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Abstract
During spermatogenesis histones must be degraded in late round and early
elongating spermatids to permit chromatin condensation. Ubiquitin conjugation is
activated and histones are ubiquitinated at this stage, suggesting that histone
degradation may be mediated by ubiquitination. The activation of ubiquitin
conjugation during spermatogenesis is dependent on the ubiquitin conjugating
enzyme (E2) UBC4. We therefore studied whether histones are ubiquitinated by a

UBC4 dependent ubiquitin protein ligase (E3) during spermatogenesis. E3%"

was
identified by a biochemical screen and purified to near homogeneity. Mass
spectrometry identified E3"*™ as LASU1, a 482 kDa HECT domain protein and
E3"™ ¢onjugates ubiquitin to all core histones in vifro. UBC4-1 and UBC4-testis
were the preferred E2s for E37**_dependent ubiquitination of histones. E3/st1
was the major UBC4-1 dependent histone ubiquitinating E3 in testis. Anti-LASU1
antibody immunodepleted E3"*°™ activity. Immunohistochemistry showed that
E3"" / ASU1 was predominantly expressed in nuclei from spermatogonia to
mid-pachytene cells, but not detectable in spermatids. Histones are also
ubiquitinated in spermatocytes. E3™*"" /LASU1 was widely expressed in different
mouse tissues. It was mainly expressed in the cytoplasm in most tissues, except in
neurons of the brain and in early germ cells of the testis where it was expressed in the

nucleus. In most tissues, E37°" /LASU1 was expressed in epithelia. The wide

expression of E3"°" /1 ASU1 suggests the existence of substrates of this E3 other
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than histones. Indeed, our assays showed that in vitro purified E
polyubiquitination of Mcl-1, a BH3 region containing antiapoptotic protein. E37**"
may therefore regulate cell apoptosis by mediating degradation of Mcl-1. Since
E3His% 7 ASU1 was found previously to affect gene transcription and histone
monoubiquitination is known to regulate gene transcription, we also evaluated the
role of E3"*°" /1 ASU1 in histone ubiquitination in somatic cells. Depletion of
E3"st°r¢ 1 ASU1 protein by siRNA did not affect the levels of free or ubiquitinated
histones. In summary, E3™*°" /[LASU1 is a novel multi-functional protein that may
mediate histone ubiquitination during meiosis and may be involved in apoptosis by

triggering Mcl-1 degradation. Its wide expression and large non-catalytic region

indicate that there are likely many other substrates of E3™**" /LASU1.
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Résumé

Durant la spermatogenése, les histones doivent étre dégradées aux derniers
stades de différentiation des spermatides ronds et les premiers stades des
spermatides en allongement afin de permettre la condensation de la chromatine.
L’activation de la conjugaison de I’ubiquitine et I’ubiquitination des histones se
produisant au cours de cette période, suggérent que la dégradation des histones
pourait étre entrainée par Pubiquitination. La conjugaison de ’ubiquitine durant
la spermatogénése est dépendante de UBC4, une enzyme de conjugaison de
I’ubiquitine (E2). Nous avons donc tenté de déterminer si les histones sont
ubiquitinées par une ligase d’ubiquitine (E3) dépendante d’UBC4, durant la
spermatogénése. Une E3"*"°™ 3 été identifiée par un criblage biochimique et
purifiée presque a2 homogénéité. La spectrométrie de masse a permis d’identifier
cette E3"°™ comme étant la protéine LASU1, une protéine de 42kDa comportant
un domaine HECT. De plus, la protéine E3™5 conjugue I'ubiquitine a toutes les
histones, in vitro. UBC4-1 et UBC4-testis sont les E2 de préférence pour I’activité
de liaison de I’ubiquitine aux histones dépendante de la protéine E3"°™ tandis que
E3!isor¢ o5t Ia principale E3 impliquée dans ’ubiquitination des histones dépendante
de UBC4-1 dans les testicules. L’anticorps contre LASU1 permet
I’immuno-suppression de Pactivité E3™", Les études d’immunohistochimie ont
démontré que E37°™ /LASUI1 est exprimée de facon prédominante dans le noyau

