed protein (Atx3like) sharing the same
domain architecture comprisng the conserved N-temind doman followed by multiple UIMs
and a poly(Q) dretch. Two shorter proteins that have been published before as Josephin-1 and
Josephin-2 condst of not much more than the N-termind domain (Albrecht, 2003). Nematodes
and plants seem to possess two ataxin-3-like proteins, one of them corresponding to the long
form, the other to the short Josephin-form, while insects only have a copy of the latter. There is
no evidence for aaxin-3- like proteins in yeadts, but there are two proteins of tha class found in
the paraste Plasmodium falciparum (see Figure 3-14). In the longer plasmodium protein, the
conserved aaxin-3 N-termind domain is followed by a Ub-like UBX doman ingead of the
UIM motifs (see Fgure 3-15). In the hope of finding more digantly redated members of this
family with some degree of functiond annotation, generdized profiles were condructed from
the multiple dignment shown in Fgure 3-13. Unfortunately, no related proteins could be
identified in this screen, using the stringent criterion of P<0.01 (data not shown).

However, a ussful dmilarity information on the ataxin-3 N-termind domain family was
serendipitoudy obtained by usng a completdy different screen that was originadly targeted for
identifying new activating proteases for Ub and related modifiers. After exhaugtive application
of conventiond generdized profile searches gdating from multiple dignments of the UCH
protease family, the profile searches were made more sendtive to very didantly related outlier
sequences by incorporating informetion  from three-dimensona dructures into  the profile
congdruction process. According to the FSSP database, which holds information on structural
relationships caculated by the Ddi dgorithm, the closest known dructurd neighbour of the
UCHL3 protease (PDB:1UCH) is a leader protease (PDB:1QMY) from the foot and mouth
disease virus (Holm, 1997). The corresponding sequences do not show any recognizable
amilarity, dthough the generd fold and the active Ste geometry of the two enzyme classes are
clearly related. The spdbv program was used to calculate a rigid body superpostion of the two
dructures (Guex e d., 1997). From this superpodtion, a dructurdly vaid two-sequence
dignment was derived;, a number of manua adjusments were required to overcome the rigid-
body limitations. After incorporation of other UCH proteases and members of the vira protease
class, generdized profile searches were performed gsarting from this dignment. In this database
search, severad high-ggnificance matches to members of the USP family of Ubiquitin-specific
proteases were obtained. The dgnificant sequence relationship between the UCH and USP
classes of ubiquitin proteases was somewhat surprisng. However, the published dructure of
HAUSP, the firg dructurdly characterized USP-type protesse, clearly demondrates the
sructural relationship and active site correspondence between these two protease classes (Hu et



Chapter 3 Reaults 76

a., 2002). Thus, the sgnificant profile scores obtained in the screen are biologicaly meaningful
and underscore the suitability of the chosen approach.

The dructure-based profile searches were further refined by dso including members of
the USP family into the traning set. The reaulting profile, consasting of members of the three
protease classes, found significant matches to severa members of the ataxin-3 family described
above. While not dl of the structurd features of the UCH/leader protease/USP profile can be
reliadbly mapped to the ataxin-3 sequence, the catdyticaly most important regions can be
digned with high confidence (see Figure 3-16). The cadytic cysteine residue corresponds to
Cl4 of humen aaxin-3, while the proton-donating histidine resdue corresponds to the H119
position. As the third resdue of the catalytic triad, an aspartate is observed in dl UCH and vird
proteases, while in USP proteases either aspartate or asparagine can be found in that postion.
Members of the aaxin-3 family share this vaidblity: aaxin-3 itsdf caries an asparagine
(N134) while most other aaxin-3 like proteins use an aspartate instead. Based on the
gatidicaly dgnificant profile comparison scores and the consarvaion of the cadyticaly
important residues, it is predicted that dl members of the aaxin-3 family are cysteine proteases
assuming the same fold as UCH, USP and FMDV leader proteases, i.e. the papain fold
(Anantharaman, 2003).

The USP-type protesses contain a well-consarved asparagine or glutamine residue
shortly upstream of the catdytic cysteine, which baances the oxyanion hole of the trangtion
date, probably in a concerted manner with another hydrogen bond providing group from either
a backbone imino- or sSde chan amino-group (Hu et a., 2002); this feature is dso shared by
papain and most other proteases beonging to this fold (Anantharaman et a., 2003). Ataxin-3
and its rdatives cary a highly conserved glutamine resdue a the corresponding postion, which
is likely to assg in the catdytic reection. The subdrate specificity of aaxin-3 cannot be derived
from this kind of bioinformatical anadyss. However, the presence of a UIM domain in aaxin-3
and the presence of a UBX domain in the P. falciparum homologue suggest a role of this protein
family in ubiguitin-dependent pathways.

Based on the results from sequence andlysis done here, ataxin-3 is predicted to be a
cysteine protease assuming the papain fold that is sructurdly and functiondly rdaed to two
quite divergent subfamilies of Ub-specific proteases, the UCH and the USP enzymes. Indeed,
Burnett et d., and later Chow et d., confirmed this prediction soon after its publication (Burnett
et a., 2003, Chow, 2004).
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Figure 3-13 Multiple alignment of the ataxin-3 N-terminal domain. Positions invariant or conservatively replaced
in at least 50% of the sequences are shown on black and grey background, respectively. The first two columns
indicate the gene name and the species abbreviation (Hs, Homo sapiens Ce, Caenorhabditis elegans At,

Arabidopsis thaliana; Dm, Drosophila melanogaster;

Pf, Plasmodium falciparum). The SwissProt/TrEMBL

accession numbers of the sequences are shown in the last column. The top line contains the PsiPred secondary
structure prediction for ataxin-3, H denoting a-helices and E extended/sheet structures. The PredictProtein/PROF

prediction largely agrees with PsiPred and is not shown.
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Figure 3-14 Evolutionary relationship of the ataxin-3/Josephin family, as determined by neighbour-joining

dendrogram analysis.

Ataxin-3/MJD1/SCA3 hs (P54252)
Josephin [3149]
UIM [224-243]
LIM_2 [244-263]

#

Atx3like hs (QIH3M9)

Joszphin [1-138]
UIM [2153-234]

1

Ataxin-3 P.falciparum (Q8I5F0)
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UIM [251-270]
UBX [281-330]

Josephin-1 hs (Q15040)
Jeszphin [25-177]

Josephin-2 hs (QBTAC2)
Jos=phin [13-163)

Figure 3-15 Domain organisation of representative ataxin-3 related proteins. The N-termina box labelled
‘Josephin’ refers to the putative protease domain discussed in the text. The red-coloured boxes in the C-termina
region of ataxin-3 denote multiple copies of the UIM motif. A third copy is only present in selected splice forms of
ataxin-3 and is not shown here. The box labelled ‘UBX’ denotes a Ub-fold UBX domain in the C-terminus of the

Plasmodium version of ataxin-3.
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Figure 3-16 Multiple alignment of representative members of the protease families discussed in the manuscript.
Shading of conserved residues and species abbreviations are analogous to Figure 3-13. The topmost block contains
human ataxin-3 and a plant Josephin sequence; the second block contains leader proteases from foot and mouth
disease virus (FMDV) and equine rhinitis virus (ERV). The third block contains two UCH type proteases (yeast
Yuhl and human UCHL3). The bottom block contains a divergent set of USP-type proteases. Residues important
for catalysis areindicated by their consensus symbols below the alignment.

3.5.3.2 OTU family

The OTU (ovarian tumour) proteases are an additiond class of cysteine proteases with a
deubiquitylating activity, which has been shown for severd members of this family (Evans et
al., 2003, Soares et a., 2004). The OTU family is characterized by a catdytic domain that
contains the same cataytic triad as found in the UCH and USP family (Makarova et d., 2000).
Profiles congructed from this doman detected two yeast proteins and in addition 14 human
proteins (see Table 3-23).

Table 3-23 Y east and human OTU proteins. A subtable contains orthology assignments.

Yeast Human
Gene name ORF Gene name Uniprot Gene name Uniprot
YOD1 YFL044C OTUB1 Q96FW1 [VCIP135 Q96JH7
YHLO13C YHLO13C OTUB2 Q96DC9 [FLJ46133 Q6ZRS6
Assignment of orthologues ZA20D1/Cezannel Q6GQQ9 [TNFAIP3/A20 P21580
Yeast Human C150rfl6/Cezanne2 Q8TE49 [CGI-77 Q8N6MO
YOD1 FLJ46133 HIN1 Q01804 |[FLJ25831 Q7L8S5
YHLO13C CGI-77, FLJ25831 |hin1L Q7RTX8 [DKFZp761A0 Q96G74
ZRANB1 Q9UGIO [OTDC1 Q5VV17

3.5.3.3 MPN family

Another family of proteases for Ub and Ub-rdated modifiers is the MPN family. This
family differs from the DUBs described so far in that its activity depends on bound meta ions
indead of a cydene-based catdytic triad found in other proteases. According to sequence
andyss, the MPN family may be subdivided into two groups, which differ in the residues of the
cadytic dte (Maytd-Kivity et d., 2002, Verma et d., 2002). While one subfamily lacks severd
or al resdues needed for zinc coordination and is inactive, the other subfamily (MPN+/JAMM)
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is characterized by the presence of dl zinc-chdating resdues (Mayta-Kivity et a., 2002,
Vermaet d., 2002).

Yeast encodes four MPN members (see Table 3-24). Of these, Rpnll and Rril belong to
the MPN+ subfamily and are active proteases. Rpnll, a known subunit of the lid subcomplex of
the 19S regulatory particle, has a deubiquitylating activity (Mayta-Kivity et d., 2002). Rril (or
Cs5), which is a component of the lid-related COP9 signdosome complex (CSN), has been
assgned a role in cleaving Rubl, the yeast orthologue of NEDDS, from Cdc53, the cullin
subunit of the SCF complex (Cope et al., 2002).

The human orthologues of yeast Rpnll and Rril occupy analogous postions in the
corresponding human lid and CSN complexes and like their yeast counterparts, are members of
the MPN+/JAMM subfamily. A third human member of this subfamily is STAMBP (or
AMSH), for which a deubiquitylating activity has been shown recently (McCullough, 2004).
Like STAMBP, the remaining human MPN members that are not subunits of the lid, the CSN or

the elF3 complexes, are dl catayticdly active MPN+/JAMM members.
Table 324 Yeast and human MPN proteins. A subtable contains orthology assignments. Members of the

MPN+/JAMM subfamily and therefore active or potentially active MPNs are underlined. Genes in italics indicate
pseudogenes.

Yeast Human

Gene name ORF Gene name Uniprot number
RPN11 YFROO4W C6.1A P46736
RPN8 YOR261C CSN5/COPS5 Q92905
RRI1 YDL216C CSN6/COPS6 Q7L5N1

PRP8 YHR165C elF3h/EIF3S3/p40 015372
LS hlufigel Relatslel[oJs VIl o | F3f/EIF3S5/p47 000303
Yeast Human PSMD7 P51665

PRP8 hPRPS PSMD14 000487
RPN11 PSMD14 hPRPS 014547
RPNS PSMD7 STAMBP 095630
RRI1 COPS5 ELI114081 Q8N594
AMSH-LP Q96FJ0
KIAA1915 Q96PX3
IFP38 Q9BX72

3.5.3.4 Desumoylating enzymes

Proteases that process SUMO-precursors and SUMO-conjugates do not belong to any of
the DUB families described above. Indead, they conditute an ancient family present in fungi
and mammads known as ULP (Ub-like protein specific protease). An evolutionary relaionship
to adenovira proteases has been proposed (Yeh, 2000) and could be confirmed in this work.
The cadytic doman was chosen as a suitable Sarting point for profile congruction and
searching for other family members. As a result, two ULP members were found in yesst
opposed to seven in human (see Table 3-25). The evolutionary relationship between the yeast
and human ULPs was somewhat difficult to assgn. No cdear 1.1 assgnments could be made, for

example yeast Ulp2 was classfied as orthologue of human SENP6 and SENP7 in this work. At
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the same time, dendrogran anadyss caried out here and avalable functiona data on Ulpl
reported by Li et a. (Li, 2003) suggest an orthologous relationship to SENP1 and SENP2. It
should be noted that SENP8/Denl has aso been reported to be active as deneddylating enzyme
(Gan-Erdene, 2003). Thus, Nedd8/Rubl seems to employ members of two distinct protease
classes, theinitidly reported MPN family (Can5) and the ULP family.

Table 3-25Y east and human ULP proteins.

Yeast Human
Gene name ORF Gene name Uniprot number
SENP1 Q9P0OU3
Ulp1 YPLO20C  oenpy QYHC62
SENP3 Q9H4L4
SENP5 Q96HI0
SENP6 Q9GZR1
Ulp2 YILO31W SENP7 Q9BOF6

|SENP8/Denl Q96LD8

3.6 Ub-and SUMO-binding proteins
3.6.1 The UBA domain and its relatives

3.6.1.1 The UBA domain family comprises several subfamilies

The UBA domain, the first described generd Ub-binding domain, can be subdivided into
a leest six different subfamilies with the 'dassc UBA doman' forming by far the largest group
(Table 3-26). Severd of the other subfamilies have been described as autonomous Ub-binding
domainsin the past, but, on closer look, are divergent variants of the classc UBA domain.

The classc UBA doman was found in a variety of both yeast and human proteins, for
exanple in sved Ub conjugating and ligating enzymes deubiquitylating enzymes and
adaptors like Rad23. In addition, UBA domans were aso found in proteins that have a role
outsde ubiquitylation/deubiquitylation and subsirate transfer to the proteasome. For example,
UBA domains are present in proteins involved in DNA damage repar and endocytosis. A
particular frequent domain topology observed is the UBA doman in combination with Ub-like
or Ubx domains.
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Table 3-26 List of classic UBA proteins in yeast and human as well as orthology assignments. Human orthol ogues
of yeast SNF1 do not contain a detectable UBA domain.

UBA

Human Human

Gene name Uniprot number Gene name Uniprot number
AD-012 Q9POH6 RNF31 Q96EPO
C220rf3 Q9Y3P4 SB132 Q96S82

CBL P22681 SIK2/KIAA0781 Q76N03

CBLB Q13191 SNF1LK P57059

DHX57 Q6P158 SNRK Q61Q46

EDD 095071 SQSTM1 Q13501

ETEA Q9BVM7 STS-1 Q961G9

FAF1 Q9UNNS5 TDRD3 Q9H7E2
GBDR1 075500 TNRC6C Q9HCJO
HERC2 095714 U33K Q04323
KIAA0794 094888 UBAP1 Q6FI75
KIAA0999 Q9Y2K2 UBAP2L Q14157

LATS1 095835 UBASH3A P57075

LATS2 Q9NRM7 UBC1/HIP2 P61086

M17S2 Q14596 UBQLN1/PLIC1 Q9UMXO0
MARK1 Q5VTF9 UBQLN2/PLIC2 Q9UHD9
MARK3 P27448 UBQLNS3 Q9H347
MARK4 Q96L34 UBQLN4/UBIN Q9NRR5
NSFL1C Q9UNZ2 UREB1 Q726Z7
NUB1/NYREN18 Q9Y5A7 USP13 Q92995
OTTHUMPO00000000473 Q5T6F2 USP25 Q9UHP3
PHGDHL1 Q8NBM4 USP28 Q96RU2
RAD23A P54725 USP5/ISOT P45974
RAD23B P54727 VPS13D Q5THJ4

Yeast Orthologues

Gene name ORF Yeast Human

DDI1 YER143W DDI1 DDI1, DDI2
DSK2 YMR276W RAD23 RAD23A, RAD23B
EDE1 YBL047C DSK2 UBQLN1-4
GTS1 YGL181W EDE1 EPS15, EPS15L
RAD23 YELO37C UBX3 ETEA

RUP1 YOR138C SHP1 NSFL1C

SEL1 YMLO13W SNF1 PRKAA1 (Q13131),
SHP1 YBLO58W PRKAA2 (P54646)
SNF1 YDR477W UBC1 UBC1/HIP2
SWA2 YDR320C UBP14 UBP5/ISOT
UBC1 YDR177W UBX5 KIAA0794
UBP14 YBRO058C YLR419W DHX57

UBX5 YDR330W

YLR419W YLR419W
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3.6.1.2The CUE domain is related to the UBA domain and may be
subdivided

The other ‘UBA-rdated subfamilies are typicaly not detected by the classc UBA
profile, but reverse profile searches have confirmed their reaionship to the classc UBA
subfamily. In this work, a reaionship between the UBA and the CUE doman could be
confirmed by sequence comparison. An dignment of representative CUE domains and UBA
domains is shown in Fgure 3-17. The UBA doman and CUE doman ae highly divergent.
Usng profiles derived from cdassc UBA domans, CUE domains were virtudly nondetectable.
Vice versa, profiles derived from CUE domans were able to retrieve proteins with a classic
UBA doman from sequence databases in a dgnificat manner. Teaking into account the
congruent secondary dructure prediction for the UBA and CUE domains, the evolutionary
relationship between these two domainsis considered redl.

Sequence andyss performed in this work suggests thet the CUE domain family can be
subdivided into two separate subgroups, which are here referred to as CUE-A and CUE-B
domains (see Figure 3-18). Interestingly, this classfication was corroborated by experimenta
findings from two groups that have reported the CUE domain of yeast Vps9, Cue2, Cue3, Cues
and human Toallip to directly bind mono-Ub (Donadson et d., 2003, Shih et d., 2003). All of
these proteins belong to the CUE-B subfamily. By contrast, the CUE domains of yeast Cuel and
Cueb, which are classfied as CUE-A type proteins, have been shown to possess only a margind
binding affinity to Ub (Shih et d., 2003).

Table 3-27 CUE proteins. Orthologues are indicated by grey shading.

Yeast Human
Gene name ORF Gene name Uniprot number
SOl CUE1 YMR264W AMFR Q9UKV5
> CUE4 YML101C - -
O - - AUP1 Q9Y679
FUN30 YALO19W SMARCAD1 Q9H4L7
CUE2 YKLO9OW N4BP2 Q86UW6
CUE3 YGL110C - -
CUES YOR042W
DEF1 YKLO54C
VPS9 YMLO97C
DON1 YDR273W - -
- - TOLLIP Q9HOE2
CUEDC1 QI9NWM3
DMRT3 QI9NQL9
DMRT5 Q96SC8

DMRT4 Q5VvZB9
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sec. struc.
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Figure 3-17 Alignment of representatives from the various UBA subfamilies. The names of the UBA subfamilies
are shown at the right. Asterisks indicate residues of yeast Cue2 interacting with Ub as derived from pdb:10TR.
The 'sec.struc.’ line indicates the position of the a-helices found in that structure. 'JPred' line renders a JPred
secondary structure prediction for a whole-UBA-family alignment. Positionsinvariant or conservatively substituted
in at least 40% of the sequences are shown on black and grey background, respectively. If more than one UBA
domain is present in a sequence, they are numbered serially.

3.6.1.3 Additional UBA-related domains

Beddes the CUE domain, severd other short homology domains turned out to be
digantly related to the UBA doman and probably assume the same structurd fold (see Table
3-28). The hiologicd meaning of these findings, especidly, if these domains redly bind to Ub
or arelated modifier, remains an open question in some Cases.

AriNT (Ariadne N-teminus): This doman is found a the N-terminus of ARIHL, the
human orthologue of Ariadne from D. melanogaster and some other members of the Parkin
finger triad family. In addition, a second shared domain is detectable downstream of the triad,
here caled AriCT (Ariadne C-terminus). As the AriNT domain is found exdusvely in some of
the putative Parkin finger triad based ligases, arolein binding to Ub is probable.

TtrapNT (TNF- and TRAF associated protein N-terminus): In human, eght proteins
with a TtrgoNT domain are found, while in yeast there is only one: the Cdc53 interactor Denl.
Among the human proteins are Cezanne 1 and Cezanne 2, two deubiquitylating proteases of the
OTU dass. Further TtrgoNT domain proteins harbour additional domains typica of the UPS,
like UBX or UIM domans. Obvioudy, most TtrgoNT domain proteins have a probable or
confirmed role in the UPS, which makes the TtrgoNT doman a novel UBA derivative with Ub-
binding properties.

NACaCT (nescent polypeptide associated protein complex a subunit C-terminus):
Another UBA related domain was detected at the C-terminus of NACa. The human NACa
protein and its yeast orthologue Egd2 are associated with cytoplasmic ribosomes and regulate
their attachment to the ER membrane (Beatrix, 2000, Shi, 1995). Additiond human proteins
with this domain are KIAA0363 and HYPK, an interactor of huntingtin. None of the proteins
listed above have thus far been described in processes that involve Ub. As the NACaCT-
domain is even found across Ub-less archeae, a general role for this doman in Ub-binding
appears unlikely.

TapCT: Another UBA-like domain, which is probably not involved in Ub binding is
found a the C-terminus of NXFLUTAP and NXF2TAPL2, which are known nuclear RNA
export factors. This domain is dso present in the yeast orthologue, the RNA export factor
Mex67.
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EFTSNT (elongation factor Ts N-termind): The E. coli ongation factor Ts has been
crystdlized and the structurd resemblance of its N-terminus to the generd UBA fold is obvious
(Kawashima, 1996, Y uan, 2004). This domain does not bind to Ub. Instead, agenerd role for
the EFTSNT domain isto interact with another dongation factor, EF-Tu, which has no
amilarity to Ub. However, an evolutionary relationship between UBA and EFTSNT seemsred.

Table 3-28 Proteins with UBA -related domains from yeast and humans. Orthology assignments are indicated by
grey shading.

AriNTerm
Yeast Human
Gene name Gene name Uniprot number
ARIH1 Q9Y4X5
YKR017C  YKRO17C ARIH? 095376
- - PARC Q8IWT3
- - ANKIB1 Q6P3S9

TtrapNT

Yeast Human
Gene name Gene name Accession number
RP42/SCRO Q96GG9
DCN1 YLR128W C13orfl7 Q6PH85
- - TTRAP/EAP2 095551
- - ZA20D1/Cezannel Q6GQQ9
- - LOC124402 Q8TB05
- - C150rf16/Cezanne2 Q8TE49
- - MGC29814 Q8IYNG6
- - NSFL1C Q9UNZ2
- NSFL1C-like GENSCANO00000067370H

NACaCT
Yeast Human

Gene name Gene name Uniprot number
EGD2 YHR193C NACA Q13765

- - KIAA0363 015069

- - HYPK Q8wuws

- - FKSG17 Q9BZK3

- - MGC71999 Q9HO009

TapCT

Yeast Human
Gene name Gene name Uniprot number

NXF1/TAP Q9UBU9
MEXe7 YPL169C NXF2/TAPL2 Q9GZY0
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Figure 3-18 Subfamilies of the UBA superfamily. This dendrogram was generated from a multiple alignment
covering the UBA and UBA -like domains of proteins depicted in Figure 3-17. Two-letter species abbreviation
behind each protein name denote human (HS) or yeast (SC), respectively. In proteins with multiple domains, the
domain number follows the species abbreviation. Red '+' and ' symbols stand for domains positive or negative
tested for interaction with Ub. The relationships within this tree do not necessarily reflect the exact evolutionary
relationships between yeast and human proteins.

