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. Summal‘y / leSillTllTlt‘nfﬁSSUﬂg .

- Summary -

Faithful transmission of genomic information requires tight spatiotemporal regulation of
DNA replication factors. Posttranslational modifications, such as ubiquitylation, constitute a
fast and effective mechanism to control such complex protein function. The AAA-ATPase
CDC-48 plays an essential role in selective protein degradation triggered by ubiquitylation.
While initial studies reported a crucial function of CDC-48 in the regulation of mitotic events,
an essential role of the CDC-48""""""'4 complex in DNA replication has been revealed in
Caenorhabditis elegans (C. elegans) recently. Since the mechanistic details of CDC-48 activity
remained to be elucidated, the identification of key substrates playing a vital role during DNA
duplication is of major interest.

This work describes a regulatory function of CDC-48 in the coordination of licensing and
elongation events of DNA replication in C. elegans. In the licensing step of DNA replication,
CDT-1 is loaded onto chromatin to subsequently promote the recruitment of relevant
replication factors, including CDC-45 and the GINS complex. Throughout the elongation step
CDC-45 and the GINS complex move with the replication fork, however, it is largely unknown
how their chromatin association is controlled. CDC-48""""/"*'"4 deficient embryos stabilize the
licensing factor CDT-1 exclusively on mitotic chromatin. Furthermore, worm embryos lacking
cdc-48, ufd-1, or npl-4, show persistent chromatin association of CDC-45 and the GINS
complex. Notably, the protein levels of CDC-45 and the GINS subunits SLD-5 and PSF-3 are
not affected by ufd-1 and npl-4 (RNAIi), suggesting a non-proteolytic regulation. Down-
regulation of CDT-1 suppresses the chromatin association of the GINS complex in embryos
disrupted for a functional CDC-48""""NP'4 complex. Hence, CDC-48 is supposed to
orchestrate both, CDT-1 degradation and chromatin dissociation of the CDC-45/GINS
complex.

In conclusion, this work describes a novel role of the ubiquitin-selective chaperone CDC-
48"TPNPL4 i the context of chromatin associated processes. Elucidating the key substrates of
CDC-48 during DNA replication illustrates a critical function in safeguarding genomic stability

by an unexpected principle of target protein regulation.
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- Summary / Zusammenfassung -

- Zusammenfassung -

Die verldssliche Weitergabe der genetischen Information bedarf strikter raumlicher und
zeitlicher Regulierung von Replikationsfaktoren. Derart komplexe Proteinfunktionen sind
meistens durch postranslationale Modifikationen, wie z.B. Ubiquitylierung, kontrolliert. Die
AAA-ATPase CDC-48 ist essentiell am Ubiquitin-vermittelten Proteinabbau beteiligt.
Wahrend CDC-48 zundchst eine zentrale Funktion in der Regulierung der Mitose
zugesprochen wurde, konnte kiirzlich eine entscheidende Rolle des CDC-48""P/N'-4
Komplexes bei der DNA-Replikation in Caenorhabditis elegans (C. elegans) gezeigt werden.
Die mechanistischen Details der CDC-48-Aktivitit wahrend der DNA-Replikation sind bisher
unbekannt. Daher ist es von besonderem Interesse, die ausschlaggebenden Substrate zu
entschliisseln.

Diese Arbeit beschreibt die regulatorische Funktion von CDC-48 in der Koordinierung von
Lizensierungs- und Elongationsprozessen bei der DNA-Replikation in C. elegans. Im
Lizensierungsschritt der DNA-Replikation bindet CDT-1 an das Chromatin und leitet die
Rekrutierung wichtiger Replikationsfaktoren, darunter CDC-45 und der GINS-Komplex, ein.
CDC-45 und GINS bewegen sich wahrend des Elongationsschrittes zusammen mit der
Replikationsgabel. Es ist jedoch weitgehend unbekannt, wie deren Chromatinassoziierung
kontrolliert wird. In «cdc-48 ufd-1 oder npl-4 defizienten Embryonen ist der
Lizensierungsfaktor CDT-1 spezifisch auf mitotischem Chromatin stabilisiert. Weiterhin
zeigen Wurmembryonen andauernde Chromatinassoziierung von CDC-45 und des GINS-
Komplexes, wenn cdc-48, ufd-1 oder npl-4 durch RNAi ausgeschaltet wurden.
Bemerkenswerterweise sind die Proteinlevel von CDC-45 und der GINS-Untereinheiten SLD-5
und PSF-3 nicht durch ufd-1 oder npl-4 (RNAi) beeintrachtigt. Dies legt eine Regulierung nahe,
die ohne Proteolyse von CDC-45 und GINS ablauft. Verminderte CDT-1 Level unterdriicken
die Chromatinassoziierung des GINS-Komplexes in Embryonen, in denen CDC-48"P/NPl-4
nicht funktionsfahig ist. Folglich koordiniert CDC-48 vermutlich beide Prozesse, sowohl den
Abbau von CDT-1, als auch die Chromatindissoziierung von CDC-45 und des GINS-
Komplexes.

Diese Arbeit beschreibt somit eine neue Funktion des Ubiquitin-selektiven Chaperons
CDC-48""P/NPl4 in der Regulierung chromatinassoziierter Prozesse. Die Identifizierung der
relevanten Faktoren wahrend der DNA-Replikation belegt eine wesentliche Role in der
Beibehaltung der genetischen Information durch ein unerwartetes Prinzip der Substrat-

Regulierung.
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- Chapter 1 - Introduction -

1.1. The cell division cycle.

Cell division is an essential process in all living organisms. In order to reproduce, all
organisms undergo a highly organized repeated sequence of cellular events which are
summarized as the cell division cycle (cell cycle). During the DNA synthesis phase (S phase)
the genomic information of a cell is accurately duplicated before chromosomes start to
condense into compact units. Condensed sister chromatids will be faithfully transmitted to
the daughter cells in mitosis (M phase) (Figure 1.1). Both, DNA replication and mitosis require
extensive regulation to ensure genomic integrity. Thus, perturbance of the cell cycle severely
affects cell division and may cause cell death or occurrence of disease due to chromosomal

instability [1].

Somatic cell cycle Embryonic cell cycle

G, phase

Chromosome Chromosome Chromosome Chromosome
separation duplication separation duplication

Figure 1.1. Schematic representation of the cell division cycle.

(A, B) The cell cycle consists of repeated alternation of chromosome duplication in S phase and chromosome
separation in mitosis. In somatic tissues S phase and mitosis are separated by G phases (A) that are absent in
early embryonic divisions (B). The morphology of microtubule organization, and S phase nuclei or condensed
chromosomes during mitosis is indicated in the periphery of the cycle. Modified from [2].

In somatic cells, S phase and mitosis are separated by gap phases (G, and G, phases
respectively) during which cells increase in size and execute their physiological tasks (Figure
1.1.A). This paradigm of cell cycle progression including repeated cycles of G,, S, G, and M
phase is modified in certain cell types [3]. Embryonic cell divisions represent one example for a
cell type specific accommodation of the cell cycle, lacking apparent gap phases (Figure 1.1.B)
[4]. Thereby, rapid alternation of S phase and mitosis ensures fast and efficient increase in cell

number. The key factors that have been identified to drive cell cycle progression are highly
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- Chapter 1 - Introduction -

conserved in all eukaryotic organisms. Consequently, the basic regulatory mechanisms apply
to all eukaryotic cell cycles, while species and cell type specific differences adapt to distinct
requirements. The following paragraphs illustrate principles of eukaryotic cell cycle regulation
and for simplification name the Caenorhabditis elegans (C. elegans) proteins whenever

applicable [2].

1.1.1. Duplication of genomic information.

The duplication of genomic information is a prerequisite for the formation of two identical
daughter cells from one single cell. This highly organized process involves spatiotemporal
coordination of more than 20 essential proteins known today [5, 6]. An essential principle of
regulation is achieved by subdividing the replication process in three timely separated events,
the licensing, activation, and elongation steps (Figure 1.2.) [5].

In the licensing step the origins of replication are bound by the origin recognition complex
(ORC). ORC serves as a loading platform for the recruitment of CDC-6 and CDT-1 together
with the minichromosome maintenance (MCM) complex (Figure 1.2.). Conjointly, ORC, CDC-
6, CDT-1, and the MCM complex constitute the pre-replication complex (pre-RC), which
qualifies replication origins for subsequent activation (origin firing). At this step, however, the
MCM complex, which is the major DNA helicase that opens the DNA duplex during the
replication process, is not active [7, 8]. Cell cycle dependent kinases initiate the activation step
by triggering the recruitment of replication factors, including CDC-45 and the Go-Ichi-Ni-San
(GINS) complex (Figure 1.2.) [8-12]. The tetrameric GINS complex comprises the subunits SLD-
5, PSF-1, PSF-2 and PSF-3 [13, 14].

Initially identified to be required for the activation of origin firing, CDC-45 and the GINS
complex have been proven as essential components of the active replisome [15-20]. Whereas
the exact function of CDC-45 and GINS during DNA synthesis remains elusive, functional and
proteomic approaches reveal that both proteins are required for the stable assembly of the
active replisome by facilitating binding of further replisome components to the chromatin [19,
21-24]. Strikingly, binding partners of CDC-45 and the GINS complex are essential elongation
factors, as well as several factors that are involved in replication fork integrity and progression
[19, 21, 24]. Therefore, CDC-45 and the GINS complex are recognized as central components
that function as a scaffold to assemble and maintain the active replisome [15, 18-20].

Once a functional replisome has been assembled on the chromatin, the MCM helicase
opens the DNA duplex and the replication fork progresses bi-directionally while the DNA

polymerases catalyze DNA synthesis (Figure 1.2.) [25].
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Origin
ORC
binding .
B cocs
consi | o
Licensing
MCM
complex
CDKs
DDK
‘ CDC-45
Activation

&

‘ , PCN-1
Elongation : ' e Cb Polymerases

Figure 1.2. Schematic representation of distinct steps during DNA replication.

After the binding of ORC to the origins of replication, DNA replication occurs in three timely separated steps:
licensing, activation, and elongation. In the licensing step origins of replication are primed by the assembly of
the pre-RC. The transition from the licensing to the activation step is triggered by the cell cycle dependent
kinases CDKs and DDK. Binding of CDC-45 and the GINS complex promotes the formation of a functional
replisome and initiates the elongation phase. Replication forks move bi-directionally during the elongation
phase (indicated by arrows) while polymerases catalyze DNA synthesis. Essential proteins that function in
respective phases of DNA replication are shown on the right. See text for further details. Modified from [26].

1.1.2. Maintenance of genomic information requires spatiotemporal
regulation of replication factors.

Accurate duplication of DNA is a central and challenging task in dividing cells that requires
the hierarchical order of timely separated events. Defects in chromosomal DNA replication
can severely impair cellular physiology and lead to cell death. Strikingly, failure in the
assembly, fidelity or integrity of the replication machinery threatens genomic stability and is
therefore recognized as a cause of a variety of diseases and cancer development [27-38].

Attachment of signalling molecules constitutes a fast and effective mechanism to control such
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- Chapter 1 - Introduction -

complex protein function. Hence, the following paragraph highlights key functions of DNA

replication that are triggered by posttranslational modification.

1.1.2.1. Posttranslational modifications of licensing factors ensure genomic
stability.

Cell cycle progression greatly depends on the activity of cell cycle dependent kinases [39].
In particular, phosphorylation of target proteins is essential for the activation of DNA
replication. An important example is the phosphorylation of the MCM helicase [40]. Cyclin
dependent kinases (CDKs) and the Dbf4-dependent Cdc7 kinase (DDK) trigger the activation
of replication by phosphorylation of the MCM complex [10, 11]. This initiates the recruitment
of CDC-45 and the GINS complex to the chromatin, thereby promoting the activity of the
MCM helicase and facilitating DNA synthesis [8, 9, 41].

Over-replication by re-initiation of replication (re-replication) can severely affect genomic
stability [37]. In order to ensure that replication origins are used only once per cell cycle and
thus cannot be reused to re-initiate replication, the licensing and elongation processes are
temporally separated [42]. Once the MCM helicase complex has been assembled on the
chromatin with the help of the licensing factors ORC, CDC-6, and CDT-1, these assisting
factors are not further required for the DNA synthesis process [43]. Consequently, the
essential licensing factors ORC-1, CDC-6 and CDT-1 are tightly controlled in protein
abundance, localization, and activity to prohibit the re-initiation of origin licensing.

In yeast a general inhibition of licensing factors is coordinated through phosphorylation of
licensing factors by CDKs and DDK [44]. CDKs and DDK mediated phosphorylation events
inhibit replication licensing by diverse mechanisms. Phosphorylation of ORC inhibits pre-RC
assembly [45] while phosphorylation of CDC-6 and CDT-1 [46-49] or MCM components [50,
51] trigger protein degradation or nuclear export, respectively.

In higher eukaryotes, additional mechanisms have evolved to restrict replication licensing.
ORC-1, an essential component of the ORC, is targeted for protein degradation through
ubiquitylation in Drosophila melanogaster and human cell culture [52-54]. In contrast, other
ORC subunits remain stable throughout the cell cycle [52]. The best studied mechanism to
avoid re-replication in all eukaryotes, however, is the control of the activity and proteolysis of
CDT-1. As research in diverse model organisms points towards differences in CDT-1 regulation
between species and cell types, the following paragraph emphasizes the principles of CDT-1

surveillance.
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1.1.2.2. Mechanisms of CDT-1 regulation.

The regulation of CDT-1 activity and protein abundance during cell cycle progression is
supposed to be the major mechanism to restrict replication licensing to occur only once per
cell cycle. Two basic principles ensure that CDT-1 protein is only active during the licensing

period of DNA replication [55].

A B C

2 o
{ GMN-1

MCM complex

PCN-1

2O

SCFSKPZ

CUL-4¢0T2

Inhibition Degradation Degradation
of helicase during S and during S phase
loading G, phase on chromatin

Figure 1.3. Distinct mechanisms of CDT-1 regulation.

(A) GMN-1 binds to CDT-1 and thereby inhibits the loading of the MCM helicase complex during S phase.

(B) Phosphorylated CDT-1 is recognized by the SCF**? ligase, which facilitates CDT-1 ubiquitylation by
recruiting the E2 enzyme. Ubiquitylation results in CDT-1 degradation during S and G2 phases.

(C) Chromatin bound CDT-1 binds PCN-1 (C. elegans ortholog of PCNA) and the CUL-4"" ligase via the PIP-box.
The CUL-4°™ ligase promotes CDT-1 ubiquitylation and degradation in S phase. See text for further details.
Modified from [56].

One strategy to restrict CDT-1 activity is through binding by geminin (GMN-1in C. elegans)
that directly interacts with CDT-1 and inhibits its licensing activity by prohibiting interaction
with the MCM complex and helicase loading onto chromatin (Figure 1.3.A.) [57, 58]. To allow
MCM complex loading by CDT-1 during the licensing process the inhibitory function of
geminin is abrogated by temporally protein degradation through ubiquitylation [59]. While
CDT-1 regulation by geminin is crucial in higher eukaryotes no functional orthologs have been
identified in yeast.

