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SUMMARY

In all eukayotes, helarge DNA moleculemust be packed into the nucleafsa cellin a very
compact manner. The compacted structure consisting of histonegjstame proteins and
nucleic acids is called chromatin. To transcribe, repair or replicate the DNA, ahromaest
be regulated in a highly dynamic mannEne regulators are mostly proteitigat can remodel

and assemble chromatin byealhg the accessibility for DNAemplated processes.

Acquired results in this thesis shaemporalchanges irprotein bindng usingan in vitro
reconstitution system based Drosophila melanogastembryos for 15 min, 1 h and 4 hrs of
chromatin assembly.

In addition, newlysynthesized DNAand its associated proteins were isolated after replication
by nascent chromatin captu(BlCC) in humancell linesand quantifiedat various times of
chromatin assemblyresults from a comparison bbth systemsdicatethat the principles of
chromatin assembly are conserved betwdemo sapiensnd Drosophila melanogastein
addition, reslis from both approaches show the association of proteasomal proteins with
chromatin that are weknown for their function in protein degradatidtroteasomenhibition
causes proteiraggregateso form during assemblyndicating an important role of the

proteasome during chromatin assembly.

Both experimental methods rely on the analysis of proteiita mass spectrometry.
Comparative experiments using different masstspe@trictechniques showhatusinga data
independent acquisition method (SWATHE) greatly improves the number of identified and
guantified proteins in comparison to classical @tpendent techniques, thereby facilitating

the downstream statistical analysis.
Data presented here, contribute new insigtiieut the binding kinetics ofrgteins during

chromatin assemblgnd suggest that the proteasome functi@s a quality control during

chromatin assembly.
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ZUSAMMENFASSUNG

Die DNA aller Lebewesen mit abgegrenztem Zellkern muss stark kompaktiert werden, um in
den Zellkern zu passebiese Verdichtung der DNA passiert mit Hilfe von Histonen, Nicht
Histon Proteinen und zusatzlichen Nukleinsauren und wird Chromatin genannt. Damit jedoch
die DNA zugéanglich bleibt, um transkribiert, repariert oder verdoppelt zu werden, muss das
Chromatindynamisch reguliert werden. Diese Regulierung findet mit einer Vielzahl von
Proteinen statt, die das Chromatin 6ffnen und auch wieder assemblieren kénnen.

Mithilfe eines in vitro Rekonstitutionssystems, das auf einem Extrakt @osophila
melanogasteEmbryonen basiert, wurden die zeitlichéaranderungen ddé?roteinbindungen

nach 15 Minuten, 1 Stunde und 4 Stunden Chromatinassemblierung untersucht.

Diese Studien wurden mit Ergebnissen einer Methaatermauertmit Hilfe der die neu
synthetisierte DNA ach der Replikation isoliert und @efeinigtwerden kannDie Ergebnisse

der sogenannt en ANascent Chromatin Capt ul
Ubereinstimmungen zurim vitro Rekonstitutionsystenm Bezug aufProteinintensitaten zu
unterschiedlichen Zeitmkten der Chromatinassemblierung. Dariber hinaus zeigt der
Vergleich beider Systeme, dass die Prinzipien der Chromatinassemblierung zwischen
Drosophila melanogastaund Homo sapiensleutlich konserviert sind. Au3erdem konnte in
dieser Arbeit gezeigt werdemlass proteasomale Proteine an das Chromatin binden, die
wiederum andere Proteine abbauen. Sobald diese Klasse an Protminégn vitro
Rekonstitutionssystenmhibiert wird, kommt es zu Aggregaten, die darauf schliel3en lassen,
dass das Proteasom eine wigl Rolle wahrend der Chromatinassemblierung spielt.

Beide Methoden, die zur Untersuchung der Chromatinassemblierung verwendet wurden,
basieren auf der Analyse mit massenspektrometrischen Techniken. Dabei zeigte sich, dass
weitldufig benutze datenabhaggi Messungen zu Schwierigkeiten beim Vergleich
biologischer Replikate fuihrten und somit die statistische Auswertung erschwerten. Durch die
Anwendung einer datenunabhéangigen Methode (SWAMIF), konnten deutlich mehr
Proteine in allen Replikaten und zu allgemessen Zeitpunkten identifiziert und quantifiziert
werden, fur eine schlussendlich robuste statistische Analyse.

Diese Arbeit erweitert die Kenntnisse Uber das Bindungsverhalten von Proteinen wéahrend der
Chromatinassemblierung und beschreibt zudem dielleR des Proteasoms als
Qualitatssicherung darin. Die Ergebnisse sind Ankniipfungspunkte fur zukExpgeimente

in diesem Bereich.
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1. INTRODUCTION
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1. INTRODUCTION

1. 1. Chromatin

In eukaryotic cells, the genomic DNA is packaged together with RNA, histone afdstone
proteins in the cell nucleus. The network of nucleic acids amsbciategroteins is called
chromatin and enables the approximately 2 m long DiAeculeto be fitted into the nucleus

of a cell with a diameter of ca. 10 pum.

The compactstructureof chromatin mushowever accommodafenctionality for all DNA-
templated processes. To achieve this, chromatin is regulated on different levels (Figure 1. 1.).
The fundamental unit of chromatin is the nucleosome, consisting of 147 bp of DNA wrapped
1.65times in a lefthanded, superhelical turn around an octamer of core hisfongsr K. et

al., 1997)

DNA methylation @ () Epigenetic factor

DNA

Closed
chromatin

Open chromatin

Histone tails 23 pairs of
chromosomes packed
into the nucleus

Figure 1. 1.: Packaging of DNA irto chromatin.

DNA double helix wraps arounducleosomesomposedf histones. DNA and histone tails can be modified to
regulate chromatin compactigilarx, 2012)

Arrays of nucleosomes form distinct fibres of defined size depending on nucleosome
nucleosme interactions or the salt concentrat{ptansen, 2002; Maeshima et al., 20IB)e

status oDNA compaction can dramatically alter the function of the underlying DNA. Densely
packedchromatin igreferred as hetechromatin whereas more open and accessible chromatin
is called euchromatin. Both structure®re initially described by Emil Heitz in 1935 who
observed morphological differences between differerdlearregions during the cell cycle
(Heitz, 1935) The cell cycle of each cell is a continuous succession of stages that lead to cell
division and DNA duplication. During each-ghase of the cell cycle, DNA is duplicated &nd

14



1. INTRODUCTION

was possible to visualise both chromatin states during the cellanyebeding tanorphological
differencesof euchromatin and heterochromauith light microscopyElgin, 1996)

After decades of research on batiromatin statest is known that euchromatin is replicated
early during Sphase whereas heterochromatin replicates during middle and -[atas8
(Grewal and Elgin, 2002; Grewal and Jia, 200Myreover heterochromatin is charactesis

by low transcriptional activity and contaimly a small number of genetic functions in
proportion to its overall lengtfLohe et al., 1993)

In addition totheir differences in gene actiyj both chromatin state®ave been shown to
localize in the nucleus differently. Heterochromatin lozedi preferentially at the nuclear
periphery whereas euchromatin is mainly found in the centre of the nucleus resulting in more
flexible chromosomeerritories (Shopland et al., 2006But also some exceptions to this rule
were shown in mouse rod photoreceptor cells and distinct unicellular orggifiestberg et

al., 2005) Thesestudiesshowthat the aboveanonicapattern is inverted and heterochromatin
localizes to the nuclear center whereas euchromatin is mainly found at the peciphery
(Solovei et al., 2009)

Very recently, the8D compaction of DNA in the nucleusshbeen investigated in a genome
wide scope, confirming that different nuclear compartments can be distinguished within a cell
nucleus(Stevens et al., 2017WWhereasompartment®f individual topologicdly-associated
domains and loops vary from cell to ¢éiminaassociated domains and active enhancers and
promoters are organized in a consistent way suggestinipésat could drive chromatin folding

and genome organisation

1. 2. Histones

Histone proteins can be classified into canonical histones (H2B, H3, H4, H1) and non
canonical histonege.g. H3.3, CenpAH2A.Z, H3.Y etc.) (Buschbeck and Hake, 2017)
Different histone variants are incorporated into nucleosomes spa@ific circumstances
fulfilling specific functions (Van Holde, 1989; Zink and Hake, 2016)he variation of
canonical with norcanonical histones enables a dynamic regulation of chrorklsitone pairs
within a nucleosome can be individually exchanged withgah@nging an entire nucleosome
(Kimura and Cook, 2001; Venkatesh and Workman, 2015)

Canonical histone genes are organized gerecluste that ispreferentiallyexpressed during
early Sphase of theell cycle to be present during DNA replication. The exception to this rule
is H1, which was shown to keanscribedthroughout the whole -Bhase(Guglielmi et al.,

15



1. INTRODUCTION

2013) Non-canonical histones are expresseughout the cell cycle and function in many
replicationindependent processes

The interaction between DNA and histones is mainly mediated by ionic interactions. Histones
are small positively charged proteins that interact with the negatively charggohalte groups

of the phosphatsugar backbone of the DNA leading to a tight binding between histones and
DNA.

Each nucleosome consistsaif octamer ofi c o r e  hatetranenoé 143d4: flanked by

two dimers of H2AH2B (Figure 1. 2. a and 1. 2. b). klnot part of the nucleosonoetamer

but is rather located at the top of this structure and keeps the DNA wrappead the
nucleosome in place by binding the linker DNA between nucleosomes.

All core histones possess acled histone fold domaimvhich consists of three alpha helices
linked by two loops(Luger K. et al., 1997) This helical structure leads to the dimer
conformation between core histonesiil h a n d scdnfiglration(Arents and Moudrianakis,
1995) In contrast to the globular domain, the relatively unstructurgdridinal domain of
histones protrudes oof the nucleosome and thereforecbmes the target for covalgrist
translational modifications (PTMs) by specific enzymes (Figure 1. 2A@bert et al., 2015;
Barth and Imhof, 2010; Fischle et al., 2003)

Theseepigenetianodifications regulate chromatin via the recruitment of proteins that alter the
histoneDNA interaction. For exampléistone modifications can recrugmodellingenzymes

that utilize the energy from ATP hydrolysis and subsequently chagematin structure
(Becker and Horz, 2002; Clapier et al., 2017; Maier et al., 2008; Miridaitz et al., 2013;
Narlikar et al., 2013; Varg®eisz, 2001) The recruitment of proteins apdoteincomplexes

with specific enzymatic activities is now an accepted dogma of PibMs mediatespecific
function. The most abundant modifications are methylation, acetylation and phosphorylation.
Moreover, ubiquitination and sumoylati@s well as crotonylation, succinylatiamd others
have been described as additional PTMs on histone(#ddbert et al., 2015; Bannister and
Kouzarides, 2011; Barth and Imhof, 2010; Fischle et al., 2003; Tan et al., 2011)

16



1. INTRODUCTION

@Acetylanon Q Methylation @ Phosphorylation

Figure 1.2.: Nucleosomal composition and histone modifications

a: Nucleosomes consist of a tetramer ofH& histones together with two dimers of H2A and H2B. Histone tails
protrude out the nucleosome.

b: Crystal structure of the nucleosome illustrating interaction of nucleosome and DNAuger K. et al., 1997)

c: Histone tails can be modified with getsanslational modifications. dapted fron{Levenson and Sweatt, 2005)

1. 2. 1. Histone acetylation

Histone acetylation occurs on lysine residues and is facilitated by histone acetyltransferases
(HATS). This reaction iseversed by histone deacetylases (HDA@s)ulating the steady state

of the dynamic histone acetylation modificati@trahl and Allis, 2000)

All HATs catalysethe transfer of an acetyl group from its cofactor ae€iyh to the(amino

group of lysine side chains. Acetylated lysine residues lose their positive charge, which
weakens the interaction of DNA and histoBannister and Kouzarides, 201This reaction

has been described in several studiéspen upthe chromatin and to lead to a more accessible
DNA structure(Hebbes et al., 1994; Kewski and Becker, 1998)

Histone acetylation has been found among speceztominantlyon newly synthesized histone

H4 at K5 and K12This mark is deposited via the histone acetyltransferase HAT1 which
interacts with the H344 dimer, CAF and ASF1 befedepositior{Loyola et al., 2006; Tagami

et al., 2004)But the acetylation of K5 and K12 is not required for any interaction of H4 with
ASF1 or CAF arguing fobeinga transient mark of newly synthesizbistones(Ma et al.,

1998)

1. 2. 2. Histone methylation

In contrast to acetylation, methylation of lysine and arginine resioluédse histone taildoes

not change the charge of the histohgsines can be morodi- and tri methylated and

17



1. INTRODUCTION

arginines can be moncsymmetrically or asymmetrically-aihethylated Bedford and Clarke,
2009; Ng et al., 2008Methylation is placed by histone methyltransferases (HMT ctitatyse
the transfer o methyl group from@&denosy | met hi oni nlamifoJrug)

or t oguanidimo group of an arginine.

For many years,methylation was considered to be a stable mark dermdethylasesvere
unknown However, since 2004, several demethylases have been found (Table For1l.).
example,LSD1 in complex wth the cerest repressor complex and JMJD2 were the first

demethylasegound that can remove methyl groups from H3K4mel/2 or H3K9me3 and

H3K36me3 respectivel{Shi et al., 2004)

Table 1. 1.: Overview ofhuman demethylase families and proteins with respective substrates.

Adapted from(Pederen and Helin, 2010Empty cells illustrate missing data in literature that need to be

obtained
Protein family Protein name Substrate
H3K4mel/me2
KDML KDM1A (LSD1/AOF2/BHC110) H3KOmeL/me2
KDM1B (LSD2/AOF1) H3K4mel/me2
JMJID7
HIF1AN
HSPBAP1
JMJID5
JMJID4
H3R2
JMJID6 (PSR/PTDSR) HARS
JMJID8
KDM2A (JHDM1A/FBXL11) H3K36mel/me2
KDM2 H3K36mel/me2
KDM2B (JHDM1B/FBXL10) H3KAme3
JHDM1D (KIAA 1718
PHF8 (JHDM1F
PHF2 (JHDM1E)
HR
KDM3A (JHDM2A/JMID1A/TSGA) H3K9mel/me2
KDM3 KDM3B (JHDM2B/JMJD1B)
JMJID1C (JHDM2C/TRIP8)
KDM4A (JMDM3A/JMJID2A)
KDM4 KDM4B (JMDM3B/JMJD2B) #5{56”%652/%623
KDM4C (JMDM3C/IMJID2C) H1K26meL/ime3
KDM4D (JMDM3D/JMJD2D)
KDM5A (JARID1A/RBP2)
KDM5B (JARID1B/PLU1)
KDMS KDMS5C (JARID1C/SMCX) H3K4me2/me3
KDM5D (JARID1D/SMCY)
KDM6 KDM6A (UTX) H3K27me2/me3
KDM6B (JMJD3)
uTY
JARID2
MINA
NO66 H3K4me2/me3
H3K36me3/me2

1. 2. 3. Histone phosphorylation

Histone phosphorylation takes place at serines, threonines and tyrosines aegulaitecdy

kinases and phosphatases that add and repioegphorylationmodifications respectively.

18
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1. INTRODUCTION

Phosphorylation is a highly dynamic modificatiamd has been found to play a role in cell
cycleregulation In particular,the phosphorylation ofesine10 and serine 28 of H3 habeen
described to regulate mitosis andlepositedy the Aurora B knase in a genome&ide manner
(Goto et al., 2002)

An additional layer of information generatbg these modifications is the combination and
interaction of specific modifications at the same time. All together these modifications alter the
interaction of histones with the DNA tofluence gene accessibility afidally regulategene
transcriptionchromatin compaction or protein recruitment to the DNA.

This interplay of specific enzymes witarious combinations dfistone modifications has been
ter med t he (BthahlAllis,200@) Toayndmdcally modify the code, some proteins
act as hione codewriters and erasers Effector proteins contain domains that specifically
recognize certain modifications and therefore are ablkedd the histone code and initiate
downstream effect&Strahl and Allis, 2000)

1. 3. Histone chaperones

Histone chperones are a group of proteins that help to regulate nucleosome deposition by
binding to the positively charged histones and shielding their charge from the highly negatively
charged nucleic acids. In this way, chaperone proteins channel newly synthesizees from

the cytoplasm into the nucleus and control the correct incorporation during chromatin assembly
(Laskey et al., 1978)

During nucleosome assembly, parémtd-H4 as well as newly syntheed H3H4 molecules

are incorporated first and then followed by rapid deposition of-H28 dimers(Smith et al.,

1984; Worcel et al., 1978)n general, H3H4 moleculesemainstably ound to the DNA,
whereas H2AH2B can bedeposited an@éxchanged more rapidly. Based on this principle,
chaperones have preferences either to bind tetH#H?r to H2AH2B dimers. Nucleosome
incorporation occurs either in the context of DNA replication orindguiDNA repair or
transcription. Therefore, one can distinguish between replicatiopledand replication

independent nucleosome assembly (Figure 1. 3.).