3.6.1.4 Human orthologues of yeast Snfl lack the UBA domain

Snfl is a protein seringthreonine kinase required for cdlular response to dtered
nutritional  conditions, like nitrogen Sarvation or dternate carbon sources (Sanz, 2000). It



Chapter 3 Reaults 87

contains a UBA doman C-termindly of the kinase doman. The human orthologues are
PRKAATVAMPK and PRKAA2/AMPK?2 according to comparisons of the kinase domain and a
short homologous sretch at the C-terminus of these proteins. Indeed, Snfl and the proposed
orthologues are functiondly related, as they beong to a stress response system (Farras, 2001).
However, the UBA domain is absent in the human proteins while present in numerous plant and
fungd orthologues of Sifl, eg. Sifl from S pombe (data not shown) (Hartmann-Petersen,
2003). Reverse profile searches from the UBA domain of fungal Snfl orthologues confirmed its
relationship to the classc UBA domain, but did not match the human Snf1 orthologues.

3.6.2 The Ub-interacting motif (UIM)

Like the UBA domain, the UIM is a wel established Ub-recognition module and most
UIM proteins are components of the UPS or other Ub-dependent pathways like endocytoss.
Besides Ub recognition, a noteworthy festure of the UIM is its contribution to kegp Ub-sgnds
in a monoubiquitin gate in endocytosis (Di Fiore et d., 2003). Of the eight UIM proteins found
in yeadt, a least four are functiondly associated with receptor endocytosisprotein sorting
(Hsel, Entl, Ent2, Vps27) (see Table 3-29 for a complete list) (Bilodeau, 2003, Di Fiore et d.,
2003). These proteins have different domain dructures as depicted in Figure 3-19. They could
be assgned to human orthologues that have the UIM conserved (see Table 3-29). Ub-dependent
endocytoss of receptors and following protein sorting events seem to function amilarly in yeast
and human. However, not al of them gppear to rely on the UIM as Ub-ggnd recognition motif,
as Edel, the yeast orthologue of the human endocytosis protein EPS15, has the UIM tandem
replaced by asingle UBA domain (see Figure 3-19).

Other proteins that have a UIM are the proteasoma subunit RpnlO in yeast and its
human orthologue PSMD4 (formerly Sba), as well as severa DUBS, Ub-ligases and numerous
0 far uncharacterised proteins. The strong association of characterized UIM proteins with Ub-
related processes suggedts that the same might be true for other uncharacterised UIM-containing
proteins. As an example, the functiondly unexplored aaxin-3 protein, which depending on the
lice variant has two or three UIM copies, was identified as a putative deubiquitylating enzyme
smilar to the USP type DUBS (see chapter 3.5.3) (Burnett et d., 2003, Sched et a., 2003).

UIMs often occur in spatidly adjacent tandems. As a single UIM is sufficient to interact
with Ub, UIM tandems might dlow linkage type recognition of Ub chans. Smilar
arangements are observed in proteins with multiple UBA or CUE domains.
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Figure 3-19 Domain topology of selected UIM proteins from yeast and human. UIMs are depicted as red boxes
together with sequence coordinates. Other domains are coloured alternatively. Black frames indicate
orthologues/paralogues. In the case of yeast Entl/Ent2 human orthologues are not shown because of a highly
similar domain topology. The human paralogue of EPS15, EPS15L1, lacks a UIM or analogous domain and was
therefore omitted. The USP/UBP domain of human USP37 is shown as separate boxes as described in chapter
3.5.22in order to make the inserted UIMs between USP/UBP box 4 and 5 visible.
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Table 3-29 Proteinswith UIM from yeast and human. Orthology assignments were made if possible.

UM
Yeast Human
Genename ORF Gene name Uniprot number
ENT1 YDL161W EPN1 Q9Y6I3
ENT2 YLR206W EPN2 095208
UBX5 YDR330W EPN3 Q9H201
HSE1 YHLOO2W HGS 014964
RPN10 YHR200W DNAJB2 P25686
UFO1 YMLO88W EPS15 P42566
SIP5 YMR140W EPS15L1 Q9UBC2
VPS27 YNROO6W ATXN3 P54252
Orthologues ATXN3L Q9H3M9
Yeast Human PSMD4 P55036
UBX5 KIAA0794 RAP80 Q5XKQ1
HSE1 STAM, STAM2 ANKIB1 Q6P3S9
RPN10 PSMD4 FLJ25555 Q6P5X6
VPS27 HGS FLJ44474 Q6ZTNG6
ENT1, ENT2 EPN1-3 UREB1 Q7z6Z7
EDE1 EPS15, EPS15L1 |ANKRD13  Q8IzZ07
LOC130617 Q8WV99
STAM Q92783
STAM2 075886
uspP28 Q96RU2
UsP25 Q9UHP3
USP37 Q86T82
KIAAO0794 094888

3.6.3The UEV domain

The UEV domain, another proposed Ub-binding domain, is relaed to the E2 cataytic
domain (Ubc domain). It has been dedt with only briefly in chapter 3.3 and will be described in
more detail here. UEV proteins have been determined by profile searches with a profile based
on the Ubc domain followed by sdection of proteins without cataytic cysteine. The absence of
the catalytic cyseine was carefully checked to rule out a mis-classfication due to dignment

errors.

Table 3-30 List of yeast and human UEV proteins and assignment of orthologues. The pseudogene is printed in
italics.

Yeast UEV Human UEV

Gene name ORF Gene name Uniprot number
STP22 YCL008C FTS Q9H8TO

MMS2 YGL0O87C TSG101 Q99816
Assignment of orthologues UBE2V1 Q13404

Yeast Human UBE2V2 Q15819

STP22 TSG101 UEV3 Q8IX04

MMS2 UBE2V1, UBE2V2 |OTTHUMPO0O000030191 QO9NTT1

The group of UEVs is much smdler than the group of Ubcs, comprisng only Mms2 and
Sp22/Vp23 in yeest and five proteins in human including TSG101, the orthologue of
Sip22/Vps23 (see Table 3-30). Mms2 shares an orthology rdationship to UBE2V1 and
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UBE2V?2, two paralogous human UEV proteins. Mms2 has a role in DNA damage repair, and
the same can be assumed for its human orthologue. Yeast Stp22 and its human orthologue
TSG101 are subunits of the ESCRT-1 complex acting on Ub-dependent sorting of proteins to
multivescular bodies (Garrus, 2001, Katzmann, 2001). Interestingly, TSG101 has been
suggested to be a putative tumour suppressor (Li, 1997).

The crystd dructure of TsglOl has been solved by Pornillos e d. (Pornillos et d.,
2002). According to the authors, structures of UEVs and active Ubc proteins are best
superimposable in the region around the postion occupied by the active cygeine in the active
Ubcs This finding is in agreement with the good consarvation of the corresponding primary

sequences.

3.6.4 The NZF domain

Two proteins, human Npl4 and yeast Vps36, have been demonstrated to bind to Ub via a
particular type of C4 znc finger domain (Meyer et al., 2002, Wang et a., 2003). Profile-based
andydss of these zinc fingers dearly shows a rdationship to the Ranbinding zinc finger in
RanBP proteins (Yaseen, 1999). These proteins form a large family, most members of which do
not gppear to have a clear connection to the UPS. Therefore, it is currently questionable if al of
these proteins are Ub-binding or if Npl4 and Vps36 are just specid members of this family that
are able to interact with Ub. The zinc fingers in Npl4 and Vps36 are not very smilar to each
other and do not conditute a clear subfamily with Ub-binding propertties within the RanBP
superfamily. See Table 3-31 for a lis of NZF proteins. Remarkably, yeast Npl4 is devoid of this
domain while the human orthologue has one. The opposte congdlation is true for Vps36,
where the human orthologue CGI- 145 lacks the NZF domain.

Table 3-31 Proteins with an NZF-type zinc-finger from yeast and human. Orthology assignments were made if
possible.

ZF NZF

Yeast Human

Gene name ORF Gene name Uniprot number Gene name Uniprot number
NRP1 YDL167C MDM4 015151 YAF2 Q8IY57

VPS36 YLR417W SOLH 075808 RYBP Q8N4388
Orthologues ZNF265 095218 NEIL3 Q8TATS

Yeast Human NUP153 P49790 NPL4 Q8TAT6

NPL4 NPL4 RANBP2 P49792 RNF31 Q96EPO
VPS36 CGI-145 (Q9Y3E3) [RBM6 P78332 UBCE7IP3 Q9BYMS8
RBM10 P98175 DKFZp434B1727 Q9HOES
MDM2 Q00987 MAP3K7IP2 QO9NYJ8
TAB3 Q6VQRO ZRANB1 Q9UGIO

hRBCKL1-alpha QB8IXF6
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3.6.5 The PAZ domain

The PAZ (poly-Ub associated zinc finger) domain was origindly found in HDACSG, a
hisone deacetylase, where it is responsble for binding to poly-Ub (Hook, 2002, Seigneurin-
Berny, 2001). Like the NZF domain, the PAZ domain beongs to the zinc-finger group of Ub-
binding domains. So far, HDACS is the only member of the PAZ family with an established role
in Ub-binding. However, as mogt of the remaining family members are DUBs belonging to the
USP family, it is likdy that the PAZ domain has a generd role in the UPS. Due to its abundance
in USPs, the PAZ domain is often aso referred to as Zf-UBP, where 'UBP is synonymous with
'USP.

In human, 14 proteins with PAZ domain were detected, 12 of which are USPs (see Table
3-32). Only four PAZ protens were found in yeast, which al have human orthologues.
Remarkably, USP39 and Sadl contain the PAZ domain. Both proteins are inactive USPs and
Sadl has a role in premRNA gplicing rather than in the UPS. The RING finger protein
BRAP/RNF52 dso contains a PAZ domain. It regulates MAP kinase activation by its Ras
induced autoubiquitylation (Matheny, 2004). The Ub-binding PAZ doman in BRAPRNF52
may facilitate the autoubiquitylation and smilar events ae probably true for the yeest
orthologue Y hl010c, an uncharacterised ORF.

Table 3-32 Proteins with a PAZ domain from yeast and human. Orthology assignments were made if possible.

PAZ
Yeast Human
Gene name ORF Gene name Uniprot number
SAD1 YFROO5C USP3 Q9Y6l4
UBP14 YBR058C USP5 P45974
UBP8 YMR223W USP13 Q92995
YHLO010C YHL010C USP16 Q9Y5T5
Orthologues USP20 Q9Y2K6
Yeast Human USP22 Q9UPT9
SAD1 USP39 USP33 Q8TEY7
UBP14 USP5,USP13 USP39 Q9BV89
UBP8 USP22, USP27, USP51 (USP44 Q9HOE7
YHLO10C BRAP/RNF52 USP45 Q70EL2
USP49 Q70CQ1
USP51 Q70EK9

BRAP/RNF52 Q727569
HDACG6 Q9UBNY7
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3.6.6 The GAT domain

3.6.6.1 Few GAT membersin yeast and human

The GAT doman, which is present in GGA- and TOM1-homologues, is a homology
doman that was intidly thought of spedficdly interacting with Arf-type GTPases. However,
the GAT domains of TOM1 and its close reatives are not able to interact with Arf (Katzmann,
2002). Shiba & d. have suggested to divide the initid GAT doman into two different
subdomains with Arf and Ub-binding capacities, respectively (Shiba, 2003). While the Ub-
binding subdomain is present in adl GGA- and TOMI1-homologues the gtructurd eement
essentid for binding to Arf isonly present in the GGA homologues.

There are only few yeast and human GAT doman proteins, which are ather GGA- or
TOM1-homologues (Table 3-33). In the GGA subfamily, there ae no clear orthology
relationships between yeast and human proteins. The two yeast proteins GGA1 and GGA2 form
a group that is equaly relaed to dl three human GGA proteins, namdy GGA1l, GGA2 and
GGA3. Yeadt LSB5 is orthologous to al members of the human TOM1 subfamily.

Table 3-33 Proteinswith GAT domain from yeast and human. Orthology assignments were madeif possible.

GAT

Yeast Human
Gene name Gene name Uniprot number
YDR358W 060784

GGA2 YHR108W 075674

YCL034W Q8TDE7
Orthologues QouUJY5
Yeast QouUJlY4
GGA1l, GGA2 GGAl, GGA2, GGA3 QINZ52

LSBS TOM1, TOM1L1, TOM1L2

3.6.6.2 The GAT domain and the UIM appear exchangeable

Interegtingly, most GAT doman proteins contan a VHS doman (origindly found in
Vps27, Hrs, STAM) at their N-terminus. However, Vp27, Hrs and STAM themselves lack the
GAT domain and contan a UIM a a podstion, where a GAT doman would be expected.
Obvioudy, VHS domain proteins employ different Ub-binding domains or motifs for proper
function. This observation is only one of many nonorthologous domain replacements within the
UPS. Although the UIM and the GAT domain bind to Ub, it remains dudve if they are redly
equivaent or if they have different affinitiesto Ub.



Chapter 3 Reaults 93

3.6.7 Identification of a SUMO interaction motif

So far, severd domains have been described that are well established recognition motifs
for Ub. Sumoylation of proteins has been shown to be important for various celular processes
(Dohmen, 2004). By contragt, no generdly vdid SUMO interaction domain or motif is known
0 far. The mechanism by which sumoylation regulates these processes is il unknown, but
physicd interactions between SUMO moieties and some sort of recognition motifs are expected.
Here, based on physca interactions between proteins and SUMO/Smt3 in yesst, a
bioinformatica gpproach to identify potentid SUMO interaction motifs was tested.

3.6.7.1 Working hypothesis

Given a sat of SUMO interacting proteins, multiple binding modes may exis like for Ub
and its recognizing motifs. A worst case scenario would be that each of the interactors employs
a different binding mode. Different binding modes are usudly equivdent to different binding
matifs, so that no common sequence features might be present. The SUMO interactors may
share a common sequence feature (a SIM, for SUMO interacting matif), which dlows them to
bind to SUMO. Such sequence features might be manifested as conserved sequence motifs or
even as homology domains like the UBA domain. If so, it should be possble to identify a SIM
in SUMO interacting proteins by sequence comparison methods. Problems would be a high
divergence of a common SUMO hinding motif or large insarts of primary sequence between the
resdues mediating the interaction with SUMO. Both would make a SIM nearly invisble. To
circumvent these problems, the profile method was chosen due to its high sengtivity and ability
to cope with large insertion between conserved sequence blocks as seen in chapter 3.5.2.3.

3.6.7.2 Working scheme for SIM identification

A schemdic overview of al seps is depicted in Fgure 3-20. Fird, interaction data for
yeast SUMO had to be compiled. A study of K. Uzunova and J. Dohmen served as a primary
source for SUMO interacting partners, which were isolated in a yeast-two-hybrid screen (K.
Uzunova and J. Dohmen, unpublished results). An advantage for the following analyss was that
in these SUMO interactors the regions essentia for SUMO binding had dready been narrowed
to some extent. Additiond SUMO interactors were extracted from a compiled set of yeast
protein-protein interactions (Ito et al., 2001, Uetz et a., 2000).

In the second step, orthologues for each of the SUMO interactors were retrieved from
vaious databases including numerous fungd sequence databases published recently. At this
dage, BLAST searches were sendtive enough to find a sufficient number of orthologues, from
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which adignments were congructed afterwards. According to the working hypothesis, a putative
SIM should now be located somewhere within such an dignment if conserved across the
Species.

In the next step, profiles based on these adignments were constructed in order to screen
the remaining SUMO interaction partners for the yet hidden SIM. Only those regions were used
that had been shown to be sufficient for SUMO hbinding according to the results from the screen
of K. Uzunova and J. Dohmen carried out with truncated proteins. Podtions marking trangitions
from conserved to nornconserved regions were chosen as boundaries in the dissection of each
adignment. This procedure resulted in multiple profiles per dignment and therefore per SUMO
interactor family. The profiles were then used for searches in a sequence database including the
sequences of the SUMO interactors.

1. find orthologues 3. cut up alignment

1S171 T

sy | 1N & 11 =2 proflle

i.]IPl 2. create multiple T 4. make profile

STN1 alignment yet hidden

FIR1

5. database

JHEX3 SIM search

2TOP2

2TDP1

2NF|1/S|22 $now revealed

B <
§ other SUMO interactor 6. look for other
SUMO interactors st of hits

8. test other SUMO 7. narrow SIM motif /
interactors for make profile

putative SIM

-

Figure 3-20 Working scheme for SIM identification. * SUMO interactors provided by K. Uzunova and J.
Dohmen. ‘ SUMO interactors found in the literature.

3.6.7.3 Integration of multiple criteriato evaluate putative SIMs

If any of the interactors or one of their orthologues was detected during such a search,
the corresponding region of putative homology had to be vdidated by different aspects. In
severd ingdances, the profiles succeeded in finding one of the other interactors. However, the
profile scores aone turned out to be inappropriate for evauating the matches due to the extreme
shortness of the matched regions. Instead, multiple criteria were established that had to be met
by a matching sequence. Firs, only matches lying in SUMO hinding regions were regarded.
Another criterion took into account the phylogenetic didtribution of the putative SIM across the
orthologues of an interactor. For that purpose, the SIM was tested for conservation in each
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orthologue and compared against an 18S rRNA derived species tree (congtruction see chapter
2). This criterion helped to uncover random hits and, a the same time, dlowed to rank putative
SIMs according to their phylogenetic digtribution. A third mgor aspect in evaduating a match
was the consarvation of the sequence up- and downstream of the matching region. For that
purpose, it was tedted if the matching region was just pat of a larger doman or if it was
embedded as a ‘conserved idand’ in an otherwise ungructured sequence neighbourhood. The
letter congdlation may indicate some kind of dructura and functional autonomy and was
therefore of particular interest. In contrast, matching regions that were obvioudy part of a larger
homology domain might represent buried dretches with a dructurd role and are probably
unable to interact with SUMO.

3.6.7.4 | dentification of a putative SUMO interaction motif

In one of the database searches with a profile based on an MSA covering residues 248
407 of yeast Risl, human Uba2 and yeast Firl were detected. Both proteins were of particular
interest, as the region matched in Firl is part of a fragment that has been shown to bind SUMO
in the screen of K. Uzunova and J Dohmen. Likewise, human Uba2 is a subunit of the
heterodimeric SUMO-E1 and Uba2 has been shown to interact with SUMO prior to linking it
covdently (Gong, 1999). Interestingly, Firl and Uba2 matched to the same ~10 resdue long
region in the Risl-derived profile. Subsequently, corresponding regions from various
orthologues of Risl, Firl and Uba2 were aigned in order to define a shared motif that might be
SUMO binding (see Fgure 3-20).

The extracted motif spans only 10 resdues and is bipartite concerning the
physicochemica properties of the resdues (see Fgure 3-22). At the N-terminus, a usudly four
amino acids long hydrophobic paich is present, which is C-termindly flanked by a dretch of
acidic resdues often containing serine resdues. Within the Risl orthologues, a serine seems to
separate the diginct halves, but this serine is absent in Uba2 and Firl proteins. The phylogenetic
digribution clearly shows that this motif is consarved across the Firl, Risl and Uba2
orthologues. This motif could even be traced back to human Uba2 (see Figure 3-21). In the
following seps, didinct variants and combinaions of the motif were converted to profiles in
oder to tet the remaning known SUMO interactors and especidly their mammaian

orthologues for the presence of this motif.
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Figure 3-21 Phylogenetic distribution of a given SIM across orthologues of Risl (A) and Uba2 (B). Each tree
renders the relative evolutionary relationship of selected species based upon their 18S rRNA. The phylogenetic
distribution was mapped on this tree by usage of a colour code. Red labels indicate the presence of a SIM in the
orthologous gene of the corresponding species. Other colour codes are yellow = ,SIM present, but degenerate’ ,
black' = absent, ,grey‘ = not tested.

3.6.7.5 The putative SIM is present in numerous SUMO interactors

SIM-based profiles successfully detected a SIM-like dretch in the fragment of Szl
aufficent for binding to SUMO and in the Sz1 homologue, Sz2 (see Fgure 3-22). Both
proteins are known SUMO ligases (Johnson et a., 2001, Takahashi et d., 2003), which makes
the presence of a SUMO hinding motif plausble. In Nisl, only a highly divergent variant of the
origind SIM could be found, while Stn1 has no SIM as defined here.

For Nisl, the putative SIM is located in the short ~60 resdue C-termind fragment,
which is dill ale to interact with SUMO, and is consarved across the close reatives of S
cerevisiae, the Saccharomyces sensu strictu branch. Other interesting matches are listed in
Figure 3-23 together with the SIM coordinates. Among these matches was Wssl (weak
suppressor of Smt3), which is involved in protein sumoylation and might play a role in DNA
damage response (Biggins, 2001) (O'Neill, 2004). However, the SIM in Wssl seems to be
restricted to fungal species. Noticeably, Ubc9, which binds to and conjugates SUMO (Johnson
et a., 1997), has a dretch quite smilar to the SIM directly adjacent to its cataytic cysteine (data
not shown). An example for a metazoan-specific SUMO-interactor exhibiting the SIM is human
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Daxx (death-domain-associated protein 6) (Ryu, 2000). Daxx has two putative SIMs at its
extreme N- and C-terminus, respectively, with an sumoylation ste in between (data not shown).