The second mechanism that regulates CDT-1 activity acts through targeted protein
turnover depending on protein ubiquitylation [56]. The conjugation of ubiquitin to target
proteins is catalyzed by substrate specific ubiquitin-ligases (E3’s) (see paragraph 1.2. for
details). Two distinct E3 ubiquitin-ligases have been linked to CDT-1 degradation that

apparently target slightly different subsets of CDT-1 in the cell. In mammalian cell culture
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experiments the SCF*** ligase is required for efficient CDT-1 degradation throughout S and G,
phases of the cell cycle depending on CDT-1 phosphorylation (Figure 1.3.B) [33, 60-63].

FSKPz

Interestingly, the SC mediated CDT-1 degradation represents an evolutionary young

mechanism that could so far only be shown in mammalian cells [64]. Indeed, the human

CDT-2

SCFSKP2 ligase appears to work redundantly with the CUL-4 ubiquitin ligase that plays a

crucial role in CDT-1 turnover in all eukaryotes [63].

CDT-1 turnover mediated by CUL-4""

is coordinated with active DNA replication, and
therefore operates exclusively during the S phase of the cell cycle in order to prevent re-
licensing (Figure 1.3.C) [65-67]. PCNA (PCN-1in C. elegans) is an essential factor during active
DNA replication and plays a central role in CDT-1 degradation because it interacts with both
the CUL-4"" ubiquitin-ligase and a peptide signature named PIP-box in the CDT-1 protein

P2 into close

itself [68-71]. By bringing the substrate CDT-1 and the ubiquitin-ligase CUL-4
proximity, PCNA coordinates CDT-1 degradation in time and space and thereby represents an
intriguing mechanism that prevents re-licensing during active DNA synthesis and on
chromatin (Figure 1.3.C.).

It is worth to note that analogous mechanisms of CDT-1 degradation are also operating

when genomic stability is challenged by DNA damaging agents [48, 72, 73], indicating that

CDT-1 regulation is vital for both, unperturbed cell cycles, and DNA damage repair.

1.1.3. External and internal assaults interfere with the fidelity of DNA
replication.

The fidelity of DNA replication and therefore genomic stability is constantly challenged by
external or internal factors resulting in replication stress [74]. External effectors that
manipulate the integrity of the DNA molecule or associated proteins are for example
ultraviolet-(UV)-light, ionizing radiation, or alkylating agents [75]. Moreover, internal sources
have been identified to cause replication fork stalling [76]. These physiological obstacles often
arise at dedicated regions of the genome for example transposable elements, repetitive DNA
stretches, or highly transcribed genes. These regions are intrinsically difficult to replicate and
therefore susceptible to replication errors [77-81]. Reduction in the availability of replication
factors as well as limitation of the deoxyribonucleotide triphosphate (ANTP) pool can also
limit fork progression and result in paused replication forks [82, 83]. Stalling of replication
forks is strongly associated with unusual DNA rearrangements which are linked to DNA
breaks and genomic instability and therefore described as fragile sites [84]. Strikingly, fragile

sites are known as a source of numerous genomic disorders [85].
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In order to counteract the genotoxic threat that emanates from replication stresses,
eukaryotes have evolved genome maintenance mechanisms that can sense paused replication
and initiate appropriate cellular responses. The respective molecular mechanisms are

commonly described as the replication checkpoint [74].

1.1.3.1. The replication checkpoint controls fidelity and progression of the
replication fork.

Occurrence of replication stress generally results in the impairment of replication fork
progression. When replication forks are forced to stall at a barrier, this results in the
uncoupling of the replisomes at the leading and lagging strands or the uncoupling of the DNA
helicase from the replisome (Figure 1.4.A) [86, 87]. Consequently, while DNA synthesis by the
DNA polymerases is blocked, the unwinding of the DNA duplex continues and thereby
generates excessive single stranded DNA (ssDNA) (Figure 1.4.A).
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Figure 1.4. Occurrence of replication stress and initiation of ATL-1 mediated checkpoint response.

(A) Replication barriers result in uncoupling of the MCM helicase complex from the replisome, including the
DNA polymerases. ssDNA generated by DNA unwinding is bound by RPA. Scheme represents replication stress
situation on one DNA strand (continuous line) while the situation on the other strand (discontinuous line) is
not shown. Modified from [88].

(B) ssDNA that is coated with RPA recruits ATL-1/ATRIP and the 9-1-1 complex together with MUS-101. Close
proximity to MUS-101 activates the kinase activity of ATL-1 which promotes distinct cellular responses through
phosphorylation of target proteins. Modified from [89].
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Interestingly, the generation of ssDNA and not replication barriers themselves represents
the common structural basis of how cells sense stalled replication forks [9o, 91]. ssDNA is
bound by the trimeric single-strand binding replication protein A (RPA, RPA-1, RPA-2, and
RPA-3 in C. elegans) [92]. The decoration of excess ssDNA with RPA initiates a signalling
pathway which is coordinated around the checkpoint kinase ATR (ATL-1 in C. elegans) and the
9-1-1 complex (HPR-9, HUS-1, and MRT-2 in C. elegans) (Figure 1.4.B.) [93]. Upon ATL-1
activation replication forks are stabilized [94-96] and progression through the cell cycle is
delayed [97-99] while repair mechanisms are initiated to promote subsequent re-start and
completion of replication [100] (Figure 1.4.B.). If the ATL-1 signalling pathway is compromised
the cellular response to replication stress is impaired, and aberrant DNA structures

accumulate, resulting in genomic instability [79, 86, 101].

1.1.3.3. Posttranslational modifications of PCNA determine distinct pathways to
solve replication stress.

Since diverse response mechanisms are initiated upon ATL-1 phosphorylation [102], it is of
great interest how cells eventually decide between distinct processes in order to accomplish a
replication stress situation. As a central component of the replisome PCN-1 is required for the
processivity of DNA polymerases (Figure 1.2.) [103, 104]. Besides its basic function in DNA
replication, PCN-1 acts as an integrator of distinct signalling events and thereby determines
the response to replication stress.

When a replication fork stalls, PCN-1 is ubiquitylated [105]. Interestingly, two distinct
modifications with ubiquitin have been observed that promote two different modes of
replication fork progression (Figure 1.5.). Modification of PCNA with one single ubiquitin
(mono-ubiquitylation) results in an exchange of polymerases towards translesion DNA
polymerases that are capable of reading through replication barriers (Figure 1.5) [106-108].
DNA synthesis is re-initiated, however, the probability to incorporate false nucleotides into
the DNA renders the translesion synthesis error prone. In contrast, the modification of PCNA
with a chain of ubiquitin moieties (poly-ubiquitylation) promotes an error free pathway that
involves a template switch mechanism enabling DNA synthesis based on the unaffected sister
strand (Figure 1.5.) [105, 109-11]. Conjugation of SUMO to PCN-1 occurs at unperturbed
replication forks and inhibits recombination events to allow normal progression of the

replisome (Figure 1.5.) [12, 113].
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Figure 1.5. Ubiquitylation and SUMOylation of PCN-1 determine essential processes at the replication fork.
In response to replication stress PCN-1 is ubiquitylated. Mono-ubiquitylation promotes translesion DNA
synthesis. Poly-ubiquitylation initiates an error free repair pathway. In unperturbed S phases SUMOylation of
PCN-1 inhibits recombination events. Modified from [114].

In conclusion, crucial events at the replication fork that safeguard genomic stability involve
ubiquitylation of target proteins. Therefore, the following paragraphs focus on protein

modification with ubiquitin and its physiological relevance in more detail.

1.2. Protein ubiquitylation.

Posttranslational modifications such as phosphorylation, methylation, or acetylation are
observed for the majority of the cellular proteome [115]. Remarkably, attachment of the
signalling peptide ubiquitin to target proteins is emerging as one of the most important
mechanisms that regulate cellular physiology [116, 117].

Ubiquitin is highly conserved among all eukaryotes. An enzymatic cascade of ubiquitin-
activating Ei, ubiquitin-conjugating E2, and ubiquitin-ligating E3 catalyzes the conjugation of
ubiquitin to lysine residues of a target protein (Figure 1.6.) [118]. Ubiquitylation can occur in
distinct modes and modifications, thereby initiating diverse cellular processes. A single
attachment of one ubiquitin moiety to a substrate protein (mono-ubiquitylation) is commonly
thought to regulate protein interaction and to affect protein localization [115]. In contrast,

poly-ubiquitylation is achieved by successive attachment of ubiquitin molecules to one of
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seven internal lysine residues of the previous ubiquitin, thereby forming chains of different
topology. Depending on the linkage between the ubiquitin molecules, the chain on a target
protein can be recognized by destined adaptor molecules and thereby promote distinct events
[19]. Chains that are constructed via lysine 48 or lysine un (K48, Ku) linkages between
ubiquitin moieties target proteins for their degradation by the 26S proteasome [120-122]. In
contrast, lysine 63 (K63) linked ubiquitin does not promote degradation [123] but initiation of
the assembly of protein complexes which are for example involved in signalling events such as
the DNA damage response [124, 125]. Other linkage types have been described, for example
linear ubiquitin functioning in NF-kB signalling [126, 1277]. Ubiquitin specific hydrolases (or de-
ubiquitylating enzymes, DUBs) counteract the formation of ubiquitin chains and consequently

influence the ubiquitylation status of substrate proteins (Figure 1.6.) [128].

® Ubiquitin

DUBs DUBs

Figure 1.6. Protein ubiquitylation by an enzymatic cascade of E1, E2, and E3 enzymes.

Substrate proteins are attached to ubiquitin by an enzymatic cascade of E1, E2, and E3 enzymes. Ubiquitylation
can occur by a single ubiquitin molecule or through the formation of poly-ubiquitin chains. DUBs counteract
the ubiquitylation reaction. See text for further details.

1.2.1. The Ubiquitin Proteasome System — UPS.

Protein degradation is vital for the regulation of protein homeostasis, and moreover,
triggers a variety of processes in eukaryotic cells. Autophagosomes or lysosomes contribute to
general protein degradation, however, these mechanisms are rather unselective regarding the

targeted substrates that are mainly macromolecules or organelles [129]. The ubiquitin
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proteasome system (UPS) represents the major pathway that determines selective proteolysis.
A poly-ubiquitin chain is assembled on target proteins, or substrates, labelling these proteins
for their subsequent degradation by the 26S proteasome (Figure 1.7.) [120, 121]. The 26S
proteasome represents a multi-catalytic protease chamber that recognizes, unfolds, and
degrades ubiquitylated proteins into peptide fragments in both cytosol and nucleus [130, 131].
Strikingly, as the proteasome demonstrates the terminal degradation step of thousands of

proteins, malfunction is linked to a variety of different diseases [132, 133].

1.2.1.1. E2 and E3 enzymes determine substrate specificity.

The Ei, E2, and E3 enzymes that catalyze the ubiquitylation reaction represent protein
classes of increasing complexity and specificity. The E1 enzyme (two E1 enzymes are known in
humans, one in C. elegans) is required and sufficient for the activation reaction of ubiquitin
that precedes the subsequent conjugation to a substrate protein [134-136]. In turn, activated
ubiquitin can be conjugated to several E2’s (38 identified in humans, about 20 in C. elegans)
[127, 136]. E2 enzymes cooperate with different E3 ligases (up to 1000 identified in humans,
about 170 in C. elegans) adding a high layer of complexity to the system [137, 138]. Whereas the
E2 conjugating enzyme represents the catalytic core of the ubiquitylation reaction that
determines processivity and linkage type specificity [54, 139, 140], the E3 ligase mainly defines
the target protein for ubiquitylation [141]. Interestingly, so called E4 enzymes have been
described that are required for the assembly of poly-ubiquitin chains on certain substrates
[142].

E3 ligases are grouped into four categories: HECT-domain, U-Box-domain, monomeric
RING finger, and multi-subunit RING finger ligases. Despite the differences in the modular
architecture, all E3 ligases connect the E2 conjugating-enzyme with the substrate and
therefore facilitate specific protein ubiquitylation (Figure 1.6.) [141].

Downstream of the ubiquitylation reaction earmarked proteins are recognized by dedicated
adaptor proteins that eventually promote their delivery to the 26S proteasome where protein
degradation occurs. The ubiquitin-selective chaperone CDC-48 plays a crucial role in the

mobilization of target proteins and their transfer to the proteasome [143].

1.2.2. CDC-48 - a ubiquitin selective chaperone.
CDC-48 is a highly conserved and abundant protein in all eukaryotes. Orthologs of C.
elegans CDC-48 are called VAT in archaea, Cdc48 in yeast, TER94 in insects, pg7 in

vertebrates, or VCP in mammals. Initially described as a crucial factor in ubiquitin mediated
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protein degradation [144], CDC-48 and it orthologs are emerging as fundamental regulators of
various cellular processes that are governed by ubiquitylation [145, 146]. CDC-48 recognizes
ubiquitylated proteins and subsequently regulates their activity, localization, or protein

stability.
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Figure 1.7. Functional role of the ubiquitin-selective chaperone CDC-48 in the UPS and in complex
segregation.

CDC-48 binds ubiquitylated substrates with the help of dedicated cofactors (not shown). Depending on its
ATPase activity, CDC-48 segregates target proteins from tight binding partners. Target proteins are then either
transferred to the 26S proteasome for degradation (upper row) or show altered localization or activity (lower
row) after the segregation process. CDC-48 acts on protein complexes or immobile structures such as
membranes or chromatin (illustrated as binding partner).

CDC-48 belongs to the ATPases associated with diverse cellular activities (AAA) protein
family that shares common composition of distinct functional domains [147]. As typical for
AAA proteins, CDC-48 assembles in homo-hexamers, forming a barrel-like structure around a
central pore [148, 149]. Two ATPase domains, namely D1 and Dz, are oriented towards the
inside of the barrel, whereas the structurally defined N-terminal domain (N-domain) is
positioned at the outer surface (Figures 1.7., 1.8.) [148, 149]. The N-domain shows a high degree
of flexibility that is intimately linked to the ATPase cycle of the D2 domain [54, 150]. Upon
hydrolysis of ATP, conformational changes occur in the CDC-48 structure [54, 151]. Although
the exact mechanism still remains to be solved, these conformational rearrangements are
supposed to account for the chaperone activity of CDC-48 [152]. Recognizing ubiquitylated

substrates with the help of dedicated cofactors [153, 154], CDC-48 is thought to provide
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unfolding activity required to mobilize client proteins out of protein complexes and eventually
promote the transfer to the proteasome for degradation (Figure 1.7.) [155]. The unfolding
activity of CDC-48 is required for functional proteolysis, as proteasomes can stall in the
absence of the CDC-48 chaperone, emphasizing a general function of CDC-48 in proteasomal

processivity [156, 157].

1.2.2.1. CDC-48 - a general chaperone with distinct cellular functions.

While a general role in ubiquitin-mediated protein degradation is well documented, a
challenging task remains the identification of cellular pathways and crucial substrates that are
regulated by CDC-48. Due to its central role in protein degradation by the proteasome, CDC-
48 is implicated in the maintenance of cellular protein homeostasis and avoidance of
aggregates [158-160]. Besides the rather broad function in protein turnover, a variety of cellular
pathways such as endoplasmic reticulum associated degradation (ERAD), mitochondria
associated degradation (MAD), membrane fusion, autophagy, endosomal trafficking,
neurogenesis, transcription, DNA damage response, and cell cycle regulation have been
described to require CDC-48 as an essential component [145, 146, 161, 162]. In order to decide
about a particular process to occur additional determinants need to be involved. Accordingly,
CDC-48 associates with alternative cofactors that are supposed to form distinct functional

sub-complexes defining the specificity for distinct cellular pathways (Figure 1.8.) [145, 163, 164].
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Figure 1.8. Alternative cofactors of CDC-48 interact with distinct domains.