des cellules du stade de spermatogonies jusqu’au stade mi-pachyténe mais n’est pas
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détectée dans les spermatides. Les histones sont aussi ubiquitinées dans les
spermatocytes. E375"" /LASU1 est largement exprimée dans différent tissus
murins. Elle est principalement exprimée dans le cytoplasme de presque tous les
tissus a Pexception des neurones, du cerveau et des cellules germinales précoces des
testicules ou elle est exprimée dans le noyau. Dans la majorité des tissus, E3Histone
/LASU1 est exprimée dans Pépithélium. L’expression généralisée de E3"*"
/LASU1 suggére Pexistence d’autres substrats que les histones pour cette E3. En
effet, nos essais in vitro ont démontré que la protéine E3 purifiée peut stimuler la
poly-ubiquitination de Mcl-1, une protéine anti-apoptotique contenant un domaine
BH3. E3"" peut donc réguler I’apoptose des cellules en provoquant la
dégradation de Mcl-1. Puisqu’il a déja été démontré que E3"°™ /LASUI affecte la
transcription génique et que la mono-ubiquitination des histones est connue pour
réguler la transcription génique, nous avons aussi évalué le role de E3Histone 1 ASU1
dans ’ubiquitination des histones dans des cellules somatiques. La suppression de
la protéine E3"*°" /LASU1 par ARN interférant n’a pas affecté le niveau d’histones
ubiquitinées ou non-ubiquitinées. En résumé, E3"*°* /LASU1 est une nouvelle
protéine multi-fonctionnelle qui peut entrainer ’ubiquitination des histones durant
la méiose et qui peut étre impliquée dans le processus d’apoptose en déclenchant la
dégradation de Mcl-1. Son expression généralisé et la présence d’un grand
domaine non-catalytique indiquent qu’il y a probablement plusieurs autres substrats

pour E3%5°" [ ASU1.
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Chapter 1. Introduction

(Literature review)



1.1. Spermatogenesis

Spermatogenesis is a vital process leading to the formation of mature male gametes,
the spermatozoa (Fig. 1). In this complex, but precisely regulated developmental process,
stem cell spermatogonia are transformed into highly differentiated mature spermatids.
This process can be divided into three phases: a proliferative or mitotic phase, a meiotic
phase and the spermiogenic phase (Roosen-Runge 1977; Ewing, Davis et al. 1980; de
Kretser, Loveland et al. 1998).

In the first phase, the stem cell spermatogonia divide mitotically to produce
proliferative spermatogonia, which further divide into differentiating spermatogonia
(Clermont and Bustos-Obregon 1968; Huckins 1971; Ewing, Davis et al. 1980).
Spermatogonia can be recognized on the bases of the spherical or oval nuclei, and their
localization on the basement membrane of the seminiferous tubule. At the end of the
proliferative phase, the most mature spermatogonia divide to form primary spermatocytes.

The second phase is the meiotic phase in which the diploid number of chromosomes
present in the primary spermatocytes are reduced to the haploid number present in
spermatids. There are two sequential cell divisions in this phase. Cells in prophase of the
first meiotic division are located in the middle of the seminiferous epithelium and are
characterized by highly condensed chromosomes (Russell 1977; Russell and Frank 1978;
Russell 1978). Prophase of the first meiotic division is exceptionally long, lasting about
three weeks. The size of the primary spermatocytes and their nuclei progressively
increase during prophase (Russell and Frank 1978). Nuclear changes are the morphologic
basis for subclassifying primary spermatocytes. In the transition from preleptotene to
leptotene, nuclei gradually lose their peripheral chromatin and form condensed chromatin

threads. Meiotic prophase begins in the leptotene cells. In zygotene cells, the chromatin



threads have progressed to chromosomes, which begin to pair in the synaptonemal
complex. The chromosomes are fully paired in pachytene cells. Crossing over, the
genetic recombination, occurs during this period, allowing germ cell chromosomes to
possess a unique combination of genetic material distinct from that of the somatic cells of
that animal. Pachytene cells become highly synthetic in the middle of their development
(Monesi 1965) and grow rapidly in size (Russell and Frank 1978). The following
diplotene phase is brief. In this phase, the synéptonemal complex dismisses, allowing
chromosomal pairs to separate except at regions known as chiasmata. Diplotene cells are
the largest germ cells. Diplotene is the last phase in the prophase of the first meiotic
division. Subsequent metaphase, anaphase and telophase of the first meiotic division are
completed rapidly. The first meiotic division results in secondary spermatocytes, which
are short lived. The second meiotic division follows rapidly, generating haploid
spermatids.