19



1. INTRODUCTION

DNA damage site Pericentromere Telomere
Replication site Centromere Transcription site
ol
Q , )
. A
DNA replication DNA damage repair Centromeres  Transcription Heterochromatin
810 Histone  Reassembly . (telomeres and
P(—)O( y Histone eviction post repair H\stc:|l1le pericentromeres)
( b recycling ey ~ recycling
oo — —@ 00000 @ -*\4_)3:)@(}(,%/00000//00—0@9007%0%}@
% S
UOOOC‘ O "O("
000Y ¢ ¢ € LI | €
New histone H2A-H2B H3.1/H3.2-H4 H3.1/H3.2-H4 CENP-A-H4 H3.3-H4 H2A.Z-H2B H3.3-H4
deposition H3.3-H4
Implicated CAF1 complex, Rtt106, FACT complex, ASF1, HIRA complex, HJURP,Scm3,  HIRA complex, ASF1, DAXX-ATRX
histone  RBAP46-HAT1, sNASP. Hif1, Vps75, Nap1 CAF1 complex, ASF1 RBAP46 and FACT complex, Vps75,
chaperones RBAP48 Chz1, Nap1 and SWR-C
Replication-coupled assembly Replication-independent assembly

Figure 1. 3.: Histone deposition mechanisms

Replicationcoupled assemblgccurs during DNA replication. Specific subset of chaperones is mediating the
nucleosome deposition in this context. All other nucleosome deposition mechanisms are classified as replication
independent assembly and can occur in different regions of timmgeand with specific histone chaperones.
Adapted from(Hammond et al., 2017)

1. 3. 1. Replicationcoupled nucleosome assembly

During Sphase of each cell cyclén which chromatin isdisassembledral reassembled,
nucleosomes must be evicted from chromatid aewly incorporated after replicatiohhis
process ifighly regulated and still not fully understood.

The interdependency between DNA replication and nucleosome incorporation has been
investigated using the Okazaki fragment length as indicator of etimmssembly function
(Smith and Whitehouse, 2012; Yadav and Whitehouse, 2DLéng replication of the lagging
strand of DNA, Okazaki fragments are produced and subsequently ligated to@dthzaki
fragment igation occurs at the midpoint of DNA that wraps around a nucleosome, rather than
in internucleosomal regions. In addition, alterations in chromatin assembly or lagging
polymerization affect Okazaki fragment size, suggesting that the assemblyowofatinr is a
signal for termination of Okazaki fragment synth€¥iadav and Whitehouse, 2016)

It could be further shown thatucleosome assembily vivo requires key histone chaperones
CAF and Rtt106. CAF is a trimeric complex (€afCaf150, Caf180 in Drosophilg that
incorporates H3H4 into newly synthesized DNA by interacting with PCNA, which helps to
recruit it to the replication forkMoggs et al., 2000; Shibahara and Stillman, 1999; Winkler et
al., 2012)

The Cafl50 subunit preferably binds to DNA fragments longer thaibplOn size. This
interaction supports further binding by the other subunits of the CAF drageadingto two
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1. INTRODUCTION

CAF-H3-H4 complexes concertedly associating with DM&ultingin the deposition of H3
H4 tetramergMattiroli et al., 2017a; Mattiroli et al., 2017b; Sauer et al., 2017)

Rtt106 is a mae recatly discovered chaperonfast identified in a genetic screen for regulators
of Tyl transposition in budding yeg&choles et al., 2001Rtt106was shown to interact with
PCNA andto incorporate H3H4 similaty to CAF during replicatiortoupled nucleosome
assemblyLi et al., 2008; Su et al., 2012)

Both chaperone<CAF and Rtt106rely on the assistance ah additional chaperon&SF1.
ASF1 functions in replicatiomoupled as well as in replicationdependent nucleosome
assembly. It interacts with cytosolic and nuclearHdBdimers through an H3 texrface and
transports these complexes to the nucleus. There it forms a compléxeditimichromosomal
complex proteinsNicm) 2-7 to facilitate replication fork progressi@iasencakova et al., 2010)
Most importantly, ASF1 is required for acetylation #8K56 by Rtt109, a mark of newly
synthe&ed histones that has been found to be important for the transferléf fd8m ASF1

to CAF and Rtt@6 for assembly of newly syntheed H3H4 onto replicating DNAHan et

al., 2007)

Anotherchaperone compleXACT, has beeshown to be involved in nucleosome assembly.
The FACT complex interacts with H34 tetramers via its SPT16 subunit. The middle domain
of SPT16 (SPT18/) forms a tandem arrangement of pleckstrin homoldgyains and can
bind to H2AH2B dimers as well as to H34 tetramergTsunaka et al., 2016Dther factors
such as Rtt106 and Pob3 also contain pleckstrin homology domains @Rtta6d8 Pob3v)

ard it is under current investigation whether these domains bind4d4H8 a similar manner
than theSPT16M domain(Liu et al., 2010) Rtt106M exhibits specificity for H3H4 by its
recognition of H3K56Ac(Li et al., 2008)and together with FACT, it facilitates the
incorporation of H3H4 into chromatin during DNA replicatiofTsunakeet al., 2016)

Taken together, many possible pathways have been described that mediate the assembly or
disassembly of histones from DNAhis has been confirmed btudies with hemisomes/half
nucleosomes (one copy of H2A/H2B/H3/H4) and hexasomes (twiescop H3/H4and one
copy of H2A/H2B) proposingynergistical pathways for nucleosome asser(fblyuyama et
al., 2013; Rhee et al., 2014)

1. 3. 2. Replicationindependent chromatin assembly

Other than during Phase, bromatin is alsoremodelled after DNA repair and gene
transcription using replicatiemdependent pathwayslthoughno DNA is replicated during

these processesimilar chaperones are involved ireplicatiorindependent chromatin
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assemblyHowever,some of the identified factotsave been describéd beonly involved in
DNA-independent chromatin assembly.

During DNA transcription, histone chaperones remove nucleosomes from occupied DNA
sequences in cooperation with histone modifiers and chroneatiodgers(Avvakumov et al.,
2011) The chaperones CAF, ASF1, HIRA addP1 are involved in nucleosome disassembly
during transcription to either disassembheicleosomes lere transcription or reassemble
nucleosomes after transcription of RNA polymerase 1l (RNA pdR§y-Gallet et al., 2011)
NAP1 is a welknown chaperone for H2AI2B and shows high sequence similarity to other
chaperones belonging to the NARHe proteins (NAPL) and Vps75 igeast(Selth and
Svejstrup, 2007)NAPL is involved inmany processes during nucleosome incorporation. It
imports H2AH2B from cytoplasminto the nuctusvia an interaction with importin Kap114
(Mosammaparast et al., 200RjJoreover, it regulates the spacing of nucleosomes through an
interaction with the chromatin and remodelling factor ACF in an Al€Pendent mannglto

et al., 1997)

Additionally, replicationindependent pathways have been described in which other
chaperones, DAXX and ATRX, control H3.3 deposition at telomeres and regulatory DNA
elements showing that multiple chaperonasplay roles during transcriptiofTagami et al.,
2004)

Otherchaperones have distinct fttrons during INA transcription. For example, thestone
chaperone, HIRA, assists in the incorporation of the histone variant H3.3 into BIRA
binds to the DNA directly with the help of theplication protein A (RPA) ands active
throughout the entire cell cyc(@hang et al., 2017HIRA transfers H3 to active genes or
promoterswhereast incorporatesanonical histone H3.1 solely during DN@ptication.

Replicationindependent chromatin assembly is also important during DNA repair. In general,
DNA breaks leado an increased pBphorylation of the H2A varianH2AX (H2Av in
Drosophilg at the site of a DNA lesion. Upon modification, DNA repaechanisms like nen
homologus end joining (NHER) or homologs recombination (HR) take place. These
processes rely on proteins such as ATM, BRAC1, Radb@ell asadditional repair factors
such as the acetyltransferase complex Tip@@rasophila Thiscomplex specifically acetylates
phosphoH2Av and exchanges it with unmodified H2Av. This unique H2A variant is maintained
in the chromatin until repair is completed (Kusch, 2004).

Furthermore, chromatin assembly following DNA repair is dependent on ARH4 .depleted

of ASF1 and CAF showed upon DNA damage a constant activation of DNA damage
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checkpoints although cell cycle progression was not impé&iead and Haber, 2009)These
results suggest that both chapeoplay roles during nucleosome assembly during DNA repair.
Indeed, CAF and PCNA are recruitedsites of DNA lesionsn an ATRdependent manner
(Moggs et al., 200Q)and are responsible for peasipair deposition of new histones.
Additionally, CAF is related tomonoubiquinitation of H2A histoneslthough the exact
mechanism is still elusiv@?olo et al., 2006; Zhu et al., 2009)

1. 4. Kinetics of chromatin assembly

In the beginning of 2017, researchers from Hwopean Molecular Biology Laboratory in
Heidelberg and from the Erasmus University Medical Center in Rotterdam published a movie
animation illustrating the compaction of DNA in the nucléisoch et al., 2016; Wasmuth

et al., 2016)

Although these studies contribute enormously to our understandingeroporal DNA
compactionn the nucleusthe dynamic changes of the DNsound proteome during assembly
remained largely elusive so far.

Several studies in recent ays have shed light into the investigation of the proteomic
composition during chromatin assemlfpabert et al., 2014; Sirbu et al., 2012owever,
quality control mechanisms, sequence specificity and inheetaot (epi) genetic
modifications during chromatin assembly are still not fully understdadaddress these
guestions, this thesis is based taro main approaches to shed light thesekey cellular

processes using vivochromatin assembly technigquesdan vitro assembly sysims.

1. 4. 1.In vitro chromatin assembly systems

Crude extracts fronbrosophilaembryos orXenopus eggextracts have been used to study
chromatin assembin vitro (Bulger et al., 1995; Kleinschmidt and Franke, 198®th systems

are unique to stly the mechanisms of cell cyategulated processes at a biochemical level
(Gillespie et al., 2012)This is due to the fact that crude extracts flarmsophilamelanogaster
embryosandXenopudaeviseggs contain sufficient maternal proteins and RNAs to support at
least 12 rounds of cell cycle in the absencé&rafiscription(Newport and Kirschner, 1982)
Furthermore, these cdllee systemsnimic many key aspects @hromatn assemblyn vivo
(Becker and Wu, 1992; Kamakaka et al., 1993; Vékibert et al., 2016)

Usingin vitro assembly systems, it was shown, that H3 and H4 assemble first as tetramer before
two dimers of H2A and H2Bomplete nucleosome formatifivadoux et al., 2000; Wagner et
al., 2005; Worcel et al., 1978%0luble H4 is stored in a peeetylated forn{Alvarez et al.,
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2011) which gets rapidly deacetylated upon nucleosome assef{8Bbharf et al., 2009;
Shimamura and Worcel, 1989)his deacetylationtsp is facilitated by the monomethylation

of H4K20 and requires the continuous presence of ATP suggesting that it is coupled to
chromatin maturatiofScharf et al., 2009)

Due to the absence of a cell membrane, ties#ro assembly syems are also particularly
well-suited for the investigain of DNA replication and its associated chromatin assembly
mechanismsFirst, labelled nucleotides can be added to the extract so that the kinetics of
nucleotide incorporation can be observed and monitgtiedhinoto et al., 2011)Secondly

this system can be also used to perform functional studielti@tiateprocesses of DNA
replication as for example the active termination of replication once duplication is complete. In
particular the Mcm7 subunit of thedlicase complex during replication getdyubiquitylated

and this subsequently leads to its disassembly at the converging terminating forks because of
the action of the p97/Vcp/Cdc48 protein remodé@idéoreno et al., 2014)

Furthermore, the addition of DNA to the extracts with subsequent quantifichiwA-bound
proteinsenables a detailed investigation of protein binding kinetics. ThereXoréaevis
demembranated sperm nuclei recovered from isolated testes were incubabédadtiisegg

extract. It was shown that highly condensed chromosomes from sperm nuclei are decondensed
andspermspecific histone variantsereexchanged directly whithistones from the egg extract
establishing newly remodelled chromaf@illespie et al., 2012; Hashimoto et al., 2011)

Another approach investigated chromatin interaction dynamics of DNA repair pathways in
combhation with mass spectrometry. DNéontaining interstrand crosslinksas incubated

with Xenopusegg extracts to measure assembly and disassembly of proteins involved in DNA
repair. Among many expected DNA repair factors, it was shown that SLF1 and Stia2af
complex with Rad18 and recruit the SMC5/6 cohesion complex to DNA le$asshle et al.,

2015)

Finally, recently chromatin replication has been reconstituted from highly purified fathers
effects of pufied factors on chromatin replication were comparedetsults fromin vitro
extracts(Kurat et al., 2017)In this work Kurat and colleagues could demonstrate that the
progression of the replisome through chrtmaequires a complex interplay between FACT,
Nhp6, chromatin remodelers (INO80 or Iswla) and lysine acetyltransferases (Gcn5 and Esal).
In this systemparental nucleosomes are efficiently reassembled in the back of the replisome
and positively influencéaggingstrand synthesis.

In summary, celfree assays have been used to describe key aspects of histone deposition, DNA
repair and DNA replication. Levels of histone chaperones and chromatin modifiers were
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measured and can be easily manipulated withaih @n assay. Another advantageno¥itro
systems is the usage of inhibitors, modulators or other reagents to inhibit or change specific
functions within than vitro assembly system withousking unspecific side effects that can
occur in complex orgasms by means ah vivo experiments. Nevertheless, the combination

of in vitro as well asn vivoexperiments reveals profound igsts into biological questions.

1. 4. 2.In vivo chromatin assembly techniques

Recent advantages in the fieldiofvivo chromatin assembly systems have been made using a
technique that is based on the isolation of nascent chromatin with subseqgassit
spectrometri@nalysis(Alabert et al., 2014)This rascenthromatincapture (NCC) technique

relies on the incorporation of biotoleoxyuridinetriphosphate (dUTP) in newly dyesized

DNA during Sphase. The subsequent proteomic analysis captures the firsstadlished
steps in chromatin replication: DNA unwindin
), Okazaki fragment processi ngemphD(CAF), | i gas
maintenance of DNA methylation (DNMTUHRF1) and establishment of sister chromatid
cohesion (Esco2). The comprehensive identification of known fork components by NCC
describes the isolation of replicated chromatin in combination with quarditabass
spectrometry at two distinct maturation states. Additionally, the analysis is based on-a multi
classifier combinatorial proteomics approach that was used to predict functional significance
of associated proteins named Index of chromatin probafiii) (Kustatscher et al., 2014)
Alternative methods that have also been applied to &izblsolate necent chromatiii albeit

with a lower number of identified proteifisare called the iPOND technique and EZhP.

Both techniques are based on the use of ethynyl deoxyuridine (EdU) as a thymidine analogue,
which can be modified with biotin using copper lwhse fi ecl hi ecnki (®ungrawala et al.,

2015; Kliszak et al., 2011; Sirbu et al., 2012; Sirbu et al., 2048EdU is cell permeable, it

can be used to label newly replicating chromatin in living cells and daesaqugdre prior cell
permeabilization.

Above describedin vitro as well asin vivo chromatin assembly techniques revealed the
presence of proteasomal proteins. In addition, the combination of mass spectrometry with
chromatin assembly techniques could shthat all subunits of the proteasome were identified
during chromatin assembly and replication consistently between different techniques and
among several biological replicatéslabert et al., 2014; Moreno et aR014; Sirbu et al.,

2013)
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1. 5. Proteasome

1. 5. 1. The proteasome as a protein regulator

The 265 proteasome is a key player in eukaryotic protein quality control and in the regulation
of numerous cellular processes in the cytoplasm as well as mutheus(Brooks et al., 2000;
Peters et al., 1994)t is part of the ubiquitin proteasome system (UPS) eatdlyseshe
processive degradation of proteins marked for destruction by the attachment of polyubiquitin
chairs (Finley, 2009) The system relies on the concerted actions of three enzymes. In the first
step, a ubiquitiractivaing enzyme (known as E1) hydrolyses ATP and adenylates a ubiquitin
molecule. The activated ubiquitin molecule is attached to the cysteine residue of the active site
of the respective E1. Secondly this ubiquitin molecule is transferred to a ubizpnfugating
enzyme (E2). And finally, a ubiquitin ligase (E3) recognizes a protein for degradation and

catalyses the transfer of ubiquitin from the E2 enzyme to the target protein (Figure 1. 4.).

Figure 1.4.: Enzymatic cascade of théJbiquitin Proteasome System

The concerted action of three enzymes (E1, E2, E3) leads to the attachment of ubiquitin to lysine residues on
proteins. These substrates are either targeted for degradation by the proteasome or deubiquitylating enzymes
reversehe reactior(Varshavsky, 2012)

N
n n~° m The human genome encodes for
o S two E1 ezymes, more than 30 E2
N enzymes and between 600 and
ﬂ ﬂ~@ 1000 E3 ligases(Deshaies and
. S 26Sproteasome  Joazeiro, 2009; van Wik and
a Timmers, 201Q) Therefore, this
™ system acquires its specificity by

the E3 ligases that recognize target

\_—/ to short peptides
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Once a target protein has been loaded with four ubiquitin monomers, the proteasome is able to
recognize this protein. These chains are mai
further process proteins for degradation into the 20Sehalgme, in which proteolytic enzymes

cleave proteins into peptides.

In many instances, ubiquitination is regulated by its removal through the actions of specific
deubiquitylating enzymes (DUBs), some of which also play key roles in ubiguégursor
processing(Nishi et al., 2014)The combination of DUBSs, ubiquitin ligases and the action of

the proteasome regulates proteins and their coratens within the cell cycle.