Ri s1_YEAST 370 S SDEDE
Ri s1 KLAC 66 O SSEEE
Ri s1 POVBE 185 A SDSES
Ri s1_CALB 123 EVI ALSDSDD
Fir1_YEAST 758 E DEDED
Firl_KLAC 753 E DPPED

Wa2 2 YEAST 582 G /I | DDDEG
Uba2 2 KLAC 576 ETL| VDDEPA
Uba2_ 2 HUMAN 586 DVL| VDSDEE

Uba2 1 YEAST 508 S| FSDEEGD
Upba2_1_KLAC 501 TrLL YKDEENE

Ni s1/Ji p1 YEAST 390 P! | | PDSQDD
Ni s1/Ji p1_KLAC 398 P! VI SDNEDA

Si z1_YEAST 480 PI | | NLDSDDDE
Nfi 1/ Si z2 YEAST 470 PE! | SLDSSDDE
Pl AS1_MOUSE 459 DLTI DSSSDE
Pl AS3 HUVAN 447 DLTI ESSSDE
Pl AS4 HUVAN 465 DLTLDSSSSS

Figure 3-22 Potential SUMO interaction sites in known SUMO interactors. Hydrophobic residues are printed in
green, negatively charged onesin blue.

start end ORF ... start end ORF

758 - 767 yp| YERO32W [ FI R1] 16 - 25 yp| YDL235C [ YPD1]
23 - 32 yp| YDLO13W [ HEX3] 822 - 831 yp| YBLO52C [ SAS3]
480 - 492 yp| YDRAOOW [ SI Z1] 54 - 63 yp| YMR131C [ RRB1]

471 - 482 yp| YORIS6C [NFI1] 454 - 463 yp| YMR2T7W [ FCP1]
370 - 379 yp| YORI9OIW [RIS1] 306 - 315 yp| YOLO54W [ PSH1]
390 - 401 yp| YNLO78W [ NI S1] 81 - 90 yp| YKRO62W [ TFA2]
246 - 255 yp| YHRI34W [WSS1] 1939 - 1948 yp| YDRA57W [ TOML]
582 - 591 yp| YDR390C [UBA2] 270 - 279 yp| YMRO37C [ MSN2]
453 - 462 yp| YOR123C [LEQL] 140 - 149 yp| YBRO49C [ REB1]
217 - 225 yp| YDROS4C [ CDC34] 249 - 258 yp| YI L131C [ FKH1]
555 - 564 yp| YEROAOW YERO49W 883 - 892 yp| YCRO57C [ PWP2]
62 - 71 yp| YDL153C [ SAS10] 632 - 641 yp| YMR224C [ MRE11]
521 - 530 yp| YBRZISW[HPC2] 614 - 623 yp| YALO43C [ PTAL]
180 - 188 ypl| YDR330W [ UBX5]

Figure 3-23 Extended list of yeast proteins with apotential SIM. Numbers denote the SIM coordinates.

3.6.7.6 The SIM is orthologous to a previously defined SUM O binding motif
in PIAS2

Andyss of the phylogenetic didribution of the SIM in Szl reveded its conservation
across fungd and metazoan species. This is of paticular interet, as one of the human
orthologues of Szl, PIAS2 (dso termed PIASX), has been described to carry a SUMO binding
gte (Minty, 2000). Therefore, it had to be examined if the SIM defined here was different from
the one reported by Minty et d.. According to this publication, the SUMO binding dte in
PIAS2/PIASX and further proteins depends on a serine-x-serine triplet flanked by hydrophobic
resdues upstream and acidic ones downstream. The importance of both serine residues could

not be confirmed here, as the serines are not conserved in most of the yeast SUMO interactors
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and their orthologues. In some cases, serine residues were found at positions normally occupied
by agpatate or glutamate. It is concevable that a phosphorylation of these serines dlows
modulation of the SUMO binding ability, as phosphoserine might mimic the acidic amino acids
inthe acidic patch.

Yeast-two-hybrid  experiments  with  the motif isolated from PM-Scl75  have
demondrated the ability of this motif to bind to SUMO (Minty e d., 2000). Vaious
mutagenes's experiments carried out in the same work suggested that the hydrophobic patch, the
acidic pach as wel as the spacing between the two patches are crucid for SUMO binding.
These findings fully underline the SIM and its boundaries as defined in this work.

In a publication of Song et d., a SUMO binding motif related to the SIM described here
has been reported after the andyss performed in this work (Song, 2004). Song et d. could
define the resdues of the moatif involved in SUMO interaction in more detal by NMR
spectroscopic means As a result, the resdues of the hydrophobic patch contribute mainly to the
SIM-SUMO interaction, while the remainder of the motif is less important. These results are in
good agreement with the conservation pattern of the SIM, whose most conserved part is the
hydrophobic patch, while the acidic stretch often has polar residues like serine interspersed.
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3.7 Proteasome

3.7.1 The 20S proteasome

Both yeast and human have an identical 20S proteasome conssting of 14 a-subunits and
14 b-subunits, which in turn are encoded by 7 a-subunit genes and 7 b-subunit genes in yeest.
In human, three b-subunit genes and one a-subunit gene have been duplicated during evolution

and at least the three b-subunits are found exclusvely in the immunoproteasome (Table 3-34).

3.7.1.1 The immunosubunits ar e paralogues of the catalytic 20S proteasome
subunits

Mammdian genomes encode three additiona immunosubunits not found in yeest (Gille
et a., 2003). These subunits, termed PSMB8/b5i, PSMB9/b1li and PSMB10/b2i occupy the
postions of PSMB5b5, PSMB6/b1 and PSMB7/b2 of newly syntheszed 20S
immunoproteasomes. According to sequence comparisons, PSMB5/PSMB8, PSMB6/PSMB9 as
well as PSMB7/PSMB10 form closely paradogous pairs (see Table 3-34). At least for D.

melanogaster duplications of core proteasoma subunits are aso known (Ma, 2002).

3.7.1.2 Human PSMA7/a 4 has recently been duplicated

While screening the human sequence database for proteasoma subunits, a remarkable
finding was the exisence of a pardogous sequence of the subunit PSMA7/a4 encoded on
chromosome 18. This sequence is aready present in the UniProt database, where it is referred to
as PSMA7L/PSMAS. It is located on chromosome 20 and expressed in tedtis, so it might be a
subunit of a putdive tedis-goecific proteasome variant. The tedis-specificity  of
PSMA7L/PSMAS is an interesting pardld to the duplicated proteasoma core subunits of D.
melanogaster mentioned above, of which severd ae specificdly expressed in the mde
gamline (Ma et a., 2002). Orthologues of PSMA7L/PSMA8 were aso detected in mouse
(QICWHS6), zebrafish (Q6P0I2) and goldfish (Q9PTW9), indicating that this proteasoma
subunit might play a role in vertebrates in generd. Orthologues in insects or nematodes could
not be found, which suggedts that the duplication of the PSMA7 gene was a recent event in
evolution.
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Table 3-34 Components of the 26S proteasome. This table contains all yeast and human proteasome subunits
according to literature. Subunits are sorted according to their membership of the proteolytic core, the base or the
lid. The b-subunits are subdivided into catalytic and non-catalytic ones. Recently discovered novel subunits are
listed as well and references to each of these proteins will be given in the text. Orthologues are found within atable
row. For PRE6, PRE2, PRE3 and PUPL, respectively, two human proteins were identified as orthologues.

Yeast Human

20S proteasome core particle, a subunits

Gene name ORF Gene name iprot number

PRE5 YMR314W  PSMA1/26 P25786

PRES8 YML092C PSMA2/a2 p25787

PRE10 YOR362C  PSMA3/a7 P25788

PRE9 YGR135W PSMA4/a3 P25789

PUP2 YGR253C PSMA5/a5 P28066

SCL1 YGLO11C PSMAG6/al P60900
PSMA7/a4 014818

PRE6 YOLO038W

PSMA8/PSMA7L Q8TAA3
20S proteasome core particle, non-catalytic b subunits
Gene name ORF Gene name Uniprot number

PRE7 YBLO41W PSMB1/b6 P20618
PRE1 YERO012W PSMB2/b4 P49721
PUP3 YER094C PSMB3/b3 P49720
PRE4 YFRO50C PSMB4/b7 P28070
20S proteasome core particle, catalytic b subunits

Gene name ORF Gene name Uniprot number
PSMB5/b5 P28074
PRE2 YPR103W PSMB8/LMP7/b5i P28062
PSMB6/b1 P28072
PRES YJLoolw PSMB9/LMP12/bli  P28065
b2
PUP1 YOR157C PSMB7/ Q99436

PSMB10/MECL1/P2i P40306
19S regulatory particle, base subunits

Gene name ORF Gene name Uniprot number
RPT1 YKL145W PSMC2/S7 P35998 AAA
RPT2 YDLOO7W PSMC1/S4 P62191 AAA
RPT5 YOR117W  PSMC3/S6a P17980 AAA
RPT3 YDR394W  PSMC4/S6b P43686 AAA
RPT6 YGL048C PSMC5/S8 P62195 AAA
RPT4 YOR259C PSMC6/S10b P62333 AAA
RPN1 YHRO027C PSMD2/S2 Q13200 PC-REP
RPN2 YILO75C PSMD1/S1 Q99460 PC-REP
RPN10 YHR200W  PSMD4/S5a P55036 UIM
19S regulatory particle, lid subunits
Gene name ORF Gene name Uniprot number
RPN3 YERO021W  PSMD3/S3 043242 PCI
RPN5 YDL147W PSMD12/p55 000232 PCI
RPN6 YDL097C PSMD11/S9 000231 PCI
RPN7 YPR108W  PSMD6/S10 Q15008 PCI
RPN9 YDR427W  PSMD13/S11 Q9UNM6 PCI
RPN12 YFRO52W PSMD8/S14 P48556 PCI
RPN11 YFRO04W PSMD14 000487 MPN+
RPN8 YOR261C PSMD7 P51665 MPN
other putative subunits of the proteasome
Gene name ORF Gene name Uniprot number
UBP6 YFRO10W UsP14 P54578 USP
HULS5 YGL141W UBE3B Q9BXz4 HECT
ECM29 YHLO30W KIAA0368 015074 HEAT repeats
RPN13 YLR421C ADRM1 Q16186
SEM1 YDR363W-A SHFM1/DSS1 P60896
NAS2 YILOO7C PSMD9 000233 PDz

- PSMD10 075832 Ankyrin repeats

= = PSMD5/S5b

Q16401

HEAT repeats
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3.7.2 Subunits of the 19S regulatory particle

The 19S regulatory particle consgts of a hexameric ring of sx AAA ATPases plus three
non-ATPase subunits and a lid complex built up from sx subunits harbouring a so-called PCI
domain plus two subunits containing MPN domains (‘6+2 goichiometry). For each of the nine
base and eght lid subunits clear 1:1 orthology assgnments between yeast and human could be
determined (Table 3-34). The PCl subunits have some interesting properties, because they form
the scaffold of the so-cdled PClI complexes in gened and moreover, mediate physcd
interactions with a variety of additiona proteins, such as kinases, deubiquitylating enzymes,
RING/cullin based E3s or other PClI complexes. Therefore, a more detailed sequence andysis of
the PCI subunits has been performed as described below.

3.7.3 Comprehensive analysis of the PCI subunits of the proteasomal lid,
the CSN and the elF3

Note: the following work has been published as "Prediction of a common structural scaffold for proteasome lid,
COP9-signalosome and el F3 complexes." by Schedl, H. and K. Hofmann in BMC Bioinformatics 6(1): 71 (Sched,
2005).

3.7.3.1 Deter mining subunits of the PCI complexes

The proteasoma lid subcomplex, the COP9 signdosome (CSN) and the elF3 complex
share the property that dl of them have a common scaffold made of PCl and MPN proteins. The
PCl proteins are one of the main building blocks of the three PCl-based complexes, a fact
dready suggested by ther high portion. There are severd hints that the PCl subunits are crucid
for proper complex assembly (Freilich, 1999, Lier, 2002, Tsuge, 2001, Vaasek, 2001). The
MPN subunits of the three complexes are rather well conserved and the detection of MPN
domains and their boundaries was rdatively dsraightforward. By contrast, the degree of
conserveation between PCl  subunits is highly variable. Sequence dmilarity between the
corresponding subunits of proteasome lid and CSN was generdly easy to spot, while the
detection of smilarity between other pardogous PCl subunits typicaly required the generdized
profile method. A particular chdlenge was the detection of the highly divergent PClI domains in
the yeast CSN-like complex (Mayta-Kivity, 2003) and those of the elF3 complex, where only
three PCI subunits could be detected in the initid survey (Hofmann et d., 1998). Due to these
difficulties, it is to be expected tha there are gill a number of highly divergent PClI domain
proteins in eukaryotic genomes, which have duded detection 0 far. A second issue in the
bioinformatica definition of the PClI domain concerns the podtion of its N-terminad boundary.

In genera, homology domains are thought to correspond to dructura domains in the sense of
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autonomous folding units, they are typicdly characterized by a pronounced loss of sequence
amilarity a the domain boundaries. While this is true for the PCI doman C-terminus, the N-
termind domain boundary is blurred through a gradud decay in sequence smilarity instead of a
sharp drop. As a consegquence, different PClI domain boundaries have been used in the literature
(Aravind et d., 1998, Hofmann et a., 1998) and in various domain databases like PROSITE
(Hulo et a., 2004), Pfan (Bateman e d., 2004) and SMART (Letunic, 2004). The
corresponding accesson numbers are PS50250, PF01399 and SM 00088, respectively.

During an exhaudive bioinformatica anadyds of PCl protens, two independent results
were obtaned jointly suggesting that a dStructure-based redefinition of the PClI doman is
gopropriate. on one hand, multiple indances of TPR-like repeats were detected in the N-
terminus of many PCl proteins, which suggests that the homology between the proteasome and
CSN components is not restricted to the PCI domain itsdf. On the other hand, a previoudy
overlooked PClI domain was reveded in the novel eF3 subunit elF3k (Mayeur, 2003). Most
interestingly, an X-ray structure of elF3k has been published recently (Wei, 2004). Based on
this dructure and on adignment data, a bipartite consensus modd is suggested for the canonicd
PCl proteins, consgting of a C-termind ‘winged helix' domain preceded by an extended hdica
repeet region. This modd has been used to re-evduate some bioinformaticad and experimenta
findings that have been enigmatic so far.

3.7.3.2 TPR-like helical repeatsin PCI proteins

In most PCl proteins, the canonica PCl domain occupies a region of gpproximately 190
resdues close to the carboxy-terminus of the sequence. The N-termind non-PCI portion of the
proteins is moderately conserved between species and only poorly conserved between different
PCl subunits - even between the andogous subunits of the lid and the CSN. Upon submitting
those PCI proteins to profile- or HMM-based domain detection services, no significant matches
were obtained for the N-termini of the proteins. However, the PROSITE profile for the
tetratrico-peptide repeat (TPR) yidded a number of closdy sub-ggnificat matches in multiple
PCI proteins, eg. Rpn7 from S bayanus (P vdue = 0.01, Ref (Kéllis et d., 2003)) and Csnl
from E. histolytica (P vdue = 0.06, Uniprot: Q8WQ58). The TPR repeat family (D'Andrea,
2003) is very heterogeneous, and TPR motif descriptors such as the PROSITE profile are
known to miss severd ingtances of bona fide TPR repeats. Upon closer ingpection, most PCI
proteins exhibit multiple regions of sSmilarity to profiles derived from established TPR repesats
(matches schematicdly shown in Figure 3-24), dthough the dmilarity scores for each of the
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sgngle regions do not reach datidtica sgnificance. No relevant smilarity scores were obtained
for other helicd repeat motifs, such asHEAT or Armadillo repests.

To further invedigae if a TPR-like structure should be assumed for the N-termind
portions of al PCl proteins, a secondary dructure prediction was performed for each of the
protein  families individudly. To tha am, multiple dignments were condructed for
representative members of each subunit family and submitted to PHD and JPred prediction
sarvers (Cuff et al., 1998, Rost et a., 2003). As a result, dl PCl subunits of lid and CSN are
predicted to adopt an al-helical secondary sructure upstream of the PClI domain. Interegtingly,
these hdlicd regions merge seamlesdy into the PCl domain, & least if the longer PCl versons
of PROSITE and Pfam are used. This finding is in agreement with the observation of severd
regions with wesk TPR-gmilaity within the N-termina pat of the PClI doman itsdf (see
Figure 3-24). Further support for a TPR-like structure comes from a sequence-based fold
recognition for lid and CSN subunits usng the Superfamily-service (see Table 3-35) (Gough,
2001). Severd subunits like Rpn7 from yeast and human Csnl were found to have good scores
for the TPR fold upstream of the PCI domain.

The predicted al-helical secondary dtructure of the non-PCl portion of lid and CSN
subunits conssts of severd short helices that gppear to occur in pairs. To test whether those bi-
helicdl segments correspond to the structurd dements of a TPR-like repeat, savera examples
were sdected dating immediatdy upsream of the predicted PCI domans. When multiple
dignments of those bi-hdicd segments were used for profile construction and in subsequent
database searches severd bona fide TPR proteins were found to match within the TPR region.
With the bi-helices being in the correct TPR register, these segments were dso clasdfied as
TPR-like. No matches to edtablished HEAT- or Armedillo-repeat proteins were found,
demondrating that the scores are not just caused by an arbitrary helica repeat arrangement.

It should be pointed out that none of the singular observations described above is able to
prove a daidicadly dgnificant sequence reaionship between the N-termind portions of PCl
proteins and true TPR-repests. Taken as a whole, the results strongly suggest that there is a
generd tendency of PCl domains to be preceded by an a-hdicd repeat structure that has at least
some specific relationship to the tetratrico-peptide repedt.
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Figure 3-24 TPR-like motifs upstream and inside the PCI domain. Besides the common PCI domain (black), short
stretches of ~35 aa each are depicted in red. These stretches show weak to medium similarity to TPR segments in
established TPR proteins and merge seamlessly into the PCI domain in several PCI subunits. A grey box indicates a
TPR-like stretch within the PCI domain.

Table 3-35 Fold prediction with the ‘Superfamily’ webserver for pre-PCI regions. The Superfamily webserver
(Gough et al., 2001) proposes a TPR-like fold for PCI upstream regionsin many PCI proteins.

species position E-value Superfamily structure comment
Rpn7 yeast 131-200 3.2e-06 TPR-like 1hz4
Csnl human 65-218 1.1e-04 TPR-like 1hz4 below cut-off
Csn4 human 80-208 8.2e-03 TPR-like 1qqe below cut-off
Rpn3 human 51-165 3.3e-02 TPR-like 1qqe below cut-off
Rpn9 human 59-150 1.3e+00 TPR-like 1qge below cut-off

3.7.3.3 A previoudly unrecognised PCIl domain in el F3k

In the firgd surveys of recognizable PCI domains, only three PCI subunits of the elF3
complex had been detected (Hofmann et d., 1998). More recently, a number of novd eF3
components have been identified: elF3j (Vaasek, 2001), elF3k (Mayeur et a., 2003) and elF3l
(Morris-Deshois, 2001). Among these novel subunits, only elF3l has been reported to harbour a
PCl domain (Morris-Deshois et a., 2001), interestingly also preceded by a TPR-region. In order
to find further indications of divergent PClI domains, a thorough profile andyss of Al
uncharacterised el F3 subunits was performed.

Table 3-36 PCI complexes and their subunit correspondence.

Domain human lid yeast lid human CSN yeast CSN human elF3

PCI PSMD6 Rpn7 Csnl Pci8/Csnll =
PCI PSMD11 [Rpn6 Csn2 Rri2/Csnl10 8—
PCI PSMD3 Rpn3 Csn3 - 8
PCI PSMD12 |Rpn5 Csn4 - o
PCI PSMD13 |Rpn9 Csn7a/Csn7b [Csn9 ©
PCI PSMD8 Rpnl2 [Csn8 - elF3k
PCI - - Csnl2* Csni12* -

A generdized profile was congructed from the conserved portion of representative
elF3k orthologues from vertebrates, invertebrates, plants and fungi. After a scaling sep, the
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reulting profile was run agang a nontredundant protein database. Apart from the elF3k
proteins dready used for profile condruction, the only other sequences matching with
sggnificance were sdected PCl subunits of the proteasome and the CSN, among them rice Csn8
(p=0.01) and the Drosophila Rpnl2 homologue (p=0.05). All of the twenty top-scoring
sequences could be identified as either Csn8- or Rpnl2-homologues. As shown in Table 3-36,
Csn8 and Rpnl2 are the corresponding PCl subunits in the CSN and the lid, respectively. Can8
and Rpnl2 ae the most divergent PCl subunits of the proteasome and the sgnaosome,
respectively, and their PClI domains appear to be shorter than that of the more typica family
members. These observations provide good bioinformatical evidence that elF3k is the fifth PCI-
containing subunit of the elF3 complex and most likely a direct andogue of Csn8 and Rpnl2
(Figure 3-25 and Table 3-36).

Figure 3-25 on the following page: Multiple sequence alignment of yeast and human PCI subunits from proteasome
lid, CSN and elF3. Only the segments matched by the PROSITE PCI domain are shown. Conserved residues
printed on black background were found in at last 50 % of ~60 PCI proteins of selected species, of which only
yeast (sc) and human (hs) representatives are shown. Grey background was assigned to positions occupied by
residues with similar physicochemical properties in at least 50 % of the sequences. Above the PCI alignment
secondary structure prediction as calculated from JPred (Cuff et a., 1998) is presented. In these calculations
sequences of dF3k homologues were not included. Secondary structure elements of elF3k as derived from PDB
structure 1RZ4 are shown in a separate row. The abbreviations denote the following secondary structure types: E
extended (sheet) and H helix. In addition, structural subdomain classification (‘HAM’, ‘WH?’) as described in Wei
et al. (Wei et a., 2004) and domain boundaries according to PCI profiles from PROSITE and Pfam are provided.
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3.7.3.4 A structural modd for the canonical PCl domain

The discovery of a PCl domain in elF3k is of paticular importance, as a three-
dimensond dructure of elF3 has been solved recently (Wei et d., 2004). So far, no structura
information on the PCI domain has been available, and a sructurd mode for the canonica PCI
domain based on the dignment shown in Figure 3-25 should dlow interesing ingghts into the
architecture of the PCI complexes.