The third phase of spermatogenesis is spermiogenesis, the process of remodeling
haploid spermatids to form mature spermatozoa. In this process, round spermatids are
transformed into elongating spermatids, during which the acrosome gradually forms and
the flagellar apparatus develops. The volume of the spermatids is reduced to
approximately 25% of its original size before sperm release (Sprando and Russell 1987).
Mature spermatid loses almost all of its cytoplasm. The cytoplasmic fragments are
phagocytosed by the adjacent Sertoli cells and transported within the cell to the base of
the seminiferous tubule where they are digested (Kerr and de Kretser 1974). The nucleus
also undergoes dramatic reduction in size. The volume of the mature spermatid is only
about 5% of that of somatic cells (Sawada, Ochi et al. 1975). In mature spermatids,

chromosomes are extremely compact. This is permitted by the substitution of histones by



Fig. 1
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Fig. 1. Schematic representation of the various steps of
spermatogenesis in the rat from type A spermatogonia
(A) through type B spermatogonia (B) to spermatocytes
(PL, preleptotene; L-Z, leptotene to zygotene; EP-MP,
early to mid-pachytene; Di, diplotene) to spermatids
(steps 3 to 19). The time (days after birth) of the first
appearance of the germ cells is indicated.
Discontinuous line shows the germ cells in which
histones are degraded.



transition proteins and in turn by protamines (Mills, Van et al. 1977; Meistrich 1989).
The protamine of E. cirrhosa condenses spermiogenic chromatin in a pattern which
comprises fibres with a progressively larger diameter and lamellae that finally undergo
definitive coalescence (Gimenez-Bonafe, Ribes et al. 2002). Protamine is not just Arg
and Lys rich protein. It is also Cys rich. The effective cross-linking of protamines by
disulphide bonds is critical for chromatin condensation. The spermatozoa are released
into the lumen of the seminiferous tubule. All these processes take place in the highly
organized organ, testis.
1.1.1. Organization of the testis

The testis is covered by a tough fibrous capsule. Each testis is composed of two
major compartments: an exocrine part (seminiferous tubules) and an endocrine part
(interstitial compartment (interstitium)) (Russell 1990). The testis is divided into lobules
by septa consisting of loose areolar connective tissue. Several seminiferous tubules are
found in each lobule, and interstitial cells are found in the connective tissue septa
surrounding the seminiferous tubules. The interstitial compartment contains the blood
and the lymphatic glands. The most abundant cell type in the interstitium is the Leydig
cell (Christensen 1975; Mori and Christensen 1980). The Leydig cell is the major source
of the androgen, testosterone and various other steroids. This cell possesses abundant
smooth endoplasmic reticulum and mitochondria with tubular cristae, both of which
contain the enzymes associated with steroid synthesis. The macrophage is another cell
type in the interstitium and accounts for about 25% of the cells in the interstitium
(Christensen 1975).

The seminiferous tubules are the exocrine portion of the testis producing and

excreting spermatozoa (Russell, Saxena et al. 1989). The seminiferous tubules are



convoluted loops that have both ends connected into the beginning of the excurrent duct
system (the rete testis) by the straight tubules (tubuli recti) (Fig. 2). The seminiferous
tubules are lined by a stratified epithelium that consists of the developing germ cells and
supporting cells (Sertoli cells).

Sertoli cells are the somatic cells present amongst and in close contact with the germ
cells within the seminiferous tubule (Vilar, Perez Del Cerro et al. 1962; Schulze 1974;
Fawecett 1975). Sertoli cells are thought to provide structural and metabolic support to the
developing germ cells. A single Sertoli cell extends from the basement membrane to the
lumen of the seminiferous tubule. However, its cytoplasm at the distal end is difficult to
distinguish at the light microscopic level. Sertoli cells are characterized by the presence
of a vesicular, oval, basally positioned nucleus which contains a prominent nucleolus.
They are endocrine cells which secrete the polypeptide hormone, inhibin. Inhibin acts at
the level of the pituitary to reduce the secretion of follicle stimulating hormone, a
glycoprotein gonadotropin that is critical for spermatogenesis. Sertoli cells are also
hypothesized to deliver nutrients to germ cells such as lactate, which inhibits apoptosis of
germ cells (Vilar, Perez Del Cerro et al. 1962; Mita and Hall 1982). In addition, Sertoli
cells phagocytose germ cells that degenerate in the normal course of spermatogenesis or
as the result of damage from some deleterious agent or condition. Furthermore, during
spermiogenesis, Sertoli cells phagocytose tubulobulbar complexes, a testis specific actin-
based adherens junction type (Russell 1980; Russell 1993; Lin, Harman et al. 1997),
resulting in elimination of cytoplasm (Russell and Clermont 1976) from the spermatid as
well as elimination of the contacts between germ cells and Sertoli cells (Russell, Goh et