1. 5. 2. Proteasome in the nucleus

The nuclear function of the proteasome has been most prominently associated with
transcriptional activationas proteasomal subunits associate with transcriptionally active
chromatin(Geng et al., 2012t these sites the proteasome acts as a transcriptional modulator
either by dislocating elongating complexes of RNA polymergsad et al., 2006) by
regulating transcription factor and cofactor levels when they are no longer re(juafed et

al., 2015; Lonard et al., 20Q0by regulating their localation (Hoppe et al., 200Q)the
repression of cryptic transcriptig®zutorisz et al., 2006)r by establishing an active histone
modifications pattern at a promot@zhkova and Tansey, @8). In most cases the function
seems to be dependent on the proteolytic activities but some data also sugggsbéeobytic

but more chaperorike function of the proteasomal ATPag€®eng et al., 2012; Kaiser et al.,
2000)

The connection of the UPS with DNA replication and chromatin maturatisoniewhat less
well-understoodSeveral findings suggest that the UPS has an ingmaDiNA replication and
potentially chromatin maturatioAbbas et al., 2010; Centore et al., 2010; Saredi et al., 2016;
Satheshkumar et al., 200%orexamplejt has beeshownthat polyubiquitination plays a key

role in disassembly of the replisome machin@viaric et al., 2014; Moreno et al., 2014)
suggesting a direct effect of the proteasome on replicating chromatin. Thesg cindie used

as a starting point to further investigate the function of the proteasome during replication and

chromatin assembly.

1. 6. Mass spectrometry

Mass spectrometry is a technique to determine the-toagsarge ratio of ions to identify and
guantfy molecules in simple and complex mixtures. All mass spectrometers consist of an ion

source, a mass analyser and an ion detector (Figure 1. 5.). Thespaitisemary between
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different types of mass spectrometer according to the physical propertiessahtple and the

type of data acquired.

«._So.(;(;.)“'n

\\" =%

\
— 3 —— s )\ =
@@ @ (%ﬁ @ y, / - :_#_*'/)
©® m@F = =
cells or tissue protein mixture 1DE digestion into peptides
€ Coe
peptide =3 09 c0o *
mixture 20,5 a0 e
%00, ¢ b > ion-peptide
€
liquid chromatography © ¢ e
peptide separation electrospray
ionisation
neutral gas
+egt signal
¢ — —_— — L — :
el detection
ion-peptide product ions
(precursor ion)
mass analyser fragmentation by collision mass analyser
A l A l peptide sequence
A G L
- <>
100 s rrsstsssessasesET s R TR R A st e, 100 B R R R R R R
&3 = y2
R R
5 S a2
2 E Y
3 2
© © b YA’
(] (]
2 2
R B
o ©
o | > ) >
I I L < o I Ll 1 -
400 800 1200 m/z 200 600 1000 m/z
MS spectrum MS/MS spectrum

Figure 1.5.: Workflow and analysis pathway in massspectrometry.

Proteins are digested into peptides and separated over chromatographic devices. Then peptides are ionized and
analysed by mass spectrometer in the mass analyser (analysis of precursor ions in MS1) or after fragmentation
in a second mass analyseaffment ions in MS2). m/z: masscharge ratio, y and a indicate the type of fragment
ions(Hupe et al., 2012)

First, a sample is applied for M&alysis in liquid, gas or dried form and then vaporized and
ionizedwithin theion source. The charged ions are accelerated by the mass analyser leading to
paths of individual ions based on their mass and charge (Fgeiré 1. 5.). The acceleration

of charged ions is mediated by an electric and/or magnetic field inside the mass analyser, which
include most commonly timef-flight (TOF), orbitraps quadrupoles and ion traps with each
having specific characteristickr addition mass analysers can be used to not only identify

analytes in a sample but also to filter specific ions towards the detector.
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Detectors within mass spectrometers are electron multipliers or microchannel plates. These
devices emit a cascade of eflecis once an ion has reached the detector. This amplification of
signal leads to improved sensitivity of each measured ¢Femhout and Lee, 2004)

1. 6. 1. Proteomics

Mass spectrometers have been heavily used in the last 15 years to perform proteomic studies.
Proteomics describes the study of all proteins in a biological system at a given time point
(Mallick and Kuster, 2010)The major fields of study have been the investigation of protein
structure, function, folding and interactiOhebersold and Mann, 2016A\n emerging field in

the past 10 years was timwestigationof specific postranslational modifications throughout
complex biological samples and to quantify proteins either in relative or absohdaents
(Alabert et al., 2015; Huang et al., 2015; Scharf et al., 2000ally, the field of proteomics
developed further due to the improvements of sample preparation techniques for mass
spectrometry.

An approach in which proteinseastudied as intact entities by mass spectrometry is ¢edipd

dowrd proteomics(Tran et al., 2011)In this way, the entire protein is analysed together
meaning that modifications on the same molecule are measured in parallel in a comparable
manner. However, alternativiloottomupd proteomicshasbeen developed and used much
more extensivg. In fibottomupd proteomics, several techniques exist to prepare and analyse
peptidesderived from proteirdigestion Each technique has a unique purpose and range of
utility.

In Abottomupd proteomics, proteins are extracted from the e@umaterial and digested by
sequence specific enzymes as for example trypsin. This digestion leads to peptides of specific
lengths that are applied to a mass spectrometer coupled to fphiasse chromatography to
separate peptides by their retention ti@ace peptides elute at a specific point from a reverse
phase chromatography column, they enter the mass spectrometer as charged ions after
electrospray ionization. In general, three main approaches to analyse peptides in a mass
spectrometer are oently applied: Datadependentcquistion proteomics (DDA), drgeted

proteomics and datadependenacquisition proteomics (DIA) (Figure 1. 6.).
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Figure 1.6.: Bottom-up proteomics

a: Proteins are digested with a sequespecific emyme into peptides to further analyse ionized peptides on a
mass spectrometer in three differerades Datadependent acquisition collects a full spectrum of a peptide (MS1
level) and then acquires fragmentation peptide spectra of the most abundarggprietis; here depicted with a
quadrupoleorbitrap mass analyser. Widely used softwar®@xQuantand Perseus. Targeted approaches use
predefined information of a peptide to target a specific s@msharge ratio in the first quadrupole. Then the ion
is fragmented and fragment ions are measured. This type of daaadllyanalysed with Skyline software. In
dataindependent acquisition, rargyef m/z values are selected and furthegfmented and measured in tirok

flight mass analyser The multiplexeddata are aligned to spectral libraries using OpenSWATH or ProteinPilot.
b: Peptide quantification can be determined at the MS1 level by integrating the signal from peaks of the precursor
ion. Peaks can be compared between rkns.MS2 quantificationjntensities ofunique fragment ions for a
specific peptide are usédebersold and Mann, 2016)

1. 6. 1.1. Shotgun/Datadependentacquisition proteomics

Shotgun proteomics by means of DDA based methods have the purpose to achieve an unbiased
and complete coverage of the proteome. Once the charged ions enter the mass spectrometer,
the mass spectra of all ions species at the gives pioint (precursor ions) are recorded in the

full scan modus (MS1 levelpimultaneouslythe machine switches to the fragmentation modus

to fragment as many of the acquired precurso
(N denotes the numbef MS2 spectra that follow) an MS1 scan iddeled by ca. 120 MS2

spectra.

1. 6. 1. 2. Targeted Proteomics

By definition, targeted proteomics uses prior information about specific proteins of interest to
acquire mass spectra (Figure 1.5). In the setup triple quadrupolenstrument, the first
guadrupoldilters for the expected precursor ion m/z ratio. In this step, the mass spectrum of
the precursor ion can be measured. The second quadrupole functions as collision chamber to
induce peptide fragmeation (dissociation). Finally, the third quadrupole functions as

additional filter for expected fragment ion m/z ratios of the formerly selected precursor ion.
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This can be even improved by multiplexing several fragment ions per peptide to increase
selectivty better known as multiple reaction monitoring (MR®)jcotti and Aebersold, 2012)
Currently,Orbitrap instruments utilize the entire MS2 spectrum to record mass spectra, which

is calledparallel reaction monitorin(PRM) (Peterson et al., 2012)

1. 6. 1. 3. SWATHMS/Data-independentacquisition proteomics

Indatai ndependent data acqui si ti oSequemmltvihndowd s or
acquisition of allthe or et i c al fragment ion spectrabo, e
fragmented at the same tinf@illet et al., 2012)To cover the full mass range between m/z
400-1250, the mass spectrometer sequentially acquires one full MS spectrum and about 40 CID
MS/MS spectra with isolation windows of m/z 25 during one cgti®ughly 3.5 s. This leads

to a total fragmentation of all precursor ions detectable throughout the entire mass range and
along the chromatographic elution period. The data analysis of these data is challenging since
the resulting fragment ion spectra dighly multiplexed meaning that a fragment ion spectrum

is difficult to relate to a specific precursor ion spectrum. Therefore, the information of peptide
fragmentation is either gained by targeted signal extraonaihe basis of previously acquired
single-peptide fragmentation spectf@eterson et al., 201r by t he gener ati ol
fragment ion spectra constructed directly from the DIA data that are then subjected to classic

database searching.

1. 7. Aims of the thesis

Chromatin assembly following DNA replication, DNA repaird gene transcription is critical

for the maintenance of the genome and the epigenetic information.

Many of the individual factors involved in this assembly process have been characterized in
detail with regards to their structure and functibe Koning et al., 2007; Hamiche and Shuaib,
2012; Hammond et al., 2017t is wellappreciated that chromatin assembly is a highly
regulated multistep process involving synthesis, storage and nuclear transport of histones
followed by their deposition onto DNA.

Despite its biological importance, the coordination of the individual steps and their dynamic
properties are insufficiently described. This is mainly because it is difficult to fully describe
and dissect the entigystemin vivo making a functional analysis and a defined disturbance of

the system almost impossible.
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Therefore, this thesis was aimed to describe

- the order of chromatin assembly steps,
- the molecular mechanisms that coordinate the required cellalrinery in time

- the quality control of this assembly

To address these questiponsir lab uses am vitro system that resembles the formation of
chromatin on doubtstranded DNABecker and Wu, 1992The biotinylated DNA is captured

by magnetic beads upon various times of incubation with embryonic extracts prepared from
preblastodernbrosophila melanogastesmbryos.

For the timeresolved quantitation of chromatibound preeins, the labefree quantitative
SWATH-MS technology is used, which allows to precisely describe distinct aspects of
chromatin assembly such as the appearance and disappearance of histone PTMs, the levels of
histone chaperones, the activity of histonéevs/erasers or the concentration of distinct DNA
binding factorqGillet et al., 2012)Another aim of this thesis was the additiorfother time

points of acgisition duringin vitro chromatin assemblyo increase resolution of protein
binding kinetics.

In addition to thisn vitro system combined with the SWATMS technique, NCC experiments

in HelLa cellswere performedo monitor chromatin assembly kineticsanin vivo setup. The

two datasetslloweda comparisorbetweenin vitro andin vivo systems ana verification of

selected predictions based iarvitro assembly results and vice versa.
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2. 1. Materials
Plasmids
Plasmid Insert Application Remark
_ _ ) Provided by Philipp
pBluescript 6K (-)) Empty vector Bacterial expression
Korber
13 repeats of the 5¢
. ' (Eskeland et al.,
pAl61 (pBSSK (-)) rRNA gene ofL. Bacterial expression

) 2007)
variegatus

Containing 4 repeats ;
4x 359bp (pBSSK (-)) g P _ ~ (Volker-Albert et al.,
of 359 repeats from Bacterial expression 2016)

D. melanogaster

Oligonucleotides

All oligonucleotides were ordered from Eurofins MWG Operon and designed manually or

with the aid of different programs such as SnapGene, SerialCloner and CLC Workbench.
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Name

M13 uni (21)

M13 rev €29)

359bp repeat for
510

359bp repeat rev
519

Gibson A FW

Gibson D RV

GibsonB FW

Gibson B RV

Gibson C FW

Sequen@)

TGTAAAACGACGG
CCAGT

CAGGAAACAGCTA
TGACC

CGGTCATCAAATC
ATTTATTTTGC

CGAAATTTGGAAA
AACAGACTCTG

CCCCCCTCGAGGG

TCGACGGICATCA

AATAATCATTTAT
TTTGC

GGAATTCGATATC

AAGCTTGAAATTT

GGAAAAACAGAC
TCTGC

GACTACGAATTCA

TTGGGGGGTCATC

AAATAATCATTTA
TTTTGC

CCCCAATGAATTC

GTAGTCGAAATTT

GGAAAAACAGAC
TCTGC

GATCATACTAGTG

GCTAGGCGGTCAT

CAAATAATCATTT
ATTTTGC

Restriction
site added

Sall

Hindlll

EcoRlI

EcoRlI

Spel

2. MATERIALS & METHODS

Application/

Cloning method

Sequencing of pBSK)

Sequenaig of pBSK ()

Amplification of 359 bp repeat
unit from genomic DNA

Amplification of 359 bp repeat

unit from genomic DNA

Generation of 359 bpepeat
fragments for multimerition via

Gibson Cloning

Generation of 359 bp repeat
fragments fomultimerizationvia

Gibson Cloning

Generation of 359 bp repeat
fragments fomultimerizationvia

Gibson Cloning

Generation of 359 bp repeat
fragments fomultimerizationvia

Gibson Cloning

Generation of 359 bp repeat
fragments fomultimerizationvia

Gibson Cloning
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Gibson C RV

FW359Seq

RV359Seq

359cc2HindIlIFW

359cc2EcolRV

Antibiotics

Name

Ampicillin

Antibodies

Primary antibodies

Name

U PCNA

U H3
U H4K5ac

GCCTAGCCACTAG

TATGATCGAAATT

TGGAAAAACAGA
CTCTGC

GGGATTTTGCCGA
TTTCGGCC

GCGAGGAAGCGG
AAGAGCGC

CCCTCGAGAAGCT
TCGGTCATCAAAT
AATC

CGATATCGAATTC
GAAATTTGGAAAA
ACAGAC

Concentration of stock

Spel

Hindlll

EcoRl

solution

100mg/ml (1000x) in &D

Supplier

Abcam (ab29)

Abcam (ab1791)

U Acf 1

All dilutions in 1-5% BSA or 5% milk in PBS.
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Abcam (ab51997)
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Working concentration

100pg/ml

Dilution
Western Blotting 1:1000
IF 1:500
Western blotting 1:5000
Western blotting 1:1000

Western blotting 1:5



2. MATERIALS & METHODS

Secondary antibodies

Type Supplier Dilution
ECL antibodies VWR 1:10000
Immunofluorescence
o Jackson Imuno Research 1:500
antibodies

All dilutions in 0.1% PBSTween.

Staining solutions

Type Supplier Dilution
Streptavidin Alexa Fluor ThermoFisher Scientific
_ IF 1:400
555 Conjugate (S32355)
DAPI Sigma (D9542) IF 1:500
All dilutions in 0.1% PBSween /5% BSA.
Protease inhibitors and reducing agents
Name Stock concentration Dilution
Aprotinin 1 mg/mlin HO
Leupeptin 1 mg/mlin HO
Pepstatin 0.7 mg/ml in Ethanol All 1:1000
PMSF 0.2 M in Isopropanol

1 Min 10 mM sodium
acetate pH 5.2

DTT
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2. MATERIALS & METHODS

Proteasome, HDAC- and cell cycle modulators

Name Function Stock
concentration

N-ethylmaleimide Irreversible inhibitor of _
100 mM in Ethanol

(NEM) deubiquitinases
Blocking the .
) o 4 mM in DMSO
MG132 proteolytic activity of

the 26S proteasome

Inhibition of Histone
Trichostatin A (TSA) Deacetylases (HDACs 1 mg/mi
groups I, Il and IV

Synchronization of 20 mM in DMEM

Thymidine cellsin Gl/early S without pen/strep
phase and FBS

Releas from Gl/early 24 mM in DMEM

2-Deoxycytidine _
S-phase block for cell with pen/strep and

hydrochloride _
cycle progression FBS
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1:20
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1:66
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2. MATERIALS & METHODS

2. 2. Methods

2. 2. 1. Microbiology Methods

Plasmid transformation of E.coli bacteria

A maximum of 5 pl of plasmid DNA was added to 100 pl cheatly competent cells which

were thawn on ice. After 20 min incubation, the cell suspension wasiheeked for 90 s at

42 °C in a water bath followed by incubation on ice for 2 min. All used plasmids carried an
ampicillin resistance gene for selectio09ul of liquid LuriaBertani (LB}medium were

added and the cells were incubated for 1 h in a shaking incubator at 37 °C at 750 rpm. Cells
were then centrifuged for-8 min at 800 g, the supernatant was taken off leaving 100 pl for
resuspension. 100 ul tie bacteria were plated on t&np agar plates (ampicillin 200 pg/ml)

and incubated o/n at 37 AC. ( MetBcolitaadapi ad
from PhD thesis, Miriam Pusch, 2013, page. 39

Luria -Bertani medium

1.0% (w/v) BacteTryptone
1.0%(w/v) NaCl

0.5% (w/v) BacteYeastextract

Growing of bacteria and DNA extraction and purification of plasmid DNA

Single grown colonies were picked and inoculated into 5 ml liquidrdgliium containing the
appropriate antibiotics. The cells weneubated o/n in a shaking incubator (Infors Multitron)

at 37 °C, 140 rpm for DNA minipreparation. For DNA maxipreparation, 5 ml of grown bacteria

in liquid LB-medium were transferred into 500 ml liquid ioBedium with antibiotics for
incubation o/n in a sking incubator at 37 °C, 140 rpm. The subsequent isolation of plasmid

DNA was done using Qiagen Plasmid Kits/Macherkeg g e | Kits according t

instructions.
2. 2. 2. Nucleic Acid Methods

Storage of DNA

DNA obtained from isolations and pugétions was reconstituted in dglBi or 1XTE buffer
and stored at20 °C.
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2. MATERIALS & METHODS

TE buffer

10 mM Tris pH 8.0
1 mM EDTA

DNA quantification

DNA concentration was quantified by measuring the absorbance at the wavelength of 260 nm
using a NanoDrop NELO0O0 UV specbphotometer (Peqglab) or a DeNovix DS 11+
spectrophotometer (Biozym). Blank measurements were taken with the respective buffers the

DNA was reconstituted in (see above).

