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8| Abstract

1. Abstract
Dacapo(Dap)¢ the Drosophilahomolog of p21 and p2¢ can inhibit CycE/Cdk2 and thereby block the

transition from Glphaseto S phasef the cell cyclePrevious worlshowedthat the E3 ubiquitin ligase
CRLACdt2 targes Dap for degradationin addition, there were indications that the E3 ubiquitin ligase SCF
Rcal could be involved in degradation of Daghis thesis data is shown, which substantiates that Dap is

a substrate of SCGRcal. Furthermore, important insights into the exact metsims by which Dap is
recognized by CRidt2 and SCRcal were obtained.

Dap contains in the«€@rminus a secalled PIP degron, a short 12 amino acid long motif that is required to
mediate ubiquitination by CRi4dt2. The PIP degron allows binding to Ei¢A clamp PCNA (proliferating

cell nuclear antigen) and this association is required to be recognized by Cdt2, the substrate recognition
module. Here, it was shown that the first amino acid (Q184) of the PIP degron in Dap is crucial for binding
to PCNA ath an alanine mutatioof Q184impedes degradation via CRCAt2. In addition, it was shown

that a basic cluster at the-€rminal part of the PIP degron in Dap is essential for its degradakiosm basic
cluster might mediate interaction with DNA or CdE2urthermore, it was demonstrated that regions in the
N-terminal part of Dap mediate interaction with Cdt2.

Rcal is an-Box containing protein that can assemble into $0fplexes. The target of an SR€al
ubiquitin ligase could be Dap. Overexpressiorkmockdown of Rcal can influence the stability of Dap.
However, in part, these effeston Dap were indirect by induced cell cycle distribution changes and
subsequent degradation by CRCdt2. To eliminate, or at least reduce these indirect effects, difteren
approaches were taken, such as knockdown of Cdt2 or mutation of the PIP degron. After the activity of
CRLACdt2 was strongly reduced by different strategies, overexpression of Rcal still decreased the stability
of Dap and knockdown of Rcal increasedtiébility. This substantiates our theory that Dap is a substrate

of SCHRcal.

The PIP degron, responsible for the CRH® mediated degradation was completely absent in an N
terminal fragment of Dap (Dap-125). This fragmentvas destabilized by Rcal wegpression or
stabilized by knockdown of Rcal, respectivBlgp_ 1125 still contains binding sites for CycE and Cdk2
and is able to inhibit the CycE/Cdk2 complex. Using D&@51constructs we were able to show that
binding of Dap to CycE and Cak2equired for its degradation via S&eal. In addition, we demonstrated

that the Nterminal part of CycE in the CycE/Cdk2/Dap complex is needed to destabilize I2&pBased

on this and further data obtained in this thesis, we propose the following moddhfo degradation of

Dap via SGRcal: Dap (an IDP (intrinsically disordered protein))d5@ytE/Cdkih G1 phase to fulfill its

role as inhibitor of CycE/Cdk2. To induce the G1/S transition at the end ph&gan unknown kinase
phosphorylates CdR. This phosphorylation could allow restricted Cdk2 kinase activity that results in
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phosphorylation of the associated CycE in theehhinal region. Subsequentlg kinase gets recruited to
the phosphorylated site and could phosphorylate CycE in ther@inalregion and also Dap. Thereatfter,
phosphorylated Dap isecognized by S@®cal. By this mechanism it could be ensured that only Dap,
which already fulfilled its function in the cell cycle is targeted for degradafibis is in line with the
regulation ofother CKils (inhibitors of Cyc/Cdk complex@g)ich are also only targeted for degradation

after they have actively regulated the cell cycle.
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2. Introduction

2.1Theeukaryotic cell cycle

In eukaryotescell reproduction occurs by a series of events called the cell .cieleng this process
chromosomes are duplicated and subsequently distributed into two daughter(E@lsre 3. The events

are usuallydivided intofour phases The gap phases (G1, G2) are separating the synthetic (S) and the
mitotic phase (M) from each other.

In Glphasethe cell decides whether it starts a new round of division orsdsdim the cell cycleThe letter
occurs, ifgrowth conditions are unfavorable or the cell encounters inhibitory signals from other cells. This
condition is also referred to as @Dase If the cell is committed to a new cell cyclbe genetic material

is doubled by DNA replication in S phase. A®slt, chromosomes consist of two identical sister
chromatids.In G2 phase the cell prepares for the following M phd3amage of DNA that may have
occurred can be repaired or rather the cell undergoes apoptosis. The M phase is subdivided into mitosis
and cytokinesis.

Mitosis comprises five stages: prophase, prometaphase, metaphase, anaphase and telbppagehase

DNA of the sister chromatids is condensed more tightly. Furthermore, the in S phase duplicated
centrosomes are separated and the mitotjgirglle develops. In prometaphase the nuclear envelope is
broken down. This allows the microtubules, which emanate from the centrosomes, to bind to
chromosomes via their kinetochores$n metaphase chromosomes become bioriented meaning that
kinetochores onlyinteract with microtubules from the opposite centrosome. In anaphase the sister
chromatids are separated and are transported to opposite poles. In telophase the single chromatids
become condensed and are enclosed in the regenerated nucleus. In addh®mmitotic spindle is
dissolved. Finally, the cell cycle is completed after cytokinesis, in which both daughter cells are separated

(Morgan 2007)
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Anaphase
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Prometaphase 1
SN
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Figurel| The eukaryotic cell cycle

Theeukaryotic cell cycle is subdivided interphase (G4 S, G2 phase) and M phasén thegap phases (G1, G2) the getpares
for the following phaseDNA is replicateth S phasewhich results ithromosomes with two identical sister chromatidié phase
is divided intomitosis and cytokinesis. ThHieur phases ofnitosis in which thenuclear envelope ibroken down andhe sister
chromatids are pulled to opposite poles of the celle depicted In addition,telophase is shown in whicthe single sister
chromatids areendosedin the newly formed nuclear envelop@&he cell cycle ends witkytokinesis, in which the cell is divided
into mother and daughter celFigureassembledrom data in(Morgan 2007)

2.2Cyclindependent kinasesthe key players of theell cycle control system

The cell cycleontains numerous events that must barded out ina specificsequenceTo achieve this

an army of proteinwork together in the secalled celcyclecontrol system. Cyclin dependent kinases
(Cdks)play a key role hereCdksphosphorylateproteins resulting imaltered activity or interaction with
other proteins.In higher eukaryotes there are several C@kskl, Cdk2, Cdk 4, ®Gjlkhat are directly

involvedin cellcyclecontrol. In addition, there are numerous Cdisat are involved in transcription and
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other processeswhich, however, are not described in detail heliédhe activity of Cdks regulated by
phosphorylation as well as binding regulatoryproteins(Figure2).

Cdks are patrtiallgctivated by binding of regulatory subunits called cyclitigere are dierscyclin types,
which areessential in different cell cycle phas#%hile the concentration o€dks is relatively catant,
the concentration of cyclingsdllates during the cell cycle. Thisntributesto an oscillation oCdk activity.
Forfull activation, Cdkmust be hosphorylated adjacent to the kinase active site by-@clivatingkinases
(CAKs)Furthermore,inhibitory phosphorylation of Cdks tynases of the Weel family must be reversed
by the phosphatasgof theCdc25amily.

Cdkscanbe kept in an inactive state by binding 6tk inhibitor proteingCKIs)In animalsthese CKls are
subdivided into twdfamilies, Cip/Kip and INK4 family, each wdtlistinct mechanism of Cdk inhibition.
The Cip/Kip members bind to botlyclin and Cdk, wheredllK inhibitors bind to the monomerform of
Cdk and therefore prevent the binding of cyslim Drosophilahere aretwo CKls, Dacapo (Dap), which is
a membe of the Cip/Kip family, and Roughex (Rthat belongs neitheto the Cip/Kip noto the INK4
family (Morgan 2007)

For the recognition osubstratesthe Cdk itself, its cyclin partner and in some casgdin dependent
kinase subung (Cks) are involvedCdls recognize substratesith some preference fothe S/T-P-X-K/R
sequencewith S/T being phosphorylategMalumbres 2014) Short motifs on substrates mediate
recognition bycyclins Different motifs are used for thidepending on the cycligpe. For instancegyclin
A and Einteract with aa RxL motif(also calledcy (cyclin binding) motif)Cks promotes effective
phosphorylatiorof substrates that contain clusters of multiple phosphorylation sishinds to Cdland
providesan accessory binding site that recognizes phosphorylated residihesefore,after one residue
of a substratehas been phosphorylatedks increases the affinibf Cdk for the substratand facilitates
the phosphorylation oheighboringresidues(Morgan 2007, In Drosophila there are two types of Cks
proteins (Ck85A and Cks30&¥horbani et al. 2011)
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A) Activation of Cdks:

Figure2 | Regulation of Cdk activity

A) On the left side, the Cdk kinase with ATP (blue asterisk) in its active site is showAo®pgdepicted in green) blocks the
activesite cleft. After binding of thecyclin (Cyc) (scheme in the middle), théo®p is shifted out of the activsite entrance.In
addition, threonine 160 (T160) is phosphorylateyl a Cdlactivating kinase (CAK9cheme on the right). This phosphorylation
allows the binding o& substrate that contains the SPXK consensus sequence: The proline (P$BilSisquence interats with
the backbone of the-loop. The positively charged lysine ifi€gracts with the negatively charged phosphate on T160. Thereafter,
the hydroxyl oxygen of the serine (S) is in the right position for nucleophilic attack grptiesphate of ATPLhedepicted model

is based on crystallographic studies of human Cdk2 and its partner cyclin A. It serves as a good representative fatthtgytks,
details of Cdk activation seem to be different in some Cdk complée€dk activity can be abolished by inhibitory
phosphorylation(yellowfilled phosphorylation sitepf tyrosin €.g.Y15)catalyzed by kinases of the Weel fam@yIn addition,
binding ofCdk inhibitor proteins (CKlsan impede the activity of Cyc/Cdk commexSome CKilsuch as p2hibit the Cyc/Cdk
complexand abolish binding of ATP (shown in schem#)ereas others prevent binding of cyclins to Qa&t shown) Figure
assembled from data iMorgan 2007)
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According to the classical vieo¥ cell cycle regulationdifferent cyclin/Cdk complexes are required to
initiate certain cell cycle eventEor instance, cyclin€dk2 isieeded to initiate S phase, whereas cyclin A
together withCdk1 or Cdk2contributesto the continuation of S phasandto entry into mitosis.Finally,
cyclin BCdkl1facilitates entry into mitosigHochegger et al. 2008jiowever,on closer inspection it turns
out that in most cases the responsibilities are shared among different egdincomplexegBloom and
Cross 2007)Frequentlythe later cyclinCdk can compensate for the absence of eadiglinCdks.For
instancea sngle mitotic cyclirCdkis sufficient to drive the completeell cyclean fission yeastCoudreuse
and Nurse 2010However, to fine tunelifferent thresholdsat which certaircell cycle events are triggered
the cellsequentially activatesdlifferent Cdksand cyclins A combination of cyclispecific docking mds
and Cksddependent hosphorylation ensures that substratase phosphorylatedy certaincyclinCdks
to varyingdegrees Thiscreates unlimited combinationsf Cdk inputoutput functiors. UsingcyclinCdks
with changing but also a common baseline specifioffgrs many advantages-irst, if there werean
exclusively specific kinase pathway evolved for eaelh cycle stage, it would baifficult to maintain
phosphorylatiorof proteins(e.g. thosegoreventing rereplication)that must remain phosphorylated during
a long periodof the cell cycle In addition,the systembecomesvery robust,since anomalies in cyclin
accumulation waves can lmercome by usingnitotic cyclinCdks as a key tevery thresholdOrd and
Loog 2019)

2.3 The ubiquitin proteasonsystem
To assure thetrict unidirectionality of the cell cycléhe main components of the cell cydgstem must

be degraded in a precise spatial and temporal manfidris is achieved by the walled ubiquitin
proteasome system(UPS)in which proteins ar@biquitinatedin such a wayo that they are recognized
by the 26S proteasomei three-step enzymatic cascade facilitates ubiquitination of substrafagufe 3.
First, the small proteimbiquitin (76 aa)is bound and etivated byan E1 ubiquitin activating enzyme in an
ATP dependent mannefhereafter, it igransferred toan E2 ubiquitin conjugating enzynténally, an E3
ubiquitin ligasespecifically bindstie target protein to mediate the transfef ubiquitin to a lysine residue
in the substrate.Substrate specificity is mainly conferred by Eker than E2s and EIBhus,there are
much more Bs (in Drosophilaapprox. putative 20pthan E2s(in Drosophilaapprox. 30) and E1s(in
Drosophilaonly Ubal)((Lee et al. 2008; Michelle et al. 2009; Du et al. 2(RfHteins can be ubiquitinated
in different wayswhat is expressed with the termbiquitin code If only one single ubiquitin is attached

to a protein substrate, this is called monoubitgation. If numerousubiquitin moleculesare attached
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they can either b bound to different lysines in theubstrate (multimonoubiquitination)or to ubiquiin
that is already attached to the substrate (polyubiquitinafion

In case of polyubiquitinatigrthe Gterminus ofubiquitin can be linked to one afeveninternal lysine
residues(K6, K11, K27, K29, K348, K63) or the Nerminus (M1) of another ubiquitin molecule
(Bassermann et al. 2014 his results imbiquitin-chains with different linkagéypes. Ubiquitin chains
that contain only a single linkage type are called homotyplaitsu et al. 2016)n contrast, heterotypic
chainscomprise mixed linkages and can also be branched meaning that one ubigquitbiquitinated at
two or more sites(Meyer and Rape 2014)n addition, ubiquitin can benodified by postranslational
modifications such as acetylati@md phosphorylatioriKliza and Husnjak 202@eubiquitylating enzymes
(DUBSs) can hydrolyze linkages between ubiquitin molecules or ubiquitirs@osgtrates which makes
ubiquitination a reversible modificatio(Clague et al. 2013)

Depending on the ubiquitin code, the substratesve different fatesfor instancewith respect toDNA
repair, trafficking, immunity andproteostasis. Althagh biological significance of some ubiquitin
modifications (e.g. K48 and K63)is well studied the functional significance of otheubiquitin
modifications is still far from being fully understoddegradationof ubiquitinated substrates by the 26S
proteasome is often mediated by K4i@ked chains, whereby other linkages are usedva#i (Maupin
Furlow 2011; Bard et al. 2018)

The 26S proteasontgas a complex architéare: The proteolytic active sitagside withinthe chamber of
the barrelshaped 20S core particl&hese sites are accessiblely throughnarrow poresthat exclude
folded polypetidesAccess to the pords controlledby the19S regulatory particl€RP) which caps one or
both ends of the 208ore particle.The RRs subdivided into the base and.liihebase provides multiple
binding sitegor ubiquitin and ubiquitidike proteing(UBLS)In adlition, it applies mechanical pulling force
to unfold polypeptides andthen translocateghe substratesinto the 20S coreThe lidremoves substrate
attached ubiquitin chains beforgubstratesarereleased into thebase(Bard et al. 2018)

Besides the appropriate ubiquitinati@ode substrates must contain an unstructured region, either at the
terminus (at least20-30 aa)or as an internal flexible loof be degraded by th6S proteasomelf
substratesdo not contain such a flexiblaitiation region AAA+ unfoldases (VCP igtter eukaryotes)

may completely or at least partially unfold them to cre#tteseunstructured regiongYe et al. 2017)
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ATP AMP + PPi

26S proteasome DNA repair, trafficing, immunity, etc.

Figure3 | The ubiquitin proteasome system

The ubiquitinproteasome system (UP&)mprisesubiquitination of substrate proteins and thegubsequent degradation in the
26S proteasomekirst,the Gterminus ofubiquitin is bound ta cysteine residuef an E1 (ubigitin-activating enzymeyiaa high
energy thioester bondising ATPThereafter, he activated ubiquitin is transferretb an E2 (ubiquitircconjugating enzymehat
gives rise to a second thioester intermediafe E3 (ubiquitin ligase) catalyzes trensfer of ubiquitin from E2 to a lysine residue
of the substrateesulting inan isopeptide bondThe steps described above can be repeateith ubiquitin molecules being bound
either to the substrate (mukimonoubiquitination) or to an already attached ubiquitin (polyubiquitination).In case of
polyubiquitination ubiquitin can bind to different lysines or the-tdrminus of thealready attached ubiquitirresulting in
numerous chain type©nly some of thesehains (e.g. K4Bnked ubiquitin chains) marthe substrate for degradation in the 26S
proteasome Other linkages of ubiquitin are involved for instance in DNA repair or traffickirglidof the proteasome contains
deubiquitinases (DUBSs) that remosabstrateattached ubiquitin chainsThe base catrols the access of substrates tioe 20 S
core particle (CR)in which they areproteolytically degradedHgure assembled from datan (MaupinFurlow 2011)and
(Komander and Rape 2012)
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2.4 E3 ubiquitin ligases
All E3s contain an Eibiquitin binding domain and are classified based on the structure of this domain as

well as their ubiquitin transfer mechanism. There are three clasb&S3s identified to date: RING (really
interesting new gene), HECT (homologous to EGAg#Pn@nus) and RBR (RIM®BtweenRING). Whereas
RING E3s catalyze the direct transfer of ubiquitin frorul&guitin to the substrate, HECT and RBR E3s
first receiveubiquitin themselves by a catalytic cysteine before they transfer it to the subsfiBatetow
and Huang 2016)

E3s target substrates by differemtechanisms.Some E3s harbgrotein-protein interaction domaingo
which a substrate can bindirectly or indirectly via an interaictg partner Furthermore there are E3s that
contain domains thatinteract with non-protein molecules to facilitate substrate binding and
ubiquitination. For instanceahe E3cullinRING ligaséCRLEanassociate with the sugdiinding receptor
FBS1 (CREBS1) tabiquitinate Nlinked glycoproteingMizushima et al. 2007)n addition,some E3slo
not specifically recgnize substratebut contain domaisthat recruit them tocertain locations within the
cell where they then ubiquitinate any accessiptetein. For instancethe E3 CRDDBbinds to pyrimidine
dimer photolesiongnd ubiquitinates DNAound XPC and DRBo initiate the nucleotide excision repair
pathway(Scrima et al. 2008;Eahdy et al. 2006)