A detailed andyss of the elF3k structure (We et a., 2004) reveals a bipartite Structure
of two subdomains that are in close contact through a large inter-domain surface patch Figure
3-26 (A)). The C-temind hdf-doman is a globula a/b dructure with an "abaabb”
arangement. The three b-drands are very short and form an antipardld sheet. The whole C-
termind part can be classfied as a "winged hdix" fold and thus is referred to as "WH-domain®
(We et a., 2004). By contrast, the N-termind hdf-domain is entirdy helica with a core of 9x
regulaly-spaced helices that form three antipardld hedicd harpin dements. The resulting
superhdix is remniscent of the solenoids found in hdica repeats such as HEAT, Armadillo and
TPR. Somewha unusud are the short 350 helices that connect the consecutive a-harpins.
According to Wel e d. (We et al., 2004), the N-temind hdf-doman resembles dructurdly
manly HEAT and Armadillo repests, and thus the name "HAM-doman' was proposed. The
bipartite structure of elF3k is in good overdl agreement with the secondary structure predictions
for the sngle PCI domain families and dso with the result of TPR-like hdicd repests partidly
overlapping the PCl domain. It was therefore of specid interest to make a detailed comparison
of the elF3k sructure and the profile-guided dignment of the canonica PCl superfamily shown
in Figure 3-25.

Within the N-termind subdomain, the sequence conservation between the different PCI
domain families is reativey poor and some aspects of the dignment shown in Figure 3-25 are
not very reliable. Nevertheless, there is a good correspondence between the helices that build
the a-hairpins of elF3k and the uninterrupted sequence blocks in the PCl dignment. The gap-
regions in the PCl dignment are typicaly caused by insation events in sdected PCl
subfamilies. In no case, a deletion of one or more of the hairpin helices is observed. This finding
suggests that the helica harpin dructure is conserved in most or dl PCI domans. The
congtructed dignment and the derived secondary sructure predictions suggest that the short 3o
helices that connect the helicd hairpins in eF3k are absent in most other PCl proteins. As
mentioned in the previous paragraphs, there are severd ingances of subsignificant sequence
amilarity to TPR repeats found dso within the N-termina subdomain of the PClI doman. By
contras, no dmilarity to HEAT or Armadillo-repeats has been observed. Thus, the helica
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hairpin dructure of the N-termind subdomain should be preferably interpreted as atypical TPR-
like repests rather than as the HEAT/Armadillo repests suggested by We et d. (We e 4d.,
2004).

The globular C-termind subdomain (WH) is generdly better conserved than the hdica
N-termina domain and as a consequence, the pat of the aignment covering this sructura
subdomain shown in Fgure 3-25 is more reiable. The "abaabb" arangement of a- and b-
regions is didributed over two large sequence blocks with a single mgor gap region between
"aba" and "abb". As can be seen in Fgure 3-25, no important secondary structure element is
interrupted by a ggp found in the PCl dignment. Like in the N-termind subdomain, the WH
portion shows a good concordance between the secondary dSructure predicted from the
canonica PCl families and the dructurd dements of the elF3k dructure, gpart from minor
problemsin predicting one of the very short b-strands.

Taken together, the comparison of the PClI aignment with the elF3k sructure shows that
the two Structures are clearly compatible and suggests that the canonical PCI domains will have
an andogous bipatite fold amilar to that shown in Fgure 3-26. The prediction of TPR-like
helicd repeats N-termind of the proper PCI domain suggests that they form an extension of the
helica repeat region of the firda PCl subdomain. The implications of this mode for the overdl
PCI structure will be discussed in chepter 4.2.5.

Figure 3-26 shows the overall structure of elF3k from the PDB-entry 1RZ4 viewed from two sides (Wei et al.,
2004) with b-strands and a-helices represented as ribbons and cylinders, respectively. Regions of the structure with
sequence similarity to canonical PCl domain are rendered in colour. Regions belonging to the WH subdomain are
shown in green, while conserved structure elements of the helical hairpin regions are shown in dark blue. The
connection between b-strand 2 and 3 is not resolved and thus missing in 1RZ4. Other regions (extreme N- and C-
termini, connecting helices between hairpins, unstructured regions) are shown in grey.
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3.7.4 Other activators of the proteasome

3.74.1PA28ab, PA28g and PA200

While the 19S regulatory particle (‘RP) mediates Ub-dependent protein degradation by
the proteasome, there exist a least three additiond proteasoma activators that only stimulate
the hydrolysis of peptides. These activators are generdly referred to as PA28ab, PA28g and
PA200 (Hendil, 1998, Tanahashi, 2000, Ugtrell, 2002). Similar to the 19S RP, they can bind to
each end of the proteasome, but mixed modes are possible as well, eg. a 20S proteasome can
associate with a 19S RP on one side, while the other one is bound to one of the other activators,
PA28ab or PA28g. According to HUGO nomenclature the approved symbols for these genes
are PSMEL, PSME2 and PSME3, respectively (see Table 3-37). The corresponding genes are
closly rdaed and found in higher eukaryotes while homologous genes in yeast could not be
detected. In contrast, human PA200 (or PSME4) has a yeast orthologue, BIm3/BIm10. While
the binding of PA200 to the 20S proteassome has been shown, the physologicd meaning
remains eusive as discussed in more detail by Rechsteiner and Hill (Rechsteiner, 2005).

Table 3-37 Proteasomal activators. Human PA200 is orthologous to yeast BLM3/BLM10.

Proteasomal activators

Yeast Human
Genename ORF Gene name iprot number

- PSME1/PA28a/11S/REGa Q06323
- PSME2/PA28b/11S/REGb  Q9UL46
- - PSME3/PA28911S/REGY Q12920
BLM3/BLM10 YFLOO7W PSME4/PA200 Q14997

3.7.5Proteins involved in subunit synthesis and assembly of the 26S

proteasome

3.7.5.1Rpn4

The transcription of proteasomd  subunit genes in yeast is pogtively regulated by the
transcription factor Rpnd, which binds to an updream activating sequence of these genes
(Mannhaupt, 1999). As Rpn4 itsdf is degraded by the proteasome, the action of Rpn4 is
regulated by means of a negative feedback loop, i.e. high proteasomd activity is connected to
low Rpn4 levds resulting in low transcription of proteasoma subunits (Xie, 2001). Yeast Rpn4
caries a C2H2-type zinc finger & its C-terminus easly detectable across the funga orthologues,
while the sequence remainder is poorly conserved. No Rpn4 orthologues could be detected in
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metazoan species in this work and the co-regulaion of human proteasomd subunits remans

eusvein generd (see Table 3-38).

3.7.5.2Umpl/hUMP1

Yeast Umpl has been shown to assst 20S proteasome assembly and to play role in
processing the initidly inactive b-subunit precursors. For this function, Umpl is locdized in the
centra chamber of the 20S proteasome and becomes degraded after activation of the catalytic b-
subunits (Ramos, 1998). A human orthologue was readily detectable in the database, hUMPL,
which has dready been classfied as functiond equivalent to Umpl (see Table 3-38) (Burri,
2000, Witt, 2000).

Table 3-38 Proteinsinvolved in proteasomal biogenesis.

Yeast Human

Gene name ORF Gene name Uniprot number
UMP1 YBR173C hUMP1/POMP Q9HB69

RPN4 YDL020C -

3.7.5.3 Hgp90

The yeas homologues of the mammdian hest-shock protein Hsp90 have been reported
to bind to the 26S proteasome and to play an important role for proteasome assembly as well as
for its maintenance (see Table 3-39) (Imai, 2003).

3.7.6 Proteins involved in substrate delivery to the proteasome

3.7.6.1 Ub-like/UBA-adaptor proteins

At least the three yeast proteins Rad23, Dsk2 and Ddil have been shown to bind to the
26S proteasome and thereby mediate the recognition of ubiquitylated substrates (Elsasser, 2004,
Elsasser et a., 2002, Saeki, 2002, Verma, 2004). These proteins are often consdered as
subdrate ddivery factors and share a dmilar doman topology condgting of an N-temindly
located Ub-like domain followed by one or two UBA domains (see chapter 3.1.2.1). While the
Ub-like domain binds to a proteasomd subunit, which is Rpnl in the case of Rad23 (Elsasser et
al., 2002), the UBA domain of the subdtrate ddivery factors interacts with poly-ubiquitylated
subgtrates. In human, there is more than one orthologue for each of these proteins, which dl

share a common domain topology with their yeast orthologues (see Table 3-4 and Table 3-39).
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3.7.6.2 Ub-r ecognition components of the proteasome

In addition to substrate delivery factors, substrates to be degraded can be recognized by
the proteasome directly. The yeast Rpn10 subunit of the base subcomplex acts as a receptor of
ubiquitylated substrates, probably mediated by the UIM of Rpnl0 (Elsasser et d., 2004). This
subunit is found as a single copy in both yeast and human (Table 3-34). Another subunit of the
proteasome involved in substrate binding is human PSMC3/S6a, an AAA ATPase subunit of the
base (Lam et d., 2002). This protein has a clear yeast orthologue, termed Rpt5.

3.7.6.3 HSp9O/HSp70/BAGL/CHI P

The human chaperone Hsp90 or HSPCA has dready been assigned a role in the UPS as
substrate specificity factor for the E3 ligase CHIP (Cyr et a., 2002). It is dso discussed as
acting in pardld to PA28ab in the trandfer of peptides from the proteasome to the class|
loading complex located in the membrane of the ER (Yamano, 2002). In yeas, two nearly
identicd homologues of Hp90 exist (96% dmilarity), which are redundant in function and
differ only in ther expresson pattern. The two yeast proteins are refered to as Hsc82
(Ymrl86w) and Hsp82 (Y pl240c). Both genes were found to be orthologous to human HSPCA
and its close reaive, HSPCB/HSPI0B, which shares 86% smilarity with HSPCA (see Table
3-39). Beddes these two human proteins, the human genome encodes two additional members
of the Hgp90 family, TRA1 (P14625) and TRAPVYHSP75 (Q12931). Whether the latter two
proteins play arole for proteasoma proteolysisis till an open question.

BAG1 is a co-chaperone that binds to Hsp70 via its BAG doman (Bcl2-associated
athanogene) resulting in subsequent release of Hp70 bound substrates destined for degradation
(Bimston, 1998). The Ub-ligase CHIP, which is associated with the chaperones Hgp70 and
Hsp90, poly-ubiquitylates BAGL in an unusud Lys-11 linkage (Alberti, 2002). This type of
linkage does not induce BAGL degradation, but stimulates its association with the proteasome.
However, the BAG1 Ub-like domain dso seems to be involved in proteasome binding (Luders,
2000). Taken together, BAG1 acts in the ddivery of Hsp70-bound substrates to the proteasome.
Despite extensve profile-based searches, no BAG1 or CHIP homologue in yeast could be
detected (see Table 3-39).
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3.7.6.4 Cdc48/\V CP/p97

The AAA ATPase Cdc48/VCP/p97 is another factor for substrate delivery to the
proteasome. It forms hexameric ring-shaped complexes, which recruit several cofactors like p47
or Ufdl needed for substrate proteolyss a the ER by the ERAD pathway (Richly, 2005). For dl

proteins so far known that have a role in Cdc48 mediated proteasoma ddivery, clear
orthologues exist between yeast and human (see Table 3-39).

Table 3-39 Proteins involved in substrate delivery to the proteasome.

Yeast

Gene name ORF
OAZ1 YPLO52W
UBR1 YGR184C
CDC48 YDL126C
UFD1 YGR048W
NPL4 YBR170C
SHP1 YBLO58W
RAD23 YELO37C
DSK2 YMR276W

Comments

partial ORF; Ub-independent
N-end-rule

CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP
UBA/Ub-like adaptor
UBA/Ub-like adaptor

DDI1 YER143W UBA/Ub-like adaptor
Human
Gene name Uniprot number Comments

OAZ1 P54368
UBR1 Q8IWV7
UBR2 Q8IWV8
UFD1 Q92890
VCP/p97 P55072
NPL4 QSTAT6
NSFL1C/p47 QOUNZ2
RAD23A P54725
RAD23B P54727
UBQLN1/PLIC1 QIUMXO0
UBQLN2/PLIC2 QOUHD9
UBQLN3 Q9H347
UBQLN4/UBIN QINRR5
DDI1 Q8WTS3
DDI2 Q7RTZ0
HSPA1A/Hsp70 Q5SP17
HSPCA/HSP90A P07900
HSPCB/HSP90B P08238
BAG1 Q99933

Ub-independent
N-end-rule

N-end-rule
CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
Hsp90/Hsp70/CHIP/BAG1
Hsp90/Hsp70/CHIP/BAG1
Hsp90/Hsp70/CHIP/BAG1
Hsp90/Hsp70/CHIP/BAG1

CHIP Q9UNE7 Hsp90/Hsp70/CHIP/BAG1
Assignment of orthologues
Yeast Human Comments

OAZ1 OAZ1

UBR1, UBR2 UBR1, UBRZ2, UBRI1L1
UFD1 UFD1

CDC48 VCP/p97

NPL4 NPL4

SHP1 NSFL1C/p47

RAD23 RAD23A, RAD23B
DSK2 UBQLN1-4

DDI1 DDI1, DDI2

HSP82, HSC82 HSPCA, HSPCB

Ub-independent

N-end-rule (not sure for UBR1L1)
CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP
CDC48/p97/vVCP

UBA/Ub-like adaptor
UBA/Ub-like adaptor
UBA/Ub-like adaptor
Hsp90/Hsp70/CHIP/BAG1



Chapter 3 Realts 113

3.7.6.5 Antizyme: a modd for Ub-independent proteasomal targeting

Note: the following work has been published as part of " Polyamines regulate their synthesis by inducing expression
and blocking degradation of ODC antizyme." by Palanimurugan et. a. in EMBO J. 2004 Dec 8;23(24):4857-67
(Pdlanimurugan, 2004).

Antizyme mediates Ub-independent degradation of ODC by the proteasome

Antizgme (‘anti-enzyme for ornithine decarboxylase’) was first discovered as inhibitor
of ODC (ornithine decarboxylase), a key regulator of polyamine biosynthess. Antizyme
mediates the degradation of ODC by the proteasome in a Ub-independent manner (Murakami,
1992). Noticeably, antizyme is not degraded during this process and recycled instead dlowing
subsequent rounds of antizyme-mediated ODC degradation. The proper regulation of ODC and
therefore the regulation of the polyamine levels is much more complicated, as polyamines
themsalves increase the antizyme levd in a negative feedback loop. The detaled mechanism
reies on a frameshifting event induced by polyamines during the trandaion of antizyme
MRNA. Without the frameshift, an in-frame stop codon (mostly TGA) causes the expresson of
atruncated and inactive variant of antizyme (see Figure 3-29) (Matsufuji, 1995).

A yeast antizyme has not been identified so far

Antizyme is a widespread protein known in a lot of eukaryotic organisms ranging from
fungi, insects, nematodes to higher organised species like the pufferfish or mammas. The more
complex the organism, the more antizyme homologues can be found in its genome, eg. there
ae a least four human antizgme homologues. Although detectable in fungi like S. pombe, the
coreponding attizyme in S cerevisae and the dosdy rdaed Hemiascomycetes is
undiscovered so far (Zhu, 2000). But experimentd data in the fidd of ODC regulation in yesst
exig leading to the podtulation of a yeast antizyme (Gandre, 2002, Toth, 1999). To test for an
exiging yeas antizyme, severd sequence-based andyses were peformed, but only profile-
based methods rather than pairwise methods succeeded in reporting dgnificant candidates.
Neither BLAST searches darting from ascomycetes like P. carinii or S. pombe antizyme did
return sgnificant matches in public Saccharomyces databases above threshold, nor could the
HMM derived from the funga antizyme family (from Pfam verson 12.0) detect any potentid
antizgme homologues in yess. Therefore, new antizyme-based profiles were constructed in
order to creste a more sendtive means for finding a yeast antizyme.

Defining an antizyme region as starting point for profile searches

A caeful condderation of the antizyme family dignment reveds two wdl consarved
regions separated from each other by a divergent linker sequence of variable length depending
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on the species. This doman dructure seems to be maintained through dl obvious members of
this family, which comprises more than 40 protens untii now. The conserved N-termind
segment (D1) is centred around the frameshifting dte in dl antizymes and is approximately 50
resdues away from the dat methionine. The highly consarved C-terminus (D2), which
presumably carries the ructural requirements for binding ODC (Li, 1994), was chosen as a
garting point for the search for yeast antizyme.

As the gene tree of the known antizymes largely reflects the 18S rRNA derived
evolutionary higory, the yeast antizyme was expected to adopt a smilar behaviour and to
cluser together with S. pombe or P. carinii (Berbee, 2000) in a tree derived from antizyme
sequences. For  this reason, an MSA  of antizyme sequences from  fungi  of the
Schizosaccharomyces clade was calculated and trimmed to the D2 region described above. In
detall, the dating profile was built from three protein sequences derived from S pombe
(Q9USQH), S japonicus (Q9HFU9) and S. octosporus (Q9HFUS).

S cerevisiae ORF Ypl052w is a putative antizyme homol ogue

A subsequent search in the sequence database yidded dgnificant matches in obvious

homologues from P. carinii (a yeast from the Schizosaccharomyces clade), B. cinerea (another

Ascomycete) and insects like A. gambiae. These sequences were integrated into the exigting
dignment covering the D2 domain. This dignment in turn sarved as a dating point for a new
round of profile congruction and database search. The profile from round two retrieved
additional antizymes from fungi like F. gramineum, E. nidulans and N. crassa with Sgnificant
scores and an extra vertebrate sequence from pufferfish. No members of obvious non-antizyme
families were returned a this point of the search.

After severd rounds of profile congdructions and searches the complete set of known
antizymes from vertebrates was collected in addition to antizymes from nematodes and some
fungd sequences from C. neoformans, U. maydis and S. kluyveromyces, the latter a member of
the Saccharomycetaceae clade and therefore a close relaive of S cerevisiae. During the next
profile iteretion an uncharacterised S cerevisae ORF named YplO52w and its obvious
orthologues from S. castelli, S kudriavzevii, S. mikatae, S. bayanus and from the two recently
published genomes of A. gossypii and K. waltii (Dietrich, 2004, Kellis et a., 2004) ganed
ggnificant scores, rendering them as highly potentid candidates for the missng antizyme
orthologues in these fungi.

Reverse profile searches were peformed relying on YplO52w and its orthologous
sequences from the other Saccharomyces fungi as initid input in order to vdidate them as
proper antizyme homologues. The re-detection of known antizymes turned out to be
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chdlenging, as the diverdty within the Saccharomyces subfamily was to low to confer enough
sengtivity on the profile a this point. Even with dear A. gossypii and K. waltii orthologues of
the potentid yeast antizyme available, the profile of the reverse iteration converged & an early
dage compriang only the close homologues of yeast antizyme. Nevertheess, known antizymes
from S. pombe and P. carinii gppeared as potentid matches scarcely below the significance
threshold and asymmetric results from profiles with didinct garting points ae an everyday
observation.

Characterizing the yeast antizyme sequence

The genomic sequence around ORF YplO52w exhibits some features amilar to that
found in known antizyme mRNAS, eg. an dternative sart codon exists ~300 bases upstream of
the YPLO52W start codon, followed by an in-frame stop codon at bases 208 to 210 (see Figure
3-27). This putative open reading frame was termed ORF1. Upon a predicted +1 ribosoma
frameshifting event skipping the 't of the ORF1 stop codon, trandation continues to base 877
(ORF2). While the end of ORF2 and YPLO52W are identicad, ORF2 is longer at its 3-end due
to a o0 far assumed start codon for YPLO52W at base 274. Trandating ORF1 and ORF2 while
incorporating a +1 frameshifting event a the in-frame stop codon leads to a putetive protein
sequence, whose N-termind region (ORF1) exhibits homology to the D1 motif in antizymes.
Especidly the resdues in immediate vicinity to the putative frameshifting Ste could be digned
to well conserved pogtions in the antizyme family. This observation is vaid for dl orthologues
from the Saccharomyces branch indicating that the frameshifting dte is likdy present in these
sequences as well (see Figure 3-30). Concerning the two NES regions, it was not possible to
dfirm the fird one which should be located upstream of D1, but the second one could be
detected as part of the D2 domain.

In human antizyme, the sequence 3'-wards of the shifty stop codon has been described
as a pseudoknot condtituting stretch (Namy, 2004). However, the corresponding region in yeast
is devoid of any sequence smilarity to the human mRNA sequence and an RNA secondary
dructure prediction detected only a weak folding propendty ~20 bases 3'-wards of the
frameshifting dte (data not shown). In contrast, S. pombe antizyme MRNA probably has a
defined secondary structure behind the shifty stop codon. Congdering the protein sequence of
this trans-frameshifting region, the assgnment of sequence Smilarity usng parwise alignments
between the known antizyme family and yeast was extremely difficult.