Agarose gel electrophoresis

Agarose gel electrophoresis was performed to separatedigtidguish DNA fragmerst
obtained from restriction digests, MNase digestions, supercoiling assays or PCR reactions.
DNA fragmens migrate with different behaviour according to size and conformation inside an
agarose gel. Therefqrine percentage of agee inside the gel needs to be adapted to the DNA
fragments loaded onto the gel. The smaller the fragments for analysis, the higher the percentage
of agarose was chosen. Agarose was weighed and dissolved in the appropriate volume of 1x
TBE (90 mM Tris, 90mM Boric acid, 2 mM EDTA) by boiling in the microwawmtil the

solution was completely clear and no small floating particles were visible

DNA samples were mixed with 5x loading dye (0.3% (w/v) Orange G, 5 mM EDTA, 50% (v/v)
Glycerol) prior to loading ao the gel. To distinguish different fragment lengths, DNA ladders

(1 kb, 100 bp, New England Biolabs (NEB)) were used as size standard. Electrophoresis was
performed at 5450 V as determined by the distance of the gel chamber electrod@s (4
V/cm). Staning of DNA was either carried out by adding ethidium bromide to a final
concentration of 1 pg/ul prior to pouring the solution into the gel tray or by staining the gel in
ethidium bromide solutio (1 pg/ml in TBE) after stainingpr 30 min followed by 15min
destaining in 1x TBE. Alternatively, DNA was stained with Midori Green Direct (Nippon
Genetics) by mixing the DNA samplesd DNA ladders with Midori Green Direct at 1:10
(dye:sample) dilution ratéels were analysed by radiation with UV light (2886 nm) and

documented by means of a Chemidoc Imagingchasystem (Biorad).

(Met hod adapted from AAgarose gel el ectrophc

page: 35).
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2. MATERIALS & METHODS

TBE buffer Orange G

90 mM Tris 0.3% (w/v) Orange G
90 mM Boric acid 5mM EDTA

2 mM EDTA 50% (v/v) glycerol

Restriction Digest

Buffer conditions and temperatures for restriction digests were used according to the
manufacturerodéds instructions. Units of enzyme
All restriction endonuleases were purchased from NEB. The reaction products were analysed

by agarose gel electrophoresis.

DNA precipitation

In all cases, DNA was precipitated by a final concentration of 1 M3@dand adding 1.5
volumes of 100% ethanol. DNA containing samplesrevfilled up with TE buffer and
glycogen. After 2 hrs of incubation &0 °C, samples were centrifuged at full speed for 1 h at

4 °C. Samples were washed with 70% ethanol and centrifuged for 30 min at 4 °C. Small leftover
ethanol droplets were removed &yacuuradevice. Precipitated DNA was resuspended in TE
buffer.

Polymerase chain reaction (PCR)

The Polymerase chain reaction was used to amplify DNA sequences or to modify inserts for
cloning by adding overlapping sequences and restriction sites. PCiiomsavere performed
either with a Tagpolymerase or with the Phusion High Fidelity DNA polymerase. The Phusion
Polymerase has in contrast to a faymerase a proof reading function and is therefore suited
for longer sequences that have been used fdheu cloning steps. The following PCR

conditions for respective enzymes were applied:
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2. MATERIALS & METHODS

Table 2. 1.: Pipetting scheme protocol for staratd PCR with Tag DNA polymerase.

Reaction component Volume Final concentration
10x standard Taq reaction buff 5ul 1x
dNTPs 10 mM 1l 200 UM
Forward primer 10 uM 2.5 ul 0.5 uM
Reverse primer 10 uM 2.5 ul 0.5 pM
DNA template variable <1000 ng
Taq DNA polymerase 0.250.5 ul 1.2525U
Nuclease free water to 50 pl -
Table. 2. 2.: Program for PCR with Tag DNA polymerase
PCR step Number of cycles Temperature Duration
Initial denaturation 1 95 °C 5 min
Denaturation 95 °C 30s
Annealing 25-30 4565 °C 30s
Elongation 72 °C 1 kb/min
Final elongation 1 72 °C 5-10 min
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2. MATERIALS & METHODS

Table 2. 3.: Pipetting scheme protocol foPCR with Phusion® High-Fidelity DNA
polymerase

Reaction component Volume Final concentration
5x Phusion HF or GC buffer 10 pl 1x
dNTPs 10 mM 1l 200 pM
Forward primer 10 uM 2.5 pl 0.5 pM
Reverse primer 10 uM 2.5 ul 0.5 uM
DNA template variable <250ng
Phusion® DNA polymerase 0.5 ul 1.0U
Nuclease free water to 50 pl -

Table 2. 4.: Program for PCR with Phusion® HighFidelity DNA polymerase

PCR step Number of cycles Temperature Duration
Initial denaturation 1 98 °C 30s
Denaturation 98°C 10s
Annealing 25-30 56-64 °C 30s

Elongation 72 °C 4 kb/min

Final elongation 1 72 °C 5-10 min

Amplified fragmens were analysed by agarose gel electrophoresis. Bands of interest for

ligations were cut out of the gel and purified using a gel extra&itof@Qiagen)and sent to
MWG for sequencing.
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2. MATERIALS & METHODS

Plasmid construction and cloning

Vectors containing 359 bp repeats were generated by Gibson cloniRgsibm cloning and
conventional restriction cloning.

Gibson cloning and hfrusion cloning are basezh homolog fragment ends andsengletube
enzymatic reactionlhe differerce is in thecomposition of thenzyme mix.

Gibson cloning relies on the singlgbe isothermal assembly reaction featuring three different
enzymatic activities that perform in teame buffe(Gibson et al., 2010; Gibson et al., 2009)

The exonuclease creates singleanded 3" overhangs that facilitate the annealing of fragments
that share complementarity at one end (overlap region).

The poprietary DNA polymerase fills in gaps within each annealed fragméetDNA ligase

seals nicks in the assembled DNA.

In-Fusion cloning depends on theHasion enzyme, which fuses DNA fragments e.g. PCR
generated sequences and linearized vectors, efficiand precisely by recognizing a 15 bp
overlap at their ends. This 15 bp overlap can be engineered by designing primers for
amplification of the desired sequences.

For Gibson and Hirusion cloning, primers were designed to amplify DNA fragments that hav
overlapping sequences of 15 bp length. These overlaps were utilised for cloning of the 359 bp
repeat units into a pBluescrifK (-) vector and for additionahultimerizationof the repeat

units. Overlapping sequences of one insert were complementagyieighbouring insert and
were thus inserted into the linearized backbone vector as arrays. Molar ratios were calculated
by the length of vector and inserts and were chosen 1:1 or adjusted up to 1:3 depending on the
number of fragments that were intendedinsertion.

For Gibson cloning, 10 pl of seffrepared Gibson reagent mix (final concentration: 1.33x
Gibson assembly buffer, 0.005 U/ul T5 exonuclease, 0.033 U/ul Phusion polymerase, 5.333
U/ul Taq ligase) was added to the DNA inserts and vectonfeltbby 1 h incubation at 50 °C.

For In-Fusion cloning, 5x lfFusion enzyme premix (Clontech) was applied in a 1:5 ratio to
vector and inserts (total reaction volume: 5 pl) and incubated for 15 min at 50 °C.

In case of conventional restriction cloningsention fragments of interest were digested with
same enzymes that have been used to open the vector to generate compatibte kgaltion,

T4 ligase buffer (NEB) and T4 ligase (NEB) was added in a ratio of 1:10 and 1:20 respectively
to vector and ingés (total reaction volume: 20 ul) on ice and incubated for cohesive ends 10
min at room temperature. After heat inactivation for 10 min at 65 “&pllof the reaction

were transformed to competent cells.
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2. MATERIALS & METHODS

2. 2. 3. Tissue Culture Methods

Cultivation and passaging of cells

HeLa S3s pi nner cells were cultivated in Dul bec
supplemented with 10% FCS, 1x Pen/strep at 37 °C with 5%a@@® were maintained by

diluting the culture every 24 hrs to 0.7x°klls/ml. Cells were grow in spinner flasks

(Wheaton) with a stirring application (Thermo Scientific) for keeping the cells in suspension

with 40 rotations/min.

Cryopreservation of cells

50 ml of cells with a concentration of 1x%1@ells/ml were collected and centrifuged at 300

for 5 min. Cells were then resuspended in 10 ml freezing medium. 1 ml aliquots were frozen in
cryovials stored in a freezing container (Fisher Scientific) with a cooling rate of 1 °C/min at
80 °C. The next day, cells were transferred to- 1188 °C liqud nitrogen freezer.

Cells of 1 cryovial were thawn on ice and resuspended in fresh medium and sot¥lhdma

petri dish without surface treatment to prevent cell adhesion. After 3 hrs incubation, cells were
centrifuged at 300 g for 5 min and resuspendetb ml fresh DMEM. To expand cells, every

24 hrs cells were splitted by half (7.5 ml to new 10 cm petri dish and all dishes were filled up
to 15 ml again) until 32 dishes have been reached. All cells were collected and centrifuged at
300 g for 5 min andransferred to a spinner flask prkeaned with 1x PBS. Cells were
transferred into half Afresho DMEM and half
Freezing medium: 10% DMSO/FCS.

1x PBS

136 mM NacCl
2.7 mM KCI
4 mM NaHPOy

Nascent Chromatin Capture

Synchronization of cells

1x10°HeLa S3 cells/ml were blocked for 17 hrs with a single thymidine block (2 mM thymidine
in DMEM) in a total volume of 300 ml. A 1 niluorescencectivated cell sortingFACS)
sample was taken from the culture and centrifuged for 5 min at 300 g. @etlseefFACS
sample were dissolved in 1 ml PBS and vortexed while adding 2¢embld 100%ethanol.
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2. MATERIALS & METHODS

Each FACS sample was stored at 4 °C until further processing. Next day, HeLa S3 cells
growing in suspension were released from a single thymidine blo&klics by washing the
cells twice with PBS and resuspending in DMEM containing 24 uM deoxycytidine. Additional

FACS samples before and after the release have been taken and processed as described above.

Biotin-dUTP labelling

For biotindUTP labelling, cdt were centrifuged at 300 g for 6 min and washed with KBH
buffer (50 mM KCI and 10 mMHepe3. Then cells were again centrifuged at 300 g for 6 min
and incubated for 5 min in a hypotonic KBH buffer containing bidtiilfP (10 nM biotin
dUTP, 10 mM Tris pH B(IBA technologies) and resuspended in fresh cell culture medium.
For immunofluorescence labelling, 30 pl of cell suspension before and after-diibiA
labelling have been added to 500 pl PBS and stored on ice until further processing.

Fixation and nuclear extraction

NCC cells were fixed in 2% formaldehyde at RT on a shaker at 36 rpm after 15 min (hascent
chromatin), or chased for 1 h or 4 hrs in fresh medium before fixation (medium/mature
chromatin). Each time point, FACS samples and IF samples havedlésxted and processed

as described above. Crosslinking was stopped after 15 min by adding glycine to a final
concentration of 1% and incubating for 5 min at room temperature on a shaker at 36 rpm.
Cells were centrifuged for 10 min at 1000 g at 4 °©nf~now on, all steps have been performed

on ice/4 °C. The cell pellet was washed twice with cold PB&F (1 mM PMSF in 1x PBS).

Next, cells were resuspended in-a@d sucrose buffer (0.3 M sucrose, 10 rildpesNaOH

at pH 7.9, 1% Triton XLOO and 2 mM M@Ac) and centrifuged for 10 min at 1000 g. The cells
were resuspended in sucrose buffer and nuclei were mechanically isolated by using a 15 ml
dounce homogenizer with a oOdentrguged dor 10 e atl e . D
25009 and cytoplasmicupernatant was discarded. The nuclear pellet was resuspended in ice
cold glycerol buffer (25% Igcerol, 10 mM Hepe®NaOH at pH 7.9, 0.1 mM EDTA, 0.1 mM
EGTA, 5 mM MgOAc) centrifuged for 10 min at 2500 g and then resuspended in one volume
ice-cold glycerolbuffer and snajfrozen in liquid nitrogen and stored &0 °C until further

use.
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2. MATERIALS & METHODS

Preparation of chromatin

Chromatin was solubilized by sonication in a Diagenode Bioruptor at # S@nication buffer

(10 mM HepesNaOH at pH 7.9, 100 mM NacCl, 2 mM EDT& pH 8, 1 mM EGTA at pH 8,

0.2% SDS, 0.1% sodium sarkosyl and 1 mM phenylmethylsulphonylfluoride; Bioruptor setting:
High, 28 cycles of 30 s sonication and 90 sec pause). Sonicated chromatin was centrifuged for
15 min at 5000 g at 4 °C.

Affinity purifica tion of biotin-tagged chromatin

Solubilized chromatin was diluted 1:1 with dilution buffer (10 nidpesNaOH at pH 7.9,

100 mM NaCl, 2 mM EDTA pH 8, 1 mM EGTA pH 8, 1 mM PMSF) to reduce SDS
concentration. Biotinylated chromatin fragments were purifiedreptvidircoated magnetic
beads (M280 Streptavidin beads; 50 pl beads per 108ell€) by two overnight endver
endrotationsat 4 °C and 5 stringent washes (@M HepesNaOH at pH 7.9, 100 mM NacCl, 2

mM EDTA at pH 8, 1 mM EGTA at pH 8, 0.1% SDS, ahanM phenylmethylsulphonyl
fluoride). Input material for Western blot or MS analysis was taken before addition of beads to
chromatin. To release chromatin and reverse the crossiedds were boiled in 4x Laemmli

sample hbffer for 40 min at 100 °C, inclung a brief vortex and short spin every 10 min to

prevent drying.
KBH buffer PBSPMSF Sucrose buffer Glycerol buffer
50 mM KCI 1 mM PMSF 0.3 M Sucrose 25% Glycerol
10 mM Hepes 10 mM Hepes 10 mM Hepes
NaOH pH 7.9 NaOH pH 7.9
1% Triton X100 0.1 mM EDTA pH 8
2 mM MgoAc 0.1 mM EGTA pH 8
5 mM MgOAc
Sonication buffer Dilution buffer Wash buffer
100 mM NacCl 100 mM NacCl 100 mM NacCl
10 mM HepesNaOH pH7.9 10 mM HepesdNaOH pH7.9 10 mM HepedNaOH pH 7.9
2 mM EDTA pH 8 2 mM EDTA pH 8 2 mM EDTA pH 8
1 mM EGTApH 8 1 mMEGTApH 8 1 mMEGTA pH 8
0.2% SDS 1 mM PMSF 0.1% SDS
0.1% Sodium sarkosyl 1 mM PMSF
1 mM PMSF
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Fluorescenceactivated cell sorting

FACS samples from NCC experiments were kept at 4 °C up to one week and then diluted with
10 ml PBScontaining 1% FBS. Cells were centrifuged for 4 min at 300g at 4 °C. Then the
supernatant has been removed and the cell pellet was dissolved in 1 ml PBS containing 10
pg/ml propidium iodide (Sigma) and 20 pg/ml RNAse. The samples were mixed and
transferre to a FACS tube using a filter to avoid cell aggregates to be measured by the FACS
machine.

Samples were measured on the FACSCanto device. Cell appearance was measured with
forward and side scatter (FSC/SSC) indicating cell size and granularity, respectiv
Propidium iodide was measured in the PE channel. Per condition, 100.000 cell events were

measured.
2. 2. 4. Protein Methods

SDSPolyacrylamide-Gel electrophoresis

The denaturing SD®olyacrylamideGel electrophoresiSDSPAGE) is a method to sepagat

proteins in an electrical field according to their electrophoretic molpilagmmli, 1970) The
proteins are denatur ed -mecaptoetianol ahdake cokeledwithn d D
the anionic detergent SDS. By binding to the hydrophobic group of a protein it adds negative
chargeThereforethe speed of migration is based on the sfzbe proteins according to their

size. Proteins were separated by gradient gels containing acrylamide in the rar2@%ef 4

(Serva). Protein samples were mixed with 4x Laemmli sample buffer and denatured for 5 min

at 95 °C before loading onto the gel. fin markers (peqGOLD Protein Marker IV and V,

Peglab) were used to estimate the molecular weight of the proteins. Electrophoresis was
performed at 25 mA per gel until the protein running front reached the lower edge of the gel.