RING E3are the largestlass of E3sAccording to bioinformatidorecastthere are approximately 600
RING E3s humans.The commonality of thee E3s is the psence of a RING domaiwith which E2
ubiquitinisrecruitedand which contributeso ubiquitin transfer(Deshaies and Joazeiro 2009r proper
folding of the RING domainwo zinc ions are needed, whiare coordinated by cysteine and histidine
residues Some RING domaim® not function as monomersut are onlyactive ifthey act & oligomers
For instanceclAP2is only activavhen homodmerized via its RING doma(klace et al. 2008)Another
example isMDM2, whichis orly active ifit heterodimerizes with MDMX (Badciong and Haas 200®)
addition, some RING E3sich asCullinrRINGE3 ubiquitin ligasesCRLsand the anaphase promoting
complex/cyclosome (APCQ/Containnumeroussubunits U-box proteinsalso belong to the RINE3sand
resemble the classical RING E3stincture and mechanism. Howevéibox proteins do not contaiminc
ions(Buetow and Huang 2016)

CRLagre the largest familpf E3swith over 400 members known in mammdidguyen et al. 201{)-igure
4). Theycontainthe following subunitsRbx1 (or Rbx2)a protein with a RING domaimediaes binding
to E2ubiquitin. A cullin protein(Quil, Qil2, Qil3, Qu4A/4B, @I5 or @I7) acts as a scaffoldCul4A and
Cul4B mainly differ by 149 additional amino acids at thershinus (harbors a NLS) of Cukiu et al.
2009) CRLs are named based by their cullin protein, e.g. CRL2, if it containe@ual@ition, there is a

substrate receptor that recognize the target protess well as an adaptor protein that bridg¢he
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substrate receptor to the wlin. Whereas the @erminus of a cullin interacts witRbx1 or Rbx2, thk-
terminus binds to the adaptorThe adaptor proteins contaione of two common folds that mediate
interaction with cullinsaWD40 RBpropeller fold, which is used by the DDBUl4associated factor (DCAF)
family as well aa BTB fold that is used for instanceSkp1 Theadaptorsarelinked tomembers okeveral
substrate receptor families that contain typically-30 proteins(Sarikas et al. 2011For instancethe
adaptor Skptonnects the #ox substrate receptor famifpver 60 members) to a CR{Skaar et al. 2013)

The namingf a CRL complex not onigfers to the cullin subunjtbut also to thesubstrate receptore.g.
CRL#Fbw8.Qubstrate receptors contain domains thaediate recognition of substratds/ degron motifs

which are specific amino acid sequences that are often-pasislationally modifiedBulatov and Ciulli
2015; Lydeard et al. 2013)

The besicharacterized CRL is CRL1, which is also wdterred to as SkpCultFbox (SCFRomplex.The
architecture of CRLis representative for all CRO%iehelical Nterminal domain (NTD) of Cull interacts
with both Skpl and theox domain of Skpi case of SCEkp2(Figure 4A. The Fbox motif is a three

helix bundle thapacks along the helices of Skt the other end of the complexhe globular @erminal
domain (CTD) of Cutteates a Mshaped binding pocket for RbXIhe RING domain &bx1lbindsthree

zinc ims(Zheng et al. 2002)

CRL4s uses the adaptiamagedDNAbinding protén 1 (DDB1). This adaptor is special, since it does not
contain the BTB fold found in the adaptors of CRL1/2/3/5. Instead, DDB1 comprises three WD40 3
propeller domains (BPA, BPB, BPC) as well as a hetaahi@al domain. While only the BPB domain
interacts with Cul4, BPA and BPC form a cleft, which acts as a binding site for the DCAF substrate receptors.
CRL4s are the only CRLs known until know, which cannot only recognize proteins as substrates, but also
DNA. CRLBDB?2 is recruited to UkWiduced lesios in DNA and then ubiquitinates nearby proteins to

facilitate direct nucleotide excision repdkischer et al. 2011)
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B)
Cullin Adaptor Substrate Receptor | RING protein
Cull Skp1l F-box proteins Rbx1
Cul2 EloBC VHL box proteins Rbx1
Cul3 BTB proteins | BTB proteins Rbx1
Cul4A/B |DDB1 DCAF proteins Rbx1
Culs EloBC SOCS box proteins Rbx2
Cul?7 Skp1 Fbw8 Rbx1

Figure4 | Structure and composition of CRL complexes

A) Ribbon presentation of SE3kp2 generated from PDB ID 1LDKly theFbox domain of Skp2 is included ingBD structure
The zinc ions in Rbx1 are depictedplseresColors in the ribbon presentation correspondamlors in theschematigresentation
to the right. The architecture of other CRL complexes is wamjlar to SGSkp2 B) Composition of CRL complex&®r each
cullin, different adaptors, substrate receptors and RING proteins are uUSeldstrate receptors are grouped in famili@ghich
contain severaproteins (e.g. approx. 60 membeia the Fboxfamily). However for Cul7 only one substrate receptdiFbw8) is
known.Figure assembled from data {Nguyen et al. 201@nd (Morgan 2007)

2.5 Regulation of CRL E3 ubiquitin ligases
The activity ofCRL complexes is regulated by pinahslational modifications as well &y alterations to

the subunit compositiorfFigure5).

Forthe activation ofa CRIthe covalent attachment of the protein Nefdo a cullin subunit, termed
neddylation- is needed(Pan et al. 2004 )Likeubiquitination, neddylation is dependent on a cade of
enzymesWhile NAE acts ake E1,Ubcl2and Whe2Fare NEDIB E2sIn contrast to ubiquitinationbeside
aNEDY 90 -EE & @2 NB I dzA NB Fhe RIL@idtejh STRNB GR(RbXL brRiXds the NED3
E3 whilethe protein DCNL1 is used ago-E3(Kurz et al. 2005 he E2 is recruited by means of DCN1 and
correctly posioned bythe RINGoprotein (Scott et al. 2014)Thereafter NED® can be transferredn the
cullin CTDwhichleads to a conformational change thie cullin winged helix B mot#nd the cullinRING
interface.Thiscauseghe displacement of Rbx1 from the culéihiowingto bring the E2 closer to the target
substrate(Nguyen et al. 2017)

In addition, NEDI3 can beremoved by theGOP93gnalosome (CSNhat isa complex of eighsubunits
(CSN12B), which showsimilarity to the 19S lid of the proteason{ick et al. 2009)CSNS5s the catalytic
subunit a zinc metalloproteinase, which cleaves NBE2sidesegulation bydeneddylation, CSKan
alsoregulate CRLs kinteracting with unneddylated CRLs and thegeblock bindingof both an E2 and
substrates(Enchev et al. 2012; Cavadini et al. 20T6¢ association rateof CSN with unneddylate@ull

is reduced by around twofold romparisorto neddylated Cul{Bennett et al. 2010Electron microscopy
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images of SCBkp2Ckslbound to CSN suggest th#te subunit CSN2 binds the culibx module,
whereas other CSN subunliénd to the variable SR arnSincethe structure of these SR moduldsdfers
greatly, it is surprisinghat CSNnteracts withmultiple SRsOn the other handthis couldat least partly
explain whydifferent CRLs associate t@riable rates with CSNFor instance40% of Cul4 was found
associated with CSMWhereas this e is< 5% for Cul2 and CulBennett et al. 2010\When preformed
CSNCRL complexesaincubated with a substrati vitro, the substratedisplace<CSN from CRBennett
et al. 2010; Fischer et al. 2011; Emberley et al. 200#¥suggests that high substratevels outcompete
CSN for CRIn additionjnositol hexakisphosphatean regulate the binding betweddSN an@€RI(Scherer
et al. 2016)

CRLs can also be regulated by the protein CANDIfdh#itates the dissociationf a boundSRfrom a
cullin to allow the binding of a nev8R Without CANDXhe exchange of SR modules wouldrdly be
possille, since SkplFbxw7 (probably representative for other SR&)inds extremely tightly to
unneddylated orneddylated Cul-Rbxl (dissociation rateapprox. 1¢). CAND1 can onlgtimulate SR
exchangdor unneddylated CRLsince Nedd8 blocks the access of DAND the cullin scaffol@Pierce et
al. 2013) Interestingly, CAND1 seems to have some specificity in termth@fSR that it can exchange
(Pierce et al. 2013)CAND1reversiblywraps aroundboth the NTD and CTD of deneddylatedllin
(Goldenberg et al2004) It is assumed thatat least forCull a metsstable Cand4SRCullcomplex is
formed, which would either expel Candir the SR(Pierce et al. 2013)However, futher studies are
necessary to elucidate the molecular basishi$ exchange reaction.

Another regulation mechanistior CRLs is mediated liye protein Glomulin which interacts with Rbx1,
but not Rbx2Tron et al. 2012)Through this interactionthe E2binding siteis doscured preventing both
ubiquitination and neddylatiofiNguyen et al. 2017)
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CSN CSN

Figure5 | Regulation of CRL E3 ubiquitin ligases

Starting from a CeRbxSR complekmarked with a black rectangleZRLs can be regulatedseveralways(direction1 or 2). For
simplicityin this figure SR (substrate receptor) refers to adajois substrae receptor, sincdor some CRLs both subunits are
one and the samel) If Candl binds to GitbxSRthe SR can bsplit off. After thatCandlcan bereplaced by another SR) In
addition, CWRbxSR can beeddylated by means giroteins, which functiorlike E1, E2 and E3 enzymés the ubiquitination
cascadeOnceCRLs are neddylate@andl1 can no longérind to CRLswvhichprevents the path vid). The neddylation leads ta
conformational change in the culland arearrangemenbf Rbx1.Only after thisshift, the E2 which binds to Rhcan reach the
substrate for ubiquitinationNeddylation can be reversed by C&MNerestingly CSNalsoregulatesCRLs independeinf Nedd8:
CSNcanbind stablyto parts of Culnd the substrateeceptor thereby preventinginding of bothan E2 and substrateslowever,
highsubstratelevelscanout-competeCSN for CRAfter the dissociation of CSkheinitial situation (black rectangle) is restored
Figureassembledrom data in(Lydeard et al. 2013)

2.6 Substrate recruitmenb SCF complexes
SCF complexes us#éx proteins as substrate recognition modules. These proteins contain then-

acid Fbox domain, which was first identified in cyclin F. In humans approximatelyb@8 proteins are
usedto target hundreds of proteins for degradati¢din et al. 2004; Skaar et al. 200Blbox proteins can
be subdivided into three families bad®n specific domains beyond thebbx domain FBXW (#Box and
WD40 domain)FBXL @Box and Letrich repeat) FBXO (Box only)Jin et al. 2004; Cenciarelli et al. 1999;
Winston et al. 1999However, the namef FBXO is misleading, since also féisily contairs additional
conserved homology domain@t least 21)but theyare either not present imanyF~box proteins omwere
not recognizedTherefore, theR S & ONJFRIB E2 V Y B 2 (i WGINDbeRré bukapla for FBXO
(Skaar et al. 2013)

In response to stimli, target proteins must be bound by thegorresponding fox proteinor this
interaction must be preventedTo this end, both~box proteins as well as-box proteinsubstrate

interfaces ardightly regulated(Skaar et al. 2013Figure6).
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Oneway of regulation is viaanonical phosphiegrons in substrate@-igure 6A. For instancethe Fbox
protein bTrCPbinds the consensus degron ASprGly-XaaSer (Xaa represents any amino acid aoth
Ser residues are phosphorylaje@here may be deviations from the consensus sequeaag repacing
Ser and Thr gdues otthe inclusion of phosphomimicking amino aciég¢hereas simple phosphodegrons
can be phosphorylated by a single kinaseme degrons with multipl@hosphorylation sites can be
targeted by multiplekinasesFor instancethe kinases Cdk2 and GSpl®sphorylate different residues of
the cyclin E degrofiwWelcker et al. 208; Skaar et al. 2013)

In addition,priming phosphorylation can add an additional layer of complgkiigure 6B. Forexample,
GSK3 can phosphorylatiee JUN degromnly after it was phosphorylated by another kings&ei et al.
2005) Furthermore, itmust be consideredthat in some casepriming phosphorylations are not always
directly at the Fbox proteinsubstrate interface, but onlgear it(Liu et al. 2002Beside his regulation via
canonical phosphodegrons, there are a couple of othegulation mechanismssome ofwhich are
described belowThesemechanismgan becombinedin different ways and thereby allowraore precise
regulation of substrate targeting

Regulation of substrate bindingan also be dependent on cofactqfEgure &€). For example SCFSkp2
requires the binding of the cofact@ks1 to allow efficient ubiquitination pR7. Cks1, but not Skp2 binds
to phosphorylated Thr187 of p27 and thereby contributes to substrate recognif@anoth et al. 2001;
Spruck et al. 2001)

In addition, he access of degrorean be restrictedFigure ®). For instance when Cdk activity is low
Thr33- which is not part of the degronf RRM2- is not phosphorylated antherefore the degron is
obscured.However, in G2 Cdk activity enables phosphorylatibhr33 which in turn allowsccess to
the degron.Often it is not easy taletermine, whether phosphorylation events beyond the degeoa
priming events for the degron, control degron access, or l§binan et al. 2011; Gao et al. 20Zhao et
al. 2011)

Beside phosphorylation there are also other covalent modifications for de@Fogsre &). For instance,
the Fbox proteins FBXO2 and FBXaéd glycosylated substrates viabBx-associated (FBA) domains.
Interestinglynot only coalent modificationscan regulate substrate recruitment, but alson-covalent
binding of regulatorsKigure 6F). For instanceinteraction with iron orplant hormones like auxin and
jasmonatecantrigger the binding between-Box proteins and substratdsy filling thegaps between these
proteins (Sheard et al. 2010; Tan et al. 200&though modificationften play an activatingole in

substrate recruitment, there are also cases where the oppasitaue (Figure &). For exampleCdt2 and
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p85h cannot be recognized by their corresponding-bBx proteins as long the degrons are
phosphorylated Shafi Kuchay et al.; Skaar et al. 2013)

Furthermore, not all subsrates are recognized by-fox proteins via short degron motifdnstead
recognition can also be mediated bgnserveddomain structuregFigure 6H. For instance, FBXO4 binds
its substrategyclin D1 and TRKia domairdependent mannerTIN2 can bind TRF1 via the same domain

and therebycanblockthe access of TRF1 to FBXOKaar et al. 2013)
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E) Covalent modifications beyond
A) Canonical phosphodegron hosphorylation

F-box

R\protein

degron motif

B) Priming phosphorylation F) inducible, non-covalent degron

Kkinase
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F-box

rotein
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o
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Figure6 | Substrate recognition mechanisms of SCF complexes

Substrates are recognized bypBx proteins in different way#\) Recognition of substrates can be mediated by canonical rr
in which certain amino acids are phosphorylated, which allows bindingbofFproteins.B) In some cases, a priming kin
phosphorylates substrates, which in turn allows phosphorylationtieétoamino acids by a degron kinase. Only then recogr
by an Fbox protein is possibleC)Cofactors such as Cksl can be a precondition for efficient recognition of substratdsok
proteins. D) Some substrates initially adopt a tertiary structurghich shields a degron motif. After phosphorylation of spe
amino acids, the structure changes and the degron is accessible fothitve frotein.E)Not only phosphorylation, but also ot
covalent modifications such as glycosylation can mediatetmatesecognition.F) Even norcovalent binding of small molecu
such as iron or plant hormones can arrange the interaction between substratestaodgroteins.G)Although phosphorylatio
is frequently a requirement for substrate recognition, in sorases it acts in the opposite way by preventing binding of subs
to Fbox proteins.H) Substrate recruitment can not only be mediated by short degron motifs. Also, domains are usec
sometimes can not only bind to thelfox protein, but to alterative binding partners as well. Figure assembled from dat8kaa
et al. 2013)
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2.7 The Anaphaggromoting complex/cycloson{@&PC/C)
The anaphasepromoting complex/cyclosomeAPC/C])s a largeE3 ubiquitin ligase that belongs to the

RING clas3he APC/@ essential for regulatioaf the mitotic cell cyclelt controlsthe onset of anaphase
as well as mitotic exitn addition it isalsoplays a roldor entry into S phasand for meiosiglrniger et al.
1995; King et al. 1995; Sudakin et al. 1995; Tugendreich et al.. ¥98§)cell cycle independemdPC/C
functionssuch as dendrite formation in neurorse known(Alfieri et al. 2017; HerrerMendez et al.
2009)

The APC/C of vertebratésis a molecular weight of 1.22 MRad consists of 14 different subunitgigure
7). Since5 subunits are present i@ copies the total number of subunits is 19The complexcan be
structured intothree domains: the platform, the catalytic coaed the tetratricopeptide repeat @R) lobe
(Sivakumar and Gorbsky 201%he platformserves as a bader joining other subunits of the APC/The
catalytic core isnvolved insubstrate recruitment. However, alsher proteins, namely cactivators are
needed for tlis processPart of the catalytic corare Apcll, the RING domain subu¢otthologof Rbx1
in CRDsand Apc2, the cullin subur(Zachariae et al. 1998b; Alfieri et 2017) The PR lobe comprises
multiple structurally related proteins witmumerous TPR$n addition, this lobecontainsTPR accessory
factors, which stabiliz&PC/C subunits in the TPR lob&e functions of this lobe are assembly of the
APC/Gas wel asinteractions with regulatory protein@Herzog et al. 2009; Zhang et al. 2013)

In vertebratesthe initiating E2 UBCH10mediates binding of the first ubiquitin t&PC/Csubstrates by
binding to the RING domain tife APC/C subunAPC1XBrown et al. 2014; Williamson et al. 201The
E2UBCHS5 canmlsohave this function, at leash vitro (Williamson et al. 2011; Sivakumar and Gorbsky
2015) Thereafter, the elongating EUBE2S catalyzes attachmeoft further ubiquitinsto the already
bound ubiquitin To this endUBE2S binds to APIC4s well aso other components of the catalytic core
and platform (Sivakumar and Gorbsky 2015; Brown et al. 2db4)igher eukaryoteshe APC/@enerates
by means of UBE2 Hinkedor mixed K11and K48inked chains that are bottecognized and degraded
by the 26S proteasom@latsumoto et al. 2010; Jin et al. 2008a; Wu et al. 2010)

For full activity of the APC/C binding ofactivatorsq Cdc20 (Fziy Drosophilg or Cdhl (Fzr iDrosophild
is neededBoth ceactivatorscontain a WD40 domaiin their C termini, whicls essential for recruitment
of APC/C substratgraft et al.2005; Kimata et al. 2008However,Cdc20 and Cdhl alemhance the
interaction of the APC/C with Eiquitin and cartherefore promote ubiquitinationBrown et al. 2014;
van Voorhis and Morgan 2014; Sivakumar and Gorbsky 2C#620 and Cdhibteract and activate the
APC/C at differenime periodsas discussed belaw