The D2 doman agppears as a wel consarved segment between the potentia
Saccharomyces antizymes. Corroborating the observations from the reverse profile search, the
consarvation between the Saccharomyces proteins and the known antizymes appears somewhat
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worse (Figure 3-30). In generd, the D2 domain condsts of five primary sequence blocks
separated by short divergent linkers in al antizymes. Antizymes of S cerevisiae and its reldives
are somewhat exceptiond as they have large dretches of 20 to 30 residues inserted between the
second and the third block. This insertion may be interpreted as a linker that connects a region
lacking a predictable secondary structure and a likdy aba-fold. In the latter, each secondary
dructure dement corresponds to one of the three remaining sequence blocks in the dignment. A
comparable insertion is not observed in antizymes of higher eukaryotes and might be the reason
for the difficulties encountered in detecting the Saccharomyces antizymes and vice versg,
finding the known antizymes with profiles dating from the Saccharomyces sequences It
should be mentioned that no antizyme orthologue in Candida albicans could be detected, may
be due to insufficient sequence data

To summarize, a budding yeast antizyme is predicted here, which has not been found in
a previous search for the yeast antizyme (Zhu et a., 2000). The coding region is located on
chromosome XVI and includes ORF1 and ORF2, which contains YPLO52w, as described
above. If the prediction of yeast antizyme is correct, synthess of this protein would aso require
a ribosomd frameshifting event as it is the case for dl edablished antizymes. The obvious
sequence dmilarity between the putative Saccharomyces antizymes and the edtablished
antizymes from other eukaryotes, the conservetion of the domain structure and the presence of
an inframe sop-codon point a& a common evolutionary origin and function between these
proteins. Particularly, the substructure of D2 and the identical secondary structure prediction of
an aba-fold a the tall of D2 were in drikingly good agreement with known antizyme fegtures
and made the biochemicd vdidation of the potentid yeast antizyme promising. Indeed, the
predicted yeast antizyme was expeimentaly vdidaed by Pdanimurugan e a., who have
clearly demondrated its influence on ODC degradation, the need of a frameshifting event for
proper expresson and the influence of polyamines on the frameshifting event (Palanimurugan et
al., 2004).
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1 MYEVI QKRKTKI | NVLQSPELMRLI EDPSNLG SLHFPVSSLLKSNKCT
1 at ggacaaaaaaaagt cacgcaacaggct acgattct cgat ccaaaata
taattaagacattattagcattgttaaccatgtctatctgcttagaage
gt aaagagaaaaact agt t acggcagcaat gttt at t aat agaat t gca

< ORF1 ->|<- ORF2 ->
50 PMPKLSTYSLASGGFKDWCADI PLDVPPEI DI | DFYWDVI LCMESQFI L
t *
148 cacact at at gaggt agt t ggaccggccgagaagt t t ggat t agt ct at
ct cat ccagt cgggt aaggcat ct at ccatattatagatttgtacattt
agtattgttgttgatgtgcgectactaagttccttcegtttacgatacaa

99 DYNVPSKNKGNNQKSVAKLLKNKLVNDVKTTLKRLI YNENTKQYKNNNS
296 gtagct aaagaacat ggact aaacgagaaaat aacat agaaact aaaaa
aaat ccaaagaaaact cat t aaat t aat acct agt t aaaacaaaaaaag
tcttgaatgget ggt tt gggat gt act gat gaaaatttatcgatatttc

148 HDGYNWRKLGSQYFI LYLPLFTQELI WCKLNENYFHVVLPSLLNSRNVH
443 cggtataacgtcttactccctacgcattacagattcggtcttcaaaagc
aagaaggat gcaatttat cttcaattggataaaatatttccttaggata
cttctgaaacggt cagttcatggagt gtattactcttaaatagttgett

197 DNHSTYI NKDW.LALLELTSNLNQNFKFEYMKLRLY! LRDDLI NNGLDL
590 gacaat aaagttcgct gcat acacat at gt aat att at aggt aaagt gc
aaagcat aaagttcttat ccat aaat at aat at gt att gaat t aagt at
tcctctatatgatctagat ccgcaccacacgagagtt aattattttgtt

246 LKNLNW/GGKLI KNEDREVLLNSTDLATDS| SHLLGDENFVI LEFEC* 292
73

3

t aacat gggacaaaggaggt t at agt gagt at ct t gggat gat gt gt t
t aat agt ggat t aaaagattt accat ccact cattgaaattttataga
gattcgct gagt at at aacggcgctatgtttttaattactttagtaca 880

Figure 3-27 Genomic sequence of the budding yeast OAZ1 locus together with the primary sequence of the
corresponding polypeptide. Below each amino acid the corresponding codon is shown except for the frameshifting
site (bold letters), where the shifted 't' is depicted above the 'gac’ codon translated in full-length Oazl. ORF1
encompasses the OAZ1 gene from base 1 to base 210 ending with an 'tga’ (bold). Skipping the 't' of this codon
generates the 'gac’ codon, which constitutes the beginning of ORF2 (base 209 to 880). An asterisk marks the
Y pl052w (ORF2) start codon.
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Figure 3-28 Neighbour-joining dendrogram of selected antizyme sequences. Only gap-less and reliable alignment
positions were considered for the tree construction. Species nhames are abbreviated as in the multiple alignment of
antizyme proteins sequences except for TORMA, Torpedo marmorata; BOMBY X, Bombyx mori; FUGU, Takifugu
rubripes; CHICK Gallus gallus AEDES, Aedes aegypti; ANOPHE, Anopheles gambiae; ONCVO, Onchocerca
volvulus, PRIPA, Pristionchus pacificus ASHBYA, Ashbya gossypii; SKUD, Saccharomyces kudriavzevii. Major
taxonomic ranks are indicated at the right border of the figure.

v
OAZ YEAST oG e e No Al e eICT AGAC CCA$
OAZ SPAR CeCGT GACHT (e eOICTAGAC eCTCl®
OAZ SM K CeCGT GACRAT CCCTIRECYaWNa T LiC
OAZ SKUD CeCGT GA _‘.T (S &N T TAGAT
OAZ SBAY GO TTAGAT
OAZ SCAS AI®GGAGAC
OAZ KWAL C®GGACCTT
OAZ SKLU GAGAGCCACTT
OAZ_AGOS di NAIEEElI T GAEEIENOAGCGGGGCGGGGGCASAGT]
OAZ NEUCR eCGeCe JEFe eSS T CGACGGCARTT BX294028
OAZ ASPNI ) sCrpen\Gen T ([®eC T CAGGGT CGAA! AF291577
OAZ SCHPO AAjReefee T [eClEeA\GeCEe TIIGAGCGCT CAAGA! AF217277
OAZ CAEEL €CGGCGTUEAAIREEIRE T TT T IS EJE®SCCAT GGCAICS AF217278
OAZ DROME eC[e T AGGGCCT CT(ejeejieGT(eCIEeA T [e1fee@asGT CCACCACA U29529
OAZ HUMAN CCGGGGCCTCGEEaREs T CHE TECE®SICACCCACCTSTGAA U09202
OAZ2 HUMAN k€ CCAGGGCCT CT(e1keejjee T[eCien T[e (ee@ICACCCACHYGI CGAA AF057297
OAZ3 HUMAN QIITGACACT CCAGCCCCCTICCT GCCTCCAejfee T eClEeNGT C CTATTACCT$E(AJET GIT AF175296
OAZ4 _HUMAN JESICCGGGGCCTCGA y CACCCACCCIOTGAA AF293339

Figure 3-29 This figure contains a DNA alignment covering the frameshifting region of established antizymes
(lower panel) and previously unrecognised orthologues from Hemiascomycetes in the upper panel. The marked
base is read through during +1 slippage. The last column shows EMBL accession numbers for the corresponding
DNA sequence if available. Hemiascomycete DNA sequences were found as homologues of YPL052w in the
Saccharomyces genome database (SGD). Species abbreviations are given in Figure 3-28.
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Figure 3-30 This figure shows the protein alignment of representative antizymes covering metazoan and fungal organisms. The alignment is subdivided into two segments
with the established antizymes in the lower panel and newly discovered orthologues from hemiascomycetes in the upper one. Alignment positions conserved are printed
on black background or accordingly positions assigned to amino acids with similar physicochemical properties are shaded in grey if supported by 50% or more of all
antizyme family members. A red triangle indicates the position of the frameshifting site. In the top row the secondary structure as calculated by PHD is presented; the
abbreviations denote following secondary structure types: E extended (b-sheet), A a-helix and L loop; only positions with an expected average accuracy > 82% were
considered. Sequence coordinates are provided on both ends of the alignment. Last column depicts the Uniprot accession number if available. Species names are
abbreviated: SPAR, Saccharomyces paracelsus SBAY, Saccharomyces bayanus SMIK, Saccharomyces mikatae; SCAS, Saccharomyces castellii; AGOS, Ashbya
gossypii; SKLU, Saccharomyces kluyveri; KWAL, Kluyveromyces waltii; NEUCR, Neurospora crassa; PNEUMO, Pneumocystis carinii; BOTRY, Botrytis cinerea,;
EMNID, Emericella nidulans SCHPO, Schizosaccharomyces pombe; SCHOC Schizosaccharomyces octosporus SCHJA, Schizosaccharomyces japonicus, CAEEL,
Caenorhabditis el egans DROME, Drosophila melanogaster; BRARE, Brachydanio rerio; XENLA, Xenopus laevis.
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3.76.6 Ubrl/ClpS: a common domain in the N-end-rule-pathway of

eukaryotes and bacteria

So far, well established homology domains or protein families with a role in subdrate ddivery
to the proteasome have been dedt with. In the following, a novd homology doman with a
putative role in substrate ddivery to chambered multi- subunit proteases will be described.

Ubr1 interacts with the proteasome

The RING-finger-type Ub-ligase Ubrl (N-recognin) is pat of the N-end-rule pathway,
together with Ubc2 as E2 and Ubal as E1. The N-end-rule-pathway is used for the proteasome
dependent degradation of proteins with a destabilizing N-termind residue. Within this pathway,

Ubrl has multiple functions, which are recognition of the target, ubiquitylation and probably the
delivery of the subgrate to the proteasome. The latter is suggested by the finding that yeest
Ubrl binds to the Rpn2, Rptl and Rpt6 subunits of the 19S regulatory particle of the 26S
proteasome (Xie, 2000). The dtes of Ubrl interacting with the proteasome have not been
mapped so far. Therefore, a detailed sequence andysis of Ubrl has been carried out in order to
predict a possible proteasome-binding ste.

Finding a putative interaction domain

Ubrl is a large multi-domain protein of ~225 kDa in yeadt, but only smdl portions of
Ubrl's primary sequence are covered by known domains. At the N-terminus of yeast Ubrl, a
putative zinc finger domain (‘ZF UBRY1') was found that is needed for recognition of certain
types of substrates (Kwon, 1998). A RING finger domain is located ~1000 residues downstream
and has an essentid role in the formation of substrate-linked Ub-chains (Xie, 1999). Besides the
two zinc fingers, an eght resdue long BRR-motif (for ‘basic resdue rich’) is located directly
upstream of the RING finger and has been reported to be important for Ubc2-binding (Xie et d.,
1999). Obvioudy, much of the remaning primay sequence is left without functiond
annotation. At the same time, there is sufficient conservation between fungd and mammadian
Ubrl orthologues to dlow profile congtruction for untouched regions in order to reved new
homology domains.

Common homology domain in Ubr1 and ClpS

In one of the attempts to derive novel homology domains of Ubrl, a sequence segment
adjacent to the C-terminus of the ZF UBR1-domain was used for profile congruction. The
latter started from a two-sequence-adlignment of the corresponding sequences from yeast and C.
albicans Ubrl. After two iteration cycles, dl eukaryotic Ubrl homologues avalable in the
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databases were dready detected with dgnificant scores. In addition, CT2237 (Uniprot
QBKACG6) from the cyanobacterium Chlorobium tepidum was maiched in a highly sgnificant
manner (N=14.5, p=10e-5.6) and amog the whole sequence was involved in this match (~100
resdues). To vdidate this finding, a control profile was congructed from CT2237 and its
homologues. A subsequent profile search reveded a large set of bacterid proteins of smilar
dze. The detected bacterid family is generdly referred to as ClpS family. In following iteration
cycdes, members of the origind Ubrl family were detected, thus verifying the homology
relationship between the consdered Ubrl region and the bacterid protein family. The
homologous region spans nearly the whole sequence in most bacterid proteins. Therefore, the
precise domain boundaries could be derived easily, which is not dways an easy task (see
chapter 3.7.2). The N-termind hdf was found to be highly conserved and to contan manly
hydrophobic resdues (see Figure 3-31). The C-termind hdf is more divergent, but contains
severd charged reddues found in many sequences. It should be mentioned that during this
work, smilar findings were reported by Lupas and Koretke (Lupas, 2003).

ClpSis a substrate modulator of CIpAP with a known structure

Most bacteria encode one ClpS homologue, which is typicadly found in an operon
together with ClpA (Dougan, 2002). ClpA is an AAA-ATPase type chaperone forming
complexes together with the protesse ClpP. The resulting multimeric CIpAP complex is a
chambered protease conggting of two heptameric CIpP rings with one or two CIpA hexamers
attached. This complex degrades proteins in an ATP-dependent manner in the bacterid cytosol
amilar to the eukaryotic proteasome. Dougan e d. have shown that the subdtrate specificity of
CIpAP upon binding to ClpS changed from SsrA-tagged proteins and CIpA itsdf to protein
agoregates. Thereby, CIpS has been assgned the role of a substrate modulator for the CIpAP
proteolytic complex. CIpS directly interacts with the N-terminus of CIpA and Soichiometric
amounts of ClpS molecules are needed to make the substrate specificity switch of an individud
CIpAP complex complete.

CIpS has a conicd shape and consds of three a-hdices facing an antipardld b-sheet
(Zeth, 2002). In Fgure 3-32, E. coli CIpS is shown in complex with the N-termind domain of
CIpA. The residues conserved between the ClpS domain of Ubrl and ClpS from E. Coli are
mostly located in the hydrophobic core and therefore likdy play a dructurd role, i.e. they
dabilize the fold of the CIpS doman. Smultaneoudy, there is an excdlent correspondence
between the secondary structure of the E. coli ClpS and that predicted for the ClpS domain in
Ubrl homologues (see Fgure 3-31). These findings suggest that the 3D structure of the CIpS

domain is conserved between bacteria and eukaryotes.
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ClpSand Ubr1 share residues essential for substrate binding

CIpS may act as an adaptor recruiting specific subgtrates to the CIpAP (Dougan et d.,
2002). Interestingly, residues located in the ClpS domain of yeast Ubrl seem to be essentid for
this Ubrl homologue to bind to type-2 substrates of the N-end-rule pathway (see Figure 3-31)
(Kwon et da., 1998). Moreover, the homologous resdues of E. coli ClpS are located opposite to
the ClpA binding dte leaving space for additiond interactions partners, eg. subgtrates. From
these observaions it may be hypotheszed that the function of the ClpS doman to bind
substrates may be conserved between bacteria and eukaryotes, while its binding to a chambered
protease is different or not present a dl in eukaryotes. Probably, dternative regions of the large
Ubrl cary out the proteasome binding, while the ClpS domain only exerts a rudimentary
function as subdrate binding domain. At least in this regard, the ClpS domain would link both
the bacterial and the eukaryotic N-end-rule pathway.

CLps PDB ...... EEEEEEEE. . . . .. HHHHHHHHHH, ... ... HHHHHHHHHHHEEEEEEEE. HHHHHHHHHHHHHHHHHH. | EEEE
UBRL_PHD ....... EEEEEE. . . ... HHHHHHHHHHH. . . . . HHHHHHHHHHHH, . . EEEEEE. . HHHHHHHHHHHHH. ... ... . . E. ..

CLPA BI NDI NG

cl pS ECOLI 21 P75832
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Figure 3-31 The ClpS domain. The alignment shows the ClpS domain of bacterial ClpS proteins and eukaryotic
Ubrl homologues. In the top rows, the secondary structure as derived from the CIpS structure of E. coli
(pdb:1LZW) or as predicted for Ubrl by JPred is shown, respectively. Conserved residues are printed on black
background, and positions assigned to amino acids with similar physicochemical properties are shaded in grey if
supported by at least 50% of all available ClpS domain containing proteins (not all are shown). Amino acid
residues that are part of the CIpA-binding interface are indicated with asterisks and highlighted in red instead of
black if conserved. A '+' isfound above the position that has been reported as essential for type-2 substrate binding
in yeast Ubrl (Kwon et al., 1998). Species abbreviations are as follows: ECOLI, E. coli; XANCP, X. campestris;
CAUCR, C. crescentus DEIRA, D. radiodurans NITEU, N. europaea; HELPY, H. pylori; SHEON, S. oneidensis;
MYCLE, M. leprae; CLOAB, C. acetobutylicumy DROME, D. melanogaster; CAEEL, C. elegans POMBE, S
pombe; YEAST, S. cerevisiae; KLULA, K. lactis.
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Figure 3-32 Structure of CIpS in complex with the Nterminal domain of CIpA. (A), a ribbon representation of
CIpS in blue and ClpA N-terminal domain in red. ClpS adopts a conically shaped fold with an elongated N-termina
tail. Conserved residues between bacterial ClpS sequences and human Ubr1 are coloured in green. Most conserved
residues point to the interior or stabilize secondary structure element such as the b-sheet. Purple residues are
conserved and simultaneously essential for substrate binding in yeast Ubrl. Blue and red residues mediate the
ClpSClpA interaction. Hydrogen bonds are depicted in dotted green lines. (B), same as A, but focus is now on the
interaction interface and the view is along the long ClpS a-helix harbouring the three residues essential for binding

to ClpA. Obviously, none of the conserved residues is in range of ClpA residues. A green dot represents the two-
fold symmetry axis of the N-terminal CIpA domain.
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3.7.7 Physiological proteasome inhibitors

3.7.71PI31

PI31 is a negaive regulator of immunoproteasome precursor maturation and, if
overexpressed, abrogates the presentation of MHC class | antigens (Zaiss, 2002). Moreover,
PI31 blocks the activation of 20S proteasomes by PA28 (Zaiss, 1999). So far, PI31 has only
been reported in higher eukaryotes, but not in yesst. Therefore, profile-based searches were
caried out covering distinct segments of PI31. Indeed, profiles congructed from a C-termind
gretch of PI31 (PI31_CTERM) detected the yeast ORF YcrO76c, though with weak
ggnificance. Searching the databases with a control-profile generated from YcrO76c, P31
homologues were retrieved with plant homologues yidding better scores. However, the
gmilarity between funga orthologues of YcrO76c and anima PI31 homologues remans wesk
and experimentd data are needed to vadidate this finding. Interestingly, the human Fbox protein
FBXO7 (Q9Y3I1) appeared to be related to PI31, as both share the PI31 CTERM as wdll as
second domain, called PI31._ NTERM.
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4 Discussion

4.1 Cataloguing the UPS with the profile technique

Ubiquitin and related modifiers participate in a variety of different cellular processes

Ubiquitin is the founding member of a family of proteinogenic podt-trandationa
modifiers, which share a very amilar three-dimensond dructure. The origind function of Ub
has been described as marking substrates for proteasomal degradation. However, this function is
just one of many roles Ub plays in the cell, as ubiquitylation of substrates has dso been reported
to regulate DNA damage repar, endocytoss, gene expresson, chromatin sructure and aso
lysosoma/vacuolar protein degradation (Schwartz, 2003). This variety of processes becomes
even larger when additiond Ub-like modifiers are taken into account, as they act as analogous
sgnalsto Ub when conjugated to substrates.

Variations on the Ub signal

One of the crucid aspects of Ub hiology is tha ubiquitylation can convey different
sggnds depending on the place of subdrate attachment, the chain length and the linkage type
(Hicke, 2001, Weissman, 2001). Possbly, the number of Ub molecules attached to distinct Stes
in the substrate plays a role as well. For te sdection of the appropriate type of the Ub sgnd,
the ubiquitylation and deubiquitylation machinery must be strictly regulated.

The UPSis highly complex

The complexity of the UPS can dready be seen by the high number of proteins involved.
Another characterigtic for the complexity is the occurrence of concerted mechanisms, eg. in the
ubiquitylation cascade or the proteasomal degradation step. Moreover, the specific subdtrate
ubiquitylation as wel as editing the Ub-sgnd of ubiquitylated substrates contribute additiona
regulatory levelsto the UPS and therefore enhance its complexity.

4.1.1 Functional domains help structuring the UPS

In the literature, proteins reevant to the UPS have dready been divided into certain
functiona classes. For example, there are classes covering proteins of the ubiquitylaion
machinery, proteesoma components, adaptors or deubiquitylating enzymes. By bioinformatica
means, these protein classes have been further subclassfied in the past. Usudly, the concept of
homology domans in combination with appropricte computationd tools has been widdy
goplied, because homology domans ae often directly linked to a cetan function of the
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proteins they are found in. Besdes the classfication of UPS proteins, homology domain-based
approaches have served as useful means in identifying new components of the UPS or reated
gystems in the past. One reason for homology domains being successful in structuring the UPS
and finding new components is the fact that the UPS associated homology domains are widdy
used throughout dl eukaryotic reddms of life and in certain cases can be traced back even to
bacteria (Furukawa, 2000, Lupas et d., 2003). Another reason may be the advent of the
sendtive profile technique that made maor contributions to this field (Ba et d., 1996, Hofmann
et a., 1996, Hofmann et d., 1998, Hofmann et d., 2001).

4.1.2The UPS and related systems resemble intracellular signal
transduction pathways

Intracdllular sgnd transduction pathways comprise three basc steps. sgnd generation,
sgnd recognition by specidized recognition domains and sgnd removd. Classic examples are
kinase phosphorylation cascades (Bhagwat, 1999) and the apoptosis cascade involving specific
adaptor proteins and caspases (Reed, 2004). For comparison, the UPS shows analogous steps
such as ubiquitylation, ubiquitin recognition and deubiquitylation. The UPS therefore resembles
ggndling pathways. The same holds true for Ub-reated modifiers such as SUMO and their
corresponding conjugation and recognition mechanisms (Dohmen, 2004). The UPS and Ub-like
pathways aso resemble each other in the homology domains involved. As a consequence, the
presence of a paticular type of homology domain often does not dlow to decide whether a
protein belongs to the UPS or a related system. For example, a least four members of the
human ULP family ae edablished SUMO proteases, suggesing a generd desumoylating
activity of the entire ULP family. However, work of Gan-Erdene et a. shows that SENP8/Denl
is active againg NEDDS8 rather than SUMO (Gan-Erdene et a., 2003). On the other hand,
pathways may overlap, as seen for UBE2E2/UCHS8, which conjugates Ub as wel as 1SG15
(Zhao et d., 2004).

4.1.3 Benefits from cataloguing the UPS

In this work, the most important UPS associated homology domans known from
literature have been re-andyzed in detall and used to set up a cataogue of proteins relevant to
the UPS and its rdated systems from human and yeast. Amongst other things, these data endble
dudies on the evolutionary origin of the UPS. As a specid focus of this work has been on the
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assignment of orthologues, information may be tranderred from the wdl-studied yeast UPS to
the human system or vice versa.

4.1.4 Limitations of existing sequence profile collections

For searching the sequence databases for established and novel members of the UPS, the
avalable profile-HMMs from Pfam and sequence profiles from PROSITE were employed in a
fird sep. While comparing sets of retrieved proteins from profile searches with a Pfam profile-
HMM and its corresponding PROSITE profile, often proteins were only found by one of the two
methods. The reason for the different sengtivities of the HMMs and profiles used may be due to
the incorporation of digtinct subfamilies, or because of a different update status. In addition to
the different sengtivities, Pfam and PROSITE often dso use different domain boundaries for
identicd homology domains. An example for this behaviour has been described in the PCI
domain in chapter 3.7.3. Severd profiles have difficulties in discriminating between distinct
protein families, eg. the PHD finger and the RING finger profiles, which detected overlgpping
protein sets (see chapter 3.4.1.1). For that reason, the avalable profiles were not dways
aufficient to catalogue the UPS components. As a consequence, subfamily-specific profiles had
to be generated for alot of protein families, eg. for the RING finger family. In other cases, the
edtablished profiles were absolutely appropriate, like the profiles derived from E1-, E2-, HECT-,
UIM-proteins and some DUB families.