al. 1988). Finally, the Sertoli cell also phagocytoses the large mass of discarded
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Fig. 2. The seminiferous tubule. Left panel, the course of
one convoluted rat seminiferous tubule and its connections
to the rete testis are shown. The tubule joins the rete at both
ends. The tubule is convoluted; however, its straightened
portions course primarily in the long axis of the testis. The
cranial end of this tubule is nearer the surface of the testis
than the caudal ends (Russell 1990). Right panel, stages of
the seminiferous tubule. Roman numerals indicate the
stages. Segments descend in order from the rete. When the
end of the series is reached (stage 1), the series begins to
descend from stage XIV again. The site of reversal marks
the meeting place of two patterns of descent.



cytoplasm and organelles (residual bodies) extruded from the spermatid (Kerr and de
Kretser 1974).
1.1.2. Stages of spermatogenesis (cycles of seminiferous epithelium)

The stratified epithelium of the seminiferous tubules is composed of different stages
of developing germ cells. A cell association or stage is a defined grouping of germ cell
types at particular phases of development in cross sectioned tubules. Each cell type of the
cell association is morphologically integrated with others in its developmental processes.
Each cell association or stage has a constant germ cell composition. In rats, there are
fourteen designated cell association or stages (Fig. 3). A complete series of changes in
cell associations (stages) arranged in the logical sequence of developmental progression
is called the cycle of the seminiferous epithelium. Many studies have been done on
staging in the rat (Roosen-Runge and Giesel 1950; Leblond and Clermont 1952; Leblond
and Clermont 1952; Clermont and Perey 1957; Clermont and Harvey 1965; Lalli 1972).
The important criteria used to determine the stage of the cycle of the seminiferous
epithelium in the rat are listed in Table 1. Spermatids are the cell type commonly used to
classify stages of spermatogenesis because the less mature spermatids have the most
easily recognizable morphological features. Changes in the acrosomal system of the
spermatids and their nuclear shape are used to distinguish different spermatids, and
thereby to determine the stages of spermatogenesis.

1.1.3. Structure and function of acrosome

The acrosome is a sac of secreted enzymes required for penetration of egg vestments.
Acrosomal formation is a slow but continuous process that is not complete until late
spermatogenesis (Leblond and Clermont 1952; Lalli and Clermont 1981). Most immature

rat spermatids contain no acrosome, but only a perinuclear Golgi apparatus. Shortly after



Table 1

Important Criteria Used to Determine the Stage of of the Cycle

of the Seminiferous Epithelium in the Rat

STAGE

II-11I

Iv

VI

Vil

IX

XI

XII

XI1x

CRITERIA

No acrosomal system is seen in spermatids by light microscopy; step 1 spermatids are smaller
than 2° spermatocytes.

The stage begins as the proacrosomal granules and/or acrosomal granule are first seen. The
acrosomal vesicle has not yet flattened sufficiently to form a hemisphere on the nuclear
surface.

The stage begins as the acrosomal vesicle forms a hemisphere on the nuclear surface and ends
before the angle subtended by the spreading acrosome (on the nuclear surface) becomes 40°.

The angle subtended by the acrosome extends from 40° to a maximum of 95°.

The angle subtended by the acrosome extends from greater than 95° to a maximum of 120°
elongate spermatids remain within deep crypts of the Sertoli cell.

Elongate spermatids move to the luminal aspect of the seminiferous epithelium and line the
lumen; the angle subtended by the acrosome is greater than 120°; nuclei of round spermatids
(acrosome intervening) have not yet made contact with the cell surface.

Nuclei of step 8 spermatids make contact with the plasma membrane, but their shape is not yet
distorted from round or slightly oval.

The spermatid nucleus first becomes deformed from its round or ovoid shape, but a ventral
angle has not formed.