APC/C substratesontainshort linearmotifs (SLiMs) known ategradation sequences (degrongj;ough

whichthey specificallyinteract with the APC/Gco-activator compleXBansal and Tiwari 2019Fhe most
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common degrongre the Dbox (RXX[D/EJ[ZIXN[N/S) and the KENox (KEMxx[N/D]), wheredZk is a
hydrophobD | Yy R @& E¢ A 8Barlsaland Tiwdrk 201®; SivaBumar and Gorbsky 28iB§trates
with a Dbox bind to botithe WD40 domain(between the blades of the propelleof the caactivator and

to the APC/C subunAPC10Bythis bipartite binding interaction with the substrate iscreased and the
processivity of the ubiquitination reaction isleanced(He et al. 2013; da Fonseca et al. 20110 the
other hand the KEMNbox only binds to the WD40 doma(top of the propeller)of the coactivator(He et

al. 2013; Chao et al. 201Beside the Band KEMox, there are other APC/C degrons such as the ABBA
motif or the G, G, A and the CRYox (Pines 2011; Sivakumar and Gorbsky 2015; Di Fiore et al..2015)
Strikingly the degrons alone are not sufficient foecognition(Matyskiela et al. 2009; He et al. 2013)
Substrates also contain additionabn-conservedsequences that mediatBnetuned timing of substrate
degradation(Matsusaka et al. 2014Not only theamino acidsequence, but also gst-translational
modifications (PTMs) regulatee timing of APC/C substrate degradatiofor instance, phosphorylation
sitesare often present near or in thhDbox of APC/C substrates arsgtem to beessential for fietuning
the degradation timgHolt et al. 2009)Ubiquitination is usuallpromoted by phosphorylation of the acidic
residue at position +6 of the-Box, whereagphosphorylation of the basic rigkle at position +2f the D
box inhibits degradatiofAlfieri et al. 2017)

A brief overview of APC/C regulation during the cell cycle is given béiatypredominantlyCdkZXcyclin

B phosphorylates APCATbunits, which allows binding and activatiby Cdc2QYang and Ferrell 2013
Sivakumar and Gorbsky 2015APC/&dc20 can now target Nek2A awdclin Afor degradationin
prometaphase Howeverpther APC/@Cdc20substrates such as cycliraBd securirare initially protected
against degradatioby the spindle assembly cheakpt (SAC)The exact mechaniswf the SAC will not
be described hergddow prometaphaseargetssuch asCyclin A and Nek2 are not affected by the S8C,
currently under investigationHowever, it seems that the primary mechanisis the ability of
prometaphase substrate® use not the D and KEMNbox, but other sequences to bind to the APC/C
(Sivakumar and Gorbsky 201%)nly after 8l sister chromatids are properly attached to the kinetochore
in metaphasethe SAGs silencedDegradation ofSecurinfrees Separase which can cleavahe cohesin
subunitkleisinon the sister chromatiddJhimann et al. 2000pegradation of Cyclin l@duces the kinase
activity of Cdklwhich in turnallowsdephosphorylatiorand thus activation of Separaggétemmann et al.
2001; Gorr et al. 2005; Holland and Taylor 2008)is allows the separation of sister chromatids and
therefore anaphase can be initiateleduced kinase activity also allogephosphorylation o€dh1, which

is arequirementfor bindingto the APC/CAPCG-Cdh1 targets Cdc20 for ubiquitinatidBy this mechanism
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APC/BCdc20is replaced by APC/Cdhlat the end of mitosisAPC/@Cdhlhasthe same substrates as
APCC-Cdc20, but caalso recognizadditional substrategAlfieri et al. 2017; Floyd et al. 2008)

To exit mitosis also o#r substrates such as PLKf&d Aurora kinase are ubiquitinatecoy APC/&Cdhl
after theyhave fulfilled their functions in telophase angtokinesigLindon and Pines 2004; Littlepage and
Ruderman 2002APC/GCdh1 also targetS andM cyclins as well aggulators of replication such &RC1,
CDC6 and Geminin. Thigvents premature entry int& phasgAraki et al. 2003; Pines 2011APC/C
Cdh1lstays active until the end of G1 phase and is then inactivated by different mechadisARC/C
Cdh1 cannactivate itself by ubiquitination ahe E2UbcH10(Rape and Kirschner 2002) In addition,
Cdh1 can bauto-ubiquitinated by APC/Cdh1(Listovsky et al. 2004)3) cyclin E or cyclinA-Cdkscan
phosphorylate Cdhl angrevent it from binding to the APC/(Zacharia et al. 1998a; Jaspersen et al.
1999) 4) Furthermore, inhibitorsuch as Emil in vertebrates and Rcabiiasophilacan bind and inhibit

APC/GCdh1(Grosskortenhaus and Sprenger 2002; Reimann et al. 2001)

A) B)

solls

Apc6 22 !
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Figure7 | Structure and substrate recognition of the APC/C

A) Structure of the human APCG/CdhXEmil complexEmil,parts of Cdhl and RC10 as well as smaAPC/Gubunits(APQ2,
APC13, APC15, APC16) are representsgace fillinglepictions.Large APC/8ubunits are shown as cartoariBhe TPR subunits
APQ, AP, APCTAPC&Nd APC12xist as homodimerand aremarked accordingly with the suffixés! ¢ | yTRe catalytic
module of the APC/C ceists of APCZPand APC1RNG whereas the substrate recogion moduleis formed by Cdhl and APC10.
PDBA4UI9.B) Closeup representation of the Bbox co-receptor, which igenerated by Cdhl and APCIbe Dbox is recognized
by both the WD40 domain of CdiCdhP49 as well as APC10. In contrast, the Ko and the ABBA motif are solely recognized
by Cdh¥'P40 Figure modified fronfAlfieri et al. 2017)
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2.8 Emil
Emil (arly mitotic inhibitor 1)is an inhibitor ofthe APC/@dh1 during S and GZhisleads to the

stabilization of geminijcyclin Aand cyclin BherebypromotingS phasendpreventing prereplicatiorfDi
Fiore and Pines 2007; Machida and Dutta 208%houghEmil can also inhibit the APGBZc20n viro,

in vivodata suggestthat the inhibition of the APC/€dhlis moreprominent and importantin addition,
Emilhas a second function as arbBx protein where it targetsRad51 for degradatioarzio et al.
2019)

Emil inhibits the APC{Cdhlby means of the interplay of severdbmains in its @erminus D-box, linker,
zinc binding region (ZBRg well as an RL t@igure 8A. The Bboxbinds in the vicinity of Cdhl and APC10
andthereby block the access oAPC/C substratggrye et al. 2013)n this manner the ox givesEmil
the function as @seudo substraténhibitor. However, the Ebox has only a modest effect on substrate
competitionin comparison to other substrates such as Hsl1 and sedOnitythe contribution of the other
mentioned domaingn the Gterminusmakes Emil a strong inhibit{frye et al. 2013; Wang and Kirschner
2013)

The ZBRan inhibit Ubchl@atalyzed multiple monoubiquitylatioas well as chain elongatipand the
latter can be inhibitel more efficiently. An Emil mutantwhich still contained the ZBR domain but a0
Gterminal part beyondalso failed tanhibit ubiquitinationby either Ubch10 or UbcH3herefore the G
terminal tail of Emil is might cruci@ position the ZBIh the right placgWang and Kirschner 2013)e
linker between the Dbox and the ZBR alsoessential forinhibition, and it is asumed that thiss due to
the right positioningpf the ZBRYamano 2013)

The R#ail inhibits chairelongation by Ube2S (and UbcH1Kinetic analyzes suggests thhis inhibition
occurs in a competitive manneBoth the Riail of EmilandUbe2S C terminusaninteract with the APC/C
subunit APC2Furthermore, he Rl-tail and the C terminus of UbeZe rich in basic residues arde
similar in their amino acid sequenc&herefore, it is assumatiat the RL tail inhibits the activity tfbe2S
by abolishinghe interaction between Ube2S and AP@2ang and Kirschner 2013)

Summaized, Emil protects APC/C substrates from degradatiominly by inhibiting ubiquitin chain
elongation It is thoughtthat DUBssynergize withthis mechanism, since many of theseem toprefer
monoubiquitinated substrate@Nang and Kirschner 2013)

Emilalso has a4¥ox domain(Figure 8A. Althoughmost Fbox proteins act as substrate receptors of SCF
complexesthis is not always the casastead, some (e.¢z:BXW8, FBXL10, FBXlat&)incorporated into
atypical protein complexes and show enzymatic activities distinct fizah of E3 ubiquitin ligasege.g.
histone de-methylase activity for FBXL10 and FBX(3#&aar et al, 2013; Marziddince thediscovery of

Emil, the function of Emik Fbox was not knowiior almost 20 yeardn 2019 it wadinally found outhat
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Emil is indeed part ain SCF complex that targets Rad51 for degradatipl, Culland Rbx1 co
precipitatewith Emil in an #ox dependent mannein addition, Emil only interacts with Culdyt not
with other members of the cullin famil¥Emilis a substrate of S&EHTCP (see below)o exclude that the
interaction of Emilwith Cull is dependent o8CHhTrCREmiIDDSGYX a mutant that lacks thédTrCP
recognition motif - was used for cdP experiments.EmilPDSG)is still able to efficiently co
immunoprecipitate CullFurthermore,only immunoprecipitated Emil, but ndmilDFbox)produces
polyubiqutin chaingn vitro. By means of masgpectometry Rad51 was identified as a potential substrate
of SCHEmI1.To confirm thiscolP experiments were conductedmongstl4 different Fbox proteins only
Emil can co-immunoprecipitateendogenous Rad5Iwhich confirms thespecificity of the bindingln
addition, expression of Emil promatdRad51 degradatioand knockdown of Emikadsto higher levels
of Radb51in viva In contrast expression of EmiDFbox)has no signifcant influence on Rad51 levels.
Finally, it could be shown th&ad51 can be uguitinated by Emil in an-Box dependent mannen viva
SCFEmIl targets Rad51 in a constitutive manner. However, upon genotoxic striessl51 is
phosphorylated on TI09 by Chk1, which increases its affiior BRCAZThis in turnprotects Rad51
from SCHEMIl dependent degradatiofhis causes accumulation®ad51allowing efficienthomologous
recombination repair (HRRMarzio et al. 2019)

Emil activity during the cell cycles regulated by transcription stabilization,deactivation as well as
degradation of Emil(Figure 8B). At the G1/S transition Emil is transcriptionaligduced by the
transcription factos E2F1 and E2B (Hsu et al. 2002)Thisinitiates the inhibition of the APCACdhl
during S and G2 phasé&his inhibition as well adranscriptional upregulation of cyclin &lowscyclin A
accumulation, whiclactivates Cdk2CycA/Cdk2 then phosphorylat€slh1, whictin turn contributes to
the inactivation of the APC/Cdh1(Hsu et al. 2002)

Emil is a targetficSCHhTrCPHowever Emil degradation via this Epieevented in S and G2 by Evivi5
binds to a site adjacent to the DSGxpt®sphalegronthereby blockingphosphorylation by Poltike
kinases which is a requirement fosubsequentbinding tobTrCP Ev5 accumulates in early G1 arisl
degraded in early mitosisy an unknowrE3(Eldridge et al. 2006Degradation of Evi5 is dependent on
PIKL, justlike for Emillnterestingly stabilized Evi5 mutantsannot $abilize Emil in nbosis. This suggests
that an additional inactivation stegior instancephosphorylation of Emil or Evébolish the interaction
between these proteins allowinghosphorylationby PIk1(Eldridge et al. 2006)

In prophase, SEBTrCP can statb target Emil for degradatiorlo this endPIkl directly bind&€mil,
likely through theSpS e sequencegPBD Polo Box domain)of Emilsphosphalegron It isassumed that
S149 as well as other amino acids of Emil are phosphorygt€ttikl angbossiblyother kinases which
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contribute to binding of Plk1ln addition, Plklbhosphorylates Emjlikelyamongst other®n serinel4s.

All these binding and phosphgdation events byCdk1, PIk1 anplossibly other mitotic factorallow binding

of Emil tabTrCPIt is assumed that thesevents occusimultaneouslyather than in a processive manner.
Furthermore,there are hints thatsomeamino acids withirthe phosphodegron of Emil are helpful, but
not essential For instancemutation of glutamate143 only has a mild influence on the destruction of
Emil Interestingly,overexpression oPlk3cancausereduction of Emil levels. Thereforié,seems that
PIKL is supported by PIk30n the other hand, PlkRas no influence o&mil(Hansen et al. 2004)
Theinfluence ofPlklon Emilis alo regulated in aspatial mannerPIk1 isrecruited to the centrosome,
whereas Emils directed to the spindle poles, whielne in the immediate vicinitylt was suggested that
Emil could be actively transported f 2y 3 & LA YRt S Y AGNNRIaOKoAd2EyS & O Sly2i S NE
centrosome where phosphoylation and ubiquitination of Emil takes placks an alternativeit was
considered whether Emil could lemorestatic and functional component of the mitotic spindkg. first
glance,it is counterintuitive that Emil should persist on the spindiken Rkl is activeand the mdority

of Emil is destroye@Hansen et al. 2004However,there is a similar example with cohesimhich is
removed from chromatin whereas small pool o€ohesin isnaintainedat kinetochoregWaizenegger et
al, 200 in Hansen)nhdeed,spindle-associatedEmil plaga role inprotectingcyclin Bfrom degradatiorat
mitotic spindles. The mechanisms, whighlay a role in thisare summarized inK S G SNXY a9b5 ySi
(Emil/ NuMA/dyneindynactin).First Cdk1lphosphorylatesNuMA whichis a dynein cargo protein. This
enablesNuMA to bird Emiland transport itto spindle poleshy meansof the dyneirdynactin motor
complex It is important to mention that also agpt of APC/Gomplexeds localized at the poleEmil in
this pool is protected frombulk destruction after nuclear envelop breakdownhhisleads to APC/C
inhibition and in turn toprotection of spindlepoleassociatectyclin B Cdk1/cyclin B can thasustain the
phosphorylated state ofNUMA which is a requiremerfor its function (integration of microtubule arrays
at the poles) Therefore, the Cdkl/cyclin B dependent assembfithe END networland the stabilization
of cyclin B by the END network creaeositive fedback loogo enable NuMAdependent anchoring of
microtubules at spindle polg8an et al. 2007)

Besides the degradation of Emil by ®TFCP another degradatiggathway via the APC{Cdhlitself was
proposed.In this modelEmil switchesrom being a substratéo an inhibitor of the APC/GCdhl in a
concentration dependent manneFirst it was found out thatow levels of Emil in G1 phase are due to
degradation ofEmil sincdreatment with the proteasome inhibitor MG132 increases Entiiis unlikely
that this degradation is mediated by SB6FrCRconsidering that this E3 is active in preetaphase and not
in G1 phasgMargottin-Goguet et al. 2003; Cappell et al. 201Bjstead, both in vivo and in vitro
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experimentsshowed thatEmil is a direct target of the APGZ@h1 Inin vitroubiquitination assays APG/C
Cdh1l an ubiquitinate Emiif its concentration is low (23 nMAmong other things &sed onstructural
data andcomputational models the following modfdr the switchwas proposedEmil reversibly binds
to a lowaffinity substratebinding site of the APC/Cdhl Heremono- and polyubiquitination of Emil
can take place in a ngprocessive mannerln this context it is important to mention that Emil as
distributive substrate meaning thatoly-ubiquitination requires severaincounters of Emil with APG/C
Cdh1. In addition, Emilreversbly binds to a inhibitory site of the APC/Cdh1 with higher affinityo
suppress pohubiquitination of substrateslf Emil levels are lower than APG2Xdh1 level€milas well
asother substratexan beubiquitinatedby APC/GCdh1, which is noinhibited by Emil With increasing
levels of Emilthe inhibitory site iprogressively inhibitedo thatpoly-ubiquitination of Emil and other
substrates is hardly possibl€he fact that Emil acts as both substrate and inhibitor of the A1
creates a duatnegative feedback logpwhich is requiredor rapid and irreversible inactivation of the
APC/GCdhland therefore cetcyclecommitment In contrast,cyclin E/Cdkaloneis at leastin some cell
lines not sufficient to inhibitthe APC/@Cdhlso stongly that irreversibilityis achievedInterestingly,in
vitro ubiquitination assays showed a concentratidependent ubiquitination for EmialsousingAPC/C
Cd20 indicating that Emil is a substratahef APC/GCdc20 as we(lCappell et al. 2018)

Emil activity cannot only be abolished through degradatimn also inactivating phosphorylation of Emil
by CdksNotably, his phosphoryldaon was only observed imitotic but not S phase cell extracBy Cdks
phosphorylated Emil can neithéorm a stable complex with the APC/C nor inhibiFrthermore, the
addition of Sphase cell extracts tmitotic cell extracts can protect Emil fro@dkmediated inactivation.
This suggests that there is a protzve factorin S phase cell$lowever, the identity of this factor is not
known so faMoshe et al. 2011)
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Figure8 | Function andregulation of Emil

A) Functions of Emi1lEmil is an inhibitor of the APC/Several domains mediate this inhibitidny different mechanisms. In
addition,Emil can act as abfox protein in SGEmil via its #6ox domainSo far, the only known substrate of SBffil is Rad51.
B) Regulation of EmilEmil is only active in S and G2 of the cell cyldiés is ensuredby numerous mechanisms such as
transcriptional controldegradation,and deactivation of EmiEigureassembled from data (Yamano 2013; Marzio et al. 2019;
Hsu et al. 2002; Eldridge et al. 2006; Hanseal.€2004; Cappell et al. 2018; Moshe et al. 2011)
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2.9 Rcat; the Drosophiladhomologof Emil
Rcal(Regulator of cyclin A13 the homolog of Emith Drosophilaand shared 6 %amino acidsequence

identity (25% similarity)with it. Both proteinshave asimilar size and placement of functional domains is
comparablgReimann et al. 2001frigure9). Like Emil Rcall®th an inhibitorand a substratef APC/E
Fzr (Fzr Brosophilahomolog of Cdhl{Grosskortenhaus and Sprenger 2002; Polz 202 Bddition, Rcal
also contains a Fbox for which it was shown that it is essential for the interaction with SCF components
andit was postulated that Rcal is involviedregulating he G1/S transitioifZielke et al. 2006 However,

no substrate of SGRcal could be identifiesb far.