For congructing profiles within this work, the generdized profile technique was used
because for mogt protein families the generdized profile technique exhibits a better senstivity
than profile HMMs, which often suffer from ovefitting (Paanimurugan e d., 2004, Zhu e 4.,
2000). One problem of the profile technique is the danger of missng outliers or samal families,
even if they were origindly being part of the seed MSA. These protein sequences run the risk of
not being re-detected during the iterative profile improvement steps.



Chapter 4 Discusson 128

4.2 Revised and novel homology domains

In the following paragraphs, | will discuss some interesing examples where a revised
profile was able to detect further UPS-rdevant homology domans in nove proteins. Also,
sequence andysis conducted on established UPS components provided information on new
homology domains and moatifs, for which agenerd rolein the UPSis possible.

4.2.1 Novel Ub-like domains in Els and their functional role

The recently reported 3D dructures of the human E1 enzymes UBE1C/UBA3 and
UBLE1B/UBA2 clearly show the presence of Ub-fold domains in those two proteins. However,
neither Pfam nor PROSITE profiles were able to detect these domains. Profiles generated in this
work could detect amilar domains in additiond Els However, this profile-based anadyss aso
suggested that the sequence smilarity between the E1 Ub-fold doman and the classc Ub-like

domain is extremely wesk.

The role of the Ub-fold in E1 proteins might be that of a binding Ste, eg. for E2s. In a
recent report, Huang et a. have shown human UBE2M, the E2 for NEDDS, to bind to the Ub-
fold domain of UBE1C/UBA3 (Huang, 2005). It would be interesting to see if a novd Ub-
binding moatif in this E2 with amore generd role exids.

There ae severd type Il Ub-like proteins, whose Ub-like doman exhibit sgnificantly
more Smilarity to Ubiquitin than the Ub-fold domains of severd Els do. In some of these type
Il proteins, the Ub-like domain associaies with the proteasome, eg. in Rad23 and Ubp6
(Borodovsky, 2001, Walters et a., 2002). Taken together, these observations and the results of
Huang & d. suggest tha the Ub-like domain and the more digantly reated Ub-fold domain
might generdly mediate associaions within the UPS as discussed in more detall by Upadhya et
d. (Upadhya, 2003).

4.2.2 Subfamilies of the RING superfamily

Origindly, the E3 class of RING finger proteins was subdivided into either RING-H2 or
RING-HC according to their cyseinghididine pattern, which is ‘C3H2C3 or ‘C3HCC3,
respectively. These types of RING finger proteins are widdy detectable by avalable RING
finger profiles provided by the Pfan and PROSITE database. Throughout this work, these

proteins are referred to as ‘cdassc RING finger proteins to distinguish them from the non
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classc, more divergent ones. In chapter 3.4, the connections of some families of nonclassc
RING finger proteins to the dassic RING finger family have been andyzed and will be

discussed now.

The Pakin triad family has been classfied as noncdassc RING finger family here
Proteins of this family contan three consecutive copies of complex zinc fingers (‘Parkin
fingars) with wesk dmilarity to the classic RING finger. Moreover, classic RING finger
proteins harbour just one RING finger copy. Structurdly, a least the third Parkin finger in
HHARI/Ariadne is clearly disinct from the classc RING finger and coordinates only one zinc
ion, as shown by the crystal structure published by Capili et d. (Capili, 2004).

It is likely that the other Parkin fingers have a amilar structure, dthough this suggestion
dill requires experimenta verification. The three Parkin fingers within a triad are typicaly quite
different and exhibit distinct degrees of divergence from the dassc RING fingers. While the
third Pakin finger often follows the ‘C3HC4 pattern, eg. Parkin (see Figure 3-5), the
remaning two Pakin fingers differ dgnificantly from the cdassc RING finger. For example,
only the firg Pakin finger of RNF19 follows the cyseinghididine patern of classic RING
fingers, while the neighbouring Parkin fingers lack one of the potentid zinc coordingting
residues or have additiona residues inserted between one of the dyads.

A dealed discusson on each of the predicted zinc coordinating resdues in dl Pakin
triad proteins is beyond the scope of this work. As shown in the example PHD fingers in chapter
3.4.4, the condderation of single pogtions is not an agppropriate method for deriving some
generd indghts on dructure or function, a least in the case of complex zinc fingers Another
example for a mideading result due to the mere examination of cysteinehididine patterns is the
second Parkin finger, which is often described as being unrdated to the flanking Parkin fingers
(Marin et al., 2004). A profile-based analyss of the non-coordinating resdues in addition to the
coordinating resdues rather suggests a reationship to the other Parkin fingers and even to
cdassc RING fingers. Thus, the opinion that the second Parkin finger is different from the other
two Parkin fingers should be revised.

Besides the Parkin triad family, the PIAS-type RING finger family, the U-Box family as
well as saverd other proteins collectively referred to as ‘degenerat€ RING finger have been
dedt with in chapter 3.4. At least one member of each of these groups is active as an E3 ligating
either Ub or SUMO (Regemann et d., 2003) (Hatakeyama et d., 2001, Johnson et a., 2001,
Marin et a., 2004). These proteins certainly al belong to the RING finger superfamily, but have
a different degree of divergence from the classc RING finger. When comparing U-Box proteins
with the cdassic RING finger, the shortcoming of dassfying and comparing RING finger
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proteins by cyseine spacing aone becomes obvious. U-Box proteins do not contan any
potentid zinc coordinating resdues a podtions homologous to zinc coordinating cysteines or
higidines in cassic RING finges (sse Fgure 3-5). Therefore, cydene spacing is an
ingpproprite means for quantifying the samilaiity or dissmilaity of members of the RING
finger supefamily. The profile-based approach chosen here rdies on smilaity scores
cdculated from dl pogtions within the RING finger and seems to be a better way to estimate
the evolutionary connections between the members of the RING finger superfamily. In addition,
the profile-based gpproach provides the opportunity to find more distant members of the RING-
finger superfamily in the databases. For a possible function of these proteins as E3s, they have
to recruit E2 enzymes. In established RING-type E3s, this recruitment is mediated by the RING
finger itsdf, which forms an interface that binds to the E2. This interface does not contain the
coordinated zinc ions in the classc RING fingers, but other resdues. The coordinated zinc ions
just dahilize the architecture of the E2 binding interface. The non-classc RING finger proteins
with an edtablished E3 function redy on other mechanisms than coordinating two zinc ions to
dabilize this inteface and possbly, novd membes of this supefamily will exhibit such
mechanisms as well.

4.2.3 Extension of the UBA family

The evolutionay rdationship between the UBA- and the CUE-doman has been
described in chapter 3.6.1.2. Besdes the CUE-doman family, additiond UBA-rdaed families
could be identified (see Table 3-28). Unfortunatey, for the mogt interesting of these subfamilies
(TtrapNT and AriNT), there is no dructurd information is available and experimenta data on
the binding capabilities is dso missng. When combining both datigticdly sgnificant sequence
gmilarity and anadlogous secondary gtructure predictions, a common 3D dructure for the UBA
doman and relaed domains gppears likdy. In a recently reported crysta sructure of an
archeaebacterid  NACa homologue, the NACaCT-doman clearly adopts a UBA-like fold
(Spreter, 2005). In addition, for another UBA-related domain, the TapCT domain, a crysta
dructure is available, which exhibits a good smilarity to the classic UBA doman (Grant, 2003).
However, the TapCT domain probably does not bind to Ub but rather to the repetitive Phe-Gly
moatif found in savera nucleoporins (Grant et a., 2003). The binding Ste of the TgoCT domain
involved in Phe-Gly motif binding is located & a completdly differert surface ste than the
resdues found to interact with Ub in the classc UBA domain. This example shows that a proper
function in Ub-binding cannot be predicted for every UBA-rdated subfamily. Probably, the
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high divergence of some UBA-like families is associated with the development of completdy
new binding properties, as observed for the TgpCT family (Grant et d., 2003).

4.2.4 A functional role for the USP zinc-finger

The zinc finger tha has been found to be inserted in the catdytic domain of USP-type
deubiquitylating enzymes (see chapter 3.5.24) may give an dtractive explandion for
unpublished experimental results of Hetfeld et d., who have observed an inhibition of USP15
mediated tetraUb cleavage by trestment with OPT, a metdlo-protease inhibitor (Hetfeld et d.,
persona communication). Based on results of this work, a modd is likdy, in which OPT
sequesters the zinc ions needed for the proper conformation of the potentid zinc finger. As a
consequence, the Ub-binding pocket becomes destabilized. Probably, the zinc remova by OPT
does not interfere with poly-Ub cleavage, but maybe with poly-Ub binding. This modd would
satisfy both the prediction of USP15 as cysteine protease and the prediction of a zinc finger in
USP15. Site-directed mutagenesis of the proposed cysteine dyads causes a complete loss of
poly-Ub cleavage activity in USP15, amilar to the effect of OPT, while a linear Ub-GFP-fuson
protein was dill cleaved (Hetfeld et a., 2005). This observation points to metal coordination by
the cysteines and to an essentid but indirect function of the potentid zinc finger in poly-Ub
cleavage.

4.2.5 Prediction of a common structural scaffold for proteasome lid, COP9-

signalosome and elF3 complexes

4.2.5.1 The bipartite structure of the PCl domain

In the origind discovery note, the PCl domain has been defined as a homology doman
found within multiple proteins that are otherwise unrdaed (Hofmann et d., 1998). The results
presented in chapter 3.7.3 suggest that this view should be revised. The sequence regions
detected as PCl domains by bioinformaticd methods seem to consst of two structurdly distinct
domains. The C-termina portion, which in eF3k is referred to as the WH-domain, is much
better conserved in sequence than the N-termind portion, and the C-termind boundary of the
PCl homology domain is relativdly well defined by a notable loss of sequence conservation. By
contrast, the N-terminad boundary of the homology doman has dways been ill-defined, as the
overdl sequence consarvation in this region is low and different families of PCl proteins appear

to lose thar amilaity a different podtions. As a consequence, different domain databases and
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their associated web-servers detect PCl-domains (or the synonymous 'PINT' domains) of
varying length in the order PROSITE > Pfam > SMIART.

Usng the elF3k-derived sructurd modd, most of these observations can be readily
explaned (see FHgure 3-26). The C-termind PCI/PINT boundary, which is agreed on by 4l
domain databases, corresponds to the C-termind boundary of the structurd WH-like domain.
The N-termind boundary of the PINT domain, as described in the SMART database, essentialy
corresponds to the N-terminus of the WH-like domain. The PCl domain of the Pfam database
corresponds to the WH-portion plus a angle a-hdica hairpin repeat. Findly, the PCl domain as
described in the PROSITE database covers the WH-portion and dl three hdicd harpin repeats
found in the elF3k dructure. Of the three representations, the PINT doman of the SMART
database is dructurally most correct, as it describes a true autonomoudy folding domain. The
obsarvation that some PCl families lose ther sequence consarvation a different N-termind
postions can be explaned by assuming a variable number of helical repeat motifs for those
proteins. As an extreme example, only the WWH-like region could be detected in elF3e by profile
searches done here, and the secondary structure prediction for the elF3e family suggests a b-
dructure ingead of the usud hdica-hairpin repeats upstream of the WH region. This finding
can be taken as a further hint for sructurd and functiond independence of the N- and C-
termind sub-regions of the PCI homology domain.

4.2.5.2 The nature of the N-terminal helical repeat extension

The finding of TPR-like repesats preceding many PCl domains as described in chapter
3.7.3.2, combined with the helica repeat structure of the N-termind portion of the PCI domain
itsdlf, leads to the interesting question if these repeats are of the same type and may form a
continuous solenoid structure. The authors of the elF3k crystd structure propose a Structura
rdationship between the elF3k N-terminus and the HEAT motif based on superpostion
cdculaions with DALI (Holm et a., 1997). By contrast, sequence-based analysis methods done
here rather point to an evolutionary relationship to the TPR motif, both for the region preceding
the PClI domain and for the first hdicad harpin of the PCl domain itsdf. A rdaed finding was
reported for Rpn3 and Csnl2 esawhere, where a homology domain termed "PAM" (PCI-
associated module) with TPR-like properties has been proposed (Ciccardli, 2003). The findings
a hand suggest that the PAM-domain is a specid case of a more widespread preference of the
WH-portion of the PCI domain to be preceded by TPR-like repeats. In addition, both our results
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and those of Ciccardli et d. argue in favour of a continuity between the N-termina repeats and
those found within the PCI domain.

Due to the borderline sequence smilarity between the classcd TPR motif and the didtinct
helicd harpins of the PCl protens a completdy novd type of bi-hdicd repeats digtinct from
TPR and HEAT/Armadillo or some kind of intermediary form cannot be ruled out. Structurdly,
HEAT and TPR repeats ae reaivdy dmilar and both tend to form superhdica solenoid
dructures (Kgava, 2002). Without assuming a paticular repeat family, | have atempted a
rough esimation of what a typicad PCl component of the lid or the CSN complex might look
like. Figure 4-1 shows schematicaly a PCl proten with a WH-like domain a the C-terminus
(green), preceded by three hdical-repesats assumed to lie within the PCl boundaries according to
PROSITE (dark blue), which ae in turn preceded by three additiond helica repeats tha
represent the TPR-related N-termind extenson (light blue). As | do not assume a particular
repeat family with a well-known radius of solenoid curvature, | used the values derived from the
firs two helicd harpins of the elF3 structure ingtead. It should be stressed that the modd of
Fgure 4-1 with its 'boomerang'-shaped architecture can only give a very coarse gpproximation
of the rea dStudion. Both the solenoid curvature and the exact number of N-termina repest
extensons are rough esimations. Nevertheless, the modd appears to be roughly compatible
with the electron dengity maps of the lid and CSN complexes (Kapelari et a., 2000).

proteasomal lid COP9 signalosome

CEE £

Figure 4-1 Model of a PCI protein with three additional helical hairpins upstream of the PCI domain. Within the
PCl domains, only regions that can be modelled on the elF3k template are shown. The Nterminal extension is
shown in light blue, the other colours are as in A. Regions belonging to the WH subdomain are shown in green,
while conserved structure elements of the helical hairpin regions are shown in dark blue. Other regions (extreme N-
and G termini, connecting helices between hairpins, unstructured regions) are shown in grey. In the lower panel,
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electron microscopic images of the proteasomal lid and the COP9 signalosome, CSN, are depicted (Kapelari et al.,
2000).

4.2.5.3 A structural scaffold for three multi-protein complexes

PCl proteins conditute the main components of the proteasome lid and the CSN
complex and dso form the dructurd core of the trandaion initiation factor elF3. So far, no
cataytic activity has been described for PCl proteins. Given the lack of invariant polar resdues,
such a role gppears unlikely. The role of the PClI domains is mogt likely that of a scaffold for the
other complex subunits and other binding patners. There are a least three distinct sructurd
roles that PCl proteins have to fulfil: i) mantaining the integrity of the complex by binding to
other PCI proteins, ii) attaching the MPN-subunits to the complex, and iii) binding to other
partners such as the base-complex in the case of the proteasome lid or the RNA-hinding
subunits of the el F3 complex.

The assgnment of these functiondities to the different regions of the PCI proteins, and
equaly important, the source for the subunit interaction specificity or promiscuity have been
subject to severa experimental dudies, some of them published while others have been
presented at a recent meeting on PCI complexes (Chang, 2004). The PCI model presented here
will be certainly useful, both for the interpretation of the experimenta results, and for the design
of new experiments e.g. those based on domain truncations or domain swaps. According to the
anadysis carried out here, in some proteins the PCI domain is restricted to a Gtermind WH-like
part. As these proteins are aso components of PCl-complexes, a role of the WH doman in
PCI:PCI domain interaction is very likey. On the other hand, TPR-repeats in generd form
versdtile protein-interaction surfaces and the same is expected to be true for the TPR-like
repeats found in the PCI proteins (D'Andrea et d., 2003).

Tsuge et d. andysed truncated forms of human Csnl for its interaction with other PCI
subunits of the CSN complex (Tsuge et d., 2001). A congtruct containing resdues 197-500
(corresponding to the entire PCI region and some Gtermina materia) was able to bind to Can2,
Csn3 and Cs¥d. Another condruct starting a postion 340, and thus lacking the helicd-repeat
region, no longer bound to Csn2 and Ca¥ but maintained binding to Can3. By contrast, a
construct 197-307 that lacks the WH-like region was only able to bind to Csv. These
experiments suggest that both the WH portion and the helica-repeat part of the PCl proteins
have a role in PCI:PCI interactions, dthough they seem to interact with different subunits of the
complex. The importance of both subdomains is confirmed by a recent study of Isono et 4d.,
who andyse multiple point mutations in the lid subunit Rpn7 (Isono, 2004). In their hands, both
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mutations in the N-termind hdicd repeat pat of Rpn7 and mutatiions within the WH-like
region are able to abrogate binding to Rpn3, another PCI subunit of the proteasome lid. So far,
no information is available on the PCI regionsinvolved in binding to the MPN subunits.

In summary, | believe the PCI domain could play a role as a universd binding doman
supporting intraccomplex interactions as wel as recruitment of additiona ligands. The mode
presented here is a firt sep to the understanding of the supramolecular architecture of three
important  complexes and certainly will fadlitate the interpretation of further experimenta
results. Neverthdless, a full understanding of the interaction mode between PCl- and MPN-
domain proteins will certanly require experimentaly determined high-resolution structures of
the components - or idedlly, that of an intact complex.

4.2.6 Ubrl might use its ClpS domain for proteasome binding

As described in chapter 3.7.6.6, both ClpS and Ubrl share a common homology domain
(‘ClpS domain’) and bind to AAA-ATPase subunits of CIpAP and the proteasome, respectively,
two analogous chambered proteases (Dougan et d., 2002, Xie et al., 2000). Both Ubrl and
ClpAP function in the N-end-rule pathway (Varshavsky, 1996, Xie et al., 2000). These findings
suggest that the ClpS domain in Ubrl might mediate the binding of Ubrl to the Rpt6 and Rptl
subunits of the proteasome. However, the binding mode of the ClpS-ClpA interaction seems not
conserved in Ubrl-proteasome association, as neither the ste of ClpS needed for binding to
CIpA is consarved in the CIpS doman of Ubrl nor is the ClpA binding ste for CIpS
recognizable in any proteasoma subunit. Nonetheless, by sequence anadlyss done, a Smilar
binding mode for Ubr1- proteasome association should not be ruled ot.

The CIpS domain in Ubrl homologues probably adopts the same conical fold as ClpS
from E. coli. As ClpS is obvioudy a monalithic protein, the ClpS domain in Ubrl should fold
independently from the remaining resdues of Ubrl. Therefore, the expresson of a single Ubrl-
ClpS domain should be possble, which would dlow binding studies with this doman and
proteasoma subunits. These experiments may help answering the question about the role of the
ClpS domain in the binding of Ubr1 to the proteasome.
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4.3 Comparing the yeast and human UPS

The protein families compiled in chapter 3 provide useful information for comparing the
yeast and human UPS on a more generd level than just determining orthologues. For that
purpose, protein families were grouped according to ther main function within the UPS Egure
4-2) and data on orthology assgnments from chapter 3 was used to define the fraction of each
group without orthologue in yeast or human (‘ orphans), respectively.
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Figure 4-2 Distribution of protein class sizes for al major classes of the UPS. The protein families contributing to
each protein class are described in the text. Protein names above some bars denote the orphans in the corresponding
class. They-axisindicates the number of group members. ‘sc’ = S, cerevisiae, ‘hs = H. sapiens

4.3.1 Ub family, E1 and E2 enzymes

Number of orthologues may differ within a group

The yeast genome encodes seven type | Ub-like modifiers and each of them could be
assgned to a least one orthologue by means of sequence analyss. For the human orthologues
of the yeast modifiers Smt3 and Atgl2, gene duplications have taken place, leading to 1.2 and
1:4 orthologous relaionships, respectively. Species-specific gene duplications, as found for
these two proteins, are a generd observation in dl other protein families examined. As a
consequence, the number of proteins with orthologues in a given group of one species may
differ from the corresponding number in the second species as shown in Figure 4-2.
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More modifiers than Els in human

In the human genome, 19 Ub-like modifiers could be detected, some of them ill with a
datus as putative modifier. Of these 19 genes, eight were classfied as orphans. Interestingly, the
number of human E1 genes (10) found by sequence comparison turned out to be much smaller
than the number of Ub-like modifiees. This finding may indicate redundant activation
mechanisms or so-far unexplored classes of E1 proteins. At least for Atg8 and Atgl2, a
common E1 exig, which is Atg7 (Ohsumi, 2001).

Yeast-specific E1s without modifiers?

The human genome contains three E1 genes that ae not present in yeast: UBELL,
UBE1DCLlUba5 and mop-4 (see Table 3-1). UBELL and UBE1DC1/Uba5 activate human
specific 1SG15 and Ufml, respectively, while the subdtrate of the third activator is unknown.
Interestingly, mop-4 exhibits a domain sructure identical to UBELL. It is conceivable that mop-
4 activates the second di-ubiquitin-modifier in human, Fatl0, which is absent in yeast and has

so far no assigned EL.

There are two yeast-specific E1 proteins, which are so0 far uncharacterized ORFs (see
chapter 3.2). As dl yeast modifiers except for Hubl have known E1ls (see Table 3-1) and these
two ORFs have no known subgrate so far, they might be responsble for Hubl activation.
However, mutageness of these two ORFs shows no effect on pogt-trandationa modification by
Hubl (G. Dittmar, personal communication). Besides, a role of Hubl as a true covdent modifier
is controverdd (Luders et d., 2003, Yashiroda et al., 2004). It is not clear whether these two
orphan activators act on known yeast Ub-like modifiers or whether they fulfil a totaly unreaed
function.

Proportions for E2s, E1ls and modifiers do not reflect proteome ratio

The human genome encodes more E2 proteins than the yeast genome, dthough this retio
is by far smdler (~2.5:1) than would be suggested by the estimated proteome sizes from human
and yeast (estimated to be between 6:1 and 7:1, here named ‘proteome ratio’). Thus, the
expanson of human E2 does not appear extraordinarily here. The same is vdid for human Ub-
like modifiers and Els. However, the dtuation for the E3 enzymes is clearly different as shown
in the following chepters.
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4.3.2 Simple and complex E3 enzymes

Proportions for yeast and human E3s correspond to proteome sizes

The E3s are subdivided into two groups, one comprisng RING/HECT/A20-zinc-finger
E3s (smple E3s), the other one containing the substrate binding subunits of Culli/RING
based E3s (‘complex E3s). The main contributors to the latter group are FBox, BTB and SOCS
proteins as described in chapter 3.4.5. Unlike the groups of Ub-like modifiers, E1s and E2s, the
proportions of human and yeast smple E3s as wdl as of human and yeest complex E3s
correspond approximately to the proteome ratio (see Figure 4-2). Notably, both E3 groups are
remarkably large in 9ze as compared to ‘upstream’ components of the ubiquitylation cascade,
Elsand E2s.