Afterwards gels were staidavith Coomassie, silver or subjected to Western blotting.

SDS running buffer 4x Laemmli sample buffer
25 mM Tris 200 mM Tris pH 6.8
190 mM glycine 8% /wiv) SDS
0.1% (w/v) SDS 40% (v/v) glycerol

0.2% (w/v) bromphenol blue
4. 2 % (mercaptpethém

Coomassie Staining
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The loading pockets of the gel were removed and the gel was washed once with distilled water.
Then the gel was submersed with InstantBlue solution (Expedeon) to cover the gel (ca. 20 ml)
for 30-60 min until bands became visible. Galsre documented with Chemidoc Imaging
Touch system (Biorad).

For mass spectrometry analysis, proteins of interest were cut out with a clean scalpel and stored
in 0.2 ml tubes filled with 100 pl of ddi at 4 °C until further analysis.

Silver staining

Silver staining was performed as described by Blum ¢Balm et al., 1987)

Western blotting

SDSPAGE of protein samples was performed as described above. The gel froRPARIES

was removed from the gel chamber and a PVDF membrane was prepared by incubation in
methaa ol for 15 s using the BioRad AWet Bl ot s\
and sandwiched between géted Whatman papers soaked in Western blot buffer in the

following order starting at the negative power source:

Sponge

2 Whatman papers
SDSgel
Nitrocellulosemembrane
2 Whatman papers
Sponge

The gel holder was inserted in the holder cassette and the gel transfer cell was filled with 1x
Western Blot buffer and a cooling unit. The proteins were then transferred onto the membrane
for 1 h (400 mAconstant) in a cold room or o/n at 40 mA at 4 °C.

After the transfer, the PVDF membrane was adjusted to the size of the gel by cutting the
overlapping end of the membrane. Then the membrane was blocked for 30 min at RT on a
shaker with blocking solutioB% (w/v) milk in 1x PBS) in order to reduce the repecific
background. After blocking, the membrane was treated with an appropriate dilution of the
primary antibody directed against the protein of interest in 5% TB8lk for 1hr at RT on a
shaker. Thanembrane was washed three times (10 min each) with PBS/0.1% Tween and
incubated for 45 min with horseradish peroxidesapled secondary antibody in 5% TBS

milk. After three washes (5 min each with TB$antigerantibody complexes were detected
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2. MATERIALS & METHODS

using tte AmersharMECL™Prime Western Blotting Detection Reagent Kit (GE Healthcare)

according to the manulbeeachmembran@)s I nstructions
1x PBS Tween Western blot buffer
1x PBS 25 mM Tris
0.1% (v/v) Tween 20 192 mM glycine

0.02% (w/v) SDS
15% (v/v) methanol

2. 2. 5. Chromatin Methods

Preparation of Drosophila embryonicextract [DREX]

D. melanogaster embryos were collected on agar trays with yeast p8étmid after egg

laying. Using a brush and sieves with descending mesh sizenfh . 355mm, 0.125mm),
embryos were rinsed with cold tap water and allowed to settle indmiceembryo wash buffer

to arrest further development. After five successive collections, the wash buffer was decanted
and replaced with wash buffer at room temgpere. For dechorionation of the embryos, the
volume was adjsted to 200nl and 60ml of 136 hypochlorite solution was added. The embryos
were stirred vigorously for sin on a magnetic stirrer, poured back into the collection sieve
(0.225mm), and rinseavith tap water for Gmin. Embryos were allowed to settle in 28Dof

wash buffer for about Bin. Afterwards the supernatant containing the chorions was removed.
Following two more settlings in 04 NaCl and in extract buffer at &, the embryos were
sdtled in extract buffer in a 6@l glass homogenizer on ice. The volume of the packed embryos
was estimated before the supernatant was aspirated, leaving packed embryos and additional
2 ml buffer on topHomogenization was performed with one stroke at®;pth and 10strokes

at 1,500rpm with a pestle connected to a drill press. The homatgewas supplemented with
MgCl> to a final MgC} concentration of $nM. Nuclei were pelleted by centrifugation for

10 min at 10,000pm in a SS34 rotor. (Sorvall, Therakisher Scientific, Waltham, USA). The
supernatant was centrifuged again fohr2 at 45.000rpm in a chilled SV$6 rotor (Beckman
Coulter, Germany). The clear extract was isolated with a syringe, avoiding the top layer of
lipids. Extract aliquots were faen in liquid nitrogen. Protein concentration was determined

by Nanodrop measurement and titration with chromatin assembly experiments.

Embryo wash Extract buffer

0.7% (w/v) NaCl 10 mM HepepH 7.6
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0.05% (v/v) Triton X100 10 mM KCI
1.5 mM MgCbh
0.5mM EGTA
10% (v/v) glycerol
1 mM DTT (add fresh)
0.2 mM PSMF (add fresh)

Biotinylation of DNA

To obtain linearized and biotinylated DNA, plasmid DNA (pAl61;3%9 bp) containing
oligomers of the sea urchin 5BNA positioning sequence was used. g@lasmid DNA were
linearized using the restriction enzyme Sacl. Completion of the digeanalysedy agarose

gel electrophoresis. Upon completion of the plasmid digestion, the restriction enzyme Xbal was
added to the reaction and incubated for atsiedhrs at 37°C. Subsequently, the DNA was
precipitated and purified, followed by incubation with @M dCTP and dGTP, M
biotinylated dUTP and dATP and the Klenow Polymerase. To purify DNA from excessive
nucleotides and enzyme, G50 Sepharoskimns (Roche) were used according to the

manufacturers protocol. Finally, DNA concentration was measured and adjusted ng/200

Chromatin assembly on immobilized DNA

4e g DNA was i mmaqliM80 pazasmagneticrstreptavitlia ieads (Inviteod in

EX100 buffer (10nM HepedpH 7.6], 100mM NacCl, 1.5mM MgCI2, 0.5mM EGTA, 10

[vol/vol] glycerol, 0.2mM PMSF, ImM DTT) for 1h. Beads were extensively washed and
blocked with BSA for 3Min (1.75g/l) in EX100. After another washing step in-ER40

(10 mM Hepes pH .6, 1.5mM MgCh, 0.5mM EGTA, 1®% (v/v) Glycerol, 0.0836 NP-40), 60

pl of DNA immobilizedeads were resuspended in a total volume ofe240 cont &ali ni ng
DREX and an ATP regenerating systerm{@ ATP, 30nM creatine phosphate, 0g cr eat i n €
kinase/ml, 3nM MgCI2, and InM DTT) and EX100. To study the influence of protein
acetylation, TSA as added to a final concentration of G as indicated. For proteasome
inhibition experiments, the respective concentration of MG132 and NEM was added to the
reaction. For timeresolved studies, the reaction was incubated at@®or 15min, 1h and

4 hrs, respectively. After two stringent wash steps with EX200, beads were resuspended in
elution buffer (EX100 with 08/ ¢ | M N ansMeCa@in The fupernatant after Iin of

MNasemediated elution was sjdzted to mass spectromebgsed protein quanstion.
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1 M Dynawash 2 M Dynawash EX 100 (200)
10 mM Tris HCI pH 8 10 mM Tris HCI pH 8 10 mM HepegH 7.6
1 mM EDTA 1 mM EDTA 100 (200) mM NacCl

1 M NacCl 2 M NaCl 1.5 mM MgCk

0.5 mM EGTA

10% (v/v) glycerol
1 mM DTT (add fresh)
0.2 mM PSMF (dd fresh)

EX-NP-40 McNap Elution buffer
10 mM HepegpH 7.6 3 mM ATP In EX 100
1.5 mM MgCh 30 mM creatine phosphate 0.5 U/ul MNase
0.5 mM EGTA 10 pg creatine kinase/ml 2 mM CaCh
10% (v/v) glycerol 3 mM MgCbh
0.05% (v/v) NP40 1 mMDTT

Chromatin accessibility assay by Micrococcal nuclease digestion

Chromatinfromz g ci r cul ar D N#in,dlsos hnndt 26eCdwad noxed withb
EX100 containing 5nM CaCh and 1Beckerunit/pl of MNase (Sigma). After incubation at

room temperature for 39 and 90s, respectively, a 1§l fraction of the digestion was stopped

by adding 4Qul MNase stop solution (2% N-Lauroylsarcosine, 10t0M EDTA pH3.0). The
suspension was subjected to RNase A and proteinase K treatment and precipitated DNA was

separded with a 1.3% agarose gel. A 18Bp ladder (Invitrogen) was used as a size marker.

Analysis of nucleosome assembly by supercoiling assay

Supercoiled plasmid (jug) was incubated under standard conditions atQ@vith 2 mg
Drosophilaextract in the presce of 6.5 mM MgGI After various times, 40 (dliquots were
removed from the reaction and assembly was stopped by the addition of 10 ul stop mix. The
suspension was subjected to RNase A and proteinase K treatment and precipitated DNA was
separated witla 1.3% agarose gel. A 100 bp ladder (Invitrogen) was used as a size marker.

2. 2. 6. Masspectrometry methods

Preparation of MS samples for proteomics analysis
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Assembled chromatin was subjected to mass spectrometry analysis. 10% of the chromatin
bound praeins were separated on &20%gradient SDSPAGE andanalysedy silver staining

(Blum et al.). 90% of the chromathourd proteins were subjected to M&mple preparation.
Proteins were denatured inM Urea, 1M Thiourea and 25nM DTT for 2hrs at 20°C
followed by an incubation for 3@in in a dark place with a final concentration of 25 mM
iodoacetamide at 20C to carbamidomethylate sulfhydryl groups of free cysteines.
Subsequently, DTT was added to a final concentration aiM(and incubated for 3Min at

20°C. The samples were diluted with 1 ammonium bicarbonate to lower the urea
concentration below 1 M for tryptic cleavagéth 200ng of trypsin (Promega) in 50M
ammonium bicarbonate. Digestion was completed aftdmrd4t 25°C. 10% of thetryptic
peptide mixturevere acidifiedusing trifluoroacetic acid (TFAand desalted using C18 stage

tips prior to mass spgometryanalysesnd redissolved in 0.2% THRappsilber et al., 2007)

The resulting | iquid, containing the digest e

0.2% TFA and stored &0 °C until further processing.

Proteomic analysis via LGMS/MS on Orbitrap mass spectrometer

The peptide mixture resulting from tryptic cleavage was injected onto an Ultimate 3000 HPLC
system equipped with a C18 trapping column (C18 PepMapn5« 0.3nm x 5 m, 100 )
and an analytical column (C18RP RepeRilr AQ, 120mm x 0.075nm x 2.4 m, ALXx.0
Maisch, Germany) packed into an Ehitter tip (New Objective, USA). First, the peptide
mixture was desalted on the trapping column fonii@ at a flow rate of 2bl/min (0.1% FA).

For peptide separation a linear gradient fromd8% B (HPLC solventa: 0.1% FA, B: 80%

ACN, 0.1% FA) was applied over a time of 120 min. The HPLC was online coupled to an LTQ
Orbitrap XL mass spectrometer (Therfisher Scientific, USA).

The mass spectrometer was operated in Bbgde employing a duty cycle of one sunsans

in the orbitrap at 60,000 resolution followed by up to 6 tandem MS scans in the ion trap.
Precursors were selected when they had a minimal intensity of 10,000 counts and a charge
state of 2+ or higher. Previousnalysedprecursors were excluded fo® Zeconds within a

mass window ofl.5 to + 3.5 Da.
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Proteomic analysis via LGMS/MS on Q-TOF mass spectrometer

Samples were injected into an Ultimate 3000 HPLC system (Thermo Fisher Scientific). For
nancreversedphase separation of tryptic peptide mipds before MS analysis, peptides were
desalted on a trapping column X®.3 mm inner diametempacked with C1®epMap100, & m
particle size, 10 pore diameter, ThermBisher Scientific). The loading pump flow of 0.1%
formic acid (FA) was setto 251 / mi nut e wi t h aminwadsrhsoanagc t i me
conditions. Samples were separated on aryaical column (15 0.075mm inner diameter;
packed with C18RP Repo#lur AQ, 24 m par t i cA pore diameter, Dr. M@isth)
using a linear gradient from 4% to 40% B in 1in with a gradient flow of 276l/minute
Solvents for sample separatizvere A 0.1% FA in water and B: 80% ACN, 0.1% FA in water.
The HPLC was directly coupled to the 6600 TripleTOF mass spectrometer using-E®kno
source (both Sciex). A datkependent method was selected for MS detection and fragmentation
of eluting peptles comprising one survey scan for 225 ms from 300 to 1800 m/z and up to 40
tandem MS scans for putative precursors (1800 m/z). Precursors were selected according

to their intensity. Previously fragmented precursors were excluded from reanalysis for 30

seconds.

SWATH data acquisition on Q- TOF mass spectrometer

Peptides from tryptic digestion were resuspended in 10 ul 0.1% TFA and injected into a
Ultimate 3000 nanahromatography system equipped with trapping column (C18
Accl ai mPepMap, 1680 Axanda s€paration,coludnn CHB8RP Repdail AQ,

150 x 0.075 mm x 2.4 ¢&m, 100 i, -E®emitteMipi s c h,
(New Objective, Woburn MA). After washing for 10 min on the precolumn with 0.05% TFA,
peptides were sepaed by dinear gradient from 4% to 40 % B (solvent A%. FA in water,
solvent B 80% ACN, 0.1% FA in water) for 150 min at a flow rate of 270 nl/min. Eluting
peptides were detected on a 6600 Triple TOF quadrligdt hybrid mass spectrometer (Sciex,
Framingham, MA First, a mixture of all conditions was run in dadapendent mode to
generate an ion library for the daiadependent SWATH measurements and optimize the
isolation window distribution over the mass range for SWAJdta acquisition. Data
dependent acquison consisted of a survey scan and up to 40 tandem MS scans for precursors
with charge 25 and more than 200 cps abundance. Rolling collision energy was set to generate
peptide fragments. The overall cycle time for the DDA experiment was 2.676 seconds.
Previouslyanalysedprecursors were excluded from repeated fragmentation for 30 seconds

employing a mass window of 20 ppm around the precursor mass.
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MS data with datandependent SWATH acquisition were generated using the same HPLC
conditions as used for ¢hgeneration of the ion library. Based on the distribution of the m/z
values of identified peptides in the ion library, the mass range fror1 3200 m/z was split into

40 SWATH mass windows. First, precursors were monitored frorl300 m/z in a survey

san of 50 ms, followed by the SWATH data acquisition for 65 ms/mass \sjmdswiting in

an overall cycle time of 2.7 seconds. The fragmentation energy was adjusted to fragment 2+
charged ions in the center of the mass window and a collision energy spwead units was

allowed.

Sample peparation for histone modification analysis by MS

Nuclearenriched fractions were separated by SBXSGE, stained with Coomassie (Brilliant

blue G250) and protein bands in the molecular weight range of histone23¥a) were
excised as single band. Gel slices were destained in 50% acetonitrifg/l Z0nmonium
bicarbonate. Lysine residues were chemically modified by propionylation far8at RT with

2.5% propionic anhydridgSigmg in ammonium bicarbonate, pH5 to prevent tryptic
cleavage. This step added a propionyl group only to unmodified and monomethylated lysines,
whereas lysines with other side chain modification will not obtain an additional propionyl
group. A set of 30 precursors of heavy SIERTD labelled standard peptides, (spiketides)
coding for common histone modifications was added prior to tryptic digestion. Spiketide
abundance was used to normalize for different sample amounts. Proteins were then digested
with 200ng of trypsin (Promega) in 5&M ammaium bicarbonate overnight and the
supernatant was desalted by carbon -lop ps ( Gl ygen) according

instructions.

Histone modification analysis on LGMS/MS on Q-TOF mass spectrometer

Following carbon stage tip, the dried peptides wesesru s pended i n 5 ¢l of
complete sample was directly injected onto the revepbede separation column (C18RP
ReposiPur AQ, 120 x 0.075 mm x 2.4 &m, 100 |,
nancchromatography system (TherfResher, San Jose, CA). A separation gradient from 5%

B to 30% B (solvent A 0.1% FA water, solvent B 80% ACN, @0lFA in water) over 32 min

was applied to separate the histone peptides at a flow rate of 325 nl/min. Since the column was
poured into the nan&SI emitter tip, peptides were directynalysedby mass spectrometry

using a TripleTOF 6600 quadrupdlOF mass spectrometer (Sciex, Framingham, MA). A
targeted MS/MS method was selected for detection and quantitatioteahihal peptides of

histone 3.1 andhistone 4 with specific modifications. The first scan monitored the abundance
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of the precursor ion for 225 ms, the MRM scans for individual modifications were acquired for

35 ms per precursor. The overall cycle time was 2.05 seconds.
2. 2. 7. Software Mé&hods

Data analysis of datadependent LGMS experiments

DDA-MS data recorded on the LTQ Orbitrap mass spectrometer were processed with
MaxQuant (version 1.2.2.5) using standard settings with the additional options LFQ and iBAQ
(log fit) selectedData weresearched against a combined forward/reversed database (special
amino acids: KR) including common contaminants for fadiseovery rate filtering of peptide

and protein identifications. The mass deviation for the precursor mass was set 20 ppm;
fragment ios were matched within 0.5 Da mass accuracy. Fixed modifications of cysteine
(Carbamidomethyl (C)) were included as well as variable modifications by oxidation of
methionine and acetylation (Acetyl (Proteirté&tm); Oxidation (M)). Matches were filtered
seting false peptide and protein (PSM FDR and protein FDR) hits to 1%. The minimum peptide
length was allowed to be 6 amino acids, the minimum score for modified peptides was set to
40. For protein identification, one namique razor peptide was requiredhereas protein
guantitation was only performed if at least 2 razor peptides were associated with the protein
hit. Prior to statistical analysis in Perseus, protein hits associated with the reversed database
or common contaminants were filtered in the progroups.txt file.