In DrosophilaCdk activityin G2is very low ConsequentlyFzrcannot be efficiently phosphorylategnd
would activate the APC/EBlowever, APCHEzr activity in G2 is restricted by RcBisallows accumulation

of CycAand thereforeentry into mitosisRcal also enables enrichment of CyidBweveronly supplying
additional CycA but not Cyé8able torescue the mitotic failure dRcalmutants. Thiscould indicatehat
CycA and not CycB is the essential fabbortriggering mitosisHowever, CycB also disappears in CycA
mutants and Rcal can restore mitosis in CycA mui@ienemann and Sprenger 200fhis indicates tha
CycA is not essential for triggering mitosis, but CycA is required to inhibit Fzr g®ieiemann and
Sprenger 2004)Thee are indicatns that Rcal specifically inhibits APE&E and not APC/Ezy(Fzy=
Drosophilshomologof Cdc2(: Overexpression oRcalduring the first 16 cell cycles Drosophilavhere
mainly Fzyis the main activator of the APCMas noinfluence on cell cyclgrogression or cyclin
degradation Furthermore coimmunoprecipitation showed that only Fzr but not Fzy can interact with Rcal
(Grosskortenhaus and Sprenger 2002)

In Drosophilaembryos the role of Rcal strongijters during developmnt. During the firstl5 divisions
CycE/Cdk2s active throughout the cell cyclincluding GZKnoblich et al. 1994)n cellcycle 16 CycE
mMRNA is downregulated aridacapo, which is an inhibitor of CycE/Cdk2, is upregulgtedNooij et al,
1996; Knoblich et al., 1998ane et al., 19967 his leads to an abolishment of CycE/Cdk2 aciivi§2.In
addition,Cdk1 is inhibitedluring G2 (Edgar et al., 1994). TherefaZelkl and Cdk2 cannot phosphorylate
Cdh1lin G2 which would prevent assodcian with the APC/CThus,from G2 of cell cycle 1&cal becomes
essential replaiag the inhibition mechanism via phosphorylation of Fiar.agreement to this, Rcal was
dispensable wheycE was overexpressed during cell cycléGt6sskaenhaus and Sprenger 2002)
Overexpression oRcal Del1-203, which lacks the wholl terminus including the-Box, can restore
mitosis of cell cycle 1é Rcal mutant cellsThe samas true when Rcal witha small deletion, removing
the Fbox domain, is overexpressethis suggests that neithére N terminus (aa-203) nor the Fbox are
essential forinhibition of the APC/&zr.In contrast Rcal_Del-255 and RcalC346S (mutation in the
ZBRabolished Rch activityarguing thata Gterminal fragment(aa255-411) with intact ZBk sufficient
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for APC/C inhibitioriZielke et al. 2006)n the Gterminus of Rcakimilar domains are involved in APC/C
inhibition as for Emil, namely KENand a Dbox as well as the ZBR and the RL Naittation of the KEN
or D-boxonly have a modest effect on APC/@ibition, whereaghe ZBRstrong effect) and the RL talil
(complete abolishment of the APC/&e more importantPolz 2021)This suggests that the mechanisms
for APC/C inhibition could be similar as for Entibwever, to elucidate the concretemolecular
mechanisms that are involved herfyrther experimentssuch as arn vitro ubiquitination assay are
required.

At the end of mitosi&A\PC/GCdc20(Fzy)s replaced by APC/Cdh1 (Fzr)whichstays activeuntil the end

of G1(Sivakumar and Gorbsky 201%herefore in thisperiod, Rcal must nbbe present or at leastot

be active For Emil this problens mainly solved by degradatiaia SCBTrCP at the beginning of mitosis
(see chapter 2.8)n contrast, Rcal seems not to be a substrate of BOEP sincenutations ofputative
phosphorylation sitedn the respectivepredicted phosphodegron of Rcab not influenceRcal stability
(Radermacher 2007; Zielke et al. 2006; Morgenthaler 2013; Polz. Fafl)ermore degradation oRcal
only begins irearly G1 and not at the entry into mitosi@orgenthaler 2013; Grosskortenhaus and
Sprenge 2002) Rcalshows a similar degradation kinetic th&PC/G-zr substrates such as geminin
(Morgenthaler 2013; Polz 2020hisgave rise to the hypothesis that Rcal could awly be an inhibitor
but also a substratefahe APC/&zr.In agreement to thisRcalstability decreaseafter overexpression
of Fzrand inreases afteknockdown of Fzrin addition,mutation of sequences that are known to be
important for APC/C degradation (degrons) lead stabilization of Rchin G1.More preciselytwo D-
boxes two KENboxes éne of which is noitanonicalland possiblyan ABBA motif were found tmediate
degradation of Rcalnterestingly, also the Riail of Rcalontributes toits degradation sincenutation of
this motif caises a complete stabilization afGterminal Rcal fragment and a partial stabilization offull
lengh Rcal.Therefore, the Riail seemsto have a dual roleni both APC/C inhibition and degradation
(Polz 2021)

For Emil it was shown that thewvitch between inhibitor and substrate of the AP&Z6h1 isdependent
on its own concentration(see chapter B). After initial degradation of Emil by S®RFrCPthe
concentration of Emil il enoud to allow further degradation via the APGBdhlin G1 For Rcathis
kind of switchis not pausiblesince Rcal levels are very high at the beginning of G1 WR&YCFzr
dependent degradation startdn addition,in the studies in whiclAPC/GFzr dependnt degradation of
Rcal was seeRcal was overexpressdditial studiesshowed that phosphorylatiorinteraction with the
protein 143-3 as well asuclear localizationf Rcal play a role in mediating the switttawever, further

experiments are needed to elucidate th&act proces¢Polz 2021)
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Rcal like Emil, harbors antbox, enabling its coprecipitationith the SCF component SkpgADrosophila
homolog of Skp1)rhis interaction is4ox dependent sincRcal DFbox failedo do so.Furthermore, ce
IPsrevealed that also Cull interacts with Raalan Fbox dependent manne(Zielke et al. 2006)n
addition, SkpA andCull weredentified as interaction partners of Rcad¥ means of mass spectrometry
(M. Kies 2017)Taken togetler, this suggests the existence of an &A1 complex

Overexpression of Rcadan induceectopic S phase during eye development, causingough eyeé
phenotype in flieslt is noteworthy that while Rcal D203 and RcalDFbox retain the ability to inbit
the APC/C, they were unable to induce such ectopic S ph@kiesssuggests that SRealmediatesthe
degradation of a negative regulatof S phase entryA potential candidatéor this regulator was Fz&ince
APC/GFzr is essential for the establisbnt of G1, degradation dfzrcausedby overexpressed Rcabuld
lead to premature S phase entijowever, nachanges in Fzr levels were observed upon coexpression of
Rcalindicatingthat Fzr is nba substrate of SCRcal(Zielke et al. 2006 Another potentialsubstrate of
SCHRrcal ispnA(Drosophiladhomolog of Rad519inceRad51is targetedoy the human homolog S&Emil
(Marzio et al. 2019)However, analysig1 Schneider cellshows thatspn-A levels are not inflenced by
overexpression or knockdown of Rcgichard Bach 2023)n addition,sincespnA is neededfor DNA
repairit is unlikely that degradation of this proteimould causeS phaseanduction (StaevaVieira et al.
2003)

A promising candidate for S&¥¢al mediated degradationtise CycE/CkR inhibitor Dacapo (Daplsee
chapter2.12). In Drosophilaeye discs the G1/S transitiaa mediated by CycE/CdKRichardson et al.
1995) Degradation of Dapouldallow CycE/Cdk2 to become actitreereby enabling the G1/S transition.
Initially, it was observed that Dap levels do not decrease after overexpression offR@lwouldspeak
against Dajpeinga substrate of SGRcal(Zielke et al. 2006 However,this result must bequestioned
sincethe antiDap staining used fohe underlying experimentould have been unspecifieurthermore,
there are several hints th&ap is indeed a substratd SCHRcal¥for instance, @IPs revealed thaRcal
and Dap constructs can interact with each otfidr Kies 2017However, it must be emphasized that this
aloneis no proof thatDap is a substrate of S®€al.The interaction between these proteins couldal
rely on other functions of Dap or Rcdfi.addition,flow cytometry analyis of Schneider cellsuggested
that Rcal caussinstability of Dap_dCDI_dPIRaan Fbox dependent mannefM. Kies 2017)The dCDI
mutation abolishes interaction with CycE/Cdiehdering Dap cell cycle inert. TH®IPa mutation blocks
degradationviathe E3 ubiquitin ligas€RHU-Cdt2(see chapter2.10), for which it isalready known that
Dap is a substrate of (Bwanson et al. 2015 owever for thesestability analyzes the reference protein

GFPand Dap_dCDI_dPIPa fused to Ciite expressed frondifferent promotors Thisleads to non-
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stoichiometricallyexpression of these proteins and therefaeiigh variance of the obtained resulEhis
in turn, makes a reliable statement difficulin addition ligase trapping; a method, which enables the €o
precipitationof ubiquitinated substrates of E3 ubiquitin ligagesas not successful for Dap so faaken
together, there are promising hints that Dépindeed a substrate of S&€al, butnore experiments are

needed b confirm this hypothesis.

needed to form

SCF-Rca1 needed to inhibit the APC/C
1 154 203 282 345 403 409 41
Rca1
F-box ZBR RL
1 242 295 321 330 366 414 426 447
Emin
F-box D-box ZBR RL

Figure9 | Schematic illustration of Rcal and its human homolog Emil

Rcal and Emidhare similar domains and functions. Both can be incorporated into an SCF complex vidtixais Kdepicted in

blue). In addition, they can inhibit the APC/C via domains in ter@inus (depicted in yellow). For simplicity, in case of Rcal
only the Zinc binding region (ZBR) and theéd®| which are involved in APC/C inhibition are shown. However, there are a couple
of other domains in Rcal, which mediate inhibition of the APC/C (not depidthd)location of the Bbox and the ZBR in Emil
was derived from(Frye et al. 2013)For the Ritail the suggested location d¢framano 2013yas used. The-Box was déned

using the SMART databa@d. Kies 2017)The domains, which are involved in APC/C inhibition in case of Rcal were elucidated
by (Polz 2021)

2.10 CRIL-Cdt2
The B ubiquitin ligase CRid@dt2contributesto genomic integrity bylegrading essential proteins during

S phase and after DNA damageiongst others Dajps well as its human homolog pafe substrates of

it.

CRL4 complexeseQJUL4Aor CUL4B asscaffold DDBlas an adaptarRbxlas well as onef 90 substrate
receptors (alsoreferred to as DCABDB1QJL4associatedfactor). CRLACdt2 uses Cdt2 asubstrate
receptor(Mazian et al. 2022)

CRLACdt2only can recognize its substratiesconjunction withPQNA loaded onto DNA (PCRI) (Kim et

al. 2010; Havens et al. 201BCNA is sliding clamp that anchors polymerases onto the DNA thereby
increasing their processivitBoehm et al. 2016)in addition PCNA fulfilsnany other functions For

instance, i involved in Okazaki fragmemiaturation or mismatch repaifLevin et al. 1997; Umar et al.



Introduction]| 37

1996) PCNAs a homotrimemwith each monomeronsistingof two similarly faded domainswhich are
connected by an interdomaioonnecting loogKrishna et al. 1994Thethree monomersform a ringthat
can enclose DNAThis is made possible lpositively charged residues, which ctorm electrostatic
interactions withDNA(Boehm et al. 2016PCNA is loadeginto chromatin during S phase angon DNA
damage(Shiomi and Nishitani 2017; Havens and Walter 2009)

Most proteinsthat interactwith PCM use a hydrophobic pockeiear the interdomairconnecting loop of
PCNAor this purposg(Gulbis et al. 1996; Bruning and Shamoo 2004; Hishiki et al..26Gg)dition, his
interaction isnormally mediated by #CNAnteracting protein (PIP) motibcated on the protein that
bindsPCNAJbnsson et al. 1998; Warbrick 2000; Maga and Hubscl@®).2lhese motifs are sequences
of eight amino acidsAt position 1la conserved glutaminis located at position 4 a conserved aliphatic
residue (leucine, isoleucine, methioningnd at positions 7 and 8 twoonserved aromatic residues
(phenylalanie or tyrosine)However, sibstratesof CRL4Cdt2do notcontaina PIP box bt secalled PIP
degron, which is needed for efficienbigyuitination. In addition tothe conserved aminacids of the PIP
box, the PIP degroharborsa TD motif(threonine and agartate) at position 5 and 6 as wedls a basic
residue (lysine or argininet the fourth aminoacid position downstream of the PIP hoXhe TD motif
enablesparticularly strong bindingo PCNA(Nakanishi et al. 1995; Warbrick et al. 1995; Chuang et al.
2005; Havens and Walter 2009QRL4Cdt2 substrates that lack th€D motif (e.g.Dup (Drosophila
homolog of Cdtl)ikely achieve strong PCNA binding by meaf other residuegHavens andValter
2011) The basic residu@eferred to as B+4) is surfaexposedn the p22PCNA cocrystal structu(&ulbis

et al. 1996) Mutation of this residuepreventsdocking of CRE:@dt2 onto the PCN&dtl complex and
abolishes degradationf Cdtl. Howeverthe mutation does not influence the interaction between Cdtl
and PCNAHavens and Walter 2009; Michishita et al. 20Thjs suggests th&+4 mediates contact with
Cdt2. Interestingly, proteins containing a PIP baan be converted into substrates of CRLdt2 by
introducing the TD motif and B+4into its PIP boXHavens and Walter 2009; Michishita et al. 2011)
Furthermore,fusion of a short peptide (approx. 25 aa), which harborsRiedegron of human Cdtl to
GST can convert this protein into a substrate of GR1i2 (Nishitani et al. 2006; Senga et al. 2Q0R)is
indicates that the PIP degn alone is necessary and sufficient to promote £Rdt2 dependent
degradation.

For some CRLEEdt2 substrates also other amino acids in or next to the PIP box are crucial. For instance,
in numerous substrates such as the CDK inhibgi@dsand Dap basiesidues are located at the positions
+3 and +5. These amino acids interact with acidic residues within PCNA in tRE€p&Lcrystal structure

(Gulbis et al. 1996)n agreement to this, destruction of human p21 aXeénopusCdtl was reduced in a
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PCNA binding dependent manner, if B+5 was mut@ididhitani et al. 2008; Havens and Walter 2009)
seems that only basic or polar amino acids are tolerated at this poditi@vens and Walter 2011)
Furthermore, in several substrates a cluster of positively charged amino acids upstream of the PIP box is
located. Although these amino acids are apparently important, the underlying reason is not clear yet
(Chuang and Yew 2005; Nishitani et al. 2008; Michishita et al. .2011)

CRLACdt2 recognizes substrates via a bipartite surface composed of PCNA and the sulbdtnage
precisely B+4 in thesubstrate as well as D122 and E124 in PEwactCRLACdt2.It was speculatethat
the PCNAPIRdegron complex interacts with a surface of Cdt2, which harbors an arrangement of positive
and negative charges. However, this was not proven s@Havens et al. 2012)

In higher eukaryotes the #&rminus of Cdt2 contains seven WID repeats that form &-propeller
structure(Panagopoulos et al. 2020; Jin et al. 200®e @erminus of Cdt2 harbors phosphorylation sites,
the DNA binding domain (DBD) as well as abB¥{Mazian et al. 2022)Sofar, the structure of the N
terminus of Cdthas not been elucidated. Howevdrijs assumed that it resembles that another DCAF,
namely DDB2Mazian et al. 2022Basedn the known structure of DDB&ne side of theCdt2 Nterminus

is predicted to interact with BPA arBPC which are subunits of the adapter DDB he other sides
thought to mediate substrate recognitiofiFisber et al. 2011; Havens and Walter 2Q1Ajter the PIP
degron of p21 binds to PCN#he surface charge of the interdomain connecting loop of PCiNdkhges
from negative to positivgMichishita & al. 2011) It is assumed thathis positive chargemediates
interaction with the negatively charged surface of C@fazian et al. 2022)t was triedto invegigate the
interaction between substrates and thetlrminus of Cdt2 by means sfimulation with ZDOC#azian
et al. 2022) The results suggeshat four amino acid residues (K144, R16388D, E362) at the center of
the b-propeller structureof Cdt2interact withp21 (viaSL53, 148, D149, H152 andlB4 (B+3){Pierce et
al. 2014) One additional amino aci¢K271)in the Cdt2b-propeller was predicted to beinvolved in
substrate interaction by the WDSPdb databé@#éang et al. 2015By mutating theamino acidsn Cdt2
that are potentially involved in substrate recognition, the electrostatic poteofithe b-propelleris highly
altered. It is likely thatCdt2 with mutations of these amino acids camo longer recognize substrates.
However,to confirm these predictions mutation analysis must be conductederestingly, simulations
also predicted thaR155 (B+4) on p21 interacts withZ2 onPCNA, but not on Cd{®1azian et al. 2022)
Although simulations indicate that tHé-terminus @a45-400) of Cdtds sufficientfor recruitmentto the
PIRdegron wth boundPCNAY, wet lab experiments showed thaéhe Cdt2 Nterminus (aa 417) alone
does not bind to thisocation(Hayashi et al. 2018fonsequentlysubstrates were not degraded without

the Gterminus ofCdt2(Mazian et al. 2019; Caare et al. 2010; Kim et al. 2008)
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The Gterminus of Cdt2contains a PIP boxvhich isconserved in higher eukaryotemd harbors the
consensus sequendd-x-x-L/V/I/M-x-x-FIY-FIY) (Hayashi et al. 2018; Abbas and Dutta 2011; Leng et al.
2018) Interestingly in Drosophilathe first amino acid of this sequenéga glutamate (E712) instead af
methionine This PIP box mediates interaction with PGIA is essential for the efficient degradation of
Cdt2 substrategHavens et al. 2012; Hayashi et al. 2018; Leng et al. 2008) the @erminus (aa 390
730), but not the Nterminus of Cdt21-417)is crucialfor recruitment of Cdt2 to PCN@&layashi et al.
2018) Therefore, the Nerminusof Cdt2 only seems to contact PCiNAontext with sibstrate recognition
but notwith recruitment of Cdt2.