Not all yeast E3 families have been expanded since the splitting of the metazoan and the fungal

lineages

A closer ingpection of the protein families in the group of complex E3s dlows further
indghts into the evolutionary events that led to the large tota number observed here. Yeast and
human ae representatives of the fungd and metazoan lineage, respectively. The high
percentage of yeast genes with human orthologues in the group of smple E3s might indicate an
dready expanded group of smple E3s in the common ancestor. Similarly, this ancestor likely
encoded members of al families within the group of complex E3s which ae the F-Box, the
SOCS and the BTB family (see Figure 4-3).

There are two hints tha each complex E3 family contaned only few members in the
common ancestor. Firgt, the smdl amount of BTB and SOCS proteins in yeast might indicate
that a least these two families were of the same sSze in the common ancestor. Secondly, the
number of assgnable orthologues is notably smdl for dl the F-Box, the SOCS and the BTB
families (see Table 3-17), suggesting that only representatives of these genes might have been
present in the common ancestor. However, this evolutionary scenario is only true if the large-
scaeloss of F-Box, SOCS and BTB members in the fungd lineage can be ruled out.
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Figure 4-3 Evolutionary model to explain the different portion of orphans in the group of ‘simple E3s' and
‘complex E3'. The common ancestor had the ‘simple E3s' aready expanded, while expansion of the families that
contribute to the ‘complex E3’ group took place not until splitting of the fungal and metazoic lineage (here
indicated as ‘ speciation’).
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Figure 4-4 Distribution of substrate-binding subunits of cullin/RING-based E3s (‘complex E3s’). The subunits
were grouped depending on the domain (F-Box, BTB or SOCS) that mediates contact with the cullin/RING-
scaffold. Groups were further subdivided based on the known or putative protein-interaction domain that binds to
the substrate (see legend). The y-axis indicates the number of members in each group. ‘sc’ = S. cerevisiae, ‘hs =
H. sapiens

In yeast, the FBox family accounts for 20 out of the 28 complex E3s, while SOCS and
BTB proteins are only found in samdl amounts (see Figure 4-4). Both yeast SOCS proteins,
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Rad7 and Elal, have human orthologues. According to the evolutionary modd described above,
this finding suggests tha in budding yeast or the fungd lineage in generd no gene duplication
has taken place for the SOCS family. Of course, high evolutionary rates of duplicated SOCS
genes in yeas might conced ther membership of the SOCS family and thus the red number of
SOCS genes might ke larger than two genes reported here. Nonetheless, gene duplications in the
yeast SOCS and BTB families seem to be very rare in comparison to human.

Orthologous pairs of complex E3 contain proteins with rolesin central processes

The number of genes in the complex E3 group is reatively high. In yeast, only the F-
Box family has been expanded, while in human, genes of dl three classes underwent manifold
duplications. The duplications of these genes have probably alowed to make new subgrates
accessible to Ub-dependent pathways.

After a duplication event, often one gene copy keeps the origind function while the
other one undergoes neo-functiondization and diverges to a greater extent. This more generd
obsarvation plays a role in interpreting the finding that only few orthology assgnments could be
st up for al three subfamilies of the complex E3 group in this work. Most of the complex E3s
with an orthologue carry out the same essentid functions in yeast and human. For example,
Elal and its human orthologues have a role in transcription e€ongation (see Table 3-17). In
addition, yeast Cdc4 and human FBXW7 are both involved in cyclin degradation and are
therefore crucid for cdl cycle progresson. Like the previous examples, most of the remaning
subgtrate-binding  subunits  with  orthologues peform centrd  cdlular  functions (eg. DNA
damage repar or trandation €ongation). It is likely that dl three families trace back to essentid
genes dready important in the common ancestor and that they have been kept at least as one
copy with the origind function.

Complex E3 family expanded more than simple E3 family

The portion of species-gpecific members of the complex and smple E3 families is
indicative of the point in evolution when the expanson of the groups began. The RING and
HECT families contan a high proportion of genes with orthologues in the other species and
have been expanded to a subgstantid degree before splitting of the metazoan and fungd lineage
(see Figure 4-3). Otherwise, family expanson of dl FBox, SOCS and BTB families took place
after the golitting. Since the splitting of the two lineages, expandon of the smple E3s has
proceeded at the same rate in both yeast and human, because the proportion of yeast smple E3s
to human smple E3s follows the proteome ratio. The smal number of orthology assgnments
suggests that the basis of SOCS, FBox and BTB family expanson were only few genes. As can
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be seen from the high number of members in the complex E3 group, the expanson of this group
seems to have proceeded more vigoroudy than the expangion of the group of smple E3s.

Complex E3 group evolved differently in human than in yeast

While the ratio of yeast smple E3s and yeast complex E3sis ~1.9, the andogous ratio in
human is jus ~1.4. This obsarvation may be interpreted as a more vigorous expanson of
complex E3s in human compared to yesst, given that the group of smple E3s evolved a the
same rate in both species. As will be discussed below, the families within the group of complex
E3s have contributed differently to expanson (see Figure 4-4). It is dill not clear, why evolution
has placed more emphasis on families of subdrate-binding subunits of complex E3s than on
families from the evolutionary older group of smple E3s. An explanaion may be found in the
observation that F-Box, BTB and SOCS proteins quite often employ substrate-binding domains
made from repetitive dements, such as KELCH domains, WD40 egions or leucine-rich repesats
(LRRs) (see Fgure 4-4). These repetitive domains probably acquire completely new binding
properties more easly than the compact subgtrate-binding domains. The repests in the proteins
are encoded by corresponding repetitive DNA segments, which are prone to unequa crossng-
over leading to additional repeats. While new repests might be inserted this way, the origina
subgtrate-binding site has a high chance to remain untouched. As a consequence, these types of
mutations should have been manifeted more easly in the genome and novel repests could
evolve new binding properties later on. On the other hand, the gain of new-binding properties in
RING or HECT proteins is more likey based on dngle point mutations affecting the non
repetitive substrate-binding domain.

Interestingly, repetitive bihdicd regions ae dso found in the PCl subunits of the
proteasoma lid and the CSN complex (see chapter 3.7.3.4). Both complexes contan binding
dtes for a variety of other proteins, exceeding even the number of the subunits in each complex.
It is posshly that evolutionary events, as proposed for the subunits of complex E3s described
above, which use repetitive regions for subgrate-binding, have dso led to didinctly eongated
repetitive regions in PCl subunits as described in chapter 3.7.3.2.

Emphasis on F-Box-family evolution in yeast compared to human

An interesting observation can be made, when compaing the expandon of F-Box
proteins in yeast to the expanson of SOCS and BTB proteins in human. It appears that after
golitting of the fungad and metazoan lineeges, yeast has expanded its repertoire of F-Box
proteins more vigoroudy than expected. In human, too, a certain expanson of the FBox family
has taken place, but compared to the proteome sSize, it is not as pronounced as in yeadt. It is
interesting to observe that in other organisms including the plant A. thaliana and the nematode
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C. elegans the F-Box protein repertoires have been expanded in particular (data shown). In
human, the sets of SOCS and BTB proteins have been dramatically expanded, a development
that is not observed a dl in yeadt. It is conceivable that certain biological functions ae carried
out by an FBox protein in yeast, while in human a SOCS or BTB protein is used for the same
purpose.

Novel roles for ancient substrate binding subunits?

The vagt expanson of protein families from the E3 group might have coincided with the
establishment of completdly new functions outsde the UPS or even outsde Ub-dependent
proceses. In this respect, the multiplicity of combinations between the RING/cullin/SKP1-
scaffold binding domain and other domains is remarkably, especiadly for BTB and SOCS
proteins. For example, a sgnificant number of SOCS proteins harbour an SH2 domain known to
bind phosphotyrosine-containing proteins, which are often involved in dgndling cascades.
Moreover, a huge portion of BTB proteins have acquired repetitive regions composed of C2H2-
type zinc-fingers, which origindly have been thought to bind to nuclec acids (Evans, 1988). So
far, none of the BTB/C2H2 type proteins has been reported to be an active subunit of a complex
E3 or to bind to nudec acids. Therefore, a role for this subfamily of BTB proteins in Ub-

dependent processes remains elusive.

No yeast orphans for HECT and atypical RING proteins

A subdassfication of the RING supefamily into cassic RING finger, Parkin triad,
PIAS finger, U-Box and degenerated RING fingar shows that yeast-specific genes are only
observed within the group of classc RING fingers (see Fgure 4-5). By contrast, humarnspecific
genes ae found in dl RING subfamilies with the Parkin triad group displaying a pronounced
expandon compared to yeast. One explanation for this expanson might be a tissue-specific
expresson of these genes. In fact, severd of the human-specific Parkin triad proteins display an
above-average expresson in brain (Parkin, RNF144, IBRDC1) or cortex (ARIH2, PARC).
These proteins might play a role in processes specific to the nervous system. Indeed, mutations
in the Parkin gene are causative for the autosomd juvenile form of Parkinson's disesse, PDJ,
which is connected with the loss of dopaminergic neurons (Kitada, 1998). Moreover, the Parkin
protein is found in Lewy bodies of paients suffering from the sporadic form of Parkinson
disease (PD) and Parkin has been assgned an essentid role in the generation of these Lewy
bodies (Chung, 2001).
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Figure 4-5 Distribution of ‘simple E3s'. This group comprises RING-, HECT- and A20-type ligases. The RING-
type ligases were further subdivided based on the subfamilies. The y-axisindicates the number of family members.
‘sc’ = S. cerevisiae, ‘hs' = H. sapiens

The gene family of A20-zinc fingersis not found in yeast

No AZ20-znc fingers could be detected within yeast, while seven clearly paraogous
A20-zinc finger proteins were found in human (see Fgure 4-5). Cases like this, where yeast
lacks a complete family that has a role in the human UPS, are rare. Another example is the
Josephin family, which has four human members. It is possble tha the common ancestor of the
yeas and human lineage had dl the extent UPS-rdevant families but specific gene-loss within
the yeast lineage resulted in the obsarvation made for A20-zinc-finger proteins and Josephins,
Of course, a gain-of-function of families not involved in the common ancestor's UPS could be
an explanation as well. A more detalled analyss of other species than yeast and human might

give ingghts on which way was chasen in evolution.

4.3.3 Deubiquitylating enzymes
Within the didinct families of yeat DUBs, only the USP family harbours some yeest-
gpecific genes (Figure 4-6). The members of dl other families have human orthologues or are

absent in yeast (Josephins). For example, the UCH family has only one member in yeadt, Yuhl,
while the human genome encodes four UCH proteins. A possble explanaion for the human
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gpecific expandon of the UCH family would be a role in the processing of human specific Ub-
like modifiers. However, processing of Ub precursors in yeast can be performed by many DUBs
and none of them, except for Rpnll, is essentid for viability (Amerik et a., 2000). Human
UCHL5/UCH37 is found associated with the regulatory particle of the proteasome and edits
poly-Ub chains conjugated to substrates, a role clearly beyond precursor processng (Lam et d.,
1997, Lam et d., 1997). Theefore the additiond human UCH family members do not
necessaily correlate with the additiona human Ub-like modifiers

Within the group of DUBs, the OTU family exhibits the most pronounced expanson in
the human genome as compared to the yeast genome. The ratio of human to yeast OTU proteins
is 7:1, while for USPs, MPNs and ULPs the anaogous ratio is just ~3. Nonetheless, the OTU-
based ratio ill corresponds to the proteome ratio. It is remarkable that the human OTU &mily
expangon is accompanied by new doman topologies. For example, the OTU doman can be
found together with Ub-binding domains like the NZF doman or the UBA-related TtrapNT
domain (see chapter 3.6). Moreover, in TNFAIP3/A20, as wel as two Cezanne pardogues, the
OTU domain is combined with the ZF A20 domain, which at least in TNFAIP3/A20 confers E3
activity (see chapter 3.6.5) (Evanset d., 2004, Wertz et a., 2004).
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Figure 4-6 Distribution of the known DUB classes including the ULP family. The y-axis indicates the number of
family members. ‘sc’ = S. cerevisiae, ‘hs' = H. sapiens

4.3.4 Ub-binding proteins

The UBA and the UIM proteins conditute the largest Ub-binding protein families in
both yeast and human. In the UBA family, yeast shows nine genes without human orthologues,
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while in the UIM family there is only one, Ufol (Figure 4-7). The F-Box protein Ufol, which
harbours three UIM copies, is respondble for ubiquitylation of the phosphorylated Ho
endonucdlease, which has a role in mating type switching and gene-converson a the mating-type
locus (Kaplun, 2003, K ostriken, 1983).

The remaning families do not contan any yeast specific genes and ae rather amdl,
except for the human NZF family, which has 19 members compared to two in yesst. As
mentioned in chapter 3.6.4, a generd role for the NZF domain in Ub-binding is currently not
redly clear. Thus the NZF family expanson in the human linesge is not necessrily linked to
the evolution of the human UPS,

The difference between the yeast and human PAZ-family might be explaned by the
expandon of the USP family that contributes most members to the PAZ-family.
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Figure 4-7 Distribution of Ub-binding proteins. The UBA family includes proteins with a UBA -related domain.
The y-axisindicates the number of family members. ‘sc’ = S. cerevisiae, ‘hs' = H. sapiens.

4.3.5 Comparison of PCI complexes regarding their PCI/MPN architecture

'PCI complexes is a collective term for proteasome lid, the CSN complex and elF3 as
introduced in chapter 3.7.3. While the lid and the CSN complex in human as well as the lid in
yeast have an analogous architecture of six PCl-subunits and two MPN-subunits (‘'6+2), the
yeast CSN complex is quite different fom its human counterpart (see Table 4-1). Firgt, the yeast
CSN exhibits just a '4+1' architecture with Csn5 as MPN+ subunit. Second, it contains an
unusud PCl subunit, Csnl12, with an important role in mantaining the integrity of the complex
(Maytd-Kivity et d., 2003). The human orthologue of Csn12 has so far not been reported as a

subunit of the human core CSN complex.
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Table 4-1 PCl and MPN subunits of CSN and proteasomal lid in human and yeast.

Domain human lid yeast lid human CSN yeast CSN
PCI PSMD6 Rpn7 Csnl Pci8/Csnl1
PCI PSMD11 Rpn6 Csn2 Rri2/Csn10
PCI PSMD3 Rpn3 Csn3 -

PCI PSMD12 Rpn5 Csn4 -

PCI PSMD13 Rpn9 Csn7a/Csn7b Csn9

PCI PSMD8 Rpn12 Csn8 -

PCI Csnl2 Csnl2
MPN+ Rpnll, PSMD14 Rpnli Csn5 Rril/Csn5
MPN Rpn8, PSMD7 Rpn8 Csn6

Of the human PCl complexes, the more digantly reated elF3 complex has only three
reedily detectable PCl proteins. elF3a (EIF3S10), elF3c (EIF3S8) and elF3e (EIF3S6) (see
Table 4-2) (Hofmann et d., 1998). Recent work by Morris-Deshois et d. (Morris-Desbois et dl.,
2001) has grouped elF3l (EIFS6IP) with the PClI components of elF3, and results from this
work as described in chapter 3.7.3.3 add elF3k (EIF3S11) to the ranks of PCI proteins. Besides
the PCl subunits, vertebrate elF3 complexes also contain two MPN proteins. elF3f (EIF3SL)
and elF3h (EIF3S3). Unlike the stuation in the lid and CSN complexes, both MPN subunits of
elF3 have logt ther metd-coordinating resdues and ae most likdy catdyticdly inactive. In
addition, yeast and severa other unicelular eukaryotes do not seem to have any elF3-associated

MPN proteins.
Table 4-2 PCl and MPN subunits of the el F3 complex in human and yeast.
Domain human elF3 east elF3
PCI elF3a, EIF3S10, p170 Rpgl/Tif32
RBD elF3b, EIF3S9, p116 Prtl
PCI elF3c, EIF3S8, p110  Nipl
elF3d, EIF3S7, p66 -
PCI elF3e, EIF3S6, p48
MPN elF3f, EIF3S5, p47 -
RBD elF3g, EIF3S4, p44 Tif35
MPN elF3h, EIF3S3, p40 -
wWD40 elF3i, EIF3S2, p36 Tif34
elF3j, EIF3S1, p35 Herl
PCI elF3k, EIF3S11, p28
PCI elF3l, EIF3S6IP, p69

Comparing the '5+1' goichiometry of human eF3 with the two better-conserved PCI
complexes, only one PCl subunit seems to be mising. The sequence andyss efforts in this
work have dso included other known eF3 subunits, but no indications for further PClI domains
could be obtained (data not shown). Given the high degree of PCl sequence divergence, it
cannot be fully excluded that one of the non-PCl/non-MPN subunits (elF3b, elF3d, elF3g,
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elF3i, elF3j) harbours a cryptic PCl domain that has eluded its detection. On the other hand, it is
well concelvable that elF3 has a devialing subunit compogtion. In yeast and severd other
organisms, not only the MPN proteins are missng but aso the number of PCl components is
reduced, as elF3e and elF3| are absent. At present, it is not clear whether the corresponding
postions in the complex are left empty or are filled by additiond copies of the remaining PCI
components. In evolutionary terms, it appears likely that the elF3 complex is a 'degraded’ copy
of an andent lid-like complex, which has lost its MPN+/JAMM mediated cadytic activity and
potentidly some of its PClI subunits. In yeast, the loss of PCl subunits has progressed more
rigoroudy than in human, as only a "2+0' architecture is recognizable. In turn, by acquiring a
group of nove nontPCl/non-MPN subunits, eg. RNA binding proteins, the elF3 complex has
ganed a functiondity that is different (and potentidly even completdy unrdaed) to the
proteasomd lid and the CSN complex.
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4.4 Conclusions and future directions

In this work, proteins harbouring homology domains with relevance to the UPS or other
processes nvolving Ub or Ub-like modifiers were catadogued for yeast and human. As pointed
out in chapter 4.1, profile-based means were particularly useful for an exhaugstive detection of
these protein sets. Additiondly, profiles were successful in determining nove  homology
domains or motifs with importance for processes involving Ub or Ub-like modifiers. All profiles
refined or de novo defined in this work have the advantage to be usable for rgpid screening of
other proteomes and novel protein sequences. Therefore, efforts to extend the catalogue of UPS-
relevant proteins to other species should be feasble. Broadening the spectrum of evolutionary
lineages would certainly give a more comprehensve and detailed view on the processes taken
place during UPS evolution.

As the compilation of proteins and ther functiond classfication was determined purey
by bioinformatical means, many of the results of this work should be conddered as predictions.
As a consequence, experimenta vaidation is needed like it has dready been carried out for the
prediction of aaxin-3 to have a deubiquitylating activity (Burnett et al., 2003, Sched et 4d.,
2003). In this context, it would be interesting to see if orthologues defined here redly execute
comparable cdlular functions as it has been shown for the yeast orthologue of human antizyme
(Pdanimurugan et d., 2004). There is a good chance that functiond annotation mapped via the
homology gpproach onto orthologues might give rdliable predictionsin generd.

Some of the future work should ded with uncovering the roles of additiond, not directly
UPS-rdevant domains in proteins mentioned in this work, especidly in E3 ligases and in
proteins with Ub-like or Ub-binding domain(s). Besdes a better subclassfication and therefore
clarity of these protein classes, this type of examination would dlow indghts to how Ub-related
processes became integrated into sgnaling, endocytoss, etc. and how these processes
contribute to the complexity and diversty of multicdlular organisms.

Short motifs such as the SUMO interacting motif appear underrepresented as compared
to larger homology domains described in chapter 3. In generd, the number of known short
moatifs is andl and only few are wel annotated (Puntervoll, 2003). One reason for this is that
the shortness of these motifs places limitations on the specificity of the profile searches. Given a
certain short motif, the chance to detect an andogous motif that has evolved accidentaly is
negatively corrdaed with the motif length. Nonethdess, a least the generdized profile
technique in combination with additiond criteria as outlined in chapter 3.6.7.3 is an adequate

means to cope with short motifs yet to be discovered.
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Edablishing a catdogue of UPS-rdevant protens may be a darting point for high
throughput approaches with focus on a pre-defined set of genes or proteins. In this respect, gene
expresson profiling based on microarrays will be of paticular interest as this type of andyss
dlows the discovery of genetic interactions (pathways) and genes acting as groups as wdl as the
functiond ducidation of individud genes Besdes providing genes of interest for designing
microarays, functiond annotation inferred from homology doman andyss or from
orthologues will be useful for interpretation of microarray experiments (pathway andyss) and
other large-scale data. Another gpplication of the catadogue of UPS-relevant proteins may be a
directed RNAI andysis asit has dready been carried out in C. elegans (Jones, 2001).
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6 Appendix

Table 6-1 Human RING finger proteins. Continued on the next page.