(A) CDC-48 forms homo-hexamers.

(B) The domain structure of the CDC-48 protomer bares two ATPase domains (D1 and D2). Cofactors either
interact with the N-terminal or the C-terminal domain of CDC-48 depending on distinct interaction motifs
(UBX: ubiquitin regulatory x; SHP: Shpl; VIM: VCP interacting motif; VBM: VCP binding motif; PUB:
PNGase/ubiquitin associated; PUL: PLAP/UFD3/Lubl). Scale bar represents 100 aa. Information taken from
[165]
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Depending on their activities, CDC-48 cofactors are subdivided into substrate recruiting
and substrate processing factors [143]. The substrate recruiting factors p47 and UFD-1/NPL-4
are believed to represent distinct core complexes of CDC-48 that determine its involvement in
certain cellular pathways [153, 166]. Substrate processing factors actively influence the fate of
target proteins. UFD-2 is a cofactor of CDC-48 possessing ubiquitin-chain elongation (E4)
activity, thus facilitating substrate degradation [142]. In contrast, different de-ubiquitylating
enzymes (DUB’s) associate with CDC-48 that can alter the fate of a substrate by editing the
length or linkage type of the ubiquitin chain [167, 168]. Cofactors mainly interact with the N-
domain or C-terminal domain of CDC-48 depending on distinct interaction motifs (Figure

1.8.).

1.2.2.3. CDC-48 functions in the regulation of cell division.

Initially, CDC-48 has been identified in a screen for yeast mutants that are defective in cell
cycle progression [169]. Although the understanding of CDC-48 function is steadily increasing,
certain facets of CDC-48 in cell cycle regulation remain elusive. Remarkably, while initial
studies reported a crucial function of CDC-48 in the regulation of mitotic events [170-175], a
role of the CDC-48""""N'"4 complex in DNA replication has been identified in C. elegans
recently [162, 176].

In C. elegans two homologues of CDC-48, namely CDC-48.1 and CDC-48.2, exist that show
differences in their expression pattern during nematode development (in the following text
both transcripts will be referred to as CDC-48) [177]. However, both transcripts are abundantly
expressed in C. elegans embryos. Depletion of CDC-48 using RNA interference (RNAi) causes
severe defects during cell division [176]. Surprisingly, the observed defects do not reflect the
mitotic function of CDC-48 reported from other model systems, but instead revealed
pronounced defects in DNA synthesis which is also observed for the RNAi-mediated depletion
of the cofactors UFD-1 and NPL-4 (both homologs, NPL-4.1, and NPL-4.2 will be referred to as
NPL-4 in the following text). A series of functional assays convincingly showed that DNA
replication does not occur efficiently in CDC-48"""/NPl4 depleted embryos. In line with
compromised DNA replication, activation of the replication checkpoint kinases ATL-1 and
CHK-1 as well as focal accumulation of the DNA repair protein RAD-51 indicate severe
problems in DNA synthesis and the occurrence of replication stress [178-180]. Moreover,
worms depleted for the CDC-48""""N"""4 complex are hypersensitive towards treatment with

hydroxyurea (HU), a replication-blocking agent [181].
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1.3. Aim of the thesis.

CDC-48 is an essential protein in ubiquitin-mediated cellular processes. Following the
recognition of ubiquitylated proteins, CDC-48 mobilizes substrates out of higher order
complexes and thereby facilitates their degradation by the proteasome [182]. A variety of
cellular pathways depend on the ubiquitin-selective chaperone activity of CDC-48 [146].
Therefore, the identification of target proteins regulated by CDC-48 is of major interest.

The observation that CDC-48 together with the cofactors UFD-1 and NPL-4 is required for
effective DNA synthesis, established a so far unknown function in cell cycle regulation [176].
As mechanistic details of CDC-48 activity remained to be elucidated, the aim of this work is
the identification of key substrates of the CDC-48""™"*N"'* complex that play a vital role
during DNA duplication. A combination of microscopic, genetic, and biochemical analysis was
used in order to gain insight into the mechanism of CDC-48 during eukaryotic DNA
replication. Thereby, this work provides further understanding of the regulation of crucial cell
cycle events involving ubiquitylation, in the context of chromatin associated proteins.
Moreover, elucidating the mechanistic function of the CDC-48""""N"'4 complex during DNA

replication will emphasize a critical role in the maintenance of genomic stability.
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2.1. CDC-48YFP-1/NPL4 ghacifically regulates early steps in DNA replication.
Elucidating the time point of CDC-48 activity during DNA replication was the first aim of
this work. To this end, a systematic analysis of the subcellular localization and dynamics of
several conserved replication factors was carried out in dividing C. elegans embryos. Essential
replication factors were fluorescently labeled, in order to recapitulate the licensing, activation
and elongation phases of DNA replication. A functional analysis of the replication factor
fusions to green fluorescent protein (GFP) and their biological relevance has recently been
validated [183]. The dynamic distribution of replication factors was followed in embryos that
were depleted for a functional CDC-48""""/""'"4 complex by time-lapse microscopy (Figure
2.1.). As a control an empty RNAi vector without a gene-specific targeting sequence was used.
Depletion of ufd-1 by RNAI results in the disruption of a functional CDC-48"""/""'"4 complex.
To allow precise discrimination of distinct cell cycle phases chromatin was visualized by co-

expression of mCherry-tagged histone 2B (mCherry::H2B) during these experiments.

Phase of
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Figure 2.1. Systematic analysis of replication factors fused to GFP.

Subcellular distribution and dynamics of indicated replication factors fused to GFP were monitored in empty
(control) and ufd-1 (RNAI) treated embryos. Subcellular localization was either classified as mitotic chromatin
association (Mitosis) or nuclear localization during S phase. Involvement in distinct phases of respective
replication factors is indicated. Green letters reveal wild-type localization, red letters indicate altered
localization upon ufd-1 (RNAI).

In early C. elegans embryonic cell cycles S and M phases rapidly alternate without apparent
gap phases (Figure 1.1.B) [3]. Progression through these cell cycles can be monitored by time-
lapse microscopy. Figure 2.1. shows a summary of the replication reporter fusions that were
initially analyzed. Strikingly, specific defects were observed in the regulation of GFP::CDC-45

and GFP::SLD-5, two factors that are crucial during the activation process (Figure 1.2., 2.2.).
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However, the dynamics of replication factors that are essential in the licensing and elongation

steps of DNA replication were found to be unaffected by ufd-1 (RNAi) (Figure 2.1., 2.3.).

2.2. Chromatin dissociation of CDC-45 and GINS subunits requires CDC-
48UFD—1/NPL—4.

In wild-type embryos, CDC-45 and the GINS subunit SLD-5 similarly accumulate in the
nucleus during S phase but never co-localize with H2B on mitotic chromosomes (Figure 2.2.).
In contrast, co-depletion of CDC-48.1 and CDC-48.2 by RNAi (hereafter referred to as CDC-48
depletion or cdc-48 (RNAIi)) or depletion of its cofactors UFD-1/NPL-4 specifically affects the
localization of GFP::CDC-45 and GFP::SLD-5. Time-lapse microscopy revealed that CDC-45
and SLD-5 remain associated with chromatin throughout cell cycle progression in cdc-48, ufd-
1, and npl-4 (RNAi) embryos (Figure 2.2.A, 2.2.B). However, down-regulation of ufd-1 does not
change the cellular distribution of the pre-RC proteins ORC-2 and CDC-6 or the DNA helicase
subunit MCM-2 (Figure 2.1., 2.3.). As CDC-48 is also involved in diverse biological processes,
likely cooperating with other cofactors than UFD-1/NPL-4, its complete down-regulation
blocks embryonic cell division (Figure 2.11.C) [160, 176, 184]. I order to specifically analyze the
replication related phenotype, ufd-1 and/or npl-4 were depleted in further experiments.

Consistent with its role in DNA replication, disruption of the CDC-48"">"/NP'4 complex
results in the activation of the DNA replication checkpoint kinases ATL-1 and CHK-1,
eventually leading to a pronounced delay in cell cycle progression [176, 178, 185]. Accordingly,
the altered localization of CDC-45/GINS might be a consequence of an activated replication
checkpoint triggered by replication stress. However, checkpoint activation caused by
depletion of the DNA polymerase o-subunit DIV-1 did not generate a comparable effect
(Figure 2.2.B) [179]. Down-regulation of atl-1 suppresses the cell division delay of ufd-1 (RNAi)
embryos [176], but it did not reverse the GFP::SLD-5 mislocalization (Figure 2.2.B). Together,
these data suggest that false regulation of the CDC-45/GINS complex is caused by CDC-48""""

/NPL4 depletion and is not a secondary effect of checkpoint activation.

33



- Chapter 2 - Results -

>

S phase Mitosis Mitosis S phase
2 cell AB cell P1 cell 4 cell

empty (RNAI)

cdc-48 (RNAI)

ufd-1 (RNA)

! mCherry::H2B

npl-4 (RNAI)

S phase Mitosis Mitosis S phase
2 cell AB cell P1 cell 4 cell

--

empty (RNAI)

cdc-48 (RNAI)

ufd-1 (RNAI)

npl-4 (RNAI)

div-1 (RNAI)

ufd-1/atl-1 (RNAJ)

/ mCherry::H2B

Figure 2.2. CDC-45 and subunits of the GINS complex persist on mitotic chromatin in embryos with a

UFD-1/NPL-4

disrupted CDC-48 complex.

(A, B) Selected pictures of time-lapse recordings of embryos expressing GFP::CDC-45 or GFP::SLD-5 (green) and
mCherry::H2B (red) depleted for empty control, cdc-48 and/or ufd-1, npl-4, div-1, or co-depleted for ufd-1/atl-
1 by RNAI. Each image series represents cell cycle phases (Mitosis or S phase) at distinct time points of
embryonic development (2 to 4 cell stage) of one single C. elegans embryo. Empty arrows indicate wild-type
like mitotic localization, filled arrows indicate persistent association of the respective proteins with mitotic
chromatin. Anterior is to the left. Scale bars represent 5 um.
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Figure 2.3. ORC-2, CDC-6, or MCM-2 localization is not affected in embryos depleted for the CDC-48" /NP4

complex.

Selected pictures of time-lapse recordings of embryos expressing GFP::ORC-2, GFP::CDC-6, or GFP::MCM-2
(green) and mCherry::H2B (red) that are depleted for empty control or ufd-1. Representative pictures of
indicated cell cycle phases (Mitosis or S phase) at distinct time points of embryonic development (1 to 4 cell
stage) of one single embryo are shown. Empty arrows indicate wild-type localization. Anterior is to the left.
The scale bar represents 5 pm.
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2.3. Cell cycle progression defects of embryos lacking UFD-1 or NPL-4
depend on CDC-45/GINS.

Embryonic divisions in C. elegans occur in a remarkably stereotypic manner which led to
the identification of invariant cell lineages arising from the one cell zygote [186]. The defined
division pattern and timing has established embryonic development in C. elegans as an
excellent model to study cell cycle regulation [3, 187]. Perturbance of the scheduled division
pattern usually leads to embryonic lethality [3].

After fertilization the first division of the Po zygote is carried out asymmetrically,
generating an anterior AB cell, and a smaller posterior P1 cell (Figure 2.4.). These cells have
different developmental fates and division timing [188]. In the subsequent division cycle the
AB cell divides approximately 2 min before P1, resulting in a four cell embryo [179]. Activation
of the replication checkpoint by down-regulation of cdc-48, ufd-1, and npl-4 further increases
the cell division delay of P1 in comparison to AB, leading to a prolonged three-cell stage
(Figure 2.4.) [176]. Considering the persistent chromatin association of CDC-45 and SLD-5 in
embryos lacking CDC-48""P"N"4 this raised the question whether CDC-45 and GINS have a

direct impact on checkpoint activation.

empty ufd-1/npl-4
(RNAI) (RNAI)

/ ! @ @
ufd-1 or npl-4  ufd-1 or npl-4 time lapse
(RNAI) (RNAI) 2nd (RNAI)  analysis

4 cell prolonged
3 cell

Figure 2.4. RNAI feeding procedure for sequential RNAi-mediated gene depletion.

Schematic illustration of the RNAi feeding procedure to achieve a sequential depletion of empty (light grey),
ufd-1 or npl-4 (dark grey) for the first 48 h and cdc-45, sld-5, psf-3 or cdc-45+sld-5 (2nd (RNAI)) for the last 24 h.
Subsequent time-lapse analysis was performed to visualize the previously described delay of ufd-1 and npl-4
RNAi embryos in cell cycle progression of the P1 cell [176].

To test this hypothesis, a RNAi protocol has been established to deplete UFD-1 or NPL-4 in
the first place, followed by the depletion of CDC-45 or different GINS subunits in a second

step (Figure 2.4.). Subsequent measurement of the cell cycle delay of the P1 cell (P1 delay)
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allowed drawing conclusions about the importance of CDC-45 or GINS components for

checkpoint activation.
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Figure 2.5. Suppression of the cell cycle progression delay of embryos lacking UFD-1 or NPL-4 by cdc-45, sld-5

or psf-3 (RNAi).

(A, C) Quantification of the time between division of AB and P1 cell (P1 division delay) of embryos depleted
first for empty (light grey) and ufd-1 or npi-4 (dark grey) and sequentially for empty, cdc-45, sld-5, psf-3 or co-

depleted for cdc-45+sld-5 (2nd (RNAI)).

(B) Quantification of P1 division delay of embryos depleted first for empty (light grey) and ufd-1 (dark grey) and
sequentially for empty, div-1, pri-1, or rad-51 (Z"d (RNAI)).

Data are mean values. Error bars show standard error of the mean (s.e.m.). Statistical significance between cell
division timings are indicated by asterisks in A and C. The single asterisk indicates P < 0.05 and the double

asterisk indicates P < 0.001.
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Indeed, depletion of the GINS component psf-3 or co-depletion of both cdc-45 and sld-5
together significantly suppressed the P1 cell division delay of ufd-1 and npl-4 (RNAi) embryos
(Figure 2.5.A, 2.5.C). Given that single RNAi depletion of CDC-45/GINS obviously affects DNA
replication and delays S phase, it is reasonable that the suppression does not restore the delay
in cell division and embryonic development completely to the wild-type level. At the same
time, RNAi-mediated down-regulation of the DNA polymerase subunits DIV-1 and PRI-1, or
the DNA repair protein RAD-51 [189] had no effect or even increased the defect in cell cycle

progression of embryos lacking UFD-1 (Figure 2.5.B) [178].

2.4. Depletion of CDC-45 and SLD-5 does not suppress defects in cell

cycle progression in general.