The Gterminus of CdtZan be phosphorylatebdy CDKs and this reduces binding of Cdt2 to PENAring
late S phaséNukina et al. 2018; Panagopoulos et al. 2020; Mazian et al. 20183cordance with that
Cdt2 hyperphosphorylationorrelatewith re-accumulation of substrate§.he Gterminus @a 4206730) of
Cdt2 contains 18 S/F sites, whiclare congnsus sites for CDK phosphorylatidfukina et al. 2018A
Cdt2 mutant in which these sites were mutatgedt218A)was phosphorylated to a less contghan the
wildtype version In addition,Cdt218Ablocksre-accumulation of CRE@dt2 substratdrom late S phase
to G2 phaséRizzardi et al. 2013 owe\er, the essential phosphorylation sites within theseSI8P sites
are not identified ye{Mazian et al. 2022)

Binding of PCNA tDNA is a requirement for the recognition of substrates by Cetthagopoulos et al.
2020) It was speculated thathe reason for this requirement is that Cdt2ust bind toDNA via its DNA
binding domainDBD)aa460-580)and that ths is facilitated by binding of Cdt2 to Didéund PCNAThe
region for the DBD domain was definsithcea peptide containing aa 46880 of Cdt2 can bind to DNA.
After bindirg of Cdt2 to DNA, the DBian cause alterations in the structure of Cd2azian et al. 2019)
Therefore, poper function of CdtZould depend on bipartite bindingp PCNA (via PIP box) and DMi&
DBD (Mazian et al. 2022)Degradation of Cdtl was delayed, if DBD was replaced by a linker peptide
(Mazian et al. 2019Phosphorylatiorof DBD can inhibit its binding to DNHirata et al. 1993; Smykowski
et al. 2015; Alexander and Rizkallah 201t7s assumedhat these phosphorylationkadto electrostatic
repulsionbetweenCdt2 and DNAMazian et al. 2022 he exact phosphorylation sites in the DBDich
prevent bindirg to DNA, are not known yenterestingly,Cdt2 prefers singletranded DNA over double
stranded DNAnN vitro (Mazian et al. 2019)his makes sense from a mechanistic point of view since PCNA
is loaded onto double stransingle-strand junctiongShiomi and Nishitani 2017)

Based on the abovehe following model for the ubiquitination of CRCAIt2 substrates can bereated
(Figure10): 1) Cdt2binds to PCNA“via its PIP box) This allowsbinding of the DBD domain to single
stranded DNAherebystably anchoring Cdt2 for efficient substratzognition.3) A substrates recruited
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to PCNA via its PH®x and independentlgf CRL4Cdt2.4) Theb-propeller ofCdt2 recognizes@mposite
surfa@ consisting of PCN®122 and El124and the PlRlegron (B+4)of the substrate This allows
ubiquitination of the substrateb) Cdt2 is phosphorylated by CDétsthe end of S phase. Timegatively
chargedphosphate groupsbolish both interaction between Cdt2 and DNA as well as betvgs#2 and
PCNAYA CRLA4Cdt2 dissociates from the DNA asdbstrates are no longer ubiquitinatg¢tazian et al.
2022; Havens et al. 2012)

Figurel0| Model for the recognition of substrates by CRICKt2

For clarity onlythe substrate recognitiosubunitCdt2, but not the whole @QR-Cdt2complex is shownl) The PIP box of Cdt2
mediates bindingo PCNANA 2) This enablestableanchoring of Cdt#o singlestranded DNA via gnDNA binding domain (DBD).
3) A substrate binds to PCNA tiee PIP box within the PIP degrorhis process is independent of CRI#2.4) Thecenter of the
b-propeller of Cdt2 binds to a bipartite surfac@mprising PCNA and the PIP degddrthe substrate (B4). Thereafter, the
substrate can be ubiquitinatedy CRL4dt2 5) At the end of $hase,the Gterminus of Cdt2 is phosphorylate@he negative
charges of thephosphate groupdead to repulsion of both DNA and PCNhAis allows dissociation of the whogRU-Cdt2
complex.Figureassembled from data iMazian et al. 2022)
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2.11 The CKHdap and its human homolog&1, p27 and p57
p21 as well axp27 and p57belongto the CIP/KIPamily of cyclindependent kinase inhibitors (CKIs

(Murray 2004) Dacapo (Dap) is the homolog of human p21 and p2Dnosophila.The amino acid
sequence of Dap shares-2@ % identity with its vertebrate CIP/KIP CKls p21 andlge et al. 1996)
Interestingly, these proteinsare also involved inCDKindependent functionssuch as apoptosis,
transcription and the cytoskeletofBesson et al. 2008Pepending on thecorresponding function ah
localization of the CIP/KIP CHisy can act as tumor suppressasr oncogeneéAbukhdeir and Park 2008;

Guo et al. 2010CIP/KP CKIbind both the cyclin and the CDK subuhigreby modulating the activity of
cyclin B, E, A, and BCDK complexe$Sherr and Roberts 1999 contrast to its homologs, which can
inhibit multiple Cyc/Cdk complexes, Dap specifically inhibits the CycE/Cdk2 complexIPByitcvas
shown that Dap is only bound to CycE/Cdk2, but not Cdk1, CycA or CycB. Furthedditos, af bacterial
expressed and purified Dap to embryo extracts showed that Dap inhibited CycE/Cdk2 activity in a dose
dependent manner. A Dap version with deletions in the CycE binding domain (D&8-48Iwas almost
unable to inhibit CycE/Cdk2. Coleyges consisting of Cdk1, CycA or CycB watranhibited by Dap(Lane

et al. 1996) Although it is unlikely that Dap interacts with Cdk4, Cdk6 or CycD as this would be untypical

for CIP/KIPs, this was not tested so to our knowledge.

p21, p27 p57 and Dapshare conserved domasnn the Nterminus which mediate binding to CDKs and
cyclins However, otherwise their sequendéfers greatly suggesting thitte proteinshavemiscellaneous
regulation and functiongBesson et al. 2008)

Indeed,p21, p27 p57and Daphave different functions during the cell cygh®1 can inhibit all cyclin/CDKs
(Xiong et al. 1993However, inhibition of CDK2 is most importéAbbas and Dutta 2009; Wade Harper
1993) p21lis expressed upon DNA damage and causes cell cycle arrest in G1 and G& phagfe A 6 S |
1998) p21 isonly essentiafor DNA damage responsiut not forunperturbed cell cyclesat least in mice
(Nakayama and Nakayama 1998)

Accumulation of p27 triggersell cycle exit. As cells-enter the cell cycldfrom GO (quiescencej is
degraded (Chu et & 2008) Accordingly,depletion of p27leads to increased proliferation in mice
(Nakayama and Nakayama 1998)

In contrast to p21 and p27 57 is essential during embryonic developmand regulates differentiation
of tissueqPateras et al. 2009; Nakayama and Nakayama 1998)

Dap is needed to arrest epidermal cells in the Gagehfollowed by the terminal divisions (mitosis 16).

Accordingly, Dap ensures that the epidermal cell proliferation is stopped at the correct developmental
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stage.However, Dap is also crucial for the propriate development of other tissues such as néRirdks
Stadler et al. 2019)

A common éature of the CIP/KIP CKiIs is thay are intringcally unstructured protein§lUPs)Galea et
al. 2008) It is assumed thathis flexibility enables binding tmany different proteindy forming various
tertiary structures.SomeE3s target CKlIs only when they are botmdertain proteins probably because
only then a tertiary structurés acquired, which can be recognizétbr instance, SE¥kp2recognizes CKls
only when they are bound to cycHdDK complexe@bbas and Dutta 2009There is a cigal structure
for p27 bound to CycA/CdKRusso et al. 1996fFurthermore, kinetic data suggested that the binding of
p27 to CycA/Cdk2 happens sequentiéllgicy et al. 2004Highly disordered segments tife Nterminus

of p27, which are highly conserved within the human CKIs mediate specific interactions vAtCdisz
To describehe binding mechanism of p27 to CycA/Cdk2 the terms domaaa12{-37), linker helix (aa
38-59) as well as domain 2460-88) are usedAmino acids in domain 1 are highly dynaiici bind to a
hydrophobic patch on the surface of Cy©amain 2 like domain 1lacks secondary structure in solution
However, after binding to Cdk@omain 2 forms d-strandrich structure. Amino acids in the linker helix
are partially structured in solutioninterestingly, the amino acid sequence of the linker helix is poorly
conserved, whereas the secondary structure seems to be conserved among the CKIs. The linker helix
bridges a gap between domain 1 and domain 2. Only one amino acid of this helix (Lieterts
specifically with CycAinding of 27 to either CycA or CdKacilitatesfolding of the domain directly
involved in the interaction (domain 1 or domain 2, respectively). However, also the folding of thevisher
partially structured linker hét is promoted after binding to domain 1 or Rinetic data suggests that
binding of p27 to CycA is strongly preferred in comparison to binding to Cdk2. In sunfirsirthe
disordered domain 1 binds rapidly to CycA. Thereafter, folding of the linker &edl then binding of
domain 2 to Cdk2 takes pla¢leacy et al. 2004)

In additionto binding of CKls to Cyc/Cdk complexbsre areseveral other regulation mechanisms such
asphosphorylatiorandsubcellular localization, whiaghediatedegradation of the CIP/KIP CK3garostina
and Kipreos 2012 he E3s that mediate degratibn of p21 p27and Dapare presented below.
SCFSkp2together with its cofactor Ckstargets both p21 and p27 (and5Y)for degradationFor Daghe
results of different workgroup suggest either that it is a substrate of KPR or not, respectively. On the
one hand, Dui et atlaimed thatDapis a substrate of SCEkp2(Dui et al.2013) Basis for this statement

was the followingThe Fbox protein Skp2 interacted with Dap. Furthermore, the protein levels of Dap
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were dependent on Skp2 activity. Knockdown of Skp2 lead to accumulation of Dap, whereas
overexpression of Skp2 lowext Dap leveldMoreover, defects during the eye and wing development that
were caused by knockdown of Skp2 could be rescued by knockdown of Dap. Finally, polyubiquitination of
Dapin vivowas promoted by Skp@ui et al. 2013)

However, he work of two other workgroupéncluding our ownsuggest thaDapis nota substrate of
SCFskp2 (Ghorbani et al. 2011; Rdssler 201Ghorbani et al. reprted that protein levels of Dap are not
increased after knockdown of Skg&horbani et al. 2011)n addition, overexpression of Skp2 slowed
down the G1S transition, whereas knockdown of Skp2 shortened G1 pi&ssesult is not in accordance

with Dap being a substrate of SGkp2 since degradation of Dap should result in more CycE/Cdk2 activity
and consequentlyaccelerated entry into S phase. Of course, the possibility remains open that
overexpression/knockdown ofkp2 could also influence other substrates of -SK#2, which would
overcompensate the effects of altered Dap levels. However, it was also showapibatoverexpression

of Skp2 the levels of three different Dap versiqri3ap wildtype, a celtycle inertDap version (Dap_dCDI)

as well as a cell cycle and CRIH2 inert version (Dap_dCDI_dPIPa) are not decrefsebap_dCDI and
Dap_dCDI_dPIPa even increasé&dythermore, the interaction between Skp2 and Dap vidRegeen by

Dui et al was not reprodudile (Rdssler 2019)Therefore, we assume that Dap is not a substrate of SCF
Skp2.

For p21 and p27a requirementis that the CKls are bound to Cy@i#k2 or CycAadk2 and are
phosphorylaed by the sane CDKs onertain amino acidsS130 for p21 T187 for p27 (Lu and Hunter
2010) Furthermore p27 is phosphorylatedn Y74 and 88 by the kinases ABL, SRC and [[¥i¥ leads to
a weakening of the interactiobetween p27 and Cy€&dk2 which in turn facilitates phosphorylation of
T187.The degradation via SEkp2 takes place late G1 phase and early S phabBkis allows activation
of CDKdriggeling S phase entry angreventingrelicensing of DNA replicatigii and Jin 2010; Pospiech
et al. 2010) The activityof SCFskp2 igontrolled by the APC/Cdhl andCycECDK?2, among other things
(Rodier et al. 2008)

p21and Dapbut not p27is a target oCRL4Cdt2(Abbas and Dutta 2011; Swanson et al. 201b¢ gaeral
substrate recognition mechanism for CRLdt2 has already been described above (chapter 2A1§pecial
feature for p21 is that it must é phosphorylated on S114 by GBK®& allow efficient ubiquitination by
CRLACdt2(Abbas et al. 2008,k et al. 2007) As for all other CRECdt2 substrates, degradation of p21
via this E3 is restricted to S phase and Ridiage(Abbas and Dutta 2011)
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Thereis a crgtal gructure ofa 22 residue peptidéaa 139160)derived from the @erminal region op21

in complex witlPCNAGulbis et al. 199@)igure 10. The peptide interacts with each of the three subunits
of the ring.Residues in the ff&rminal region of the peptidénteract with the Germinus of PCNAThree
residues in theenter of the peptiddM147, F150, Y15&re anchored in a hydrophobic cleft between the
connector loop and the-@rminus of PCNA. Thet@minal region of the peptide binds to the connector
loop of PCNA.Furthermore, side chains in this region contact residues from theridinal domain of
PCNA that are under the interdomain connectine basic amino acids K154, R155, R156 of p21 interact
with acidic amino acids of PCN@&ulbis et al. 1996 5imultaneous matation of these amino acids into
alanine (K154A_R155A_R15@#rgventeddegradationof p21 In the Nterminus of p21 there is another
basic cluster: R140 K14R142 R143. Simultaneous mutation of these amino acids into alanine
(R14®\ K14A R142 R143) abolished the degradation of p21 as wdbth the KRR and the
14RKRR® mutant can still interact with PCNA. However, if both basic clusters were mutdtetce
(R140A_K141A R142A_ R14¥A54A R155A R156p31 was not onlystabilized, but interaction with
PCNA was abolishéblishitani et al. 2008)For Cdtlg another well studied CREdt2 substrate it was
suggested that the soalled B+4 (fourtlamino acid after the PiBox) is involved in interaction with Cdt2.
For p21, this would be the amino acid R160. Howeteequr knowledgethere is no studythat would
confirm or refute a role of this amino acid for p21 in Cdt2 interaction.

Beside p21Dap is a substrate of CRCdt2 (Swanson etl. 2015) Three Dap mutants with different
mutations in the predicted PIP degron (Dap_Q184A 1187A T188A E189A F190A K195A; Dap_
Dap_Q184A 1187A T188A E189A F1@ixy, K195Awere stabilized in S phase (all three to a similar
extent) indicating thatCRL4ACdt2 mediated degradation was abolishéd already explained previously
(chapter 2.9) data suggested that beside GRHU#®, Dap could also be a substrate of -BC&1(M. Kies
2017) Howevermore data is needed to confirm or refute this hypothesis. In addition, it isknotvn
whether E3s other than CRICHt2 and SCRcal are involved in the degradation of Dap.

During prometaphas@PC/GCdc20 mediates degradation p21 (contains a Ebox)(Amador et al. 2007)
This facilitatesthe activation of mitotic Cy€dkl and thereby contributes to progression of mitosis
(Starostina and Kipreos 2012 addition,p21 degradation is mediated by the B@®M2/MDMX(Jin et

al. 2003; Jin et al. 2008JRLA_RRXStarostina et al. 201@nd MKRN{Lee et al. 2009Futher E3s that

are involved in degradation of p27 akPQKamura et al. 2004PIRHZHattori et al. 2007 and EGAP
(Mishra et al. 2009)
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To understand how CKls can mediate the development of tissues it is ¢ouamw how the expression

and degradation of CKls is regulated during different stages of the development of tiSees.
mechanisms, which are inwad herein case of Dapare describedbelow: Interestingly, CycE can activate

the expression of Dap. However, this activation is restricted to a period during the final division cycle
before cells enter mitotic quiescendBefore this perioddevelopmental signals prevent the expression of

Dap despite the presence of CycE. Finally, developmental constraints are relieved and CycE is able to
induce expression of Ddgeginning late in the G2 phapeeceding the terminal division (mitosis 16Jooij

et al. 2000; Lane et al. 1996)igh adwity of CycE may also promote degradation of Dap. This ensures that
significant accumulation of Dap is restricted to the period when CycE levels begin to decline (phase IIb)
(Nooij et al. 2000)n this period CycE/Cdk2 is inhibited by Dap, which leads to a Glaftezghe terminal

division of epidermal cells (mitosis 16). In addition to the upregulation of Dap, -teguiation of CycE
transcriptions seems to contribute to the inactivation of CycE/Cdk2 activity in this jKasélich et al.

1994) At theend of the IIb phase expression of Dap is reduced and the cells enter phase Il (postmitotic)
in which both Dap and CyeElk2 levels are lolLane et al. 1996)n some cells such as in the ovaries and
salivaryglands oDrosophila endocycles take place at a latene. In endocycles, mitosis is circumvented

so thatthe cell cycle only consists of a gapd S phas€G1S). As a resulpolyploidy can be found in the
corresponding cells.A requirement for endocycles is cycli@ycE/Cdk2 activityDap ensures that e
appropriate timing ottycling CycE/Cdk2 activity by accumulating in the G phase and being degraded in S
phase via CRE4dt2(Swanson et al. 2015)
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— conserved PIP-box specific amino acids
... conserved PIP-degron specific amino acids
X unambiguously interaction with PCNA

E unambiguously interaction with PCNA
interaction with Cdt2 was not shown so far for p21, but is speculative
based on another CRL4-Cdt2 substrate (Cdt1)

22 bp peptide from Gulbis et al, 1996
(aa 139-160)

PIP-degron

p2l (aa 139-164): ...GRKRRQTSMTDFYHSKRRLIFSKRKP*
Dap (aa 179-204): ...LRKRRQPKITEFMKERKRLAQAPKKL. ..

146SMTDFY!5! adopts a 3,, helical - o
conformation & Cul4

Figurell| PIP-degron of p21

A) Depiction of he amino acidsequence of the22 bppeptide of p21for which a crystal structure in complex with PCNA was
obtained by(Gulbis et al. 1996)'he amino acids, which are conserved in different PIP box substrate underlined with a
continuous line. The amino acids that are specific for the PIP degron are underlined with a dashed line. Amino acids for whic
direct interaction with PCNA was shown are depicted in bfge.the last amino acid of the PIP degadfp21(R155; right half
shown in orange) interaction with Cdt2 was not shown, but was speculative basadodrer CRL4Cdt2 substratgCdtl) The
aligned amino acid sequence of Dap is shown under the sequence d8ydystal structure of the compleonsisting of the 22
bp peptide of p21 (depicted in green) and PCNA (depicted in blue) obtain@@ulyis et al. 1996)PDB code: 1AXC. The basic
amino acid R15flepickd in orangejnakes contact to PCNA. Howevéwas speculated that R155 could also mediate interaction
with Cdt2 based othe CRL4ACdt2 substrateCdtl Figure assembled from data (Bulbis et al. 1996and (Havens and Walter
2011)
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3 Aim

Previous work indicated that Dap could be a substrate ofF&@2E(M. Kies 2017) However, the flow
cytometry data, which supported this hypothesis, was relatively gorone: S2R-Brosophilacells were
transfected with plasmids that used two separate and different promotors (metallothionein and actin
promotor) to express Dap constructs fused to GFP and the reference protein (MHE)es 2017)
Therefore, stoichiometric expression of both proteins, which is alireqent for meaningful stability
measurements, was questionable. At the beginning of this thesis, a more accurate and reliable method for
relative protein stability measurement using flow cytometyhe RPS systemm was developed in the
Sprengeflab (Polz 2021) The basis of this system is a T2A sequence, which allows stoichiometrical
expression of two (or more) proteins under the control of one promotor.