Data-dependent experiments performed on th@@F mass spectrometer wesealysedin
MaxQuant (version 1.5.1.2) using the Andromeda search engine and the same flybase database
as for Orbitrap data. The settings for database search wasréollows: fixed modification
carbamidomethyl (C), variable modification oxidation (M) and acetyl (protein@&r m) ; ma s ¢
=20ppm f or pr ecurppm forsTOF feagnaest sons=Pepdide hits required a
minimum length of 7 amino acids and a minimseore of 20 for unmodified and 40 for
modified peptides. Resulting protein hits were FDR filtered for 1% false discoveries on the PSM
level and up to 5% false protein hits. Settings for protein identification and quantitation were
identical as for orbitrg data (see above).

Data analysis of histone modifications

Peptide fragment masses of heavy and light peptide variants were calculated in silico using
GPMAW 5.0 software (GPMAWS3) and applied to filter the MRM data for abundance of specific

modificationsusing MultiQuant software (Sciex Framingham, version 3.0). Peptides with
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similar precursor masses containing either trimethylation or acetylation of K were
distinguished based on the mass accuracy of the instrument and the difference in retention time.
PTM-data analysis was performed with PeakView software (version 2.1, ABSciex) by using
doubly and triply charged peptide masses for extracted ion chromatograms (XICs). XICs were
checked manually and values were exported to Excel for further calculatiomslata
deviation of the mean was used for error bar calculation. The mass spectrometry raw data are
deposited to the ProteomeXchangeConsortium with the data set identifier submission number
PXD002537 and PXD003445.

Software packages

Perseussoftware versio 1.5.1.6 has @ used to process proteomic M&ta. Volcang
heatmapand kinetieplots have been created via Perg@ysnova et al., 201@&fter statistical

testing and filtering for valid values. Default settings were used for analysis in Perseus.

Imputation of missing values from a standaeliation was done in the Perseus software.
Therefore,the distribution was optimized to simulate a typical abundance region that the
missing values would have if they had been measured. Imputation was done with following
parameters. 0.3 Width: definestiwidth of the Gaussian distribution relative to the standard
deviation of measured values. In this case, 0.3 means that the width of the distribution used for
drawing random numbers is one third of the standard deviation of the data. 1.8 Down shift:
specfies the amount by which the distribution used for the random numbers is shifted
downwards. 1.8 is the unit of the standard deviation of the valid data. The replacement of
missing values was applied to each expression column separately.

Skyline software vesion 3.6 has been applied for PIddta analysis by using doubly and triply

charged peptide masses for extracted ion chromatograms (XICs). XICs were checked manually
and peptide ratio results were exported as .csv file for further calculations.

BioMart algorithm from Ensemble was used for genomic species comparisons:
(http://www.ensembl.org/biomart/martvigwrirst the human Ensemble Gene 89 blasawas

chorsen Then the dat aset Ofivhsselected. Yextnfikess wéreapBpldu:3 8 . p
TheAMULTI SPECI ES COMRAdRens&d@iihe Hdbomol og fil t e
was ticked andi Or t h oFrotity e 1 e s 0 f r -@own memwveralahasen. Then,

At tri butesod i n t hendicdfotmse gwue rvee Tdee | cficktroekdetdf |
Ortholog® bwascopenednd data of interest were selectedy.gene ID and the orthology

type). Finallyt h e @A Re s uhstcenfirmeal to lobsethre favoritetype ofoutputfile. All
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subsequent analyses needone in Excel and with Knim&lybase annotation were retrieved

from www.flybase.org/Tools/Retrieve Convert Tools/Uplo&bnvert IDs.

Knime software version 2.9.4 was used to combine several excel sheets irftoabmscel
sheetThereforepriginal excel sheets have been transformed into .txt files and uploaded within
KNIME. Then the full outer join modus has been selected for combining excel sheets after
having chosen the combination parameters. By using 8\ W@riter modus, .csv files have

been generated containing combined excel sheet data.

Image Lab software version 5.2.1 has been used to analyse and visualize B gels and

DNA agarose gels. Gels were documented with the Chemidoc Imaging Touch systerd)(B

and data were imported into the Image L3bftware Suite. Cropping, adjustment and
annotation of gels has been done with the respective tools. Raw and modified data have been
saved.

FlowJo software (version 8.8.7) was applied for the analysis of FAl@ta. Raw files were
imported into the FlowJo software. Gating the cells was performed by selecting areas of cell
counting eventsTherefore,cells were separated from debris by a plot of FSC versus SSC.
Single cells were obtained by plotting HAE(area)versus PBEVN (width). Living cells were
selected and histograms depicting-REnd % of Max were generated and exported as .pdf
files.

Fiji software version 1.0 from ImageJA1.45b package has been used to process pictures from
the Axiovert microscope. Piates have been uploaded into Fiji as .zvi files and cropped, and
converted into .tiff filesAdditionally, pictures were transformed from the RGB modus to be

able to insert scale bars and adjust the contrast.
2. 2. 8. Immunohistochemical methods

Immunostaining of HeLa S3spinner cells

Cells from NCC experiments diluted in 500 pl PBS were applied in a specialized module to the
Cytospin centrifuge (Thermo Scientific) to bring the cells from suspension onto a microscope
slide. Cells were centrifuged for 500f@ 10 min until all volume has been applied onto the
microscopic slide. The microscopic slides were incubated for 5 min at RT to allow the cells to
settle. Then, cells were washed in CSK buffer for 5 min at RT in a Coplin Jar. Next, cells were
incubated ér 5 min at RT in CSK buffer with Triton fggermeabilizationCells were washed
twice with PBS and fixed in PBS/2% formaldehyde for 15 min at RT followed by two PBS

washes for 5 min each.
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Before blocking cells in PBSween/5% BSA for 20 min, cells werecubated for 15 min in

ice cold 100% methanol &0 °C and then washed with PBS for 5 min. Slides were allowed to
dry and then cells were incubated with 50 pl of primary antibody diluted in RiE&Nn/5%

BSA. Slides were mounted and incubated overnightietachamber in the dark at 4 °C. On

the following day, slides were washed twice with PBS to remove the mounting glass. Then,
cells were washed three times in FB8een and incubated thi the secondary antibody for

1 h at RT in a dark place followed by tm@shes in PBS. Cells were DAPI stained by applying

a PBSTween/5% BSA solution with 0.2 pg/ml DAPI to the cells for 4 min at RT. Then cells
were washed again in PBS and mounted with 5 pl Vectashield (Vector Laboratories), covered

with a coverslip and sead withnail polish Slides were stored at 4 °C.

CSK buffer (Triton)

10 mM PipepH7

100 mM NacCl

300 mM Sucrose

3 mM MgCbhb

(0.5% (v/v) Triton %100)

Microscopy

All slides were analysed using the Axiovert 20@plfluorescencenicroscope (Zeiss). Imag
were taken with the 60x objective and were kept using the Axiovision 4.7 software (Zeiss).
Editing of pictures was done usiAgobeCS5 Photoshop and lllustrator as well as Fiji software

version 1.0.
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3. 1.In vitro chromatin assemby

To investigate the kinetics of the chromadissociated proteome during assemblyinavitro
chromatin assembly system was chosen. This system is based on the immobilization of
repetitive DNA sequences onto paramagnrstieptavidin beads (Figure 3. A). Initially a

DNA sequence derived from thstechinus variegatugea urchin) 53RNA gene was used

for this reconstitution assay. This sequence consists of an array of nucleosomal positioning
sequences in a backbone of a pBluescript)SKctor(Hansen et al., 1991fleavage sites of

the linearized vector were filled up with dCTP, dGTP and biotinylated dATP and dUTP. Due
to the Klenow enzyme reactivity during incorporation, only one end of the DNA was

biotinylated and immobilized onto magnetic streptavidin beads.

Figure 3. 1: Workflow of

A ’.“‘........ DREX mediated chromatin
@ 1000000000000
55 rRNA assembly.

A: 5S rRNA or 4x 359 bp
4x 359 bp repeat sequence linearized and biotinylaéd

DNA sequences were
immobilized on streptavidin
coated paramagnetic beads.
Incubation with Drosophila
emhbryonic extract (DREX)
Immobilization of DNA led to chromatin assembly.
The assemblwasstopped in
regular time intervals to
investigate DNA structure as
Addition of DREX well as protein emposition.
Chromatin was washed and
eluted by MNase digestion
for further analysis
B: Timeline indicates the
duration of experiments

magnetic beads
o Streptavidin

Chromatin assembly

Elution
1h 30 up to 6 hrs 30’
} ; ; ; |
Immobilization Blocking Chromatin assembly Elution Isolation of
of DNA of beads chromatin
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BeadsDNA conjugates were incubated in BSA to block the binding capacity before the
addition of a wellcharacterized 950 chromatirassembly extract prepared from early
Drosophilaembryos (DREX(Becker and Wu, 1992} has been shown that this protein extract

is able to assemble large PN\fragments into an ordered array that closely resembles the
chromatin structure seen in early embryos with regards to nucleosome sialzng et al.,
1997)and histone modification®onaldi T. et al., 2004; Scharf et al., 2008) determine the
quality of the extract after preparation, varying amouohextract were incubated withp2y of

DNA. For all prepared extracts, 4060 ul of extract per reaction showed besteassly
reactions (Figure 3. 2. A).

Since thisin vitro system relies on the usage of magnetic beads, chromatin assembly can be
stopped at any given time point by magnetic purification of the beads beegsient MNase
digestion. MNasaligested chromatin sked distinct patterns after 15 min, 1 h and 4 hrs of
assembly arguing for a gradual maturation of chromatin (Figure 3. 1. B). With respect to the
MNase digestion patternn vitro formed chromatin showedhcreased regularitywith
increasing time. In thisssay, up to 5 regularly spaced nucleosomese detected in the
respective DNA template after 4 hrs of chromatin asser(bigure 3. 2. C, left panel:
5SrRNA).

With respect to the intertgiof protein bands on alger stained gel, no major differences of

the assembled chromatin between all three time points were observed (Figure 3T@. B).
distinguish chromathtinding proteins from proteins that bind to the beadsspatifically,
beads without i mmobilized DNA wonlyoe ciomct ubodt.
Comparing both conditions indicated a significant protein binding dependency on the
immobilized DNA for all three time points (Figure 3. 2. B). Another quality control of this
assembly system was the wash with a 200 mM salt solution afterstralaly of chromatin to
reduce any unspecific binding of proteins. Furthermore, chromatin was digested with MNase
to mildly elute the assembled chromatin from the beads therefore reducing any background
binding proteinssince proteins that interact unspeciilly with the beads are not released
(Mellacheruvu et al., 2013)

3. 1. 1. DNA sequence dependencyiofvitro assembled chromatin

To test whethethe underlying DNA sequence hasy effect on chromatin assemjdyplasmid
containing a repeated 359 bp sequence fbwosophila melanogasteras used for assembly.
The 359 bp sequence is the most abundant satellite repeat founDingbphila melanogaster

genomeBrutlag, 1980) Moreover, the 359 bp repeat sequence is an interesting candidate for
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studying heterochromatiassociated sequences since it is predominately located at the
centromere of th®rosophila melanogasteX chromeome. In contrast to that, some variants

of the sequence are interspersed in pericentromeric regions of the autosomes(@satan3

et al., 2007)However, 359 bp repeatlated sequences are not only preseheterochromatic
regionsbut alsopartly in euchromatims it was showfor X-linked as well as for chromosome

2- and 3linked variants

A
o] ) )
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4
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o
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t-test Difference (4x 359 bp repeat/5S rRNA)

Figure 3.2.: Chromatin assembly analysis and sequence dependency comparison.

A: Two micrograms of DNA wereeconstitited into chromatin by an incubation for 6 hrs at 26 °C with different
amounts oDrosophilaembryo extract. It was digested with MNase for 30 s, 90 s, or 240 s. Ladder: 100 bp DNA.
B: SDSPage of assembled chromatin. Beads with (+) and withdumfobiized DNA were incubated for
15min, 1 hand 4 hrs at 26 °C with #bof DREX. DNA was cleaved from beads by MNase digestion for 10 min
at 26 °C. 10% of each sample was loaded ont@@04 gradient gel and proteins were visualized by silver staining.
C: Two micrograms of either 58RNA or 4x 359 bp sequence DNA were incubatéat 15 min, 1 h and 4 hrs at

26 °C with 40pl DREX and digested with MNase for 30 s or 90 s. Marker: 100 bp DNA.

D: Identification of specific DNA binding proteins by a tv@ample,FDR-corrected test of the mean averages

of 5SrRNA and 359repeat binding proteins (threshold: P=0.5 (FDR from permutation) and s0=2). Red illustrated
proteins show significant binding onto an indicated DNA sequence. Circles are used to illustratenprotes.
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MNasedigested chromatin using both sequences showed no differences in terms of MNase
digestion patterns and number of regularly spaced nucleosomes (Figure 3. 2. C). With respect
to protein bindingmost of the proteins assembled on chromatinpeddent of the underlying

DNA sequence as we only observed a small number of proteins thatshidevential binding
between the 5S NRA repeat and the repeated 359 bp sequence from D. melanofizgtee

3. 2. D) It could wellbe that the early extradid not differentiate between different DNA
sequencesince no major differences in the proteome were observed when using various DNA
sequences for assembly

All further experimentgelied on the usage of the 5SNR sequence to describa vitro

chromdin assembly kinetics

3. 2. Datadependent MS &quisition of in vitro assembled chromatin

Chromatinbound proteins as well as proteins from DREX were digested with the protease
trypsin and the resulting peptides were analysed with a 2 hg&@radient a an Orbitrap

XL mass spectrometer operated in ed¢ggpendent acquisition mode. All presented data are
based on three biological replicates. Each replicate was performed with an individually
collected DREX extract.

For subsequent analysis of proteomic d#te MaxQuant analysis suite combined with the
search engine Andromeda was used. The MaxQuant softwardgadFQ values that have

been used to quantify proteins indicating their abundanceg\aratime point (Figure 3. 34).
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Figure 3. 3.: Data-dependent acquisition of chromatin assembly.

A: Workflow of proteomic analysis for DDMS mode.

B: Venn diagram with respective table showing the overlap of proteins identified byNDd®A

a) Overlap of proteins in three biological replicates of DREXhwitplicate 1 (675 proteins), replicate 2 (718
proteins) and replicate 3 (742 proteins). Over 54% (530 proteins) have been identified in all DREX samples.

b) Multi-scatter plots showing the correlation of replicates after imputation of missing vallBREX samples.

Red dots show correlation of proteins identified in all three replicates. Black dots display the correlation of proteins
identified at least once per dataset and after imputation of missing values. Black and embraced red numbers
indicate thecoefficient of determination in®R

c) Overlap of proteins of three 4 hrs assembly reactions with replicate 1 (228 proteins), replicate 2 (225 proteins)
and replicate 3 (242 proteins). Over 58% (313 proteins) are identical in the chromatin samples.

d) Multi-scatter plots showing the correlation of replicates after imputation of missing values for tainroma
samples as described in Fig®e3. B, panel (b).

In total, 977 proteins have been identified in three biological replicates of the assembly extract.
Out of the 977 proteins, 530 proteins were present in all three biological replicates (54.2%)
(Figure 3. 3. B, panel a)). All other proteins have been identified once or twice within all three
biological replicates (Figure 3. 3. B, panel b)). To overcdme s i rdiag aion gor obl em
datadependent acquisition, data were imputed from a normal distrib{g@@nsection 2.2.7.:
Software Methods/Software Packages/Pelseus

66



3. RESULTS

In general, it was observed that most intense proteins were highly correlatingratintbree
replicates whereas proteins of low intensities were identified in only one or two out of three
biological replicates (Figure 3. 3. B, panel b)).

When analysing the proteins bound to chromatin after 4 hrs, we identified a total of 299 proteins
using the OrbitrapXL with 174 (58.2%) being present in all three repliddtiesire 3. 3. B,

panel c))

Similar to what has been observed for proteins detected in the DREX measurements, most
intense proteins in assembled chromatin correlated best bedll¢leree biological replicates

(red data points Figure 3. 3. B, panels b) and d)). Proteins with missing data points in one or
two biological replicates had the tendency to be of low intensity even in the replicate in which
they have been identified.