CDC-45 and the GINS complex are essential for the activation of the MCM helicase [8-10].
This raises the possibility that suppression of checkpoint activation by depletion of CDC-45
and GINS components in ufd-1 and npl-4 (RNAi) embryos could be due to reduced generation
of ssDNA. In turn, reduced amounts of ssDNA might cause a milder activation of the
replication checkpoint. A temperature sensitive mutant of div-1 was used to test whether
depletion of CDC-45/SLD-5 is able to generally reduce S phase progression defects that are not
linked to CDC-48. The div-1(or148) allele shows activation of the replication checkpoint when
cultivated at the restrictive temperature due to a mutation in the DNA polymerase a-primase
subunit [179]. Strikingly, cdc-45/sld-5 co-depletion significantly enhanced rather than reduced
the P1 delay phenotype of div-1(ori48) (Figure 2.6.). In conclusion, persistent chromatin
association of CDC-45/GINS in embryos lacking a functional CDC-48""?"/N?"4 complex seems

to contribute directly to the activation of the DNA replication checkpoint.
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Figure 2.6. cdc-45 and sld-5 (RNAi) do not suppress cell division delay in div-1(or148) temperature-sensitive
mutants.

Quantification of the cell division delay between AB and P1 cell of wild-type or the temperature sensitive div-1
allele or148 depleted for cdc-45+sld-5. WT and div-1(or148) were shifted from 15°C to the restrictive
temperature 25°C over night (0. n.) before time-lapse analysis was performed. Values are shown in hours for
schematic illustration of the experiment or in minutes for quantification of cell division timing. Data are mean
values. Error bars show standard error of the mean (s.e.m.). Statistical significance between cell-division
timings are indicated by asterisks. The double asterisk indicates P < 0.001.

2.5. Depletion of a functional CDC-48YFP-Y/NPLl4 complex does not alter
CDC-45 or GINS protein levels.

Recent data on the regulation of the RNA polymerase II subunit Rpb1 as well as protein
turnover in response to DNA damage indicate a general function of CDC-48 in the
degradation of chromatin bound proteins [190-192]. Because CDC-48 has also been linked to
non-proteolytic removal of chromatin associated proteins [172, 193], a CDC-48""P/NFl-4
dependent regulation of the stability of CDC-45 and GINS subunits was analyzed. The protein
levels of CDC-45, SLD-5, and PSF-3 were detected by western blotting of embryonic lysates
after removal of somatic tissues. Notably, the protein levels of CDC-45, SLD-5, and PSF-3 were

not significantly changed in ufd-1, or npl-4 (RNAi) embryos (Figure 2.7.).

GFP::CDC-45 GFP::SLD-5 GFP::PSF-3
= P D A D
& &
& @
PSF-3 |m w ws
UFD-1 | wma|  UFD-1|mes = o wml  UFD-1 | o

TUDUIIN [ s —— Tubulin e —— —— Tubulin

Figure 2.7. CDC-45, SLD-5, and PSF-3 protein levels are unaffected by depletion of ufd-1 or npl-4.

Western blot analysis of GFP fusions of CDC-45 or SLD-5, and PSF-3 protein in C. elegans embryonic extracts
depleted for empty, ufd-1, npl-4 and cdc-45, sld-5, psf-3 respectively. Detection of UFD-1, GFP, and PSF-3
proteins validates effective RNAi-mediated depletion and specificity of respective protein bands. Tubulin was
used as loading control.
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2.6. Depletion of cdt-1 suppresses cell cycle delay of ufd-1 (RNAI)
embryos.

Once per cell cycle CDT-1 participates in the formation of the pre-RC at origins of
replication. To avoid re-initiation of replication origins, CDT-1 is targeted for degradation
during the elongation phase of replication [56, 66]. As CDT-1 turnover is regulated via
ubiquitylation, the CDC-48"">*/NPl4 complex might be involved. Interestingly, similar to cdc-
45, sld-5, and psf-3 depletion, down-regulation of the licensing factor CDT-1 partially reduced
the P1 cell division delay of ufd-1 (RNAi) embryos (Figure 2.8.). This genetic interaction raised
QUFD-1/NPL-4

the possibility, that the regulation of CDT-1 might involve the function of the CDC-4

complex.

(RNAI) P1 cell division delay

ufd-1 (RNAI)

0 5 10 15 20 25 30
time in min

Figure 2.8. cdt-1 (RNAI) suppresses the cell division delay of ufd-1 depleted embryos.

Quantification of the time between division of AB and P1 cell (P1 division delay) of embryos depleted first for
empty (light grey) and ufd-1 (dark grey) and sequentially for empty or cdt-1 (2nd (RNAi)). Data are mean
values. Error bars show standard error of the mean (s.e.m.).

2.7. CDC-48YFP-Y/NPL4 i raquired for CDT-1 turnover.

Whether the CDC-48""""N"'4 complex might regulate CDT-1 degradation was tested by
western blotting of embryonic extracts depleted for cdc-48, ufd-1, npl-4, or cdt-1 as control.
Strikingly, quantification of the immunoblot relative to tubulin levels identified stabilization
of CDT-1 upon down-regulation of CDC-48, UFD-1, and NPL-4 (Figure 2.9.A, 2.9.B).

Given the high abundance of CDC-48 protein in eukaryotic cells (up to 1% of all cellular
proteins [194]), RNAI treatment is not sufficient to completely down-regulate CDC-48 in wild-
type. Hence, the cdc-48.1(tms544) deletion mutant lacking one of two genes encoding CDC-48
was used to achieve complete down-regulation by RNAi treatment. Efficient depletion of CDC-
48 also results in the stabilization of CDT-1 protein levels (Figure 2.9.B).

Contrary to stabilization in embryos, CDT-1 did not accumulate significantly in whole
worm lysates of a similar experiment, suggesting that CDT-1 degradation by the CDC-48""""

NP4 complex is especially important in actively dividing tissues [176].
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Figure 2.9. CDC-48"F>-Y/NPL4 depleted embryos show elevated levels of CDT-1 protein.

(A, B) Western blot analysis of CDT-1 protein levels in embryonic extracts that were depleted for the indicated
gene products by RNAi. In (B) embryos were depleted for empty or cdc-48 (RNAI) in wild-type or cdc-
48.1(tm544) mutant background. Quantification of the signal intensity was calculated relative to the tubulin
levels and normalized to the protein levels of the empty (RNAI) control.

2.8. CDT-1 protein levels are additively stabilized by ufd-1 and rbx-1
(RNAI).

In C. elegans, the targeted degradation of CDT-1 is achieved by its ubiquitylation through
the CUL-4"" cullin based RING finger ligase [66, 195]. RBX-1 is an essential component of
cullin based RING finger ligases and has thus been identified to be required for CDT-1
degradation in somatic and germline cells in C. elegans [196, 197]. As the data presented above

implicate a role for the CDC-48"P/NFL-4

chaperone complex in CDT-1 turnover, this raises the
question whether CDT-1 degradation involving CDC-48 is initiated by ubiquitylation through

the CUL-4""*/"¥¥Jigage.
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To answer this question CDT-1 levels were monitored in embryonic lysates treated with
ufd-1 and rbx-1 (RNAIi) separately and in combination. Surprisingly, a combination of ufd-1
(RNAI) together with rbx-1 (RNAi) enhanced the stabilization of CDT-1 compared to separated
RNAI treatment (50% (RNAI)), indicating that they might affect parallel degradation pathways

(Figure 2.10.).
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Figure 2.10. ufd-1 and rbx-1 (RNAI) additively stabilize CDT-1 protein levels.

Western blot analysis of CDT-1 protein levels in embryonic extracts that are depleted for empty, ufd-1, rbx-1,
or ufd-1 and rbx-1 simultaneously by RNAI. ufd-1 and rbx-1 (RNAIi) bacteria were equally mixed either with
empty control (50% (RNAI)) bacteria or together.

2.9. CDC-48UFP-U/NPL4 ghacifically restricts CDT-1 level on mitotic

chromatin.

CDT-1 degradation during S phase involves the CUL-4"T*"¥*" Jigase as well as the PCN-1
sliding clamp in C. elegans (Figure 1.3.C) [68, 195, 196]. To test, whether CDC-48">/NFl-4
mediated CDT-1 turnover represents a so far undefined pathway, CDT-1 protein was analyzed
by immunostainings of embryos depleted for cdc-48, ufd-1, npl-4, rbx-1, or pcn-1, respectively.
Consistent with the reported function of RBX-1 and PCN-1 in CDT-1 degradation during S
phase, CDT-1 staining was observed in S phase nuclei when embryos were treated with rbx-1 or
pen-1 (RNAi), while CDT-1 staining was absent in control embryos (Figure 2.11.A) [68, 196].
This is in contrast to cdc-48, ufd-1, and npl-4 RNAi embryos which do not accumulate CDT-1
protein in S phase nuclei. Surprisingly, depletion of the CDC-48""""/"""4 complex specifically
resulted in a distinct time-pattern of CDT-1 stabilization (Figure 2.11.A, 2.11.B). Here, a strong

accumulation of CDT-1 became obvious on mitotic chromatin, after cdc-48, ufd-1, and npl-4

depletion, which was not observed for rbx-1 or pcn-1 (RNAi).
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Figure 2.11. CDT-1 accumulates on mitotic chromatin in cdc-48, ufd-1 and npl-4 (RNAi) embryos.

(A, B) Immunostainings of early C. elegans embryos treated with empty, cdc-48, ufd-1, npl-4, rbx-1, or pcn-1
(RNAi). CDT-1 (green), tubulin (red) and DAPI (blue) staining is shown as merge images and in separate
channels. Distinct cell cycle phases are indicated as mitosis or S phase. Empty arrowheads indicate wild-type
CDT-1 levels, whereas filled arrowheads indicate enhanced signal intensity on mitotic chromatin. The region
marked by squares was magnified twice for better visualization of the CDT-1 staining in A (CDT-1 2x). In B cdc-
48 (RNAi) was performed on cdc-48.1(tm544) mutant background. Scale bar represents 5 um.

(C) Quantification of one cell stage embryos. Embryos were classified as one cell or beyond one cell stage
judged by CDT-1, tubulin, or DAPI staining. Respective genotypes and RNAi conditions as well as the number of
quantified embryos (n) are indicated.

As cell division during C. elegans embryonic development occurs unsynchronized,
embryonic lysates represent cells engaged in both S phase and mitosis. However, S phase
constitutes the mayor part of early embryonic cell cycles compared to mitosis (S phase
approximately 12 min, mitosis 2 min) [178]. Considering that CDT-1 accumulates exclusively on
mitotic chromatin after depletion of CDC-48"P*N*'*  the stabilization of CDT-1 in
asynchronous embryonic lysates appears weak but obvious, given the low proportion of
embryos undergoing mitosis, particularly when the progression through S phase is delayed
due to activation of the replication checkpoint. Moreover, quantification of one-celled

embryos after complete down-regulation of CDC-48 revealed that embryos appear to arrest at
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early stages of development, providing an explanation for the rather weak stabilization of

CDT-1 protein due to limitation in cellular material (Figure 2.11.C).

2.10. CDT-1 degradation by the CUL-1°*"""! E3 ligase is not crucial in C.
elegans.

The cullin E3 ligase SCF*** has been identified to contribute in CDT-1 turnover during the
S and G, phases of the cell cycle in mammalian cell culture (Figure 1.3.B) [33, 56, 63]. The
closest C. elegans ortholog of human SCF**** is the CUL-1*""" ligase. To reveal a putative
function of CUL-1***™" in CDC-48 mediated CDT-1 degradation, cul-1 and skpt-1 depleted
embryos were analysed by immunostainings and time-lapse microscopy. Neither CDT-1
immunostainings nor GFP::SLD-5 localization were found to be affected by cul-1 or skpt-1
(RNAI), indicating that the CUL-1*""" ligase is not crucial for CDT-1 regulation in C. elegans
(Figure 2.12.A, 2.12.B).

Indeed, skpt-1 deletion mutants have been shown to be viable without any obvious defects
in cell cycle regulation [195]. In line with this, the phosphorylation recognition sequences
required for SCF*™ targeted degradation of CDT-1 in human cell culture appear not to be

SKPT-1

conserved in the C. elegans CDT-1 protein, underscoring that CUL-1 is not essential for

CDT-1 degradation in the worm. [62, 63, 198-200]

The activity of cullin ligases is regulated by conjugation and de-conjugation of the
ubiquitin-like molecule NEDD8 (NED-8 in C. elegans) [201, 202]. However, down-regulation of
DCN-1 which is required for cullin neddylation [203] does not result in persistent chromatin
association of SLD-s5, further supporting the observation that CDC-48"">*/NP\4 mediated CDT-
1 degradation is different from the described turnover involving the cullin based ligases CUL-

4" or CUL-*"™" (Figure 2.12.B).

Figure 2.12. Depletion of skpt-1 or cul-1 does not alter CDT-1 and SLD-5 localization.

(A) Immunostainings of early C. elegans embryos treated with empty, skpt-1, cul-1, and npl-4 (RNAi). CDT-1
(green), tubulin (red) and DAPI (blue) staining is shown as merge images and in separate channels. Empty
arrowheads indicate wild-type CDT-1 levels, whereas filled arrowheads indicate enhanced signal intensity.

(B) Selected pictures of time-lapse recordings of C. elegans embryos expressing GFP::SLD-5 (green) and
mCherry::H2B (red) that are depleted for empty control, skpt-1, cul-1, npl-4, and dcn-1. Each image series
shows representative cell-cycle phases (Mitosis or S phase) at distinct times of embryonic development (1 to 4
cell stage) of one single C. elegans embryo. Empty arrowheads point to wild-type like SLD-5 localization, filled
arrowheads indicate persistent chromatin association in mitosis. Scale bars represent 5 um.
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2.11. Impaired CDT-1 turnover in S phase does not result in persistent
chromatin association of SLD-5.
Whereas down-regulation of pcn-1 or rbx-1 by RNAI stabilized CDT-1 protein in S phase

QUFD-1/NPL-4

nuclei as expected (Figure 2.10., 2.11.), the observation that CDC-4 restricts the

amount of CDT-1 on mitotic chromatin was surprising (Figure 2.9., 2.10., 2.11.). Considering
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that depletion of CDC-48"""*N"4 not only results in CDT-1 degradation defects but in
addition shows failure in chromatin dissociation of CDC-45 and the GINS complex, raises the
question, whether general impairment of CDT-1 turnover results in persisting chromatin
association of CDC-45/GINS. In contrast to CDC-48""""NPl"4 depletion, however, S phase
stabilization of CDT-1 by pcn-1 or rbx-1 (RNAi) leaves chromatin association of SLD-5
unaffected (Figure 2.13., 2.10., 2.11.). This observation suggests that stabilization of CDT-1 does
not alter CDC-45/GINS regulation in general. Consequently, CDC-48"">"/N"'4 defines CDT-1

degradation in mitosis, which correlates with chromatin dissociation of the CDC-45/GINS

complex.
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Figure 2.13. S phase stabilization of CDT-1 by pcn-1 or rbx-
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2.12. Persistent chromatin binding of SLD-5 in ufd-1 (RNAi) embryos
depends on CDT-1.

Binding of the CDT-1 licensing factor to origins of replication precedes the recruitment of
CDC-45 and the GINS complex to chromatin. In fact, CDT-1 has been shown to promote the
chromatin recruitment of CDC-45 [204]. This raises the hypothesis that CDT-1 stabilization by
CDC-48""PNPl4 depletion might directly affect the chromatin association of CDC-45/GINS.
To address this assumption, the sequential RNAi feeding protocol introduced in Figure 2.4.
was used. First ufd-1 was depleted to induce the stabilization of CDT-1 and the persistent
chromatin association of CDC-45 and the GINS complex. Subsequently cdt-1 (RNAi) was
applied to artificially reduce CDT-1 protein in the embryos. The impact of cdt-1 (RNAi) on ufd-1

depleted embryos was tested by following the chromatin association of GFP::SLD-5 in dividing
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embryos. Then, the fluorescence intensity of chromatin associated SLD-5 was quantified

relative to the mCherry::H2B signal in the area of interest.
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Figure 2.14. Depletion of CDT-1 suppresses persistent SLD-5 chromatin association in ufd-1 (RNAi) embryos.