To substantiate the hypothesis of Dap being a substrate ofR8&F, we wanted to apply this RPS system
and conduct further stability analysis of Dap constructs regarding Rcal effects. In addition, to understand
the interaction between Rcal and Dap in mdetail colPs were conducted. Furthermore, we wanted to
apply different strategies to abolish or at least reduce CBdi2 dependent degradation of Dap to exclude
that Rcal effects on Dap stability are indirectly caused by altered degradation vieCGRLWe also
wanted to analyze how mutations in the PIP degron of Dap do affect its degradation viC@Rlahd
wanted to elucidate the underlying mechanism. Although flow cytometry analysis is a powerful tool to
analyze the degradation of proteins durithige cell cycle it comes with some restrictions. For instance, flow
cytometry does not allow to detect ubiquitination of proteins directly. To this end, we wanted to establish
other methods- TUBHigase trapping and ain vitro SCFRcal ubiquitination asga to allow detection of
ubiquitinated Dap by S@®cal
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4 Results

4.1 Rcal can influence the stability of Dap_dCDI
Previous experiments indicated that Dacapo (Dap) could be a substrate d2ca&Cf. Kies 2017,

Herzinger 2019)To substantiate this hypothesis, effects of Rcal on the stabilDapfwere analyzed by

a flow cytometry-basedmethod outlined below For this kind of analysi®rosophilaS2R+ cells were
transfected with plasmids that coded feGFPo & D G@oemack et al. 1996)s a referencdluorescent
proteinas well as Dap constructs fusedhe red fluorescent proteimCK S NNE  (8harel eBag 2004)

A T2A (thosea asigna virus 2A) sequence between the coding sequence for GFP and the Dap version fused
to CHE enabled ribosome skipping. This allowed the stoichiometric expregdioth proteins under the
control of one promotor. The high efficiency and reliability of this T2A system in combination with flow
cytometry (referred to agelative Protein Sability (RPS) system) was already shown befBmz 2021)A
detaileddescriptionof thismethod can be found in the methods part of this thesisapter7.4).

Briefly, transfected cells were DMAained using Hoechst 33342, harvested and analyzed individually by
flow cytometry in which fluorescent signal intgties of GFP, CHE and Hoedtatned DNA were
recorded The ratio between CHE and GFP flaoemt intensities between different experimental
conditions allowed to assess the relative stability of the -@gged protein. In addition, the DNA content

of the cells (measured by Hoechst staining) allowed the display of a cell cycle distribution curve. Individual
cells can be assigned to different cell cycle phases and the relative stability of thedggid&protein

within an experimental condition can laketermined for each cell cycle phase (G1, S, or G2/M) separately.

In addition, cell cycle distribution changes induced by experimental conditions can be determined.

In most cases, the POI is fused to anN&CHE tag to allow constitutive nuclear locdima by the
nuclear localization sequence (NLS) and detection of the POI on Western blots using the haemagglutinin
tag (HA). For simplicity, the always present-WMASCHEag on the different POls is not explicitly
mentioned. To study effects of differeRical variants, we expressed Rcal constructs with a triptadiA

e.g. 3xHARcal. Again, for simfiiation, the 3xHAag is not mentioned in most cases. To reduce the level

of a certain protein, RNAi was performed by knockdown (KD) of the correspondiNg\ neRkel. The
knockdowns were conducted by expression of a short hairpin RNA based on the mirl migidgRizn

and Frasch 2006; Ni et al. 2011)

For the analysis of Rcal effects on the stability of Dap, we first analytadNaSCHEagged Dap version

with deletions in the CDI domaifPap_Del3844-RAR_Del03105G; Dap_dCDI)his Dap constriic
cannot bind and inhibit CycE/CdK4. Kies 2017; Lane et al. 1926)d even after overexpression of this

construct, the cell cycle distribution of the transfected cells didal@tnge significantlgFigure 2 B).
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Previously it was shown that Rcal can trigger the G1/S transition of the cell cycle-boam&pendent

manner (Zielke et al. 2006)In addition, it was known that Dap is a substrate of GRit2 in S phase
(Swanson etla2015) Although not shown explicitly fddrosophila it was shown for other eukaryotes

that CRL4Cdt2 activity is dependent on DNbdund PCNA and is therefore restricted to S phatsevers

and Walter 2011; Marzio et al. 2019yclinE/Cdk2 activity is required for triggering the G1/S transition

but during G1, Cyclin E/CdK2 is inhibited by Riphardson et al. 1993; Lane et al. 1996)

One potentid mechanism by which the G1/S transition can be facilitated is degradation of Dap at the end

of Gland thereby relieve of Cyclin E/Cdk2 inhibitiBased on previous analysis, Rcal in an SCF complex
would be a good candidate that mediates this degradatidielke et al. 2006; M. Kies 201Therefore,

we wanted to analyze Rcal effects on the stability of &ggecially irG1, but al® in the phase$ and G2

For this purpose, the examined cells were categorized based on their DNA content into G1, S, or G2 phases.
Since the DNA content of cells in G1 and early S phase is almost the same, a small peati;msqfhase
celsisalsofBasSyid Ay (KSy abm$ &84S 0adeyFd®irzys FGS { LK
can also be presenthis must be considered for the interpretation of the resultée have omitted the

guotes when mentioning the different cell cycle gates thoi the text.

Therelativestabilityof Dap_dCDkas low in generdcompare with relative stability of CHpyobably due

to the strong degradation via CRC4It2 Figure 2 B-F. Coexpression of Rcal caused destabilization of
Dap_dCDih G1, Sand G2, whereby the effect was significant in G1 and Sontrastknockdown against

the endogenous Rcal increagbe stabilityof Dap_dCDI in all phasé&his was in line with our hypothesis

that Dap is targeted for degradation by SRéal However,destabilization of Dap_dCDI by Rcal dFbox

was noticeableas well In Rcal_dFbox, a deletion of aa 128 within the Fbox domain (ad54-203)

destroys the Fbox domain and no interaction with SkpA can be observed. TResl_dFbox cannot be
incorporated ito an SCF complex, but is still able to inhibit the ARZiIke et al. 2006; M. Kies 2017)

APC/C inhibition could result inpBase induction and destabilization of Dap_dCDI by Rcal_dFbox could
then be indirectly caused via CRCdt2. In this scenario, overexpression of Rcal_dRlmard increase

the amount of early SphaseSt t & Ay (GKS aDmé &St SOGgaoplvaerRLd Kl G Y
Cdt2 is observed. However, Rcal_dFbox cannot reduce the stability of Dap_dCDI as strong as Rcal. This

indicates that the #box function of Rcal is required for robust destabilization of Dap_dCDI.
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Figurel2| Rcal can destabilize Dap_dCDI

A) To analyze theelative stability of Dap_dCOiy flow cytometryit was expresseds a HANLSCHEagged versiorusing a T2A

plasmid. This enabled stoichiometric expression ofNHAGFPT2Aa (reference) and T2APANLSCHEDap_dCDI (protein of

interest). In Dap_dCDI deletions in the C@ydlindependent kinasdnhibitor) domain abolish the inhibition of CycE/Cdk2.

Therefore, the G1/S transition is not affected when Dap_dCDI is overexprasdextlls maintain a normal keycle profile The

PIPdegron by which Dap is recognized by GRU# is still pesent B)Cf 2 ¢ O& i 2YSUGiNE 5b! O206llicE¥d RA &G N
cuveg 0 2F (NI yatTSOGSR OSt t @apodom positide celfs ik bi&hebanplotsiGF répilesent thg R/ | 9
relativestability ofDap_dCDIin GTY, S, D), G2B and all®D S f &(P.dn@&dditidh,&hé relative stability of CHE alone {NI&S

CHE) is showhANLSCHEDap_dCDI was significantly more instable in all phasesHi#edML SCHECcexpression of Rcagnded

to decrease the stability of Dap_dCDI3#, G2and S whereas knockdow(KD)of Rcal caugkstabilization.The destabilization

of Dap_dCDI by Rcal_dFbox tended to be tless by Rcal at least in G1Statisticakignificance was evaluated by Welch two

sample test in case of normal distributed data sets or Wilcoxon rank sum test in case of not normal distributed data pets. *

0.05, ** = p < 0.01, *** = p < 0.001, n.s. = not significkor. the analysis, onlells with a medium GFP fluorescent level-83®;

loc-scale: 1.782.25) were selected to avoid strong overexpression artefsidibreviations: HA: haemagglutidgag (YPYDVPDY),

NLS: nuclear localization sequence (PKKKRKYV),tA@a asigna virus 2Aeqience (EGRGSLLTCGDVEERBS. The

aOf S @F3sS¢ aAldS Aa Ay RA OQPKISEBEMKERKeuenaelthditakgatBRANArtefagtiGgdproteinstor RS A NER y
proteasomal degradation via the E3 ubiquitin ligase GRIi2. Rcal_dFbox: Rcal with deletiohaa 164203. Rcal KD:

knockdown of Rcal using a miphsed construct targeting the 5"UTR of endogenous Rcal. Hoechst: Hoechst 33342 DNA staining

dye. The abbreviations listed here and the execution of statistical tests as well as the expression3e¥&Qlalso applies to all

of the following figures, but is no longer mentioned.
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4.2 Rcal ausednstability of Dap_dCI@ven after CRE@dt2 knockdown
¢tKS NBRJZOSR aDmé aidl oAfAdGe 2-Rcab HAbhxBoUIG resultfrni AEL 2 &S NX

inhibition and subsequent acceleration of the G1/S transition. In S phase, Dap_dCDI would then be the
target of the CRL-€dt2 ubiquitin ligaselo eliminate this effect, we wanted to abolish or at least reduce
the activity of CRL-€dt2 by knockdownef its subunits Cul4 and Cdt2. Cul4 acts as a scaffold, whereas
Cdt2 is the substrate recognition module of CRI42 (Havens and Walter 2011)he stability of
Dap_dCDI in S phase increased after knockdown of Cul4 gri@titating that the knockdowns worked
(Figure13 A). The knockawn for Cdt2 caused more stabilization of Dap_dtbBh the knockdown for
Cul4. Therefore, the effect of Rcal on the stability of Dap_dCDI was analyzed after knockdown of Cdt2.
After knockdown of Cdt2he stability of Dap_dCDI in G1 was higtiean without knockdown of Cdt2
(Figure 13 C compare with Figure 2 Q. If the degradation of Dap_dCDI is impeded in S, the initial
Dap_dCDl level is also higher in the following G1. In addition, as mentidnoeeearly S phase celtse
alsoLINB & Sy (i AegfectionkKBbth éff@disan cadtribute to the stabilization of Dap_dCDI in G1 after
knockdown of Cdt2After Cdt2 knockdowyco-overexpression of Rcal caused instability of Dap_dCDI in
6GEl Y R (FiDuetC, P TheRcal_dFbox destalaiditionin G1 ands2tended to beweakerthan Rcal

but was not eliminated Since Dap_dCDI was not completely stabilized afte&§ Cdt2 knockdown
(log(CHE)/log(GFP) = 0.7a0yremaining CRL€dt2 might stilbe responsible for the induced Dap_dCDI
instability afterRcal_#&boxexpressionNevertheless, Rcahows a strongedestabilization of Dap_dCDI

in this experimental setup, indicatiran Fbox dependentole of Rcal

It must be emphasized thalhe knockdown of Cdt2 kto a cell cycle profile in which the proportioh G1

cells isincreased.(compare Figurel3 B with Figure 2 B). The overexpression of Rcaksulted in the
change of the cell cycle profile with less G1 cells and this effect was strongewitthiacoexpression of
Rcal_dFbox. This indicatgainthat the Fbox function of Rcaik responsible for the G1/S induction, also
after Cdt2 knockdown. However, the induced cell cycle changes make the interpretation of the Dap_dCDI

destabilization more difficult.
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Figure13| Rcal can influence the stability of Dap_dCDI despite knockdown of Cdt2

A) Barplots representing theelative stability of Dap_dCDIThe data was obtained by flow cytometinockdown of the CRL4
Cdt2 subunits Cul4 or Cdt2 incredske stability of DapdCDI in S phase. The knockdown of Cdt2 stathibzepdCDI to a higher
extent than the one for Cul&inceDap_dCDWvasnot completely stabilized might be thatsome reglual activity of CRLLdt2
remaired. B, C, D Cell cycle curve8) and barplotgC,D) representing theelativestability ofDap_dCDI after knockdown of Cdt2.
Caexpression of Rcalald destabilize Dap_dCDI in @id G2In addition, coexpression of Rcal_dFbemxdedto decreasehe
stability ofDap_dCDih Gland G2However the destdilizing effect of Rcal_dFbox on Dap_dtebdled to beweaker than that

of Rcal.
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4.3 Residual Cdt2 is likely responsible for the destabilization of substrates containing a PIP

degron after Cdt2 knockdown
Overexpression of Rcal_ dFhsulted indestabilization oDap_dCDI even aft&NAi base#nockdown

of Cdt2.This could be caused by the promotion of G1/S transition that can be induced by Rcal mediated
APC/C inhibition for which Rcal_dFbox is capable of. Residual Cdt2 protein levels coultk then
responsible for early S phase destabilization of Dap_dRDhvestigate this further, we employed an
extra CRLLdt2 substrate that we anticipate not being targeted by-BC&1.

Weused the CRLEEdt2 substrate Dup, which is tilrosophilshomolog of @t1 (Figurel4 A). To prevent
confusion between Dup and Dap, Dup is referred to as Cdtl if not mentioned otherwise(DZgit)L
facilitates the recruitment of the MCMomplex to origins of replicatiofWhittaker et al. 2000)In S phase
and after DNA damage Cdtl is ubiquitinated by G&lt2 in all metazoan@Havens and Walter 2011)
Cdtl knockdownni cells typically leads to the inhibition or reduction of DNA replication initigii®yaun

et al. 2012) Cdtl would thereforanot be considered an S@€al target, since downregulation of Cdtl
would result in less S phasebhus, Cdtl is unlikely an SRéal substrate and can be used to evaluate
CRLACdt2 activity changes after Rcal expression.

Like DapCdtl contains a Pdegon, which mediates degradation via CRLdt2. In addition, Cdtl contains
two functional domains: The MCliinding domain mediates recruitment of the MCM helicase to the
origin of replication. Furthermore, Cdtl contains a domain for binding of Gemininhgham inhibitor of
Cdt1(Pozo and Cook 201600 avoid cell cyclehangedy overexpression of functional Cdtl, a truncated
Cdtl version (Cdtl1-101) was used. Cdt1-101 contains the Pl&egron but no functional domains and

is therefore cell cycle inertLike Dap_dCDI, Cdtl1-101 is instable in .SThe trend of Cdtl 101
stabilization during S phase after knockdown of Cul4 or Cdt2 is shdviguirel4 B.

After knockdown of Cdt2Hgurel4 C D, B, coexpression of Rcadecrease the stability of Cdtl_1101

in G1, whereas knockdown of Rcagnded to stabiliz it. Coexpression of Rcal_dFbox could not
significantly influence the stability of Cdt1-101 in G1 and G2n both caseg coexpression of Rcal or
Rcal_dFbaxa change in the cell cycle profile is visilth less cells in the G1 state compared to cells in
whichonly Cdt2 was knocked down. This indicates that Rcal and BE&bx can induce G1/S transition
and residual Cdt2 is likely responsible for the destabilization of Gdite both Rcal and Rcal_d¥ban
inhibit the APC/Zielke et al. 2006)ut Rcal does induce more G1/S transitiois likely that the different
effects of Rcal and Rcal_dFbox are dependenthenFbox function and would trigger the G1/S
transition. Degradation of Dap could facilitate this G1/S transitidowever,it is also conceivable that
other SCHRcal substratesould trigger the seen effects. Therefore, more experiments (see below) are

needed to prove that Dap is a substrate of SRCE1.
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Figurel4| Cdtl_1-101 stability is affected by Rcal despite knockdown of Cdt2

A) Protein schemes of Cdtl and Cdt11d1l Cdtl_101 still contains the Ptegron for CRL€dt2 dependent degradation.
However, the functional domair(&eminin and MCMbinding domais)are not included. Therefore, Cdt1-1D1 is cell cycle inert
in case of overexpression, which makes flow cytometric analysis easier to int@pBetrplots representing the relative stability
of Cdtl_1101in S phaseThe data was obtained by flow cytotng Both knockdown o€ul4 or Cdt2 tended to stabilize Cdtt_1
101 C D, B Cell cycle curve<[ and barplots D, B representing therelative stability of Cdt1_101 after knockdown of Cdt2.
Overexpression of Rcaénded to destabiliz Cdtl_1101 in Gland G2 whereas knockdown of Rcaénded to stabiliz it.
Overexpression of Rcal_dFbauld not influencethe stability of Cdtl_2101significantly
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4.4Dap_dCDI can be stabilized in S phase by mutations in-dsdg?tia
Rcal carnducethe G1/S transition andlegradationof PIP degron containing substrates in S phase can

occur; to a certain extergven afterCdt2knockdown This makethe interpretation of direct Rcal effects
difficult. Another problem is thateduced CRI-€dt2 activity leds tolessdegradationof a hnumber of
different CRL4Cdt2 substrates, which could lead to unwanted effesuish aschanges in theell cycle
profile. Thus, in ordeto exclusively observpotential directimpacts ofRcal on Dap_dCBirough SCF
Rcal, wepursued an alternative approach eliminatethe CRL4Ldt2mediateddegradation of Dap_dCDI
Previously it was shown that mutation of amino acids in Dap, which are conserved in PIP degron sequences
of other CRL4dt2 substratesan cause stabilization inphase(Swanson et al. 2015)hus,our strategy

was to use Dap versions with mutated PIP degron to analyze effects of Rcal orm®apleTof the
individualamino acidsn the PIP degron of Ddpr the degradation via CRIGdt2 was not studied so far.
Thus, we realized that wmust first understand the degradation mechanism of Dap via €RIt2 to
interpret Rcal effects on Dap correctly.