3. 3 Data-independent MS aquisition of in vitro assembled chromatin

Since datadependent acquisition deals with the problem of missing values, aflebel
SWATH-MS based quantitation approach was chosen for the analysis of kinetics of chromatin
assembly.n contrast to datdependent acquisition, in which a specific precursor ion is selected
for fragmentation, datandependent acquisition and especially SWAWIS fragments
everything within a mass window of m/z 25 to acquire a single CID fragment ion spectu

cover the full mass range between m/z-4@80, the mass spectrometer sequentially acquires
one full MS spectrum and about 40 CNIE/MS spectra with isolation windows of m/z 25
during one cycle of roughly 3.5 s. This leads to a total fragmentatiafi pfecursor ions
detectable throughout the entire mass range and along the chromatographic elution period. The
data analysis of these data is challenging since the resulting fragment ion spectra are highly
multiplexed meaning that a fragment ion spettiia difficult to relate to a specific precursor

ion spectrum.
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Figure 3. 4.: Data-dependent acquisition of chromatin assembly for library generation and quantitation
with data-independent acquisition.

A: Workflow of proteomic analysis for DIMS mode (SVATH-MS).

B: Venn diagram with respective table showing the overlap of proteins identified byNd®A

a) Overlap of proteins in three biological replicates of DREX with replicate 1 (803 proteins), replicate 2 (766
proteins) and replicate 3 (866 proteirSyer 56% (593 proteins) have been identified in all DREX samples.

b) Multi-scatter plots showing the correlation of three replicates for DREX samples acquired-Didode.

All proteins have been identified in all three biological replicates indidagaedcolour of the dots as described

in Figure 3. 3B, panel b).

c¢) Overlap of proteins of three 4 hrs assembly reactions with replicate 1 (620 proteins), replicate 2 (562 proteins
and replicate 3 (796 proteins). Over 45% (433 proteins) are idemtita chromatin samples.

d) Multi-scatter plots showing the correlation of three replicates for 4 hrs assembled chromatin samples acquired
in DIA-MS mode.

Therefore SWATH-MS data analysis relies on the generation of spectral libraries that can be
used o identify and quantify fragment ion spectra. Such a library has been generated by
measuringhree replicates of the DREX extract as well as three replicates of 4 hrs assembled
chromatin by measuring in a datependent acquisition run using a Top 25 fragtation
scheme. First, the spectral library was used to adjust the SWMIddw size. All 40 windows

covering the entire mass range for fragmentation of precursor ions were adjusted to the
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distribution of tryptic peptidesSecond, ie spectral library wasubsequently used to match

with the SWATHMS measurements for identification and quidcdiion of proteins
(Figure3. 4. A).

When analysing the datdependent acquisition runs for library generation, 1050 proteins in the
DREX and 943 proteins associdteiith 4 hrs assembled chromatin were identified with an
overlap of 56.9% or 45.87% respectively (Figure 3. 4. B, panel a) and c)).

For targeted extraction of the SWATH files in combination with the spectral library, all runs
were calibrated according tbdir calibration time. This calibration grounds on the afsten
conserved peptides that were distributed over the entire LC gradient. Finally, we could quantify
1024 proteins in the SWATH runs performed on triplicate samples of chromatin assemblies
after 15, 60 and 240 minutes.

Since quantification in datamdependent acquisition is based on MS/MS data and by the
alignment to a spectral library, all 1024 proteins have been found in all three biological
replicates at all three time points (Figure 3. 4pBa n e | b) and d)). With t
set, the kinetics of chromatin assembly were further investigated to describe binding behaviour

over time.

3. 4. Kinetics ofin vitro assembled chromatin

Despite the fact that we selectively eluted the assendblexmatin using a digestion with
micrococcal nuclease, which shows a relatively low backgrdirgure 3. 2. B)we still

identified and quantified proteins that were eluted from the beads in the absence of chromatin.

For the analysis of chromatspecificproteins, a twesample #test comparing chromatin over
Abeadsyo control experiments revealed 480 s
Figure 3. 5. A).

It was possible to describe clusters of proteins according to their binding kinetics by ohean
Euclidean clustering of replicatveraged LogX)-transformed SWATHnNtensities for each

time point (Figure 3. 5. B and Dirirst, 104 proteins had high intensities at the beginning of
chromatin assembly and their intensities droppest time.Therdore,t hey wer e cal | e
bi nder s o0 5 (DF Bughuproteins3are walescribed to play roles in DNA replication

(PCNA) and in histone deposition (EB80 and Cafl05). PCNA as a clamp loader protein had

high abundances at 15 min of assembly careg to 4 hrs of assembly. Orthogonal Wester

blot experiments confirmed M&sults and illustrated also that PCNA binding peaks at 1 h
(Figure 3. 5. C).
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Caf180 and Cafl05 have been shown to interact with PCNA and were both early binding
proteins. The tind subunit of the CAF complex had also a positive ratio but according to the
classification for early binding proteins to hakmgher ratiost han @A 10, It was ¢
constant binding protein. Nevertheless these data confirm former studies that shewe
requirement of two largest subunits of CAF (@80 and Cafl05) for efficientin vitro
chromatin assembl{Kaufman et al., 1995; Tyler et al., 2001)

Additionally, theDrosophilaorthologof Rfcl, named GrHl, was also found as an early binder
together with all its subunits (€3, Rfc4, Rfc38) (Figure 3. 5. D). Another complex that has
been found to be early binding is the FACT complex (dre4 andl13gfipigure 3. 5. D). A

similar binding behaviour has been observed for Acfl as part of the CHRAC complex. The
other subunits ofhis complex, namely Chrab4 and Iswi were also found as early binding
proteins. In total, the majority of early binding proteins is associated withdesdribed
functions in DNA replication, chromatin remodelling and nucleosome deposition.

The abundancef the canonical histone H3 didthchange over time shown by M&ta as well

as Western blot experiments (Figure 3. 5. C BhdH3 belongedo the largest cluster (775
proteins) of constant bindingroteins that hadimilar intensities over all threame points of
chromatin assembly. Also, the other canonical histones were constant binding proteins.
Presumably, their constant binding reflects the fact that once a nucleosome is incorporated into
the DNA, it stays bound to the DNA. Additionally, some loé tMinichomosome complex
subunits were constant binding proteins (Mcm3 and 6). Other replicdBotiated complexes
were also found as constant binding proteins
73 and 50). DNA pol ymer aswith Mcm8 sirengtheeirg the s h o wr
validity of this dataset.

Finally, proteins with higher intensities after 4 hrs of chramassembly than compared to
15min assembly were found as well (146 proteins). In general, those proteins akaavetl

DNA repair facbrs such as Ku80 and Irbp (Ku70) (Figure 3. 5. D). Both proteins interact with
each other and had higher intensities after 4 hrs of chromatin assembly. Alternatively, it could
be that they accumulatsince the ratio of 15 min divided by 4 hrs does ndtrdisiish between
accumulation and higher abundance at a single time point. Additionally, late binding proteins
were also Rpa3, 2 and 70, all subunits of the RPA heterotrimer. These proteins have been
reported to be involved in DNA replication as well ah@amologous recombination (HR) and
northomologous engbining (NHEJ) due to their much higher affinity towards sirgfi@nded

DNA than RNA or doublestranded DNAChen and Wold, 2014)
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Figure 3.5.: Kinetics of chromatin assembly.

A: Identification of chromatirspecific binding proteins by a twgample, FDRcorrected teg of the mean
avelages of SWATH intensitiesf beadsonly control experiments versus chromatin assembly experiments
(threshold: p = 0.005 (FDRom permutation) and sO =.3[Red dots illustrate chromatspecific proteins (480
proteins).
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B: Heatmap illustrating Log2(xransforned mediaraveraged SWATHntensities from three replicates after
Euclidearclustering. Rows indicate proteins; colunmapresent different conditions of chromatin assembly. Red
and greercoloursindicate SWATHintensities.

C: Time-resolved kinetics for H3, proliferating cell nuclear antigen (PCNA) and-é&pendent chromatin
assembly factor 1 (Acfl). Plots illustrate theg2(x)-transformed SWATHntensities in each assembly condition
for 15 min, 1 h and 4 hrs. Each line illustrates the bindhigigaviourof a single protein. Enlarged heatmap rows
illustrate the kinetics of specified factors asatéed in legend Figure 3. B. Western blot of all three proteins
in chromatin assembly experiments for 15 min, 1 h and 4 hrs.

D: Waterfall plot illustrated og(2)-transformed quotient of mediaveraged replicates after 15 min SWATH
intensity dividel by its respective 4 hrs SWA intensity for each single protein. Proteins were sorted from largest
to smallest quotient and plotted with a scatter graph tool. 104 proteins (orangejistigher values thanQland
could be identified as early binding peins. 774 proteins (greehad aquotient valuébetween 1.0 andl.0 and

did notchange between 15 min and 4 hrs. 124@ binding proteins (blue) haxgative valuesddow-1.0. They
wereenriched after 4 hrs. Examples of proteins are spotted in the waterfall plot.

3. 5.In vivo assembled chromatin analysis with Nascent Chromatin

Capture

To investigate whether thi vitro system resembles physiological conditions regarding
replication fork speed, protein abundance and interplay of factors, this study was complemented
with in vivo chromatin capture experiments combined with quantitative mass spectrometry.
NCC is a biochemical approach to isolate newly synthesized DNA for quantitative proteomics
to investigate proteins associated with DNA replication and chromaturationAlabert et

al., 2014) The system relies dhe synchronizizon of HeLa S3spinner cells until all cells are
blocked in G2/Shase transition (Figure 3.)6Subsequentlycells werereleased from the

single thymidine block to progress for another 3 hrs in cell cyten biotindUTP was
introduced by a short hgponic shift without affecting $hase progression or triggering DNA
damaggAlabert et al., 2014)

DNA synthesis and its assembly into chromatinbe either investigated in nascent chromatin
immediately after the biothdUTP pulse or in chromatin that has been allowed to mature for
longer times (Figure8. 6.). Nascent chromatin (15 min) and mature chromatin (2 hrs) was
compared by means of different techniques to adjust the protocol setup and to minimize sample
number (Figure 3. 7.). For the proteomic analysis of this study, chronaatiden chasediaf
pulselabellingfor 15 min, 1 h and 4 hrs to have comparable time points with regardsito the
vitro chromatin assembly system.

In NCC, proteins were crosslinked to DNA and nuclear extracts were genebateag
sonication, crosslinkedhromatin wassheared into -3 kb fragments and purified via
streptavidin beads (Figure 3. 6.). Stringent washing steps reduced unspecific binding proteins.
Upon extensive washing, beads were boiled in buffers with high concentrations of detergents
to elute proteins &ém the beads. Finally, proteins were prepared for proteomic analysis similar

to thein vitro assembled chromatin.
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Figure 3.6.: Nascent chromatin capture vorkflow.

A: Hela S3spinner cells were synchronized in spinner cultures avigimglethymidine blak. 3 hrs after release,
chromatin got tagged with biotdUTP. Chromatin maturation was stopped in regular intervals before
crosslinking. Nuclear extracts were prepared and chromatin was sonicated to create fragm8&nklof 2
Biotinylated chromatin fragemts were purified on paramagnetic streptavitiated beads by two o/n incubations,
washed extensively and analysed using SWATS.

B: Timeline indicates the duration of experiments.
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The FACS analysis during NCC experiments showed, that the majorigll®faere blocked

and proceeded synchronically in the cell cycle after releasetfrgmidine block (Figure 3. 7.

A). Additionally, nascent and mature chromatin was distinguished according to the FACS
profile of the cells. Western blot experiments showed PCNA as replication fork component
was always enriched in the nascent chromatin pulldown but did not show any signal in the
mature chromatin pulldown (Figure 3. 7. B). In contrast, H3 was detected in both pulldown
experiments because it was incorpadads part of the nucleosome in newly synthesized DNA
and still bound to DNA in mature chromatin (Figure 3. 7. B). Both observations confirm
previous data in literature and are in agreement witintkigro data described above.

Moreover, H4K5ac was enried in nascent chromatin (Figure 3. 7. B). This histone
modification mark has been shown to label newly replicated chromatin until acetylation is
removed shortly after replication as nascent chromatin matures into a nuelgatnt state
(Annunziato and Seale, 1983; Benson et al., 2006; Scharf et al., 2009; Sirbu et alH264,1)

it has been confirmed that NCC reflects these observations.

Furthermore, immunofluoresces pictures confirmed tHabellingof newly syntheized DNA

with biotin-dUTP in NCC experiments. Befofgotin-dUTP pulselabelling, cells showed
PCNA foci because these cells were in 18ighase during DNA replication (Figure 3. 7. C).
Before biotirndUTP pulsdabelling biotinndUTP staining didhot colocalise with PCNA foci.

Any biotin signal detected in these cells resembled physiological biotin levels inside the cells.
Upon biotindUTP pulsdabellingand immediate collection of cells (nascent), PCNA signals
and biotindUTP staining colocalisednd biotindUTP levels were increased. Cells that were
collected 2 hrs after bioidUTP labelling (mature) still showed increased bictdTP
stainingcompared to the state before biedid TP labelling butvith amuchdispersegattern

To investigate tb efficiency of biotindUTP pulselabelling 100 cells per condition were
counted in three biological replicates. Figure 3. 7. D illustrates that more than 70% of all cells
i n Anascent 0 c o+dTP incomparaticn.HNA\NE expebinest iwra t b r @
chromatin 65% of all cells still showed positive biotdUTP signals. These results showed

that NCC experimentsbelledthe majority of cells in a cell suspension.
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Figure 3.7.: Validation of NCC experimental workflow.

A: Analysis of cell cyte profiles of propidium iodidetained cells. 100.008eLa S3-spinnercellswerecounted.

Manual selection (indicated by %) of cells was used for histogram plotting counts of cells versgtéia? cell
fluorescence).

B: Western Blot of indicated protes or histone modifications. Input sample was taken before purification over
magnetiestreptavidin beads. Pulldown samples were fractions of purified proteins bound to magnetic beads from

nascent or mature chromatin.

C: Incorporation and overlap of biotshJTP with PCNA was tested with either a specific antibody against PCNA
or with a streptavidin Alexa Flour 555 Conjugate. Scale bar is 17 pm.

D: Cells were scored according to their biegignal with 100 cells counted in total per time point of chromatin
assembly. Error bars illustrate error of the mean (n=3).

75



3. RESULTS

3. 6. Dataindependent MS aquisition of in vivo assembled chromatin

Using NCC experiments combined with SILAf2ased quantitative proteomics, Alabert and
colleagues identified approximately 3996 teins bound to chromatin immediately afte

2 hrs past assemblg vivo (Alabert et al., 2014)As the quantification was based on classical
shotgun proteomics (DDMS), statistically solid quantification requiring at least 3 valid
values could only be performed on 2125 out of the 3996 proteins.

To ciraumvent thanissingdata problem,ite SWATHMS technologywvas chosemo quantify
proteins in a labefree and reproducible setting. Therefore, a spectral library was generated
based on DDAMS runs from multiple time points of NCC experiments in additmhuman
cell lysates. In total, this library contaid487 proteins and was used for quantification of
SWATH-MS experiments.

NCC experiments were performed for 15 min, 1 h and 4 hes hibtindUTP pulse of HeLa
S3spinner cells. These time points were@s#n in analogy to the former acquinedvitro
experiments. Considering a replication fork progression-afkb mint in vivo, 15 min of
labellingmarks 1530 kb of DNA behind each replication fork which equais%4 of the total
genome.

All in vivoexpeiments were performed in 4 biological replicag®sl the final data set contains
2487 proteins quantified reproducibly in all replicates.
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Figure 3.8.: Chromatin assembly kineticsin vivo.

Waterfall plotillustrating ratios of SWATHntensitiesof 15min assembly divided by SWAT ldtensities of 4hrs

assembled chromatin. Proteins were ranked and plotted. Proteins witfx)LegRies higher tharfilo were
categorised as fear | y>oJvalueshetowiddave r or ctad iergo r wtednse Wwithlacsg Al at
ratios between LodR) 10 andft10 were classified as constant binders indicated by a colour code as seen in the
legend.
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In general, the dataset contains many replicadissociated proteins arguing that activenan
replication forks were sgessfully isolated. Among the quantified proteins in the dataset were
all Mcm proteins, Cdc45 and Gins3 as part of the CMG complex. Moreover, the clamp loader
complex subunits, PCNA and the RFC proteinsengrantified as well as many polymerases
(Pol U 1, 2, Fatheamorfacrs of the fark staBility.complex as Rpal, 2, 3 and
Timeless and Tipin together with Okazaki fragment processing proteins such as DNA ligasel
and Fenl were identifiechd quantified.

Figure 3. 8. illustrates a waterfall plot that shows the pogatio of each protein derived from

its intensity after 15 min chromatin assembly divided by the intensity after 4 hrs chromatin
assembly. According to this ratio, each proteiss ranked with ranks from 1 to 2487. The
protein with the most positive ratio received the rank 1 and the protein with the most negative
ratio received the rank 2487. Using this ranking method, proteins with positive ratios were
plotted in the upper lefiart of the waterfall plot whereas proteins with negative ratios are found
in the lower right quadrant of the plot.

The majority of proteins had the tendency to bind early because almost 1500 proteins showed
positive ratios. Among the top ranked protesme PCNA, CAF, RFCc proteins and all Mcm
proteins that all belong to the group of early binding proteins (314 proteins, 13%). This
observation confirmed the purification of replication forks within nascent chromatin.
Furthermore, these data are similairtovitro data, in which PCNA, CAF and RFC proteins
were also found as early binding proteins.