(A) Selected pictures of time-lapse recordings of embryos expressing GFP::SLD-5 (green) and mCherry::H2B
(red) that are depleted first for empty or ufd-1 followed by empty or cdt-1 (seq(RNAI)). Representative pictures
of indicated cell cycle phases (Mitosis or S phase) at distinct time points of embryonic development (1 to 4 cell
stage) of one single C. elegans embryo are shown. Empty arrows indicate wild-type like mitotic localization,
filled arrows indicate persistent association with mitotic chromatin, shaded arrowheads indicate partial
mislocalization. Percentage values represent the number of mitotic divisions where SLD-5 chromatin

association was monitored under indicated experimental conditions.

(B) Quantification of the GFP signal intensity on mitotic chromatin in embryos treated with empty, cdt-1, ufd-1
or ufd-1/cdt-1 seq(RNAi) shown in (A). GFP::SLD-5 signal intensity is shown relative to the intensity for

mCherry::H2B in the same area.
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(C) Quantification of the GFP signal intensity on mitotic chromatin in embryos simultaneously depleted for ufd-
1/cdt-1. GFP::SLD-5 signal intensity is shown relative to the intensity for mCherry::H2B in the same area.
Percentage values represent the number of mitotic divisions where SLD-5 chromatin association was
monitored under indicated experimental conditions. Anterior is to the left. Data are mean values. Error bars
show standard error of the mean (s.e.m.). Statistical significance relative signal intensities are indicated by
asterisks. The single asterisk indicates P < 0.05. Scale bar represents 5 um.

Depletion of cdt-1 alone did not affect the localization of SLD-5, whereas depletion of ufd-1
resulted in persistent chromatin association (Figure 2.14.A, 2.14.B). In contrast, sequential co-
depletion of ufd-1 and cdt-1 significantly reduced the amount of SLD-5::GFP that remained
bound to chromatin after S phase (Figure 2.14.A, 2.14.B), indicating that CDT-1 is necessary for
the persistent chromatin association of SLD-5. In conclusion, the degradation of CDT-1 and
the chromatin release of SLD-5 are coordinated via CDC-48"FP*/NPL-4,

Noteworthy, an analogues observation was made using a RNAIi protocol that facilitates the
simultaneous depletion of ufd-1 and cdt-1 by a mixture of respective RNAi constructs. In this
experimental setup co-depletion of ufd-1 und cdt-1 again reduced the amount of GFP::SLD-5
that was associated with mitotic chromatin after ufd-1 (RNAi) (Figure 2.14.C). In conclusion,

CDT-1 turnover by the CDC-48""""N"'"4 complex is directly linked to chromatin dissociation of

CDC-45 and the GINS complex.

2.13. Down-regulation of ORC-2 and CDC-6 does not reduce the

accumulation of SLD-5 on mitotic chromatin.

Functional pre-RCs consists of ORC, CDC-6, and CDT-1 that together load the MCM
helicase onto chromatin [205]. ORC-2, a subunit of ORC, and CDC-6 are essential for the
licensing process. In order to reveal, whether depletion of licensing factors apart from CDT-1
can also reduce the chromatin association of SLD-5, sequential RNAi was performed for ufd-1
and orc-2 or cdc-6 respectively. Down-regulation of the licensing factors ORC-2 and CDC-6
did not result in reduced amounts of GFP::SLD-5 on mitotic chromatin (Figure 2.14., 2.15.B).
Moreover, neither orc-2 nor cdc-6 (RNAi) suppressed the P1 division delay of ufd-1 depleted
embryos as it is seen for cdt-1 (RNAI) (Figure 2.8., 2.15.A). This underlines the conclusion that
persisting chromatin association of CDC-45/GINS is directly linked to CDT-1 degradation

mediated by the CDC-48""""N"'"4 complex during mitosis.
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Figure 2.15. Neither orc-2 nor cdc-6 (RNAI) suppresses the cell division delay or SLD-5 chromatin association

of ufd-1 depleted embryos.
(A) Quantification of the time between division of AB and P1 cell (P1 division delay) of embryos depleted first
for empty (light grey) or ufd-1 (dark grey) and sequentially for empty, orc-2, or cdc-6. Data are mean values.

Error bars show standard error of the mean (s.e.m.).
(B) Quantification of the GFP signal intensity on mitotic chromatin in embryos first treated with empty or ufd-1

(RNAI) and sequentially for empty, orc-2, or cdc-6 (RNAIi). GFP::SLD-5 signal intensity is shown relative to the
intensity for mCherry::H2B in the same area.
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Reliable propagation of the genomic information depends on tight regulation of protein
function throughout the DNA duplication process [206]. Posttranslational modification of
target proteins is a powerful mechanism triggering rapid and effective control of protein
activity [207]. For instance, attachment of the signalling peptide ubiquitin to substrate
proteins is inevitably linked to the maintenance of cellular physiology [116, 117]. An essential
factor mediating protein degradation of ubiquitylated substrates is the CDC-48 chaperone
[182]. Remarkably, CDC-48 activity is required in a variety of cellular processes governed by
ubiquitin [145, 146]. Initially identified as a crucial factor for cell cycle progression in yeast, the
precise role of CDC-48 during the cell cycle remained unclear [169]. Temperature sensitive
cdc48 mutants in budding yeast arrest at the transition from G, to M phase, which is indicative
of failures occurring during the S phase of the cell cycle [169, 208]. Interaction with several
proteins involved in DNA metabolism has been reported in diverse organisms, supporting the
recently described requirement of CDC-48 for effective DNA replication [162, 176]. In order to
unravel the mechanistic details of CDC-48 activity, the key substrates playing a crucial role
during DNA duplication need to be identified.

This work discovered a regulatory function of CDC-48 in the coordination of licensing and
elongation events during eukaryotic DNA replication in C. elegans (Figure 3..). CDC-48
together with the cofactors UFD-1 and NPL-4 promotes the degradation of the licensing factor
CDT-1 during mitosis. Moreover, the CDC-48"""/NPl4  chaperone is required for the
dissociation of CDC-45 and the GINS complex, which appears to be connected to mitotic
CDT-1 turnover. In conclusion this work reveals a regulatory mechanism of the ubiquitin-
selective CDC-48""""NPl"4 chaperone in dynamic chromatin association of essential DNA
replication factors, underscoring a central role in the maintenance of genomic integrity

(Figure 3.1.).

Figure 3.1. A model for the regulation of replication factor dynamics by the CDC-48"r /NP4 complex.

CDC-48/p97 together with the cofactors UFD-1/NPL-4 (U1/N4) coordinates the turnover of ubiquitylated CDT-1
during the licensing phase with chromatin dissociation of CDC-45/GINS. Failure in CDT-1 turnover keeps CDC-
45/GINS tightly associated with chromatin, becoming visible with condensing chromosomes at the end of S
phase. CDC-45/GINS malregulation may interfere with dynamic progression of the replication fork in S phase.
See text for further details. Modified from [209].
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3.1. Proteolytic regulation of the CDT-1 protein by CDC-48YFP-1/NPL-4,
3.1.1. CDC-48YP-/NPL-4 rastricts CDT-1 protein specifically on mitotic chromatin.
The licensing factor CDT-1 is required for the initial assembly of the pre-RC at origins of
replication [205, 210]. It is worth to note that CDT-1 protein activity needs to be tightly
controlled in order to ensure faithful replication and chromosomal stability [32, 33, 37]. This
study identified a role of the ubiquitin-selective chaperone CDC-48 together with its cofactors
UFD-1 and NPL-4 in the degradation of CDT-1 in C. elegans embryos (Figure 2.9., 2.10. 2.11.,
2.12.). Accordingly, disruption of the CDC-48""""N"'4 complex by RNAi results in stabilization
of CDT-1 protein levels in embryonic lysates (Figure 2.9., 2.10.). Targeted degradation of CDT-1
during S phase is important to prevent re-replication and chromosomal instability in
eukaryotic cells [60, 63, 65-71, 195, 211]. S phase degradation of CDT-1 mainly depends on two

CDT2/RBX1 1biquitin ligase, and the PCN-1 sliding clamp (Figure 1.3.).

crucial factors, the CUL-4
This study confirms that depletion of rbx-1 or pcn-1 by RNAI stabilizes CDT-1in S phase nuclei
of C. elegans embryos (Figure 2.10., 2.11.) [68, 69, 71, 196]. Strikingly, cdc-48, ufd-1, or npl-4
depletion results in a different temporal pattern of CDT-1 stabilization (Figure 2.10., 2.1, 2.12.).
In this case CDT-1 protein is specifically stabilized on mitotic chromatin (Figure 2.9., 2.1,
2.12.).

In order to verify, whether mitotic CDT-1 turnover by CDC-48"°/N

represents a
hitherto not described regulatory mechanism, a careful comparison to the known degradation
pathways during S phase was done. Coincidently, none of the factors that were analyzed
recapitulated the phenotype of CDC-48""P"/NP\4 complex disruption (Figure 2.2., 2.9., 2.10.,

2.1, 2.12., 2.13.). Depletion of rbx-1 and pcn-1 results in CDT-1 stabilization in S phase nuclei,
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instead leaving mitotic CDT-1 levels unaffected (RNAi) (Figure 2.10., 2.11.). In human cells the
SCF**"> ubiquitin ligase is involved in CDT-1 turnover during S phase [63]. However, this work
reveals that the CUL-1***"" ligase, orthologous to mammalian SCF****>, does not markedly
contribute to CDT-1 degradation in C. elegans embryos (Figure 2.12.) [56, 195]. In addition to
RBX-1, PCN-1, and, CUL-1°™", factors required for UV induced CDT-1 degradation were tested
for putative contribution to CDT-1 turnover in unperturbed cell cycles [212]. Neither cdt-2,
ddb-1, ubc-12, csn-5, nor dcn-1 (RNAi) (as an example dcn-1 (RNAI) is shown in Figure 2.12.)
reflected the phenotype of cdc-48, ufd-1, or npl-4 depletion (Figure 2.1, 2.12. 2.13.). In
conclusion, mitotic turnover via CDC-48""P"N"'* represents an unanticipated regulatory
mechanism of CDT-1 activity.

Supporting these findings, a study in human cell culture reported Cdti1 accumulation in
mitosis, when its ubiquitylation is inhibited in the presence of geminin [213]. The data of
Ballabeni and colleagues implies the existence of a CDT-1/Cdt1 degradation pathway besides
its known turnover during S phase. Nevertheless, it remains to be determined how mitotic
CDT-1 ubiquitylation is catalyzed [213] and whether subsequent degradation is also connected

to CDC-48 activity.

3.1.2. Requirement for mitotic CDT-1 regulation by CDC-48YFP-/NPL4,

CDT-1 is an essential component of the pre-RC required for loading of the MCM helicase
complex during the licensing step of DNA replication [210, 214]. In C. elegans embryonic cell
cycles the licensing of origins takes place during mitosis [66, 215]. Therefore, the observation
that CDC-48"">/NPl"4 s required to limit the amount of CDT-1 protein in mitosis (Figure 2.9.,
2.10., 2.11.) is unexpected [66, 215].

Recently, a detailed in vivo analysis of Cdt1 protein during the licensing process revealed
that association of Cdt1 with chromatin is far more dynamic than previously anticipated [216].
In this study, Cdt1 fused to GFP was followed by live-imaging techniques in mammalian tissue
cell culture. Analysis of Cdti1 during the licensing process revealed that about 30% of
chromatin associated CDT-1 protein is highly dynamic and shuttling between chromatin and
nucleoplasm. Interestingly, a likewise dynamic behavior has been observed for the ORC
during the licensing process [217]. It appears feasible that elevated CDT-1 protein levels on
mitotic chromatin upon cdc-48, ufd-1, or npl-4 (RNAi) (Figure 2.9., 2.11.) reflect defects in
dynamic chromatin association. The CDC-48"">"/N*'4 chaperone might promote rapid release
and re-binding of CDT-1 throughout the licensing process, thereby ensuring efficient origin

licensing [162, 176].
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The precise physiological function of dynamic chromatin association of the licensing
factors ORC and CDT-1 remains elusive. One possible scenario is the repetitive loading of the
MCM complex to origins of replication [218]. Worth mentioning, repeated recruitment of the
MCM helicase is strongly dependent on ORC and CDT-1 activity [219-222]. It is likely that
limited amounts of MCM complexes are not sufficient to complete DNA replication when
MCM loading is impaired [218, 219]. Consistently, efficient loading of the MCM helicase is
required to overcome situations of replication stress [222-224]. Therefore, repetitive CDT-1
binding cycles depending on CDC-48 activity might be required to promote sufficient MCM
loading to the chromatin (Figure 2.9., 2.11.). This would be in line with the initial observation
that the CDC-48"""""N""4 complex is required for efficient DNA synthesis [162, 176].

Another hypothetical situation requiring dynamic CDT-1 association with the chromatin
during the licensing process is the requirement for flexible and rapid response to internal or
external causes of replication stress, ensuring efficient initiation of replication [225]. Current
reports indeed show that an adaptable control of origin firing is detrimental for genome
stability, particularly under situations of replication stress [223, 224, 226]. This might be
especially important in early embryonic cell cycles that are supposed to rapidly synthesize

DNA and utilize a high density of replication origins [227, 228].

3.1.3. De-regulation of CDT-1: Induction of re-replication versus impairment of
faithful DNA duplication.

Tight regulation of replication licensing is critical to ensure that the duplication of DNA is
limited to occur only once per each cell cycle. Re-initiation of origin licensing can result in
over-replication of DNA segments which threatens genome integrity [37]. The depletion of
cdc-48, ufd-1, or npl-4 was shown to result in inefficient DNA synthesis, rather than increased
DNA content caused by over-replication [162, 176]. At a first glance, this appears inconsistent,
considering the elevated levels of the CDT-1 licensing factor accompanied with CDC-48""""
NP4 complex disruption, revealed by this thesis (Figure 2.9., 2.10.).

Research in the past 15 years mainly addressed the regulation of the licensing factor CDT-1
as over-expression conditions in Xenopus egg extracts and in certain mammalian cancer cell
lines are sufficient to promote re-initiation of replication in a single cell cycle [70, 211, 229-231].
However, functional licensing, and hence re-licensing, requires the availability of all three
components ORC, CDC-6, and CDT-1 in order to promote MCM helicase loading [232].
Accumulating evidence suggests that cultured mammalian cells that are not derived from

transformed cancer tissue indeed require the simultaneous de-regulation of at least two of the
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licensing factors ORC, CDC-6 or CDT-1 to induce detectable re-replication [233-235]. This also
applies for C. elegans embryonic divisions. Here, CDT-1 together with CDC-6 needs to be de-
regulated to induce re-replication [236]. The initial finding that the CUL-4 ubiquitin ligase is
critical to restrict DNA synthesis by targeting CDT-1 protein for degradation, is thus explained
by the observation that CUL-4 regulates other essential cell cycle proteins involving CDC-6
(Figures.2.) [66, 236, 237].