The spermatid shows a ventral angle, but no dorsal angle is yet seen.

The spermatid elongates and shows a dorsal angle; the spermatid head displays a gently curved
dorsal surface and has not yet taken on a “bent rod” appearance.

The dorsal surface of the spermatid head has a bent rod appearance; dense staining of the chro-
matin is not yet complete, indicating chromatin condensation has not reached the caudal
head.

Dense staining extends throughout the spermatid nucleus indicating dense chromatin is seen
throughout the head; the stage ends before meiotic metaphase of diplotene spermatocytes
begins.

The presence of meiotic anaphase or telophase of meiosis I, secondary spermatocytes, or any of
the phases of meiosis II defines this stage.

Russell LD, Ettlin RA, SinhaHikim AP, Clegg ED, Histological and Histopathological Evalution of the Testis, Cache River Press
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Fig. 3. Cycle map of spermatogenesis for the rat. The
vertical columns, designated by Roman numerals, depict
cell associations (stages). In the scheme provided, stages
Il and Ill are combined into a single stage called li-lll. A
cycle is a complete series of cell associations which are
placed in logical order. The developmental progression of
a cell is followed horizontally until the right hand border of
the cycle map is reached. The cell progression continues
at the left of the cycle map one row up. The inset
describes acrosome development, which is used to
designate specific phases of cell development.



the formation of spermatids, the Golgi apparatus is involved in producing small
condensing proacrosomal vesicles that contain dense material referred to as proacrosomal
granules. The four very small proacrosomal granules eventually coalesce within one
large membrane bounded vesicle containing a single granule known as the acrosomal
vesicle. The acrosomal vesicle is rounded until it contacts with the nucleus, where after it
becomes flattened on the side that makes contact with the surface of the nucleus and
spreads out with the acrosomal granule intact and bulging. The spermatid nucleus moves
to the cell surface through an unknown mechanism (Russell, Lee et al. 1983). The
acrosomal region of the spermatid becomes apposed to the plasma membrane tightly. As
time passes, the nucleus progressively elongates. The Golgi apparatus moves away from
the acrosome and migrates to the caudal aspect of the cell. The progression of changes on
the acrosome is the primary basis for classifying spermiogenesis into steps and for using
these steps to classify cell associations into stages. The acrosome contains various
hydrolytic enzymes, including typical lysosomal enzymes, which are released to digest
the egg membrane to permit the fusion of egg and sperm during fertilization. It has been
shown that the acrosome also contains functional molecules required for the complex
steps of sperm-egg interaction, including binding to the zona pellucida, induction of the
acrosome reaction and penetration through the zona (Saxena, Tanii et al. 1999; Saxena,
Tanii et al. 2000; Kim, Foster et al. 2001).
1.1.4. Protein degradation in spermatogenesis

In the third phase of spermatogenesis, before sperm release, the spermatid volume is
reduced to about 25% of its original size upon remodeling. There are at least three steps
in the process of making spermatids smaller and more streamlined: water elimination,

cytoplasm elimination by tubulobulbar complex and separation of cytoplasmic package



as a residual body (Huckins 1978). The cytoplasmic fragments are phagocytosed by the
Sertoli cell (Elftman 1950). Exclusion of residual body is responsible for one fourth of
the volume reduction (Huckins 1978). After cytoplasmic elimination, a small amount of
cytoplasm, the cytoplasmic droplet, remains around the neck of the spermatid and is shed
later in the epididymis.

In addition to elimination of the cytoplasm, nuclear volume decreases to only ~5%
that of a somatic cell nucleus. The haploid genome is extremely compacted within the
nucleus in the sperm head. This remarkable reorganization of the chromosomes is
permitted by replacing histones with protamines, arginine and cysteine rich proteins that
are even more basic than histones (Mills, Van et al. 1977; Meistrich 1989). Protamines
organize the haploid male genome into a highly specialized chromatin structure that is
much more compact than the classical nucleosomal architecture (Mills, Van et al. 1977,
Meistrich 1989). The substitution of histones by protamines is probably related to the
high compaction potential of nucleoprotamines and the requirement for a unique
chromatin architecture that would enable a specific transcription schedule after
fertilization (Sassone-Corsi 2002). In mammals, histones are not replaced directly by
protamines. Transition proteins (TP1 and TP2) are small, basic nuclear proteins that
replace histones in late round and early elongating spermatids. They are further replaced
by protamines at around step 14 spermatids. Deletion of TP or TP2 genes, individually,
does not yield a phenotype, suggesting a redundant role for these two transition proteins
(Yu, Zhang et al. 2000; Zhao, Shirley et al. 2001). Mice lacking both 7Ps are sterile
(Zhao, Shirley et al. 2004). In these double knockout mice, chromatin condensation is