First, we analyzedt stability of the following Dap construatséth mutations in the PIP degran S phase

(the mutations are highlighted in bold facepap dCDIRQ184A Dap_dCDIQ184A 1187A T188A
Dap_dCDK195A  Dap_dCDIQ184A_K195A Dap_dCDUPIPa  Dap_dCDPIR6A  and

Dap dCDIR194A_L197AFigurel5A). Dap versions with a single mutation in conserved amino acids, i.e.
Dap_dCDI_Q184A and Dap_dCDI_K195A showed already stabilization in Fighiasel5 B However,

only after combining several mutations or deletion ofes&l amino acidsstrongstabilization of Dap was
observed.This indicates that Q184 and K1&% important, but not essential for ubiquitination of Dap by
CRLACdt2.In p21 ¢ the human homolog of Dagseveral amino acidacluding the corresponding amino
acids of Q184 and K1%9&teract directly with PCNAGulbis et al. 1996)Therefore, it is conceivable that

in Dap othelamino acids partially compensate for the los€df84or K195 For Cdtl thereare indications

that the corresponding amino acid of K18®ssential for thenteraction with CdtZMichishita et al. 2011;
Havens and Walter 2009Therefore, it is conceivable that K195 in Dap mightalso involved irthe
interaction with Cdt2 The double mutant Dap_dCDI_Q184A K195A was more stable than the
corresponding mutants with one single mutation. However, it was not as stable as
Dap_dCDI_Q184A_1187A T188A, Dap_dCDI_dPIPa and Dap_d&®alIrP#edition to conserved amino
acids in the F degron, a potential Dox motif (RXXL; aa 1947) for the recognition by the APCIKC
located in DapDap_dCDI_R194A L197A was weakly stahilizednnot besaid with certaintywhether

this effect raised from altered degradation via APC/C or @RlitZor both.
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Figurel5| Stability of Dap_dCDI constructs with mutations in the PIP degron

A) Tested Dap_dCDI constructs with mutations in the dd8ron.Underlined anino acidsare conserved PIBox specific amino

acids, whereaslotted underlined amino acids are conserved B#égron specific amino acid§he anino acids in p21for which

Gulbis et ashowedthat they interact with PCNAre depicted in blue. For the last basic amino acid of tRel®gron of p21 (right

half depicted in orange) interaction with Cdt2 was not shown, but is speculative based on the corresponding amino acid of th
well-studied CRLLdt2 substrate Cdt1.B) Barplots representing the relative stabilibf Dap_dCDI congtcts with mutations in

the PIP degroin S phaseln general, the more conserved amino acids were mutated, the stronger the stabilization in S phase.
Mutation of Q184 or K19&lone led to medium stabilization indicating that these amino acids are impiptiam not essential.
Probably other amino acids can partially compensate for their loss.
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4.5Q184 in Dap_dCDI is needed for interaction with PCNA
For other substrates of CRICAt2 it was already known that interaction with the substrate recognition

unit Cdt2 as well as with PCNA is needed for recognition and ubiquitinatitris E3Havens and Walte
2011; Mazian et al. 2022)lo understand the underlying mechanism of the stabilization of Dap_lo\CDI
mutationsin the PIP degrancoimmunoprecipitations (caPs) were conductedifferent 4XxFLAG tagged
Dap constructsvith mutations in the Plldegon were precipitated and it waanalyzedif 3xHAPCNA can
coprecipitate(Figure B).

Like other CRLEdt2 substratesixFLA@ap_dCDinteracted with PCNA4XFLA@ap_dCDI_dPIPa
which three amino acids that aggredicted to interact with PCN@ased on comparison with pZ2CNA
structure (Gulbis et al. 199%)vere deletedcould not coprecipitat CNA. Interestinglglsowith 4XFLAG
Dap_dCDI_Q184Aoprecipitaton of PCNA wasiot possible As seen in the flow cytometric analysis
(chapter4.4), the stabilization ofDap_dCDI_Q184A wasmparatively weaker thaap_dCDVariants
possessing additionahutations in the PIP degroi.his could indicate that Dap_dCDI 83A can still
interact with PCNA weakty allow reduced degradation via CRCdt2 However this interactionmight
betoo weak tobe detectedvia celPs.4xFLA@ap_dCDI_K195#as able to coprecipitate PCNA as strong
as Dap_dCDI. This indicates that Kis3fispensabldor the interaction with PCNACNAalsocannot be
coprecipitated usingxFLA@ap_dCDI_Q184A K19%#ich is as expectedjnce the Q184A mutation is

already sufficient to abolish the interaction with PCNA.

Input IP: FLAG
4xFLAG-Dap_dCDI_Q184A_K195A + +
4xFLAG-Dap_dCDI_K195A . .
4xFLAG-Dap_dCDI_Q184A " +
4xFLAG-Dap_dCDI_dPIPa + +
4xFLAG-Dap_dCDI + +
3xHA-PCNA + + + + + + + + + + + +
' kDa
4XFLAG-Dap_dCDI versions — | S g v Sl g gy — o~ 4_ L | PG
3XHA-PCNA — |k st ot s cuun e — P — 37 IB: HA

Figurel6| Q184 in Dap_dCDI is needed for interaction with PCNA

The interaction of Dap_dCDI construetgh mutations in the PIRlegron and PCNA was analyzed byRe4xFLA@ap_dCDI
was able to coprecipitat8BxHAPCNA. Deletion of themino acids 18488 éxFLA@ap_dCDI_dPIPa) as well as a single mutation
of Q184 into alanine abolished this interactiofixFLA@ap_dCDI_K195A could coprecipitate PCNA as strofxRsAG
Dap_dCDIAs expectedixFLA@ap_dCDI_Q184A_K19%As also not able to coprecipita@BxHAPCNA, since the mutation of
Q184A alone was already sufficient to abolish this interaction.



58| Results

4.6 N-terminus of Dap mediates interaction wiflit2
Substrates of CRIAdt2 interact with the substrate recognition modulelt2.To test which amino acids

in Dap_dCDI mediate ithinteraction, celPs were conducted. Different 4XxFLAG tagged Dap_dCDI
constructs with mutations in the Plékegron were precipitated and it wassted if SXHACdt2 can be
coprecipitated(Figure 18 A). 4xFLA@ap_dCDI was able to coprecipita8@HACdt2. Thequantity of
coprecipitated3xHACdt2 wadow. Neverthelessthisoutcomeis anticipated, aghe interaction between
substrates and the substrate recognition module of ubRquitin ligases is usugliweak and transient
(Watarabe et al. 2020)Interestingly AXFLA@ap_dCDI_Q184AxFLA@ap_dCDI_K195A addFLAG
Dap_dCDI_Q184A_K1l@gre able to coprecipitat8xHACdt2as well Therefore, neithefQ184 nor K195

in Dap_dCDI are essential for the interaction with CARseen previouslihe K195A mutation stabilized
Dap_dCDhoaticeably(chapter4.4). Therefore, K195 seems to have an important role, although it is not
essential for the interaction with PCNA and Cdt2. Further experiments were conducted to determine the
function of K195¢hapter4.8).

Since the interaction with Cdt2 was present for all tested Dap constructgowsidered thatdomains
other than the PIRlegron mediate this interaction. To test thdifferent N and Gterminal truncatedDap
versiongwith and without functional CD¥ere tested for interaction with CdtgFigurel7,18 B: 4xFLAG
Dap 4xFLA@ap_dCDI, 4xFLAGap 160245, 4xFLAGap_ 126245, AxFLA®ap_ 126245 dPIPa, NLS
AXFLA@ap_1160, NLSIXFLAG@ap_ 1160 _dCDI, NE&FLA@®ap_ 1125, NLSAXFLAGap 1

125 _dCDIFor the Dap constructs that included a functional CDI domahCik/CdkA18A Y19HA
((TL8A_Y19F to prevent inhibitory phosphorylatitvereinafter referred to as H&ycE/CdkHA) was
coexpressed tovercomethe G1/S transitionFor the Nterminal Dap fragmentsraNLS domain was fused

to compensate the loss of theredicted NLSequence®f Dap which are located in the-@rminal part

of Dap (NL91: aa 192214; NLS2: aa 178199).

AxFLA@ap was able to coprecipitate 3xHER only slightly more efficient than 4xFLABap dCDI
(Figure 18B, lanes 34). The difference is too small to safely conclude that the CDI domain plays a role
here. When HACycE/CdkHA was coexpressed with 4xFL-B&p, the precipitation of 4xFLAGap did
result in coprecipitation of H&ycE and CdKaA (ane 2), indicating that Dap interacted with CycE and
Cdk2. The amourdaf Cdt2 coprecipitation was not changed, suggesting thatOd§2 interaction is not
dependent on Dap interaction with CycE/CdkRerestingly, 4xFLAGap_166245, which containedhe
whole PIPRdegron sequence (aa 1885) could not coprecipitate 3xH&dt2, even though this fragment is

a target of CRL-€dt2(lane 5 (chapter4.22). In contrast, interaction between 4xFLAIap 126245 and
AXFLA@ap_126245 dPIPa with 3xH&dt2 ould be detected, albeit it is very weakane 6,7. It is
slightly higher fodxFLA@ap_126245_dPIPapresumably by higher expression and precipitation of this
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Dap constructFor NLSIXFLA@ap_1160_dCDI andLSAXFLA@ap_1160, interaction with 3xHACdt2
was detectedlane 810), wherebythe amount of coprecipitated 3xH&dt2 in case of NEXFLA®ap 1t
160 was comparable to that of the fddingth Dap versions. It mad® significantdifference whether HA
CycE/CdkZHA was coexpressed with Nbg-LA@ap_ 1160 or not. Both NL-8xFLA&@ap 1125 dCDI
and NLSIxFLA&@ap 1125 were able to coprecipitate 3xH2dt2 but only weakly(lane 11, 12. In
summary, the results suggest that thet&tminal part of Dap (aa-160) mediates binding to Cdthd the
region between aa 12360 apparently is required for a more robust interactiém contrast,interaction
of the Gterminal part of Dap including the PIP degron (aa-288)with Cdt2cannot be detected by ctP

experiments.
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Figurel7| Dap constructs used for ctPs

The depicted Dap constructs were used forlBoanalysis with 3xHB&dt2 (see Figur#8) and 3xHARcal (see Figurgh). Dap
contains two sequences, which are predicted to be NLS sequence®1Na& 19214, NLSMapper Score: 15; NK®: aa 178

199, NLSMapper Score: 5.2. Since the depictedexminal fragments of Dap did not contain these predicted N&éfuences, an
artificial NLSsequence was fused at thetdrminus. The NLS/apper Scores were determined using the cNLS Mapper based on
Kosugi et al.https://nls-mapper.iab.keio.ac.jp/ceghin/NLS_Mapper_form.cpi
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Figurel8| The Nterminal part of Dap mediates interactionvith Cdt2

A) The interactiorof Dap_dCDI constructs with mutations in the &&gron and Cdt2 was analyzed bylBs. All tested constructs
(4xFLA@ap_dCDI4xFLAGap_dCDI_Q184AxFLA@ap_dCDI_K195A artkFLA@ap_dCDI_Q184A_K195A) were able to
coprecipitate Cdt2. Therefore, neither Q184 nor K195 in Dap_dCDI are needed for the interaction wiB) Talfthd out, which
domains in Dap mediate interaction with Cdt2, differertlNd Gterminal fragments of Dap &re used. The fterminal fragments
of Dap, which lacked predicted Nk&juences were fused with an artificial NdeBjuence. Dap constructbat included a
functional CDI domain were expressed together with-G{&RE/CdkAI18A Y1BHA to facilitate the G1/S ransition.
Coprecipitation of 3xH&Adt2 with NLSIXFLA@ap_1160(lanel0) was almost as efficient as with the fldingth Dap constructs
AXxFLA@ap and 4xFLABap_dCD(lane 24). Moreover, the Dap_4125 constructglane 11, 12yvere able to coprecipate 3xHA
Cdt2, albeit less efficient than the Dapl@0 fragmentqlane 810). This indicates that the -drminal part of Dap (aa-160) is
important for binding to Cdt2. In contrast;t€rminal fragments of Dap showed either no (4xFidp_166245)(lane5) or weak
(AxFLA@ap_126245(_dPIPa)jane 6, 7)nteraction with 3xHACdt2.
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4.7 PCNA and Cdt2 interact with each other
For the human system it was shown thtae Gterminal part of Cdt2 contains a PIP box that mediates

binding of Cdt2 to PCN@ayashi et al. 2018We were interested, whether interaction between PCNA
and Cdt2 can also be detected for theosophilasystem. To test this, eli>s were conducted. On the one
hand, it was tested whether 3xHRCNA can be coprecipitateding 4xFLAGdt2. On the other hand, the
opposite directiong coprecipitation of 3xXHACdt2 using 4xFLABCNAG was also tested. The amount of
coprecipitated 3xHACNAusing 4xFLAGdt2 was very smalFigure19). Coprecipitation of 3xH&dt2
using 4xFLABCNAdid not show any coprecigted 3xHACdt2 This indicates that thenieraction
between PCNA and Cdt2 is weakleast in this experimental setufn analysis othe Cdt2 sequence of
different organisms revealed an important differenioethe first amino acid of th&IPboxin Drosophila

In contrast to most organisms where methionine is presBmgsophilaCdt2 contains a glutamaté&igure
19A). A crystal structure of human Cd@terminal PIP box peptidem complex with PCNA indicates that
this methioning(M706)makes contact with PCNRAayasi et al. 2018)JFigure B B). Methionine contains
ashorthydrophobic side chain, whereas glutamate harbonsueh longer andhydrophilicsidechainThis
could disturb the proposed binding to PCNAerefore, we speculatdtiat it mightbe possible b increase
the interaction between PCNA and Ctit2changinghe glutamate into methionine (Cdt2_E712M). Again,
both precipitation directions were tested with 4xFL:8@t2_E712M or 3xHBdt2_E71®I, respectively.
However,neither coprecipitaion of 3xHAPCNAusing 4xFLAGdt2_E712Mor coprecipitation o8xHA
Cdt2_E712M using 4xFLARE&NAshowed interaction between PCNA and Cdt2 with this mutation
Therefore,the glutamate at the first position of the RH®x is not the reason fathe weak interaction

betweenPCNA and Cdt2 aoprecipitation experiments usirgrosophilaproteins
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|part of human PCNA

C Input IP: FLAG
4xFLAG-Cdt2_E712M + +
4xFLAG-Cdt2 + o
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Figure19| WeakPCNA and Cdt2 interaich in colP experiments
A) Sequence alignment of the PIP box region of Cdt2 in different organisms. In contrast to many vert&yegephilaharbors

a glutamate instead of a methionine at the first position of the PIP Bpk1706 ¢ the first amino acid of the PIBox in human
Cd2 ¢ makes contact to PCNA. The corresponding amino adidsophila(E712) harbors a hydrophilic side chain instead of a
hydrophobic one. Therefore, we speculated, whether the interaction betwBersophilaCdt2 and PCNA can be increased, if
E712 is mutated into methionin€) The interaction between PCNA and Cdt2 or Cdt2_E712M was studiediBy &xXHAPCNA
was coprecipitated in low amounts using 4xFt@dE2. Using 4xFLAGCdt2_E712Mfor precipitation no 3xHAPCNAwas
coprecipitated In addition,no 3xHACdt2 or3xHACdt2_E712Mvas coprecipitatedising 4xFLABCNA. Therefore, the mutation
of glutamate into methionine was not able to increase the interaction between Cdt2 and PCNA.
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4.8 A basic cluster irhe PIRlegronof Dapis essential foERL4Cdt2dependent

degradation
Dap_dCDI_K195A wasticeablymore stable as Dap_dC{@hapter4.4), but K195 was neither needed for

interaction with PCNAchapter4.5) nor Cdt2(chapter4.6). Therefore, we speculatedthether K195 acts

as a ubiquitination site for CRICHt2. Lysines as well as tReerminus of a protein are the only locations
where a protein can be ubigimated (Komander and Rape 2012h case that K195 is an important
ubiquitin acceptor site, mutation to arginine (K195R) shatitbilize Dap_dCDI to the same extent as the
previously tested K195A mutation. On the other hand, arginine as chemically similar amino acid might be
able (at least partially) to fulfill the role ofLB5 if this is not a ubiquitin acceptor site.

The resultsin Figure 20show that Dap_dCDI_K195R was not as much stabilized in S phase as
Dap_dCDI_K195A indicating that the arginine at position 195 can partially compensate for the loss of
lysine. ThereforelK195 is not an essential ubiquitination site. K195 cqldg a rolein protein-protein or
protein-DNAinteraction. Both to the left and to the right of K195 are two basic amino acids (R194 and
R196). In many other CRCAIt2 substrates such Asman p21 and Cdtl from human abdosophilahere

are also basic aimo acids at the corresponding positiofis+ 3 and B + Bhe number refers to the distance

from the PIP box(Figure20 A). At least for p21 it is known that the basic amino acids at the positidhs

3 andB +5 interact with acidic residues withPCNAGulbis et al. 1996)n addition, mutation of B + i

human p2land in XenopusCdtl lead to reduced destruction due to impeded binding to PEh#ens

and Walter 2009; Nishitani et al. 2008herefore, we were interested whether mutati of R194and

R196 in Dap_dCDI also affects its stability in S phHaap. dCDI_R194A R196A was similar stable as
Dap_dCDI_K195Kigure20B). Therefore, R194 or/and R196 play a role for the degradation of Dap_dCDI.
Furthermore, Dap_dCDI_R194A K195A R19%as even more stable as Dap_dCDI_K195A or
Dap_dCDI_R194A R196A. Similar trends for the stabilization by these basic amino acids were also
observed foiDap constructs with functional CDI domaligure20 Q).

To figure outhe mechanism for the stabilizat of Dap by mutation of R19&K195and R196 cdPs were
conducted (Figure 20 D). It was tesed, whether 4xFLA@ap_dCDI_R194A R196A and 4xFLAG
Dap_dCDI_R194A K195A R196 can coprecipitate- BEMA. Although previously testathépter4.5),
AXFLA@ap_dCDI, 4xFLAGap dCDI_K195A and 4xFLB&p dCDI_Q184A were included as contials.
accordance with previous experiments, the Q184A mutation almost completely abolished interaction with
3XxHAPCNA. Howeverall Dap_dCDI versions with mutations R194A, K195A or R196A could
coprecipitate 3XxHACNA as good as Dap_dCDI. Therefore, these basic amino acids are not essential for

binding to PCNA. We refrained from investigating the interaction between Cdt2 and Dap constructs with
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mutations of these hsicamino acids via ctP, since we already knew that thet&minus of Dap (aa-1
160) is most important for binding to Cd{éhapter4.6).