In spite of initiation of re-replication, a recent study emphasizes the occurrence of
chromosomal aberrations and chromosomal damage in different non cancer cell lines
exclusively stabilizing CDT-1 protein levels [33]. Strikingly, no re-replication was detectable in
these experiments when measuring the DNA contents. However, CDT-1 stabilization resulted
in the activation of the DNA replication and damage checkpoints in line with chromosomal
aberrations and segregation defects [33]. Chromosomal instability by fragmentation of DNA
resulting in the activation of the ATL-1 replication checkpoint is also observed in Xenopus [32].
However, occurrence of fragmented chromosomes likely results from re-replication events in
this system.

Detailed analysis of DNA integrity will be required to decipher, whether the specific
accumulation of CDT-1 on mitotic chromatin after cdc-48, ufd-1 and npl-4 (RNAI) (Figure 2.9,
2.10., 2.11.) leads to DNA fragmentation and loss of chromosomal integrity. C. elegans embryos
without a functional CDC-48""P*N*4 complex stabilize CDT-1 protein causing ATL-1
checkpoint activation and replication defects probably due to chromosomal alterations
(Figure 2.8., 2.14., 2.15.). Chromosomal bridges visible in the anaphase of mitosis and focal
accumulation of the DNA repair protein RAD-51 might be indicative of likewise chromosomal

aberrations in C. elegans embryos lacking CDC-48"">"/NF1"4 activity [176].

3.2. Mechanisms of CDC-45 and GINS regulation.
3.2.1. CDC-45/GINS chromatin association is regulated by CDC-48YFP-1/NPL-4,

This study reveals that CDC-48 not only restricts chromatin bound CDT-1 levels but in
addition promotes the chromatin dissociation of CDC-45 and the GINS complex (Figure 3.1.,
3.2.). Consistently, worm embryos lacking cdc-48, ufd-1, and npl-4, show persistent chromatin
association of CDC-45 and the GINS subunit SLD-5, becoming visible on condensing
chromosomes after S phase is completed (Figure 2.2., PSF-3 is not shown). Interestingly, CDC-
45, SLD-5, and PSF-3 protein levels were found to be unaffected by ufd-1 (RNAi), suggesting a
non-proteolytic regulation by CDC-48""N"4 (Figure 2.7.). It is worth to note, that the

dynamics of other essential replication factors were found to be unaffected by ufd-1 (RNAI),
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emphasizing a specific regulation of CDT-1 and CDC-45/GINS by the CDC-48VFP/NPl-4
chaperone (Figure 2.1., 2.2., 2.3.).

In contrast to the control of CDT-1, the regulation of CDC-45 and the GINS complex is
much less explored. Chromatin recruitment of CDC-45/GINS is triggered by phosphorylation
events involving CDK and DDK kinases at the transition from replication licensing to
elongation [8, 10, 238, 239]. Once recruited, both CDC-45 and the GINS complex promote the
assembly of a functional replisome and are required for replication fork progression [8, 19].

In addition to its regulation through phosphorylation in regular cell cycles, CDC-45 is also
known to be controlled upon replication stress in mammalian cell culture [240-242].
Activation of the replication checkpoint results in reduced association of CDC-45 with
chromatin. However, the soluble fraction of CDC-45 appears to remain unaffected [240].
Instead CDC-45 degradation is supposed to be induced by terminal differentiation into post-
mitotic cells [243]. Here, treatment with proteasomal inhibitors during the differentiation
process delays the degradation of CDC-45 protein. Although, this initial observation might
suggest a targeted CDC-45 degradation by the proteasome, an indirect effect of proteasomal
inhibition on CDC-45 stability, for example through transcriptional regulation [244], is also
plausible. Whether CDC-45 regulation is linked to proteasomal degradation and whether this
has an impact on cell cycle progression demands further investigation. The data presented
here suggest, that the ubiquitin-selective chaperone CDC-48 is not essential for CDC-45
protein degradation during C. elegans embryonic divisions (Figure 2.2., 2.7.).

The regulation of the GINS complex is even less investigated than it is the case for CDC-45.
So far, it has only been shown in a proteomic study that the PSF-2 subunit is phosphorylated
by the replication and damage checkpoint kinases ATL-1 and ATM-1 [102]. A recent report
proposes, that the GINS complex dissociates from the replisome at stalled replication forks in
the Xenopus egg extract system [245]. In turn reassembly of an active replisome requires the
reincorporation of the GINS complex [245]. Disruption of a functional CDC-48"FP/NPL-4
complex in C. elegans embryos results in the occurrence of replication stress and pronounced
ATL-1 checkpoint activation (Figure 2.5) [176, 179]. However, both CDC-45 and GINS remain
associated with the chromatin throughout cell cycle progression, even after ATL-1 down-
regulation (Figure 2.2.). This could suggest distinct regulatory mechanisms for CDC-45 and
GINS upon replication fork stalling in mammals, Xenopus, and C. elegans (Figure 2.2) [240,
246, 247]. Alternatively, CDC-45 and GINS removal from stalled replisomes might be actively

8UFD—1/NPL—4'

catalyzed by CDC-4
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Considering the current literature and the data presented here, the control of CDC-45 and
the GINS complex by CDC-48"P"/NP'4 Jikely does not involve targeted proteolysis of these
replication factors (Figure 2.7.). This is in agreement with a number of studies implicating a
function of CDC-48 that is triggered by ubiquitylation but does not involve subsequent
degradation of the substrate protein [172, 173, 193, 248]. This raises the possibility that CDC-45
and the GINS complex might be regulated by a non-proteolytic segregation mechanism
(Figure 1.8., 2.2., 2.7.). In the course of this work Paul Pirson could show that CDC-45 interacts
with the CDC-48 cofactor UFD-1 in a yeast-two-hybrid assay [209]. This might hint at a direct
role of CDC-48"PN"4 in dissociating CDC-45 and GINS from the chromatin in mitosis.

In order to elucidate the contribution of CDC-45 and GINS to the replication defects of
CDC-48""P/NPl4 depleted embryos in more detail, it will be of great interest to analyze the
role of reported binding partners. In this regard it appears eligible that the FACT chromatin
remodelling complex (also called DUF) has been identified as an interaction partner of both
CDC-48 and CDC-45/GINS [19, 249]. Intriguingly, ubiquitylation of FACT is important for its
involvement in DNA replication [250]. Moreover, CDC-48 was found as an interactor of the
chromatin helicases HIM-6 and WRN-1 [251, 252]. Chromatin remodelling by DNA helicases is
required to overcome physiologically or exogenously induced replication barriers [253].
Therefore, one can speculate about a function of CDC-48 in cooperation with CDC-45/GINS in

the handling of replication barriers by regulating chromatin remodelling activity.

3.2.2. Chromatin dissociation of CDC-45 and GINS is linked to mitotic CDT-1
degradation.

CDC-48 activity is required for both restriction of chromatin bound CDT-1 levels in mitosis
and chromatin dissociation of CDC-45 and the GINS complex (Figure 2.2., 2.9., 2.11.). Binding
of the CDT-1 licensing factor to origins of replication precedes the recruitment of CDC-45 and the
GINS complex to the chromatin. In fact CDT-1 has been shown to facilitate the recruitment of
CDC-45 to the chromatin [204], raising the possibility that persistent chromatin association of
CDC-45/GINS might be a consequence of mitotic CDT-1 stabilization upon cdc-48, ufd-1, or npl-4
depletion.

Down-regulation of cdt-1 suppresses the chromatin association of the GINS complex and
the cell division delay phenotype in embryos that were disrupted for a functional CDC-48""""
NP4 complex (Figure 2.8., 2.14.). Conversely, RNAi-mediated depletion of the licensing factors
ORC-2 and CDC-6 neither suppress the division delay induced by ufd-1 (RNAi), nor reduced

the amount of SLD-5:GFP on mitotic chromatin (Figure 2.15.). Reduction of chromatin

associated GINS in ufd-1 (RNAi) embryos is specific to cdt-1 depletion, implying that decreased
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GINS is not secondarily caused by impaired recruitment during the licensing process. Thus,
these findings suggest that CDC-48 orchestrates both, CDT-1 degradation and chromatin
dissociation of the CDC-45/GINS complex during eukaryotic DNA replication (Figure 2.9.,
2.11., 2.14.). Accordingly, chromatin dissociation of CDC-45 and GINS requires CDT-1
degradation during mitosis (Figure 2.14., 2.15., 3.1, 3.2.).

As a consequence of CDC-48"">/NPl4 disruption, stabilization of CDT-1 in mitosis might
result in tight CDC-45/GINS chromatin association. Stable association of CDC-45/GINS with
chromatin may sterically interfere with dynamic progression of the replication fork in S phase,
preventing efficient DNA synthesis [254]. In line with this, pre-RCs that have not been
initiated were found to cause stalling of the replication fork in budding yeast [255].
Alternatively, ectopic CDC-45/GINS on mitotic chromatin might disturb physiological
processes at the replication fork, thereby generating replication stress [19, 24]. This hypothesis
is supported by the genetic suppression of the cell cycle delay in ufd-1 or npl-4 depleted
embryos by cdc-45/sld-5 or psf-3 (RNAi), implicating a critical role of CDC-45/GINS in the
activation of the replication checkpoint (Figure 2.5.). Thus, malfunction of CDC-45 and GINS

contributes to replication defects in embryos lacking a functional CDC-48"">*/NP4 complex.

Mitosis S phase
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Figure 3.2. Distinct CDT-1 degradation pathways ensure chromosomal stability.

The licensing factor CDT-1 requires tight regulation throughout the cell cycle in order to maintain genomic
stability. During mitosis the CDC-48Ur P /NPL4 chaperone mediates CDT-1 degradation by the 26S proteasome.
Mitotic CDT-1 turnover is closely linked to chromatin dissociation of CDC-45 and the GINS complex. Conversely,
CDT-1 degradation during the S phase requires two essential components the CUL-4PT/REx ligase and the
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PCN-1 sliding clamp. The PIP-box domain in the CDT-1 protein mediates close proximity to PCN-1 and
recruitment of the CUL-4 ligase, thereby facilitating CDT-1 turnover during the S phase. The cuL-4°™ ligase
also controls p21, CDC-6, and SET-1 activities, thereby prohibiting re-replication and ensuring genome
integrity. The S phase control of CDT-1 degradation in mammalian cells by the SCF>*** ligase is not shown.
Modified from [56, 256].

The data presented in this thesis reveal a CDT-1 degradation pathway that acts specifically
during mitosis and is required for chromatin dissociation of CDC-45 and GINS (Figure 2.2.,
2.9., 211, 2.14.). Strikingly, CDT-1 regulation by CDC-48"">"/"*'"4 is different from its turnover
during S phase involving the CUL-4""*"**" ligase and PCN-1 (Figure 2.10., 2.11.). The fact that
the GINS subunit SLD-5 does not persist on chromatin in the absence of rbx-1 and pcn-1
supports the idea that stabilization of CDT-1 in S phase does not enhance CDC-45/GINS
recruitment (Figure 2.13.), emphasizing that this phenotype is specific for cdc-48, ufd-1 and
npl-4 (RNAI) (Figure 2.2., 2.13.).

These findings demonstrate that the spatial and temporal regulation between dynamic
protein complexes at the replication fork is governed by CDC-48. Elevated CDT-1 protein
levels during mitosis results in replication defects including the persistent association of CDC-
45/GINS with the chromatin, which represents a regulation of replication factor dynamics not
described so far. Future experiments will address the surveillance of CDT-1, CDC-45, and GINS

by the ubiquitin-selective chaperone CDC-48 in more detail.

3.3. Evolutionarily conserved regulation of replication factors by CDC-48.
3.3.1. p97 regulates CDT-1 and GINS chromatin association in Xenopus laevis.

Identification of a crucial function of CDC-48 in the dynamic regulation of replication
factors in C. elegans raises the question whether the underlying mechanisms are conserved in
other species. The Xenopus laevis egg extract system is a powerful tool to study cell cycle
related processes at the biochemical level [257, 258]. Therefore, collaboration with the
laboratory of Olaf Stemmann at the University of Bayreuth was initiated. The experiments
were carried out by Michael Orth.

The aim of the collaboration was to investigate whether also the CDC-48 ortholog in
vertebrates, pg7, together with its cofactors Ufd1/Nply is required to coordinate dynamics of
replication factors. Remarkably, co-immunoprecipitation (co-IP) experiments revealed that
Ufd1 interacts with Cdt1 in egg extracts [259]. Sequential pulldowns of Ufd1 and His-tagged
ubiquitin indeed suggest the interaction between Ufdi and ubiquitylated Cdt1 species,

Ufdi/Nply -

implicating the existence of a conserved regulation of Cdt1 by pg7 in vertebrates.
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Using affinity purified antibodies [171], Ufdi or Nplg proteins were specifically
immunodepleted from egg extracts and the progression of chromatin through the cell cycle
was monitored. Chromatin re-isolated during S phase or mitosis was examined for the
presence of Cdt1 and the GINS subunit Slds, both by immunofluorescence experiments and
western blot analysis. Strikingly, persistent binding of Cdt1 and Sld5 on mitotic chromatin
isolated from Ufdi/Nplg depleted extracts was observed [259]. However, in the Xenopus
system Cdt1 also accumulated on S phase chromatin upon Ufd: or Npl4 depletion.

In conclusion, these data and the data presented here suggest an evolutionarily conserved
function of CDC-48/p97 in the degradation of Cdti linked to dissociation of GINS from
chromatin, which seems to be a prerequisite for accurate eukaryotic DNA replication (2.2.,
2.9., 2.11,, 2.14.). Demonstrating the interaction between Ufd1 and ubiquitylated Cdt1 further
underscores Cdt1 as a direct target of CDC-48/p97 and provides mechanistic insight into the
process of Cdt1 regulation. Since CDC-48/p97/VCP has not been implicated in the regulation
of DNA replication in mammalian cell culture yet, it remains to be shown whether an
analogous mechanism also operates in somatic tissues. Down-regulation of mammalian CDC-
48 ortholog, VCP, by RNAI results in significant accumulation of cells in the S phase or at the
G, to M phase transition in HeLa cells [260]. Thus, a conserved and critical role of CDC-

48/p97/VCP in the regulation of S phase processes might also exist in somatic cells.