Human RING finger proteins

Gene name Uniprot number Gene name Uniprot number
AMFR Q9UKV5 MARCH1 Q8TCQ1
ANAPC11 QI9NYG5 MARCH2/MARCH-II Q9PON8
BARD1 Q99728 MARCH3/MARCH-III Q86UD3
BFAR/BAR QINZS9 MARCH5/RNF153 QINX47
BIRC2/clAP1 Q13490 MARCHG6/KIAA0597 060337
BIRC3/clIAP2 Q13489 MARCH7/AXOT Q9H992
BIRC4/XIAP P98170 MARCHS8/MIR Q8TC72
BIRC7/Livin Q96CA5 MARCH9/MARCH-IX Q86VN5
BIRCS8/ILP2 Q96P09 MDM2 Q00987
BRAP Q72569 MDM4 015151
BRCA1 P38398 MGC4734 Q96D59
C13orf7 Q5wWo0B1 MGRN1 Q86W76
C160rf28/FLJ12623 Q9HI9P5 MIB1/MIB Q86YT6
C170rf29 Q63HN8 MID1 015344
C180rf23/FLJ45559 Q6ZSG1 MID2 Q9UJV3
CBL P22681 MKRN1 Q9UHC7
CBLB Q13191 MKRN2 Q9HO000
CBLC Q9uULVS8 MKRN3 Q13064
CBLL1 Q8TAJ4 MNAB/MASNAB Q9HBD2
CGRRF1 Q99675 MNAT1 P51948
CHFR Q96EP1 MYCBP2 Q6PIB6
CNOT4 095628 MYLIP Q8WY64
DKFZp434E1818 ENSP00000343122 NEURL 076050
DKFZp547C195 Q6P2EO NFX1 Q12986
DKFZp761H1710 Q9HOX6 NHLRC1/Malin Q6VVB1
DTX1 Q86Y01 NSMCE1/NSE1 Q8wWv22
DTX2 Q86UW9 PCGF1/NSPC1 Q9BSM1
DTX3 Q8N9I9 PCGF2/RNF110 P35227
DTX3L/BBAP Q8TDB6 PCGF4/BMI1 P35226
DTX4/KIAA0937 Q9Y2E6 PCGF5 Q86SE9
DZIP3 Q86Y13 PCGF6/hMBLR Q9BYE7
ENSP00000280266 ENSP00000280266 PDZRN3/KIAA1095 QIUPQ7
ENSP00000344026 ENSP00000344026 PEX10 060683
ENSP00000348371 ENSP00000348371 PEX12 000623
FLJ10520 Q5XKR3 PHF7 QINSX7
FLJ12270/KIAA1923 Q96PW5 PJAL Q8NG27
FLJ12875 Q969V5 PJA2 Q8N1G5
FLJ16581 Q6ZWI9 PML P29590
FLJ20225 QI9NXI6 PXMP3 P28328
FLJ20315/URCC Q65ZA4 RAD18 QINS91
FLJ23749 Q8TEAO RAG1 P15918
FLJ31951 Q8IVP7 RAPSN Q13702
FLJ35757 Q8NA82 RBBP6 Q7Z6E9
FLJ36180 Q8N9V2 RBX1 P62877
FLJ38628 Q96GF1 RCHY1 Q96PM5
FLJ45273 Q6ZSR4 RFFL Q8TBY7
FLJ46380 Q6ZRF8 RFP P14373
GENSCANO00000024511  GENSCANO00000024511H RFP2 060858
SHPRH Q8IWQ9 RFPL1 075677
HOZFP Q86VG1 RFPL2 075678
KIAA0804 094896 RFPL3 075679
KIAA1333/FLJ20333 QINXCO RFWD2/COP1 Q8NHY2
KIAA1404 Q9P2E3 RING1 Q06587
KIAA1542 Q9P1Y6 RKHD1 Q86XN8
KIAA1972 Q96DX4 RKHD2 Q5U5Q3
KIAA1991 Q8NCN4 RKHD3/KIAA2009 Q8IVG2
LNX Q8TBB1 RNF10/RIE2 QoULW4
LNX2 Q8N448 RNF103 000237
LOC149603 Q6PJRO RNF11 Q9Y3C5
LOC285498 Q8IY99 RNF111 Q6P9A4
LOC493829 Q8N4X6 RNF12 QINVW2
LOC51136/FLJ25783 Q8N7D0 RNF121 Q96DB4
LOC51255 Q9POPO RNF122/FLJ12526 Q9H9V4
LRSAM1/TAL Q6UWEO RNF123/KPC1 Q5XPl14
M96/MTF2 Q9Y483 RNF125 Q96EQ8
MAP3K1 013233 RNF126 Q9BV68




Chapter 6

Appendix

165

Human RING finger proteins

Gene name Uniprot number
RNF127/FLJ34458 Q8NB0OO
RNF128/GRAIL Q96RF3
RNF13 043567
RNF130 Q86XS8
RNF133 Q8WVZ7
RNF135/MGC13061 Q8IUD6
RNF138 Q8WVD3
RNF139/TRC8 075485
RNF141 Q8WVD5
RNF146/Dactylidin QINTX7
RNF148 Q8N308
RNF149 Q8NC42
RNF150/KIAA1214 Q9ULK6
RNF151 Q8NHS5
RNF152 Q8N8NO
RNF157/KIAA1917 Q96PX1
RNF166 Q96A37
RNF167 Q9H6Y7
RNF168/FLJ35794 Q8IYWS5
RNF170 Q86YCO
RNF175/LOC285533 Q8N4F7
RNF180 Q86T96
RNF182/MGC33993 Q8N6D2
RNF2/DING Q99496
RNF20 Q5VTR2
RNF24 Q9Y225
RNF25 Q96BH1
RNF26 Q9BY78
RNF32 Q6FIB3
RNF34 Q969K3
RNF36 Q86WT6
RNF38 Q9HOF5
RNF39/HCGV Q96QB5
RNF3A 015262
RNF4 pP78317
RNF40/KIAA0661 075150
RNF41 075598
RNF44 Q7LOR7
RNF5/HsRmal Q99942
RNF6 Q9Y252
RNF7/ROC2 Q9UBF6
RNF8 076064
RP11-307C12.10 Q5T197
RP4-678E16.1 Q5VTB9
RP5-1198E17.5 Q5TC82
SH3MD2 Q72630
SH3RF2/FLJ23654 Q8TECS
SIAH1 Q8IUQ4
SIAH2 043255
SMARCA3/HIP116 Q14527
SYVN1/HRD1 QB8N6ES8
TOPORS Q9UNR9
TRAF2 Q12933
TRAF3 Q13114
TRAF4 Q9BUZ4
TRAF5 000463
TRAF6 Q9Y4K3
TRAF7 Q6Q0C0
TRIM10 Q9UDY6
TRIM11 Q96F44
TRIM15 Q9C019
TRIM17 QIY577
TRIM2 Q9C040
TRIM21 P19474
TRIM22 Q8IYM9
TRIM23 P36406
TRIM24/TIF1 015164
TRIM25 Q14258
TRIM26 Q12899

Gene name
TRIM28

TRIM3

TRIM31
TRIM32
TRIM33
TRIM34
TRIM35
TRIM36
TRIM37
TRIM38
TRIM39/RNF23
TRIM4
TRIM40/RNF35
TRIM41
TRIM42
TRIM43
TRIM45
TRIM46
TRIM47
TRIM48
TRIM49/RNF18
TRIM5
TRIM50A
TRIM50B
TRIM50C
TRIM52
TRIM54/RNF30
TRIM55/RNF29
TRIM56
TRIM58/BIA2
TRIM59/TSBF1
TRIM6
TRIM60/FLJ35882
TRIM61
TRIM62
TRIM63/RNF28
TRIM65
TRIM67/TNL
TRIM68

TRIM7

TRIM8

TRIM9
TRIP/TRAIP
TTC3
UBOX5/RNF37
UBR1
UBR2/UBR1L2
UHRF1/NP95
UHRF2/NIRF
VPS11

VPS18

VPS41

ZFPL1

ZNF179
ZNF183
ZNF183L1
ZNF294
ZNF313
ZNF364
ZNF598
ZNF645
ZNF650/UBR1L1
ZNRF1

ZNRF2
ZNRF3/KIAA1133
ZNRF4/LOC148066
ZSWIM2
ZZANK1/Skeletrophin
MKRN4

Uniprot number

Q13263
075382
Q9BZY9
Q13049
QOUPN9
Q9BYJ4
Q9UPQ4
QINQ86
094972
000635
Q9HCM9
Q9C037
Q6PYF5
Q8Wv44
Q8IWZ5
Q96BQ3
QIHBWS5
Q724K8
Q96LD4
Q8Iwz4
QINS80
Q9C035
Q86XT4
Q86UV7
Q86UV6
Q96A61
Q9BYV2
Q9BYVE
Q9BRZ2
Q8NG06
Q8IWR1
Q9C030
Q8NA35
Q5EBN2
Q9BVG3
Q969Q1
Q6PJ69
Q724K7
Q6AZZ1
Q9C029
Q9BZR9
Q9C026
Q9BWF2
P53804
094941
Q8IWV7
Q8Iwvs
Q96T88
Q96PU4
Q9H270
Q9P253
P49754
095159
QOULX5
015541
Q8IZP6
094822
QY508
QOYAL5
Q86UK?
Q6DJIY9
Q62T12
Q8ND25
Q8NHG8
Q9ULT6
Q8WWF5
QSNEG5
Q8NI59
Q13434
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Table 6-2 Yeast RING finger proteins.

Yeast RING finger proteins

Gene name ORF Gene name
APC11 YDLOO8W RAD18
ASI1 YMR119W RAD5
ASR1 YPRO093C RIS1
BRE1 YDLO74C SAN1
CWC24 YLR323C SLX8
DMA1 YHR115C SSM4
DMA2 YNL116W STES
FAP1 YNLO23C TFB3
FAR1 YJL157C TULL
HRD1 YOLO013C UBR1
HRT1 YOL133W UBR2
MAG2 YLR427W VPS8
MOT2 YERO68W YBR062C
PEP3 YLR148W YDR128W
PEP5 YMR231W YDR266C
PEX10 YDR265W YHLO10C
PEX12 YMR026C YLR247C
PIB1 YDR313C YMR247C
PSH1 YOLO054W YOL138C
RAD16 YBR114W

ORF
YCRO66W
YLRO32W
YOR191W
YDR143C
YER116C
YILO30C
YDR103W
YDR460W
YKLO34W
YGR184C
YLR024C
YALOO2W
YBR062C
YDR128W
YDR266C
YHLO10C
YLR247C
YMR247C
YOL138C

Table 6-3 Orthology assignments for yeast and human RING finger proteins.

Orthology assignments for yeast and human RING finger proteins

Yeast
APC11

BRE1

CwC24

FAP1
DMA1
DMA2
HRD1
HRT1
MAG2
MOT2
PEP3
PEP5
PEX10
PEX12
RAD18
RADS
RAD16
RIS1
SSM4
TFB3
VPS8
YDR128W
YDR266C
YHLO10C
YMR247C

UBR1
UBR2

Human
ANAPC11
RNF20
RNF40/KIAA0661
ZNF183
ZNF183L1
NFX1

CHFR

RNF8
SYVN1/HRD1
RBX1

RIE2

CNOT4
VPS18
VPS11
PEX10
PEX12
RAD18

SMARCAB3/HIP116

MARCH®6/KIAA0597
MNAT1

KIAA0804
FLJ12270/KIAA1923
ZNF598

BRAP

ZNF294

UBR1

UBR2
UBR1L1/FLJ45053
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Table 6-4 Human F-Box proteins.

Human F-Box proteins

Gene name Uniprot number additional motifs Gene name Uniprot number additional motifs
FBXL1/SKP2 Q13309 LRR FBXO17/FBX026  Q96EF6 FBA
FBXL2 QI9UKC9 LRR FBXO18 Q8NFZz0 others/none
FBXL3 Q9UKT7 LRR FBX021 094952 others/none
FBXL4 QI9UKA2 LRR FBX022 Q8NEZ5 others/none
FBXL5 QI9UKA1L LRR FBX024 075426 GRF_RCC
FBXL6 Q8N531 LRR FBX025 Q8TCJO others/none
FBXL7 Q9UJT9 LRR FBXO27 Q8NI29 FBA
FBXL8 Q96CDO LRR FBX028 QIONVF7 others/none
FBXL9/LRRC29 Q8wWV35 LRR FBXO30 Q8TB52 ZF_TRAF
FBXL10 Q8NHM5 LRR FBXO31/FBX0O14 Q5XUX0 others/none
FBXL11 Q9Y2K7 LRR FBX032 Q969P5 others/none
FBXL12 QINXK8 LRR FBXO033 Q726M2 others/none
FBXL13 Q8NEE6 LRR FBX034 QINWN3 others/none
FBXL14 Q8N1E6 LRR FBXO36 Q8NEA4 others/none
FBXL15/FBXO37  Q9H469 LRR FBX038 Q6P1J6 others/none
FBXL16 Q8N461 LRR FBXO39 Q8N4B4 others/none
FBXL17/FBXO13  Q9UF56 LRR FBXO40 Q9UH90 ZF_TRAF
FBXL18 Q96ME1L LRR FBX0O41 Q8TF61 others/none
FBXL19 Q6PCT2 LRR FBX042 Q6P3S6 KELCH
FBXL20 Q961G2 LRR FBX043 ENSP00000322600 others/none
FBXL21 Q9UKT6 LRR FBXO044 Q9H4M3 FBA
FBXL22 Q6P050 LRR FBX045 ENSP00000310332 others/none
FBXO1/CCNF P41002 LRR FBXO046 Q6PJ61 others/none
FBXO2 Q9UK22 FBA FBXW1/BTRC Q9Y297 WD40
FBXO3 Q9UK99 others/none FBXW2 QIUKT8 WD40
FBXO4 Q9UKTS others/none FBXW3 Q9UKB7 WD40
FBXO5 QI9UKT4 others/none FBXW4/SHFM3 P57775 WD40
FBXO6 QI9NRD1 FBA FBXWS5 Q969U6 WD40
FBXO7 Q9Y3I1 UbL, PI31_NTERM FBXW7/FBXW6 Q969H0 WD40
FBXO8 QINRDO SEC7 FBXW8/FBX029 Q8N3Y1 WD40
FBXO9 Q9UK97 others/none FBXW9 Q5XUX1 WD40
FBXO10 Q9UK96 others/none FBXW10 Q5XX13 WD40
FBXO11 Q86XK2 ZF_UBR1 FBXW11 Q9UKB1 WD40
FBXO15 Q8NCQ5 others/none FBXW12/FBXO35 Q6X9E4 others/none
FBX0O16 Q81X29 others/none

Table 6-5Y east F-Box proteins.

Yeast F-Box proteins

Gene name ORF additional motifs
YBR280C YBR280C GRF_RCC
AMN1 YBR158W LRR

DIA2 YOR080W LRR

GRR1 YJR090C LRR
YLR352W YLR352W LRR

UFO1 YMLO88W 3xUIM
CDC4 YFLOO9W WD40
MET30 YILO46W WD40
COS111 YBR203W others/none
HRT3 YLRO097C others/none
MDM30 YLR368W others/none
RCY1 YJL204C others/none
YDR131C YDR131C others/none
YDR219C YDR219C others/none
YDR306C YDR306C others/none
YJL149W YJL149W others/none
YLR224W YLR224W others/none
YMR258C YMR258C others/none
SKP2 YNL311C others/none
CTF13 YMRO94W others/none
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Yeast SOCS proteins

Gene name ORF
ELA1 YNL230C
RAD7 YJR052W

Chapter 6 Appendix

Table 6-6 Human SOCS proteins.
Human SOCS proteins
Gene name ORF additional motifs
TULP4 Q9NRJ4 WD40
WSB1 Q9Ye6l7 WD40
WSB2 QI9ONYS7 WD40
ASB1 Q9Y576 ANKYRIN
ASB2 Q96Q27 ANKYRIN
ASB3 Q9Y575 ANKYRIN
ASB4 Q9Y574 ANKYRIN
ASB5 Q8WWXO0 ANKYRIN
ASB6 Q9NWX5 ANKYRIN
ASB7 Q9H672 ANKYRIN
ASB8 Q9H765 ANKYRIN
ASB9 Q96DX5 ANKYRIN
ASB10 Q8WXI3 ANKYRIN
ASB11 Q8WXH4 ANKYRIN
ASB12 Q8WXK4 ANKYRIN
ASB13 Q8WXK3 ANKYRIN
ASB14 Q8WXK2 ANKYRIN
ASB15 Q8WXK1 ANKYRIN
ASB16 Q96NS5 ANKYRIN
ASB17 Q8WXJ9 ANKYRIN
RAB40A Q8WXH6 GTPASE_RAB
RAB40B Q12829 GTPASE_RAB
RAB40C Q96S21 GTPASE_RAB
SOCs1 015524 SH2
SOCS2 014508 SH2
SOCS3 014543 SH2
SOCSs4 Q8WXH5 SH2
SOCS5 075159 SH2
SOCS6 014544 SH2
SOCS7 014512 SH2
CISH Q9NSE2 SH2
SSB1 Q96BD6 SPRY
SSB3 Q96IE6 SPRY
SSB4 Q96A44 SPRY
GRCC9/SsB2 Q99619 SPRY
LOC196394 Q8lY45 LRR
TCEB3 Q14241 TFII2_ELONGIN
TCEB3B Q8IYF1 TFII2_ELONGIN
TCEB3C Q8NG57 TFII2_ELONGIN
NEURL2 Q9BR09 others/none
VHL P40337 others/none

Table 6-7 Y east SOCS proteins.

additional motifs
others/none
LRR
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Table 6-8 Human BTB proteins.

Human BTB proteins

Gene name ORF additional motifs
BKLHD5/KIAA1900 Q96NJ5 KELCH
BTBD5 QINXS3 KELCH
Cl6orf44 Q8N4N3 KELCH
CCIN Q13939 KELCH
DRE1 Q6TFL4 KELCH
ENC1 014682 KELCH
ENC2/DKFZp434K111 Q9HOH3 KELCH
FLJ11078 Q8TAPO KELCH
FLJ34960 Q8N239 KELCH
FLJ43374 Q6ZUS1 KELCH
IPP Q9Y573 KELCH
IVNS1ABP Q9Y6Y0 KELCH
KBTBD2 Q8147 KELCH
KBTBD3 Q8NAB2 KELCH
KBTBD4 QINVX7 KELCH
KBTBD5 Q86SI1 KELCH
KBTBD6 Q86V97 KELCH
KBTBD7 Q8WVZ9 KELCH
KBTBD9 Q96CT2 KELCH
KBTBD10 060662 KELCH
KELCHL Q96B68 KELCH
KIAA0711 094819 KELCH
KIAA1340 Q9P2K6 KELCH
KLHL1 QINR64 KELCH
KLHL2 095198 KELCH
KLHL3 Q9UH77 KELCH
KLHL4 Q9COH6 KELCH
KLHL5 Q96PQ7 KELCH
KLHL6 Q8WZ60 KELCH
KLHL7 Q8IXQ5 KELCH
KLHL8 Q9P2G9 KELCH
KLHL9 Q9P2J3 KELCH
KLHL10 QB6JEL2 KELCH
KLHL11 QI9NVRO KELCH
KLHL12 Q9HBX5 KELCH
KLHL13 Q9P2N7 KELCH
KLHL14 Q9P2G3 KELCH
KLHL15 Q96M94 KELCH
GAN/KLHL16 Q9H2CO KELCH
KLHL17 Q6TDP4 KELCH
KLHL18 094889 KELCH
KEAP1/KLHL19 Q14145 KELCH
KLEIP/KLHL20 Q9Y2M5 KELCH
KLHL21 Q9UJIP4 KELCH
LZTR1 Q8N653 KELCH
MGC2610 Q8NBE8 KELCH
OTTHUMP00000016633 Q9H511 KELCH
TA-KRP/KIAA1842 Q96J15 KELCH
BTBD11/FLJ42845 Q6ZV99 ANKYRIN
ABTB2 Q8N961 ANKYRIN
ABTB1 Q969K4 ANKYRIN
IBTK Q9P2D0 ANKYRIN/GRF_RCC
ANKFY1 Q9P2R3 ANKYRIN
CHC1L 095199 GRF_RCC
RCBTB1 Q8NDN9 GRF_RCC
APM-1 073453 ZF
BTBD4 Q86UZ6 ZF
FLJ35036 Q8NAP3 ZF
FRBZ1 Q81299 ZF

HKR3 P10074 ZF
HSPC063 Q8NCP5 ZF
KIAA0352 015060 ZF
KIAAQ478 QINUAS ZE

Table6-9 Yeast BTB proteins.

Yeast BTB proteins

Gene hame
YILOO1W
MDS3
PMD1
YDR132C
WHI2
YLR108C

YILOO1IW
YGL197W
YER132C
YDR132C
YORO043W
YLR108C

Gene name ORF
TZFPIFAZF Q9Y2vY4
ZBTB1 Q9Y2K1
ZBTB2 Q8N680
ZBTB3 Q9H5J0
ZBTB4 Q9P1Z0
ZBTB5 015062
ZNF482/ZBTB6 Q15916
ZBTB7A 095365
ZFP67/ZBTB7B/ZBTB15 015156
ZBTB8a Q8NAP8
ZBTB8b Q96BR9
ZBTB9 Q96C00
ZBTB10 Q96DT7
ZBTB11 095625
ZBTB12 Q9Y330
ZFP161/ZBTB14 043829
ZBTB16 Q05516
ZBTB17 Q13105
ZNF238/ZBTB18 Q99592
ZNF278/ZBTB19 Q9HBE1
ZBTB20 Q9HC78
ZNF295/ZBTB21 Q9uULJ3
ZNF297/ZBTB22A 015209
ZNF297B/ZBTB22B 043298
ZNF336/ZBTB23 Q9H116
ZBTB24 043167
ZNF46/ZBTB25 P24278
ZBTB26 Q9HCKO
BCL6/ZBTB27 P41182
BCL6B/ZBTB28 Q8N143
HIC1/ZBTB29 Q14526
HIC2/ZBTB30 Q96JB3
MYNN/ZBTB31 Q86712
ZBTB33/kaiso Q86T24
ZBTB34 Q8NCN2
ZBTB37 Q5TC79
ZNF131 P52739
ZNF499 Q96K62
ZNF509/FLJ45653 Q6ZSB9
ZNF651/FLJ45122 Q6ZSY6
RHOBTB1 094844
RHOBTB2 Q9BYZ6
RHOBTB3 094955
SPOP 043791
LOC339745 Q61Q16
BACH1 014867
BACH2 Q9BYVI
BTBD1 Q9HOC5
BTBD12 Q81Y92
BTBD14A Q96BF6
BTBD14B Q96RE7
BTBD2 Q9BX70
BTBD3 Q9Y2F9
BTBD6 Q96KE9
BTBD8 Q5XKL5
BTBD9 Q96Q07
C10orf87 Q96LNO
GMCL1/GCL Q96IK5
GMCL1L Q8NEA9
BTBD7/KIAA1525 Q9P203
LGALS3BP Q08380

additional motifs
ANKYRIN
KELCH

KELCH
others/none
others/none
others/none

additional motifs

GTPASE_RHO
GTPASE_RHO
others/none
MATH
MATH
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none
others/none

GENSCAN00000050486H GENSCAN00000050486H others/none
LOC140478 GENSCANOQO0000058813H othersinone |
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