irregular in all spermatids, with many late spermatids showing DNA breaks (Zhao,



Shirley et al. 2004). Thus, mammalian TPs are required for normal chromatin
condensation, fertility, and for preventing the loss of genomic integrity.

The molecular mechanism underlying this bulk reduction of cytoplasm and the
degradation of specific proteins such as histones remains unclear. The phagocytic uptake
of proteins by Sertoli cells may lead to degradation within lysosomes. However, a large
body of accumulating evidence indicates that the ubiquitin proteasome pathway of
degradation also appears to be involved.

1.2. Ubiquitin system

The ubiquitin system is a system involving multiple enzymes that regulate
conjugation of ubiquitin to substrate proteins. Ubiquitination subsequently mediates
protein degradation or modulates a number of other cellular processes. The ubiquitin
system is increasingly recognized as playing a vital role in multiple cell functions (details
are introduced later in this section).

Ubiquitin was originally isolated from the thymus and thought to be a thymic peptide
hormone (Goldstein, Scheid et al. 1975). It is a ubiquitous and highly conserved 8 kDa
protein of 76 amino acids. Not long later, an ATP dependent proteolytic system was
identified in reticulocyte lysates (Etlinger and Goldberg 1977; Ciehanover, Hod et al.
1978). Later studies established that this ATP dependent degradation required a heat
stable factor in the lysate. The factor was subsequently identified as the peptide ubiquitin.
The ATP was shown to be required at two steps: the conjugation of ubiquitin to substrate
proteins and the degradation of the ubiquitinated substrates by a large protease,
proteasome (Ciechanover, Heller et al. 1980; Hershko, Ciechanover et al. 1980). In the
following 30 years and especially in the last decade, much has been learned about the

ubiquitin system. Although originally thought to be required only for degradation of



misfolded proteins, the ubiquitin system is now recognized to degrade the majority of
cell proteins (Rock, Gramm et al. 1994). Furthermore, it can serve as a multifunctional
signaling mechanism, and has also many nonproteolytic functions such as regulation of
membrane protein trafficking (Hicke 1999; Hicke and Dunn 2003), ribosomal function
(Spence, Gali et al. 2000), postreplication DNA repair (Spence, Sadis et al. 1995;
Hofmann and Pickart 1999), the initiation of the inflammatory response (Deng, Wang et
al. 2000), and the function of certain transcription factors (Kaiser, Flick et al. 2000).
Ubiquitin was the first protein shown to be covalently conjugated to other
intracellular proteins (Hochstrasser 1996; Hershko and Ciechanover 1998).
Ubiquitination is a highly precise, temporally controlled, and tightly regulated process
that modulates, in a specific manner, numerous cellular proteins (Fig. 4) (Varshavsky
1997; Hershko, Ciechanover et al. 2000; Pickart 2001). It is carried out by the sequential
action of three enzymes: ubiquitin activating enzyme E1, ubiquitin conjugating enzyme
E2 and ubiquitin protein ligase E3 (Hershko, Heller et al. 1983) (Fig. 4). El catalyses the
first step which is the formation of a high energy thioester bond between Gly76 of
ubiquitin and a specific Cys residue of E1. This step requires ATP hydrolysis. The El
linked ubiquitin is then moved from El to a Cys residue of an E2, and from there to a Lys
residue of an ultimate protein substrate, resulting in a ubiquitin protein conjugate. This
last step requires E3, which is the principal substrate recognition factor that determines
the specificity of ubiquitination. In some cases there are additional protein components
involved such as E4 proteins, (polyubiquitin chain elongation factors) (Koegl, Hoppe et
al. 1999; Hoppe, Cassata et al. 2004), which serve to lengthen the polyubiquitin chains

(Kuhlbrodt, Mouysset et al. 2005).
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In many cases, proteins are modified with multiple moieties of ubiquitin that generate
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