3.3.2. CDC-48 dependent turnover of CDT-1 in unperturbed cell cycles and upon
DNA damage induction.

In addition to its degradation during the S phase, CDT-1 is also rapidly degraded upon
induction of DNA damage [261]. Targeted proteolysis of CDT-1 in the presence of DNA
damage in human cells has been linked to the CUL-4""* and SCF**** ubiquitin ligases that
also operate in unperturbed cell cycles [262, 263]. Interestingly, a recent study identified the
requirement of the human CDC-48 ortholog VCP for Cdt1 degradation upon UV irradiation
[212]. A genome wide siRNA (small interfering RNA) screen was performed in order to unravel
crucial factors for damage induced CDT-1 turnover. Besides the validation of several
components around the CUL-4“""*ligase and the neddylation pathway, a so far not described
function of VCP and Ufd1 could be shown. From a series of in vitro experiments using the
Xenopus egg extract system, the authors conclude that the ATPase activity of pg7/VCP"™" is
required to mobilize ubiquitylated Cdt1 from the chromatin facilitating its subsequent

degradation by the proteasome after UV treatment.
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The basic observation of CDC-48""""N'"* mediated CDT-1 regulation being also conserved
in human cell culture support the data presented in this work (Figure 2.8, 2.9., 2.10.). However,
apparent differences emerge concerning CDC-48/p97/VCP mediated CDT-1 turnover in
unperturbed cell cycles in comparison to the DNA damage response. Noteworthy, UV induced

DT recruitment to DNA

Cdt1 degradation inevitably requires PCN-1 and subsequent CUL-4
damage sites [212, 264], whereas the experiments in C. elegans embryos strongly suggest that
the CDC-48 dependent CDT-1 turnover is different from the PCN-1 and CUL-4“P">/R¥%2
pathway in unperturbed cell cycles (Figure 2.10., 2.11., 2.13.). This discrepancy becomes even
more evident by the fact that the PCN-1 sliding clamp is loaded onto chromatin after mitosis
at the beginning of the DNA synthesis phase (Figure 2.1.) [265]. This clearly distinguishes UV-
induced Cdt1 degradation from CDT-1 turnover in regular cell cycles in C. elegans embryos, as
PCN-1is supposed not be present on the chromatin in mitosis when CDT-1 stabilization occurs
upon CDC-48""NP"4 disruption (Figure 3.2.).

Intimate interdependencies exist between the DNA replication machinery and the DNA
repair pathways [206, 266]. This might account for the differences observed by Raman and
colleagues and this work. Malfunction of DNA replication result in the formation of DNA
damage and subsequent initiation of repair pathways. In turn the repair of damaged DNA
involves the DNA replication machinery [267]. In line with this, the replication checkpoint
controls origin firing and the velocity of replication forks also in regular cell cycles [9o, 268-
270]. It seems possible that the regulatory mechanisms operating in unperturbed cell cycles
become more accentuated upon treatment with DNA damaging agents, thus enforcing
phenotypic outcomes. Elucidation of the precise CDT-1 degradation pathways in unperturbed

versus damage induced cells requires future research.

3.3.3. Implication of CDC-48 as a ubiquitin-selective chaperone at the
chromatin.

Based on its function as a ubiquitin-selective chaperone, CDC-48 is thought to provide
segregase activity that separates ubiquitylated proteins from tightly bound partners (Figure
1.7.) [163]. The best studied segregase-like function is described for the ERAD pathway, where
CDC-48""P/NPl4 mediates the re-translocation of damaged proteins from the ER lumen to the
cytosol for subsequent proteasomal degradation [271, 272]. Considering recent findings, it is
intriguing to speculate that CDC-48 activity is generally required to extracts client proteins

from chromatin associated complexes [172, 174, 190, 191, 193, 212, 273, 274].
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The first study implicating a crucial function of CDC-48/p97 at the chromatin, was the
requirement for the dissociation of the Aurora-B (AIR-2 in C. elegans) kinase after mitosis in
Xenopus egg extracts [172]. The removal of Aurora-B from the chromatin allows subsequent
chromatin de-condensation and was shown to occur without its protein degradation. In line
with this, Cdc48 regulates the mating type identity of budding yeast cells by removal of the
transcriptional repressor Mataz from the chromatin [193]. Thereby, expression of mating type
specific genes is initiated in a non-proteolytic manner. One example for a chromatin
associated process of CDC-48 involving protein degradation was recently discovered in yeast.
Here, CDC-48 is required for the turnover of the RNA Polymerase II subunit Rpb1 upon UV
irradiation [191]. Interestingly, CDC-48 appears to play a general role in the response to DNA
damage [275]. In human cell culture, for example, CDC-48 together with its cofactors UFD-1
and NPL-4 is recruited to DNA damage sites and facilitates the chromatin assembly of DNA
repair factors, by promoting the degradation of ubiquitylated L3MBTL1 [190, 273]. Moreover,
CDC-48 was identified as a binding partner of BRC-1, HIM-6, and WRN-1 (C. elegans orthologs
of human BRCA1, BLM, and WRN), three proteins important for the repair of damaged DNA
[251, 252, 276].

These studies support an essential role of CDC-48, either by extracting substrates from
protein/DNA complexes or by promoting the degradation of chromatin associated proteins
that are otherwise not directly accessible for the proteasome. This is in line with the data
presented in this work. CDC-48 probably facilitates the extraction of ubiquitylated CDT-1 from
mitotic chromatin, resulting in degradation of CDT-1 and subsequent dissociation of CDC-
45/GINS (Figure 3.1, 3.2.). Chromatin segregation of CDC-45/GINS likely is connected to CDT-

QUFD-1/NPL-4

1 degradation by CDC-4 , nevertheless, a CDT-1 independent mechanism seems also

feasible.

3.3.4. Putative involvement of CDC-48 accessory factors in the regulation of
DNA replication.

CDC-48 and its orthologs in diverse species partake in a variety of cellular processes [146].
Alternative cofactors have been identified to bind to distinct domains of CDC-48, thereby
providing specificity for particular processes to occur [164, 165, 277]. Depending on their
activities, CDC-48 cofactors have been subdivided into substrate recognition and substrate
processing factors (Figure 3.3.) [143].

The substrate recruiting factors p47 and UFD-1/NPL-4 are believed to represent distinct

core complexes of CDC-48 that determine its involvement in certain cellular pathways [153,
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166]. UBX domain proteins appear to further elevate the level of substrate specificity, either by
promoting binding of the substrate, determination of CDC-48 localization, or by recruitment
of specific ubiquitin ligases [164, 278, 279]. Ubxs in yeast (or UBXN7 in humans) has been
shown to provide substrate specificity by bringing together CDC-48 and substrate specific
ubiquitin ligases [191, 278, 279]. UBXD1 (UBXN-6 in C. elegans), in turn, determines the role of
CDC-48 in the endosomal pathway [280]. In C. elegans the three UBX domain proteins UBXN-
1, UBXN-2, and UBXN-3 have been shown to direct CDC-48s involvement in sex
determination of germline cells, together with the CUL-2 ligase, by promoting the degradation
of the transcription factor TRA-1 [281, 282].

Substrate processing factors actively influence the fate of target proteins. UFD-2 is a
cofactor of CDC-48 possessing ubiquitin-chain elongation (E4) activity, thus facilitating
substrate degradation [142]. Worth to mention, Ufd2 was found among the factors involved in
UV-induced Cdt1 degradation in human cell culture [212]. Different de-ubiquitylating enzymes
(DUB’s) associate with CDC-48 that can alter the fate of a substrate by editing the length or
linkage type of the ubiquitin chain [167, 168]. Thus, DUB’s may also be involved in the
regulation of DNA replication by CDC-48.

© Recognition

Substrate
O Ubiquitylation .

O Degradation /
Segregation

*
El

© Processing

Figure 3.3. Four steps in CDC-48-mediated protein degradation: Ubiquitylation, recognition, processing, and
degradation.

CDC-48-mediated protein degradation involves four steps. First, proteins are ubiquitylated by substrate
specific E3 ligases. Subsequently ubiquitylated substrates are recognized by CDC-48 with the help of dedicated
cofactors. Cofactors can also harbour substrate processing activity, for instance elongation or shortening of the
ubiquitin-chain on the substrate. Moreover, substrate processing cofactors can promote contact to the 26S
proteasome. Proteasomal proteolysis of the substrate presents the final step in protein destruction. Strikingly,
substrates may also be segregated from binding partners without their final destruction by the proteasome.
Information taken from [182].

Thus far, the known cofactors of CDC-48 have not been linked to the regulation of DNA
replication. Having identified crucial substrates of CDC-48 in DNA replication will allow the

identification of accessory factors that determine the substrate specificity and substrate
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processivity in cell cycle control (Figure 2.2., 2.9., 2.11.). This will provide understanding of the
molecular mechanism and the selectivity of the ubiquitin-selective chaperone CDC-48 in more
detail. In addition, further biochemical analysis of replication intermediates and chromatin
structure will elucidate the precise requirement of CDC-48""""N"'4 dependent regulation of

CDT-1 and CDC-45/GINS and thereby highlight its role in ensuring faithful duplication of

genomic information.
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4.1. Resources and software.
4.1.1. Reagents and instruments.

The microbiological, molecular, and biochemical experiments of this study were based on
routine techniques [283] or on the manuals provided by the manufacturer’s.

Consumable plasticware, reagents, chemicals and instruments were purchased from the
following suppliers, unless otherwise indicated: Amersham Biosciences, Applied Biosystems,
Biomol, Bio-Rad, Carl Roth, Clontech, Eppendorf, Fermentas, GE Healthcare, Greiner Bio-
One, Invitrogen, Metabion, Millipore, New England Biolabs, Peqlab, Qiagen, Roche, Sarstedt,
Serva, Sigma Aldrich, VWR.

De-ionized sterile water, sterile solutions, and sterile flasks were used whenever applicable.

4.1.2. Software, databases, and resources.

This work was prepared using the Microsoft XP operating system installed on a DELL
Latitude E6400 notebook. Standard software was used for data analysis or visualization, and
text preparation: Microsoft Office (Microsoft Corp.), EndNote X2 (Thomson Reuters), Adobe
Creative Suite CS4 (Adobe Systems Inc), Image] (National Institutes of Health), AxioVision
(Carl Zeiss), Odyssey Application Software (Free Software Foundation, Inc), VectorNTI
(Invitrogen), GENtle (Free Software Foundation, Inc), PerlPrimer (Owen Marshall).

The homepage of the National Center for Biotechnology Information (NCBI) was used as a
database for scientific literature, DNA and protein sequences, and DNA and protein sequence
analysis and alignment (http://www.ncbi.nlm.nih.gov/). Information about C. elegans specific
genes and proteins, as well as general information on nematode handling and techniques was
obtained from the Wormbase (http://www.wormbase.org/) and the Caenorhabditis elegans
WWW server (http://elegans.som.vcu.edu/). The Phenobank website was used as a resource
for gene function in embryonic and germline cell cycles (http://www.worm.mpi-
cbg.de/phenobank/cgi-bin/MenuPage.py). Protein domain, sequence, and alignment analysis
was done using the Expasy (http://expasy.org/) or ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) web pages. Identification of orthologs in
different species was done wusing the Princeton Protein Orthology Database
(http://ppod.princeton.edu/).

Sequencing of DNA fragments was routinely done by GATC Biotech.
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The following table summarizes the media and solutions that were used for microbiology.

Table 4.1. Solutions for microbiology.

Solution

Ingredients

LB
(Iysogeny browth)

1% (w/v) bacto-trypton
0,5 % (w/v) yeast extract

1% (w/v) NaCl
adjusted to pH 7,5
sterilized by autoclaving
LB agar LB supplemented with 1,5 % (w/v) agar
sterilized by autoclaving
TBF1 30 mM KAc
10 mM CaCl2
50 mM MnCl2
100 mM RbCl
15 % (v/v) glycerol
adjusted at pH 8,5
filter sterilized
TBF2 10 mM MOPS at pH 6,5
75 mM CaCl2
10 mM RbCl
15 % (v/v) glycerol
adjusted at pH 8,5
filter sterilized

4.2.2. Bacteria strains.
Escherichia coli (E.coli) bacteria strains that were used in this study and their respective

genotypes are listed below.

Table 4.2. List of E. coli strains and genotypes.

Strain Genotype Source
F- ®8odlacZAM15 A(lacZYA-argF)U169 recA1 endA1 hsdR17(rx, .
DH5a mk*) phoA supE44 thi-1 gyrAg96 relA1 dam+ deoR Invitrogen
OP50 uracil auxotroph, E. coli B strain 82?:;%2233333 (CGC)
F-, mcrA, merB, IN(rrnD-rrnE)1, lambda -, rnci4::Tnio (DE3 Caenorhabditis
HT115(DE3) lysogen: lacUVj5 promoter-T7 polymerase) (IPTG-inducible T7 Genetics Center (CGC)

polymerase) (RNAse III minus)

4.2.3. Cultivation of bacteria.

Liquid bacterial cultures were grown in LB medium shaking at 180 rpm at 37°C. Agar plate
cultures were incubated at 37°C. Short term storage of bacterial cultures was done at 4°C. For
long term storage a liquid culture was grown overnight and mixed 1:1 with 50 % glycerol,

allowing preservation at -80°C. Selection of transformed bacteria was achieved by cultivation
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in LB media containing respective antibiotics. Ampicillin was used at a final concentration of
100 pg/pl, Tetracycline was used at 12,5 pg/pl.
The density of liquid cultures was determined by the absorbance of light at 600 nm

wavelength (optical density, ODsg,,) using the Ultrospec 10 (Amersham Biosciences).

4.2.4. Production of chemo-competent bacteria.

In order to obtain chemo-competent bacteria, a starting culture of respective bacteria was
grown overnight using respective antibiotics. The following day, 250 ml LB medium was
inoculated with the overnight culture. Bacteria were grown to an ODg,, of 0,4 to 0,6. Bacteria
cells were harvested by centrifugation (15 min at 4.500 rcf). The following steps were
performed with ice-cold solutions. The bacterial pellet was resuspended in 100 ml TBF1 buffer.
Bacteria were again centrifuged (15 min at 4.500 rcf, 4°C) and resuspended in 10 ml TBF2
buffer. Incubation on ice was done for 15-60 min, followed by freezing of aliquots in liquid

nitrogen. Competent bacteria were stored at -80°C.

4.2.5. Transformation of plasmid DNA into competent bacteria.

Chemo-competent bacteria were allowed to thaw on ice. Approximately 1 pl plasmid DNA
or 5 pl of a ligation reaction was mixed with the bacteria cells and incubated on ice for 15-20
min, followed by an incubation at 42°C for 8o s. 800 pl LB medium without antibiotics was
added and bacteria were allowed to recover, shaking at 37°C for 45 to 60 min. Afterwards,
bacteria were pelleted by centrifugation (2.000 rpm for 2 min). The pelleted bacteria were
resuspended in approximately 50 pul LB and streaked out on LB agar plates containing

respective antibiotics for the selection of transformants.

4.3. Molecular biology.
4.3.1. Buffers and solutions.
The following table summarizes the media and solutions that were used for molecular

biology.
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Table 4.3. Solutions for molecular biology.

Solution Ingredients
TAE 40 mM TRIS
1,14 % (v/v) acetic acid
1mM EDTA
pH adjusted to 8,5

2x Laemmli 125 mM TRIS, pH 6,8
buffer 4 % (w/v) SDS
20 % (v/v) glycerol
0,03 % (w/v) bromophenol blue
0,02 % (v/v) B-mercapthoethanol

SDS-PAGE 25 mM TRIS
running buffer 1,88 % (w/v) glycine
0,1 % (w/v) SDS

Semi-dry 48 mM TRIS
blotting buffer 0,293 % (w/v) glycine
0,00375 % (w/v) SDS
add 20 % (v/v) methanol before use

Colloidal Coomassie 10% (w/v) ammonium sulfate
12% (v/v) phosphoric acid
0,12% (w/v) brilliant blue G-250
add 20% (v/v) methanol before use

4.3.2. Isolation of plasmid DNA from bacteria.

Isolation of plasmid DNA from transformed bacteria was done using the Plasmid Mini Kit
(Qiagen). A 5 ml liquid culture of respective bacteria was grown over night at 37°C. Bacteria
cells were pelleted by centrifugation (11.000 rcf for 1 min). Cell lysis and DNA preparation was
performed according to the instructions by the manufacturer. Plasmid DNA was eluted in
water. DNA concentration and purity were determined by absorbance of light at 260 nm
wavelength using the NanoDrop 8000 (Thermo Scientific). The identity of the purified DNA
was validated by PCR amplification, or DNA restriction followed by agarose gel

electrophoresis, or sequencing.