In summary, the basic amino acigtuster consisting o0R194, K195 andR196is essential for the
degradation of Dp. However, thee residueseither act as ubiquitination site@K195)nor are they

essential for binding to PCNA Cdt2.
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Figure20| A basic cluster in the PIBegron of Dap is essential for CRC4It2 dependent degradation

A) In Dap and several other substrates of GRU® both left and right to the basic amino acid of the PIP degron consensus
sequence(B+4; the number refers to the distance to the PIP bthgre are neighboring basic amino ac{@s-3 and B3). To
analyzethe role of K195 as well as the neighboring basic amino acids R194 and R196, the shown Dap constructs were analyzed.
Dm =Drosophila melanogasteHs =Homo sapiensB, C) Barplots representing the relative stabiliby Dap_dCD(B) and Dap(©Q
constructs with different mutations in the basic cluster (aa-194) in S phas@.he data was obtained by flow cytometig.case

of the Dap constructs with functional CDI domainEWE and CdK2A were coexpressed to facilitate the G1/S transitiéar

both Dap_dCDI and Dap the stabilization in S pleassed by K195Ras not as strong as with K195A. This indicates KH&5
does not act as a ubiquitination site, but is probably involved in pregteitein or proteinDNAinteractions, which can be pially
restored by the chemically similar amino acid arginine. The double tiont&194A R196A stabilized Dap_dCDI and Dap to a
similar extent as K195A. The triple mutation R194A_ K195A Rd36 the strongest stabilizatioD) It was analyzed by el
whether mutation of R194, K195 or R196 affects interaction with G2LAGap_dCDI_Q184 served as a negative control and,
as expected, could hardly coprecipitate 3xABNA. In contras#ixFLA@ap_dCDI_K195AxFLA@®ap_dCDI_R194A_R196A and
AXFLA@ap_dCDI_R194A_K195A_ R196 coprecipitated-BXEMA as efficient as Dap_dCDI.
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4.9 Rcal can destabilize Dap_dCDI_Q184A and DapA®1&4 Fbox dependent manner
The degradation of Dap_dCDI_Q184A by GRli2 is strongly reduced, but not completelpolished

(chapter 4.4). We were intrigued to investigate whether Rcal could affect the stability of
Dap_dCDI_Q184A, particularly in this scenario where the impact of@R24s significantly diminished.
Overexpression of Rcaddl to destabilization of Bp_dCDI_@84A indGLE | Y R , Wheréas knockdown

of Rcal increased its stabilitiFigure21 B, D, B. In contrast, overexpression of Rcal_dFbox had
significant effect on Dap_dCDI_Q184iA G1 and G2If the CRL4ACdt2 dependent degradation of
Dap_dCDI_QX was additionally reduced by a knockdown of Cdt2, the overall stability of this construct
was increased@Figure21 C F, G. Under these conditionsoverexpression of Rcal still cadsggnificant
destabilization of Dap_dCDI_Q184dtdeastin G1 phaseOverexpression of Rcal_dFbox hadsignificant

effect on Dap_dCDI_Q184A.

We also wanted to make sure that Dap constructs with functional CDI domain are influenced by Rcal in
the same manner as Dap_dCDI constructs. Dap_Q184A can inhibit CycE/Cdk2eadsidb a strong

delay of the G1/S transition (data not shown). To avoid this G1 arrest, CyckE and Cdk2 were coexpressed
with Dap_Q184A. Under these conditions, overexpression of Rodkd todestabilize Dap_Q184A in G1

and G2AFigure22B, D,  Overexpression of Rcal_dFbbad no significant influence on Dap_Q184A both

in G1 and G2Knockdown of Rcafended to stabilizddap_Q184A i1 and G2In another experiment, a
knockdown of Cdt2 was additionally carried o&igure22 C F,G). Here,a similartrend as without
knockdown of Cdt2 were observed.

As previously noted, we assumed that some Rcal effects on the stability of Dap constructs could be
indirectly caused by changes in the cell cycle distribution and then-C&R4dependent degradation.
Thewefore, to reduce changes in the cell cycle distributionameiched cells in G2 phase by usingiare
activeCycE version with NLS sequence (8 AGCycE). In addition, to increase thecumulation in G2

even moreless Dap_Q184A plasmid (20 ng instebdi0 ng) was used for transfectiorigure23). Indeed,

the cell cycle distributions were similar no matteghether Dap_Q184A was expressed alone or together
with Rcal constructs. Despite the similar cell cycle distributions, there was still the trend thatsRReatl
instability and Rcal knockdown caused stabilization of Dap_Q184A in G1 arih@BR43 C, D. If a
knockdown of Cdt2 was additionally conducted, it was not possible to achieve similar cell cycle
distributions(Figure23 B). Here, overexpression of Rc&hded toreduce the stability of Dap_Q184A in
Gland G2In contrast, knockdown of Rcal had noticeable effect on the stability of Dap_Q184A.
conclusion, these data show that Rcal can destabilize a Dap mutant that is comprised in t&dCRL4
dependent degradation. Yet, even under these circumstances, residual degradation viE@Rladso

contributes to Dap destabilization.
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Figure21| Rcal can influence the stability of Dap_dCDI_Q184A

A) Schematic representationf Dap_dCDI_Q184A, D, B Cell cycle curvesB] and barplots D, B representing therelative

stability of Dap_dCDI_Q184A. The data was obtained by flow cyton@tgxpression of Rcal destabilized Dap_dCDI_Q184A,
whereas knockdown of Rcal increased its stability in G1 and G2. Coexpression of Rcal_dFbox had no significant infleience on th
stability of Dap_dCDI_Q184AC, F, G)Cell cyclecurves B) and barplots E, Q representing the relative stability of
Dap_dCDI_Q184A, when a knockdown of Cdt2 was appledxpression of Rcalended to reduce the stability of
Dap_dCDI_Q184iad G1 and G2Coexpresion of Rcal_dFbox had no significant influence on the stability of Dap_dCDI_Q184A.
Both in G1 and G2, knockdown of Rcal led to stabilization of Dap_dCDI_Q184A.
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Figure22 | Stability of Dap_Q184an be influenced byrcal

A) Schematic representatioof Dap_Q184AB, D, E Cell cycle curve@) andbarplots(D, B representing theelative stability of
Dap_Q184Aoexpressed with HE&ycE and CdKaA.The data was obtained by flow cytometifhere was the tendency that
coexpression of Rcal led to destabilizationDzfp_Q184A in Gand G2 Coexpression of RcadFboxtended to increase the
stability of Dap_Q@84A in Gland G2 Knockdown of Rcafended tocause stabilizationf Dap_Q184An G1 and GZXC, F,G) Cell
cycle cures(Q andbarplots(F, G representing theelative stability of Dap_Q184A coexpressed with-BycE and CdK3A. In
addition, a knockdown of Cdt2 (Cdt2 KD) was conductké. trendof Rcaleffects onthe stability of Dap_Q184#as similar
compared tothe setup without knockdown of Cdt2.
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Figure23| Stability of Dap_Q184A can be influenced by Raspite similar cell cycle profiles

A, C D) Cell cycle curve@) andbarplots(C D) representing theelative stability of Dap_Q184A (20 ng instead of the previously
used 40 ng) coexpressed with Nb&LAGCYCE and CdK2A. The data was obtained by flow cytomeBy. using less Dap_Q184
and a moreactive CycE version (Ni4XFLAGCycE) similar cell cycle profilwsre achievedho matter, ifRcal/Rcal_dFbox were
coexpressed or a knockdown of Rcal was conducted. Especially, the cell cycle curves for Rcal and Rcal_dFbox looked very simil
Despite thatthere was the tendency th&calcaused destabilization and Rdaiockdown stabilization of Dap_Q18#AG1 and

G2 This indicates that the stability difference of Dap_Q184A by Rcal is not only dependsrarayes ircell cycledistribution.

B, E, [FCell cycle curve®) andbarplots(E, Fj representing theelative stability of Dap_Q184A (20 ng instead of the previously
used 40 ng) coexpressed with Nb&FLAGCYcE and CdK2A. In addition, a knockdown of Cdt2 was conductédder these
conditions it was not possible to achieve similar cell cycle profiles for afplean@oexpression of Rcatended toreduce the
stability of Dap_Q18#h G1 and GHowever, knockdown dRcalhad no noticeable effeain the stability of Dap_Q184A
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4.10Rcal can influence the stability of Dap constructs in which@R24lependent

degradation is greatly reduced
Rcal was able to influence the stability of Dap constructs thighPIP degron mutatio@184A(chapter

4.9). We now wanted to analyze if Rcal can destabilize Dap containing other PIP degron mutations.

In particular, our focusvas on determining whether the effects of Rcal persist in Dap constructs where

the degradation dependent on CRCAt2 is not only diminished (e.g. Dap(_dCDI)_Q184A), but also in
those where such degradation is nearly eliminated (e.g. Dap(_dCDI)_dPIPaubShquent constrects

were examined in this contextDap(_dCDI)_K195AFigure 24), Dap(_dCDI)_K195Rriqure 25),
Dap(_dCDI)_R194A_R196A Figire 26), Dap(_dCDI)_R194A_K195A_R196AFigute  27),
Dap(_dCDI)_Q184A_ K19FAgure28) and Dap(_dCDI)_dPIR&adure29). For three Dap constructs with
functional CDI domain (Dap_K195A, Dap_Q184A Ka@8ADap dPIPaye coexpressed NMXFLAG

CycE and used less plasmid DNA (20 ng instead of 40 ng) to avoid a G1 arrest caused by these Dap
constructs.

As seen previouslyhé mutationsK195A, K1958r R194A R1968aused moderate S phasgestability,
respectively butdid not completelystabilize Dap_dC@figure 15, 2] For these construcifkcal effects

were in general comparable to that of Dap(_dCDI)_Qi1&Merexpressionf Rcal led to destabilization

in 6GE I y R ,awbereas knockdown of Rcal caused stabilization. Overexpression of Rcal was
consistently more potent in destabilizing these Dap constructs than overexpression of Rcal Tdfebox.
general stability and the eght of Rcal effects wasrgely independent on whether a functional CDI
domain was present or not. However, for Dap_K195A, the Rcal effects were weaker than for
Dap_dCDI_K195A.

With the Q184A K195Alouble R194A K195A R19@Aple or dPIPadeletion mutatian, the general

stability of Dap_dCDIlwas much higher tharof previously described Dap versionB1 general,
overexpression of Rcal or knockdown of Reaibed to influence the stability of these construct$he

stability values in the barplot charts gpeesented on a logarithmiecale(chapter7.4.4). This presentation

allows a good comparison of relative protein stability within an experiment when a single Dap construct is
examined. When comparing various Dap constructs with differing initial stabilme subsequently
assessing the impact of Rcal on their stability, representing the relative protein stabilities on a linear scale
may be easier to interpret. These are showirigure 30 and 31in which the differences are represented

on a linear scaleThese barplots with linear scale show that Rcal knockdown results in stabilization of
Ffy2ad |ttt O2yadaNyzOita Ay abmé +a ¢Sttt & Ay GDHE
destabilization of all Dap constructs with intact CDI donfaif Mmé ® ¢ KSNB 46+ a y2 O2NNB

starting stability of the different constructs, indicating that Rcal can induce destabilization independent
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of the PIP degron, but these effects of Rcal on Dap with compromised PIP degron remained rather weak.
When Dapconstructs with mutated CDI domain and various PIP degron mutatvens analyzed, Rcal
overexpression was only showing destabilizing effatt&lwith either no PIP degron mutation ahe
Q184A0r K195A mutationThis could indicate that overexpressechR has restricted ability to destabilize

Dap constructs with mutated PIP degron, when Dap is not associated with CycE/Cdk2. However, the
observation that Rcal knockdown still results in stabilization of all constructs shows that (endogenous)

Rcal is invekd in Dap protein level regulation.
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Figure24| Influence of Rcal on the stability dap_dCDI_K195A and Dap_K195A

A) Schematic representatioaf Dap dCDI_K195A and Dap_K19BAD, B Cellcycle curvesB) andbarplots(D, E) representing
the relative stability of Dap_dCDI_K195A. The data was obtained by flow cytometry. Coexpression teihBeedio destabilze
Dap_dCDI_K195A in Ghd G2 whereas knockdown of Rcal (Rcal KD) caused stabilizat®h and G2Rcal_dFbox hado
significantinfluence on the stability of Dap_dCDI_K195 ire®d G2C, F, G Cellcycle curves® andbarplots(F, G representing
the relativestability of DapK195Acoexpressed wittNLSAXFLAGCYCE and CdK2A.Effects of Rcal/RcalFtox coexpression or
knockdown of Rcal on the stability of Dap_K195A were not significant.
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Figure25| Influence of Rcal on the stability of Dap_dCDI_K195R and Dap_K195R

A) Schematic representatioof Dap dCDI_K195R and Dap_K19BRD, B Cell cycle curve@) andbarplots(D, B representing
the relativestability of Dap_dCDI_K1B5The data was obtained by flow cytometry. Coexpression of sskedh destabilization
of Dap_dCDI_K18&&n Gland G2 whereas knockdown of Rcal (Rcal KD) caused stabilizatenpression of Rcal_dFbox did
not significantly influence the stability of Dap_dCDI_K195FE, G)Cell cycle curve&) andbarplots (F, Q representing the
relative stability of Dap_K19% coexressed withHACycE and CdW2A. Coexpression of Rczhused destabilization of
Dap_K195R in GKnockdown of Rcafiended to increase the stability Dapl®6R inG1 and G2Coexpression of Rcal_dFiwad

no significant influence on the stability of Dal BR.
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Figure26| Influence of Rcal on the stability of Dap_dCDI_R194A_R196A and Dap_R194A_ R196A

A) Schematic representatioof Dap dCDIR194A R196And DapR194A R196, D, E Cellcycle curvesR) andbarplots(D, B
representing therelative stability of Dap_dCDR194A_ R196Ahe data was obtained by flow cytomet@oexpression of Rda
tended to decrease the stability of Dap_dCDI_R194A R18631 and G2whereas knockdown of Rcal (Rcal #Djled to
stabilze it At least in G1,@expression of Rcal_dFbtended to have a weaker destabilizing effect Dap_dCDI_R194R196A
than RcalC F,G) Cellcycle curves@ andbarplots(F, G representing theelative stability of DapR194A_R196Aoexpressed
with HACycE and CdK3A. Coexpression of Rctehded tocause destabilization of DaR194A_R196/& Gland G2 whereas
knockdown of Rcafended toincrease its stability. Coexpression of Rcal_dFaakno significant influence ae stability of
Dap_R94A_R196A.
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Figure27| Influence of Rcal on the stability of Dap_dCDI_R194A_K195A R196A and Dap_R194A_K195A R196A

A) Schematic representationf Dap dCDI_R194A K195A R196A and Dap_R194A K195A RI¥E\Cellcycle curve$B) and
barplots(D, B representing theelative stability of Dap_dCDI_R194Q195AR196A. The data was obtained by flow cytometry.
Coexpression of Rcdfad nosignificanteffect onthe stability of Dap_dCDI_R194A195AR196A in Gand G2 In contrast,
knockdown of Rcadnd coexpression of Rcal_dFbox tended to cateseilization of Dap_dCDI_R194A K195A_RI1®6A and
G2.C F, GCellcycle curves@ andbarplots(F, Q representing theelative stability of Dap_R194A195A R196A coexpressge
with HACycE and CdW2A. Knockdown of Rcaland coexpression of Rcal_dFbtended to cause stabilization of
Dap_R194A K195A R1964AG1 and G2.
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Figure28| Influence of Rcal on the stability of Dap_dCDI_Q184A_K195A and Qap4A_ K195A

A) Schematic representatioof Dap dCDIQ184A_K195And DapQ184A K195/, D, B Cell cycle curved®) andbarplots(D,

B representing theelative stability of Dap_dCDQ184A_K195AThe data was obtained by flow cytometry. Coexpression of Rcal
hadno significaneffect on the stability of Dap_dCOP184A K195/ GL1. In contrast, coexpression of Rcal_dFbox or knockdown
of Rcal caused stabilization of Dap_d@XU84A K195An G1.In G2 both coexpression of Rcal or Rcal dFbox as well as
knockdown of Rcagignificantly increased the stability of Dap_dCDI_Q184A_K1Q5A G Cell cycle curve) andbarplots(F,

G) representing therelative stability of DapQ184A_K195&0expressed wit NLSAXFLAGCYcE and CdK2A. Coexpression of
Rcd tended todecreasethe stability of DapQ184A_K1954n Gland G2 whereas knockdown of Rc#édnded toincrease its
stability. Coexpression of Rcal_dFbox madsignificaninfluence on the stability of Dap_Q184A K195A.
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Figure29| Influence of Rcal on the stability of Dap_dCDI_dPIPa and Dap_dPIPa

A) Schematic representatioof Dap dCDI_dPIPa and Dap_dPIB&®, E Cell cycle curve®) andbarplots(D, B representing the
relativestability of Dap_dCDI_dPIPa. The data was obtained by flow cytometry. Coexpression of Rcal had no effect on the stability
of Dap_dCDI_dPIPa in &id G2 In contrastknockdown of Rcatended tostabilzeDap_dCDIdPIPaat leastin GL. C F, GCell

cycle curves@ andbarplots(F, Q representing theelative stability of Dap_dPIPa coexpressed with ¥kBLAGycE and Cdk2

HA. Coexpression of Rcehded to destabiliz Dap_dPIPa in Gdnd G2 Knockdown of Rcadnd coexpression of Rcal_dFbox
tended to stabilize Dap_dPIPa in G1 and G2.
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Figure30| Relative degradationand stabilizationof Dap_dCDlconstructswith mutations in the PIP degron

A, B) On the left side barplots representing the relative stability of Dap_a@Bstructswith mutations in the PIP degran G1

(A) and G2B) areshown To visualize the extent of degradation or stabilization of Dap constructs by overexpression or knockdown
of Rcalfor the chart to the righta linear scale was chosefhe extent of Rcal effects does not clearly correlate wighgeneral
stability of DapdCDI constructs. However, it becomes clear that the stability of highly stabilized Dap constructs
(R194A_K95A R196A, Q184A K19%RIPajs often influenced to a similar exteas of the more instable Dap versions (Q184A,
K195A, K195R).
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Figure31| Relative degradation and stabilization of Dap construatsth mutations in the PIP degron

A, B) On the left side barplots representing the relative stability of Dap constmittsmutations in the PIP degrdan G1 A) and

G2 B) areshown. To visualize the extent of degradation or stabilization of Dap catstoy overexpression or knockdown of
Rcal for the chart to the right a linear scale was chosen. The extent of Rcal effects does not clearly correlate wittrahe gen
stability of Dap construct$lowever, it becomes clear that the stability of highly dtabd Dap constructR194A K195A R196A,
Q184A_K195A, dPIPa) is often influenced to a similar extent as of the more instable Dap versions (Q184A, K195A, K195R).






































































































































































































































































































































































