4.3.3. Agarose gel electrophoresis.

The size of DNA fragments was determined by separation through agarose gel
electrophoresis. Routinely, agarose gels were prepared using 0,8 to 1,0 % agarose (w/v) solved
in TAE buffer containing 1 pg/ml ethidium bromide. Agarose gels were assembled in gel
electrophoresis chambers (Peglab). DNA was loaded using according amounts of 6x loading
buffer (Fermentas) and separated electrophoretically (Peglab). DNA fragments were detected
using an UV trans-illuminator (Wealtec). A standard marker (Fermentas 1 kb marker) allowed

estimation of the size of respective DNA fragments.
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4.3.4. SDS-PAGE.

Proteins were separated under denaturating conditions by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) according to the discontinuous system by
Laemmli [284]. SDS-PAGE gels were prepared with a stacking phase and a separation phase.
The stacking gel was prepared with 3 % acrylamide, the separation gels contained 9 to 12 %
acrylamide. Mini-gel pouring devices and electrophoresis chambers were purchased from
Amersham Biosciences. Protein samples were prepared with according amounts of 2x Laemmli
buffer. Before loading to the gel, samples were incubated for 5 min at 95°C, centrifuged for 5
min at 14.500 rpm. After electrophoresis gels were either used for western blotting or protein
bands were detected by staining with coomassie-brilliant-blue. The coomassie staining was
done overnight according to the colloidal coomassie staining procedure [285]. The size of
respective protein bands was estimated according to the standard marker (PageRuler plus

prestained, Fermentas).

4.3.5. Western blotting.

For western-blotting, proteins were separated by SDS-PAGE and transferred to
nitrocellulose (NC) membranes (Protran, 0,2 pm pore size, Whatman) using a semi-dry
blotting device (Trans-Blot SD, Bio-Rad). The SDS gel, the filter membranes and the NC
membrane were briefly incubated in Semi-dry blotting buffer. Filter membranes, SDS gel, and
transfer membrane were assembled in the blotting machine according to the manufacturer’s
instructions. Protein transfer onto the NC membrane was done at constant 20 to 25 volts for
60 to 9o min. After the blotting, protein transfer was validated by Ponceau S staining (Bio-
Rad) of the NC membrane. NC membranes were blocked in 3 % (w/v) milk powder solution
and incubated with the primary antibodies over night at 4°C in RotiBlock solution (Carl Roth)
(anti-CDT-1 (Rabbit) 1:300 [66], anti-PSF-3 (Rabbit) 1:1.000 (from Lionel Pintard), anti-GFP
(Mouse) 1:5.000, Clonetech, anti-Tubulin (Mouse) 1:5.000, Sigma, clone DMiA, anti-UFD-1
(Rabbit) 1:50.000, anti-CDC-48 (Rabbit) 1:50.000). Incubation with fluorescently labelled
secondary antibodies (anti-Mouse/Rabbit 1:10.000, Li-cor) was done at room temperature,
before signals were detected and documented using an Odyssey scanner (Li-cor).

Quantification of signal intensities was done using the Odyssey V3.0 software. Background

signal in the surrounding area was subtracted from values in the area of interest.
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4.3.6. PCR.

The polymerase chain-reaction was used for the specific amplification of DNA. Analytical
DNA amplification was routinely carried out in a reaction volume of 25 pl. The PCR reaction
contained approximately 10 to 100 ng template DNA, as well as dNTP mix, forward and reverse
primers, reaction buffer and the DNA polymerase according to the requirements in the
manufacturers’ instructions. PCR reactions were performed using a DNA Engine or
SioooThermo Cycler (Bio-Rad). The specific requirements for timing and temperature of
distinct steps in the PCR reaction vary with the DNA polymerase and the size and sequence of
the template DNA. Therefore, the following PCR reaction protocol serves as an example that
needs to be adjusted to the specific needs of the polymerase, the primers, and the DNA

template.

Step of PCR reaction Temperature (°C) Timeins

Initial denaturation 95 120
Denaturation 95 30
Primer annealing 55 30 30 cycles
Extension 72 60 (per kb)
Final extension 72 300
Cooling 10 forever

4.4. Caenorhabditis elegans techniques.

Nematodes were handled according to the standard protocols for C. elegans [286-288].
Briefly, maintenance of C. elegans strains was achieved by feeding with the E. coli strain OP50,
growing on nematode growth medium (NGM). Worms were cultivated at 15°C or 20°C unless
otherwise stated. The N2 Bristol strain was used as the wild-type reference.

Buffers and solutions used for C. elegans techniques are listed as follows.
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Table 4.4. Solutions for C. elegans techniques.

Solution Ingredients
Mo 20 mM KH.PO,
40 mM Na.HPO,
80 mM NaCl
1 mM MgSO4

NGM agar 0,25 % (w/v) bacto-peptone
0,3 % (w/v) NaCl
1,7 % (w/v) serva agar
1 mM CaCl.
1 mM MgSO,
5 ug/ml cholesterol
25 mM KPO, buffer
nystatin 25 units/ml

1 M KPO, buffer 10,83 % (w/v) KH2PO,
3,53 % (w/v) K:HPO, (3xH-0)
adjusted at pH 6

Bleaching solution 250 mM KOH
2,5 % (v/v) NaClO

PBS 137 mM NaCL
2,7 mM KCl
10 mM Na-HPO,
2 mM KH2P04
adjusted at pH 7,4

4.4.1. C. elegans strains.

Nematode strains carrying mutations or transgenes used in this study are listed as follows:
div-1(ori48)III [179];

cdc-48.1(tm544)1 [177);

gtls6o [Ppie-1 LAP-orc-1:cDNA, unc-u9(+)], odls57[Ppie-1 mCherry::histoneH2B unc-119(+)], unc-19(ed3)III;
gtls61 [Ppie-1 LAP-orc-2::cDNA, unc-119(+)], odIs57[Ppie-1 mCherry::histoneH2B unc-119(+)], unc-119(ed3)II;
gtls62 [Ppie-1 LAP-cdc-6::cDNA, unc-u9(+)], odIs57[Ppie-1 mCherry::histoneH2B unc-119(+)], unc-ug(ed3)III;
gtls63 [Ppie-1 LAP-mcm-2::cDNA, unc-u9(+)], unc-ug(ed3)III;

gtls64 [Ppie-1 LAP-mcm-3::cDNA, unc-119(+)], odls57[Ppie-1 mCherry::histoneH2B unc-119(+)], unc-ug(ed3)III;
gtls65 [Ppie-1 LAP-cdc-45::cDNA, unc-119(+)], odIs57[Ppie-1 mCherry::histoneH2B unc-u9(+)], unc-1u9(ed3)III;
gtls67 [Ppie-1 LAP-sld-5::cDNA, unc-119(+)], odIs57[Ppie-1 mCherry::histoneH2B unc-u9(+)], unc-119(ed3)III;
gtls66 [Ppie-1 LAP-div-1::cDNA, unc-119(+)], odlssy[Ppie-1 mCherry::histoneH2B unc-19(+)], unc-119(ed3)IlI;
gtls [Ppie-1 LAP-rpa-1::cDNA, unc-119(+)], odlIs57[Ppie-1 mCherry::histoneH2B unc-119(+)], unc-ug(ed3)III;
isls17 [Ppie-1::GFP::pcn-1], unc-ng(ed3)IlI (received from Pierre Gonczy)

leals [Ppie-1::GFP::psf-3], unc-119(ed3)IlI (received from Lionel Pintard)

The generation of orc-1, orc-2, cdc-6, mem-2, mcm-3, cdc-45, sld-5, div-1, and rpa-1 transgenes
fused to gfp and controlled by the pie-1 promoter was done by Remi Sonneville (Dundee,
Scotland). Detailed description of the generation and validation of the fusion constructs was
recently published [215]. The GFP::RPA-1 fusion is not yet published, contact Remi Sonneville

before using this strain for any experiments. The strain carrying the GFP::PSF-3 was obtained

from Lionel Pintard (Paris, France) and is not published so far.
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4.4.2. RNAi-mediated depletion.

RNAi-mediated depletion was achieved using the feeding method [289-291]. The E. coli
strain HTus(DE3) was transformed with the Isopropyl-pB-D-thiogalactopyranosid (IPTG)
inducible vector pPD129.36. IPTG induction results in the production of double-stranded (ds)
RNA against the respective target gene. In RNAi control experiments, bacteria only contained
the empty vector pPD129.36. Bacteria were grown in liquid culture until reaching an ODg,, of
about 1 before they were seeded onto IPTG containing NGM plates. Induction of dsRNA
expression was done either over night at room temperature or, if required for proper bacterial
growth, for several days. IPTG was added to NGM plates at a final concentration of 1 mM for
single gene depletion or 2 mM for sequential or simultaneous gene depletion. NGM IPTG
plates were supplemented with 100 pg/pl Ampicillin.

RNAI bacteria were fed to L3/L4 larvae at 15°C for 72 h. To induce stronger expression of the
fluorescent reporter constructs, worms were shifted to 20°C or 25°C over night the day before
time-lapse analysis. Alternatively, RNAi was fed from the L3/L4 larval stage and worms were
kept at 20°C until reaching adulthood. For sequential RNAi (seq(RNAi)) depletion worms were
fed with the dsRNA-containing bacteria against the first target gene for 48 h and then
switched to bacteria containing dsRNA against the second target by picking. For the
simultaneous depletion of two genes the respective bacteria were mixed 1:1 in cell density.
Worms were transferred to fresh RNAi plates each day by picking.

For the preparation of embryonic lysates worms were kept at 20°C during the entire

experimental procedure (see following paragraphs for details).

4.4.3. Synchronization of worm cultures.

Gravid adult worms were washed from plates using cold Mg buffer. Somatic tissue was then
removed by incubation in bleaching solution. Extruded embryos were harvested by
centrifugation (1 min at 2.000 rpm) and washed three times in water. Embryos were then
transferred to a fresh reaction tube in Mg buffer and incubated shaking over night at room
temperature. The following day, a synchronized culture of starved L1 larvae was obtained und

used for subsequent experiments.

4.4.4. Preparation of embryonic lysates.
Synchronized L1 larvae were cultured on plates with empty control bacteria from the L1 to
the L3 larval stage (about 1500-2000 L1 larvae per 10 cm petri dish, seeded with 850-goo pl

bacteria culture). Then L3 larvae were washed from the plates using cold Mg buffer. Worms
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were washed twice in Mg buffer or water to remove bacteria. An aliquot of the resulting worm
suspension was used to determine the density of worms per volume. About 350 to 400 L3
larvae were seeded onto respective RNAi bacteria (10 cm diameter petri dishes) and kept at
20°C until reaching adulthood. The embryos of gravid adults were harvested as described
above. Embryos were washed twice in water before they were resuspended in 2x Laemmli
Buffer and frozen in liquid nitrogen. Before SDS-PAGE analysis embryos were sonicated twice
for 15 s (Microtip MS 1,5, Bandelin), incubated at 95°C for 5 min and centrifugated at 14.000 g

for 5 min. Embryos and lysates were stored at -20°C.

4.5. Microscopy.
General handling and observation of Nematodes was achieved using Leica MS8o

stereomicroscopes (Leica Microsystems).

4.5.1. Time-lapse analysis of early embryogenesis.

In order to determine the timing of the first embryonic divisions gravid adults were
dissected and extruded embryos were analyzed by time-lapse microscopy. Embryos were
mounted on 3 % agar pads essentially as described before [176]. An Axio-Imager.M1
microscope equipped with an AxioCam MRm camera and a HXP 120 mercury short arc light
source (Carl Zeiss) was used for image acquisition. Time-lapse recordings in 9o s intervals
were acquired using 2x2 mono binning, in order to minimize light exposure and reduce
photobleaching and -toxicity. To allow direct comparison of signal intensities, images were
recorded under identical illumination conditions (GFP and mCherry channels were acquired
using an exposure time of 400 ms). Analysis of time-lapse recordings was done in the
AxioVision 4.7 software (Carl Zeiss). Timing of cell division was estimated by morphological
criteria of distinct cell cycle events, essentially as described previously [176, 292]. Processing of

selected pictures was done in Adobe Photoshop CS4.

4.5.2. Immunostainings of embryos.

Immunostaining of early embryos was done according to the “freeze-crack” protocol [293].
Briefly, gravid worms were dissected onto poly-lysine coated slides (Thermo Scientific) and
frozen in liquid nitrogen. Directly after taking the slides out of the liquid nitrogen, cover slips
were removed with the help of a razor blade. Slides were then immediately transferred to -
20°C methanol for 20 min followed by 5-20 min incubation in -20°C acetone. Acetone was

allowed to evaporate at room temperature, followed by rehydration in PBS three times for 5
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min. After a 30-60 min blocking step in 5 % (w/v) BSA (in PBS), embryos were incubated with
the primary antibody over night at 4°C (anti-CDT-1 (Rabbit) 1:300 [66], anti-aTubulin (Mouse)
1:200 Sigma, clone DMiA). Slides were washed three times in PBS. Incubation with the
secondary antibodies (anti-Mouse/Rabbit (Donkey/Goat) Alexa488 or Alexa 594 conjugated
1:400, Invitrogen) was done at room temperature for one h followed by three washing steps in
PBS. Embryos were then mounted in Dapi Fluoromount G medium (SouthernBiotech). Slides
were sealed with nail polish and stored at 4°C. Images of immunostainings were acquired with
Axiolmager.M1 microscope and AxioCam MRm camera using full resolution of the camera.
The CDT-1 antibody appears to be sensitive to treatment with detergent, therefore, Tween-20
was included in the washing buffers at a concentration of 0,01-0,05 % (v/v) only in two

washing steps after incubation with the secondary antibodies.

4.5.3. Fluorescence signal quantification of immunostainings.

In order to quantify the amount of GFP::SLD-5 that was associated with mitotic chromatin
respective pictures were selected from the time lapse analysis. A composite of these images
was created using Adobe Photoshop CS4. Composites were then imported into Image]
(National Institutes of Health). The region of mitotic chromatin was selected based on the
mCherry::H2B signal and marked with an oval selection tool. The signal intensities for
mCherry::H2B and GFP::SLD-5 were measured in the same region of interest. Cytosolic
background signal in the surrounding area was subtracted from values in the area of interest.
Finally, the ratio of mCherry::H2B and GFP::SLD-5 signal intensities was calculated and

compared for distinct RNAi conditions.

4.6. Statistical Analysis.

Statistical analysis was performed in Microsoft Excel. Statistical significance was calculated
with two-tailed paired student’s T-test. P-values of P < 0.05 are indicated with a single asterisk
and double asterisks indicate P < 0.001. Comparison of cell division timings was done for
experiments that were done on one single day, whereas Figure 2.5.A/B show summarized

values for the control conditions of all experiments for better visualization.
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