Proteins present in chromatin assembled for 15 min as well as for 4 hth&kigtone proteins

and DNA repair factors (Xrcc5 and Xrcc6). Some of the DNA repactors have also been
associated with replicatieimdependent repair processes. The adéssnstant binding proteins
wasby far the largest with 2012 proteins in total (81%).

Proteins that either bounaté or accumulated over time w@reteins clasfied as cytoskeletal
proteins and RNA associated proteins as for example: Vimentin, RNA phosphatases or tubulin.
Thelate binding proteins contribudenly 6% to the entire dataset.

3. 7. Comparison ofin vitro and in vivochromatin assembly

Thetwo asserbly systems used, relieah different experimental setups, cell organisand
many other parameters. It waserefore difficult to compare each single protein kinetic.
However, a comparison of the two methadsild give insights into conservation of pratsi
between both systems. Additionally, differences and siméaribetween protein networks

couldbe compared.
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NCC experiments were performedarhumarcell line (HeLa) wheream vitro experiments

were based on an embryoriirosophilaextract. To idenfy the Drosophilaproteins that
contained a uniquauman eotholog, the BioMart algorithm was appli¢dustatsher et al.,

2014)

Thein vitro assay revealed 1024 proteins to be involved in chromatin assembly in total. 472
proteins out of the 1024 proteins had a clear ortholdgarhumarproteome and 374 of them
(79%) were also detected in the NCC dataset.

Foausing on 480 proteins in thevitro system that assemblegecificallyonto chromatin when
compared by a twsided ttest to the negative control, 216 proteins (out of 480) had a clear
ortholog inthe humanproteome and 184 of them (85%ere also deteetl as chromatin
associated during NCC experiments.

Furthermore, the similarity in binding kinetics was compared betweefitro andin vivo
experiments. Especially early binding proteins involved in chromatin assembly were very
comparable in context of dling properties. Factors such as RFC proteins, the CAFlesmp

and some subunits of the FAGDmplex had positive ratios indicating higher chromatin
binding at 15 min of assembly compared to 4 hrs (Figure 3. 9.). Moreover, most of these factors
showed vey similar ratios confirming the high similarity betweém vitro and in vivo
experiments (Figure 3. 9.). The fact, that these proteins showed early binding in both
experimental assays argues for a similar function and activity during chromatin assembly and

reveals a high evolutionary conservation of chromatin assembly mechanisms across species.

Figure 3.9.: Comparison of
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Finally, multiscatter plots depicting lathree biological replicates in both experimental
conditionsallowed acorrelation of all quantified proteins. Grey dots illustrate that proteins in
all replicates correlatewell with overallcorrelation coefficients between 0.7 to l%itro and

in vivo (Figure 3. 10.).

Interestingly, the majority of factors that were described as minimal set of replisome
componentgKurat et al., 2017{red dots) correlated extremely well between all replicates and
these facts also belonged to the class of most abundant proteins within each replicate
underlining the power of both systems to study replication factors.

Surprisingly, the proteome subunits were equally webrrelating between all three
biological replicates itomparison to the replication factors in both experimental conditions.
Moreover, the proteasome subunits have also been detected as some of the most abundant
proteins in both chromatin assembly assays (blue dots in Figure 3. 10).

Recent studies showed thmolyubiquitination plays a key role in disassembly of the replisome
machinery(Maric et al., 2014; Moreno et al., 2014; Moreno and Gambus, 2dMfgjesting a
direct effect of the proteasome within replicatingachatinin vitro. Therefore, the role of the
proteasome during chromatin assembly was further investigated by means vidfo

experiments.
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Figure 3.10.: Correlation comparison between experimental approaches.

Three biological replicate(Rep) of 1 h asembled chromatin weneaulti-scatter plotted in both experimental
conditions. Red dots illustrate replicatiansociated proteins described (Byrat et al., 2017)Blue dots depict
all detected proteasome subuniterged multiscatter plad showboth classes of proteins.
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3. 8. Investigation of chromatin assembly upon chromatin decondensation

Among the two experimental setups, theitro reconstitutiorsystem allows a quick and easy
manipulation of assembly coitidns for functional studies. First, this system was chosen to test
the effect of an inhibitor of which previours vitro results have been report€sicharf et al.,

2009) Therefore, the addition of the broad HDAC inhibitor Trichostatin A (TSA) was tested.

It has been shown that the present&@®A during replicatiorcoupled chromatin assembly in

vivo results in a failure to establish repressive chrom@tiong et al., 1998nd a broadening

of replication initiation areagKemp et al., 20053uggesting that it results in a more open
chromatin strature. To get a better insight into the effect of TSA on chranaggembly, we
performed a timeesolved analysis of protein assembled to chromatin in vitro in the absence
or presence of TSA. We verified the efficiency of the TSA treatment on theiandtplats by
measuring the acetylation of H4 in the absence or presence ofFigifke 1 Appendix) It is

worth mentioning that the presence of TSA does not result in a histone hyperacetylation, which
is usually observed in tissue culture cells but iredua moderate increase in the acetylation

due to a failure to efficiently remove the acetylation pattern present on histones before assembly
(Scharf et al., 2009)The reason for this is unclear but it is probably due to a general lack of
site specific histone acetyltransferases in early endiiponaldi T. et al., 2004)

Nevertheless, we obsedva substantial change in the proteomic composition of chromatin
assembled in the presence of TSA. To detect all proteins affected by TSA treatment, we
guantified the changes of all proteins rather than only focusing on the ones that were
significantly enricled on chromatin. An unsupervised clustering revealed a clear difference
between chromatin assembled in the absence or the presence (fig@a 3. 11. A)We

found 131, 224 and 270 proteins being enriched on chromatin upon TSA treatment and 195, 71
and 121 being reduced after 15, 60 and 240 minutes respec{ivigiyre 3. 11. B)
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Figure 3.11.: Challenge of chromatin assembly by means of chromatin decondensation.

A: Heatmap illustrating Log2(xyansformed mediaaveraged SWATHntensities from threeeplicates after
Euclideanclustering. Rows indicate proteins, columns represent different conditions of chromatin assembly f
unperturbed assembly and TS#eated chromatin assembly for different time points. Red and g@enrs
indicate SWATHintensites. PAI: indicates assembly with 5S KR sequence without TSA treatment; A'S
indicates assembly with 5S KR sequence with TSA treatment).
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B: Waterfall plots illustrate change betgre unperturbed assembly and T88ated assembly. For eachtbé

three time points, Log2(xtransformed mediaaveraged unperturbed assembly replicatese divided by
respective TSAreated assembly replicates. Proteins were sorted from largest to smallest quotient and plotted with
a scatter graph tool. Probsi with valueshigher than 1 wereegarded as enriched in unperturbed chromatin
assembly. Protemwith values lower than 0.8 weregarded as enriched upon chromatin decondensaion.

term analysis of enriched proteins is depicted in Table 1, AppéHdiang da et al., 2009a,.b)

C: Heatmap illustrating Log2(xransformed medianveraged SWATHntensities from three replicates after
Euclidearclustering. Rows indicate Mcm proteins, columns represent different conditions ofatir@ssembly

for unperturbed assembly and T&Aated chromatin assembly for different time points. Red and gmeurs

indicate SWATHintensitieg(Volker-Albert et al., 2016)

A GO term analysis of the assembled chromatin in the presence of TSétedihge the TSA
treatment results in an increased associatainfactors that interact nespecifically with
chromatin in comparison to the assembly reaction that is unpertyfeole 1, Appendix)
which suggested more open and hence more error prone chromatin assembly. Alternatively,
the higher degree of nespeific binding could also be caused by a hyperacetylation and
concomitant regulatiorof the multiple chaperones we falito be associated with in vitro
assembled chromatin and whose job it may be to remove unwanoteth associations. We
also found an inceased binding of all subunits of the MCM helicase complex to chromatin that
is treated with TSAFigure 3. 11. C)which is interesting in light of earlier findings that show

a general broadening of DNA replication and a more widespread binding of MCMs to
replication origins in vivo when cells weteeated with TSAKemp et al., 2005)

3. 9. Inhibition of proteasome duringin vitro assembled chromatin

3. 9. 1. Proteasome inhibition changes chromatiassembly proteomics

Chromatin (reyassembly occurs after processes like DNA replication, transcription and repair
for which the DNA was made accessible. Durthgseprocesses, DNA becomes accessible
and can bind nospecifically to a multitude of protes that have a low to moderate affinity to
DNA. If this accessibility of chromatin is enhanced by HDAC inhibitor treatment, evea mor
unspecific protein binding coulzk observeth vitro (see paragraph abower)din vivo(Alabert

et al., 2014; Sirbu et al., 201Mjoreover, the interference with chromatin assembly by stalling
replication forks results in a disturbed inheritance of histone marks bearing the danger of losing
epigenetic informatiofJasencakova et a010)

It is therefore fair to assume that quality control mechanisms exist, which prevent, recognise
and correct errors during chromatin assembly. As the proteomic composition of newly
assembled chromatin vitro andin vivoreveaedthe proteasome ase of the most abundant
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and best correlating complex, the vitro system was used to investigate the effects of
proteasome inhibition on chromatin assembly.

To do this, chromatin assembly experiments were performed in the presence of two UPS
system inhbitors. MG132 is a peptide aldehyde, which effectively blocks the proteolytic
activity of the 26S proteasome complex, being a potent inhibitor of its chymotfijesin

activity (Lee and Goldberg, 1998)Additionally, NEM is an irreversibleinhibitor of
deubiquitinasedUCHL5 and USP14, which are localized in the 19S regulatory particle.
Together, the @dition of both inhibitors ledo an effective block fothe UPSsystem. Sine
MG132 was dissolved in DMSO and NEMwés ssol ved in Et OH, all A
have been supplemented with the respective amounts of DMSO and EtOH.

First, it can be observed that there vas | ow background binding of
o n | yn&ol, m avhich no DNAhas beenmmobilized to the beads (Figure 3. 12. A). Upon
addition of proteasome inhibitors, more proteins bound to beads carrying immobilized DNA.
Especially after 4 hrs of assembly in the presence of inhibitors, the chromatiomwaletely

occupied with proteins. These results were verified by SWAM3Hanalysis.

Chromatin was assembled within three biological replicateshi® time of 15 min, 1 h and

4 hrs either in the presence or the absence of proteasome inhibitors. Allsammmesubjected

to SWATHMS analysis. By means afnsupervisecEuclidean clustering of all quantified
proteins, the heatmap clustering resembled the results of the silver stained gel (Figure 3. 12. B).
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Figure 3.12.: Proteomic analysis of proteasoménhibited chromatin.

A: Representative silver gel lanes are shown of assembled chromatin for 1 h and 4 hrs. Negative controls were
beads incubated with DREX without immobilized DNBeads with inmobilized DNAand MG132NEM are
indicated wiitnhiWda+bi sgmbol s

B: Euclidean clustering of meaveraged Log&) SWATH intensities of three biological replicates of assembled
chromatin for three time points. The addition of prot
Aw/ o0 me atrinbibitértveatménb Numbered arrows indicate clusters of proteins.

C: Volcano plot illustrating the results of a tygample t#test comparing samples from unperturbédomatin

assembly to proteasonmghibited chromatin assembly. Red dots show sigaificemiched proteins upon
proteasomeénhibited chromatin assembly. Orange dots depict proteins enriched in unperturbed chromatin
assemblyForGOt er m anal ysis of respective pr(Boyledta.s200he open
was usedthreshold: p = 0.1RDR from permutation) and sO = 3).
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The heatmap clustered according to the inhibitor treatment and not primarily according to the
time points. Therefore, it can be concluded that the inhibition of the proteasome changed the
protein composition of chromatat each observed time point.

It is worth mentioning that the 4 hrs assembled chromatin upon proteasome inhibition clustered
separatel{ cl ust er tr e e is@separaieg from other treds) ahd was notarelated

with the other time points upon peatsome inhibition. As observed in silver stain gel analysis,

much more proteins were bound to chromatin after 4 hrs compared to 1 h of assembly upon
proteasome inhibition. A very small subset of proteins that was bound to chromatin in
unperturbed experimé&nwas repelled from chromatin upon proteasome inhibition (Figure 3.

12. B, indicated with arrow 1). Some of the proteins that were bound to chromatin during
unperturbed assembly showed higher abundances after proteasome inhibition (Figure 3. 12. B,
indicaed by arrow 2). Additionally, some proteins were only bound to chromatin upon
proteasome inhibition (Figure 3. 12. B, indicated by arrow 3).

To investigate protein categories that specifically bound to chromatin when the inhibitor was
present, awo-sampe t-test revealed a high number of proteins being significantly enriched to
chromatin upon proteasome inhibition. Similar to results from TSA inhibitor experiments, GO
term analysis annotated these proteingsd,with
Afanat omi cal structure for mat didnotoeflectrexpectedR NA t r
GO-terms during chromatin assembly. However, proteins specifically enriched in unperturbed
experiments showed Gfterms describing functions during chromatin essbly such as:
Achromatin assembl yo, nucl eosome positioni
organi zationo. This Iist of proteins also c
RPA and RFC proteins as well as PCNA.

This observation supports a hypattsein which the proteasome functions as a quality control

system to ensure proper chromatin assembly. As soon as the proteasome is inhibited, unspecific
proteins can bind and occupy chromatin.

To understantheregulation of proteins by the proteasodueing chromatin assemblpyotein

binding kinetics in both experimental conditions were compared.
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3. 9. 2. Changes of protein binding kinetics during chromatin assembly upon proteasome

inhibition
To investigate the proteasomediated regulation of protebinding to chromatin, kinetics of
protein association during the time course of chromatin assembly were measured. As described
previously, early, constant and late binding proteins could be discriminated according to their
SWATH Log2ZX) ratios after 15nin assembly divided by 4 hrs assembly.
Figure 3. 13. shows two waterfall plots, in which the upper waterfall plot illustrates binding
kinetics of unperturbed chromatin assembly and the lower visualizes binding kinetics upon
proteasome inhibition.
In both waterfall plots, thelabelling o f Aearl yo, Aconstanto and |
identical to the classification established in Figure 3.,%d3ed on unperturbed experimental
conditions. Proteins wer(®) r ratohmrses itfh aend falso . eGo
binding proteins were classified with Ldg2r at i os bet wk@.n lHdtde almidn c
proteins had Log&)r at i os-1bel ow A
Upon proteasome inhibition, much more proteins showed negativgX)ag#ios. Moreover,
some of the forméy early binding proteins became constant or even late binding. Examples
are PCNA and subunits of the RFC complex. In contrast, formerly late binding proteins such
as RPA and other DNA repair factors were found with positive ratios higher tharearfing
that they would be classified as early binding upon proteasome inhibition.
In the case of the histones, some variants stagednstant binders as for example H2A and
H2B but others as H3 and H4 became early binding. This difference in the kineticoeould
also observed for other DNA replication and chromatin assembly factors like the largest
subunits of CAF.
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Figure 3.13.: Change of binding kinetics upon proteasome inhibition.

A: Figure 3. 5. D, for comparison displayed here again.

3. RESULTS

B: Waterfall plot generated as in Fige 3.5. D using SWATH intensities upon proteasome inhibitiont&ns of
interest are depictearly, constant and late binding classification was used from unperturbed experiments

Taken together, proteasome inhibition changed thexadl protein binding kinetics during

chromatin assembly. In particular, it influenced binding of chromatin assembly factors. Some

factors became constant binding proteins, others became even earlier binding proteins

compared to their former binding Kimne.

These proteomic results raised questions whether any protein kinetic changes upon proteasome

inhibition influence DNA topology ardr the incorporation of nucleosomes. Therefore,

additional biochemical assays were performed.
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3. 10. Chromatin reprogramming influenced by proteasome inhibition

Protein binding to DNA can change DNA topology and chromatin composition. Many
mechanisms can lead to an altered DNA topology, either by chromatin remodelling, exchange
of histone variants, transcriptional regutetji DNA repair and many others. Therefore, it was

of special interest, whether the topology and accessibility of chromatin changes upon
proteasome inhibition.

To assess chromatin formation, a supercoiling assay in the presence and absence of proteasome
inhibitors was performed. In general, a supercoiling assay visualizes the incorporation of
nucleosomes in a DNA molecule. Furthermore, this assays also provides information about the
DNA topology and the change of DNA topology upon nucleosome incorporatiisa$say

was based on the incubation of circular plasmid DNA (1 pg) wAtmgDrosophilaextract in

the presence of 6.5 mM Mgginder standard conditions at 26 °C. After various time points,

40 pl aliquots were removed from the reaction and assemtdystepped by the addition of

10l stop mix. The suspension was subjected to RNase A and proteinase K treatment and
precipitated DNA was separated on a 1.3% agarose gel. A 100 bp ladder was used as a size
marker.

Migration position corresponding to relax@tlA (rel), nicked DNA (nc) and supercoiled DNA

(sc) are indicated (Figure 3. 14.). The slow migration form or relaxed DNA at earlyaisee

from the action of topoisomerases in the extract that relaxed the initially negatively supercoiled
pl as mi id). Pro@réssive supercoiling was detected with the appearance of topological
intermediates and an accumulation of fast migrating forms corresponding to the position of
fully supercoiled DNA in the absence of proteasome inhibitor. Upon proteasome imhibitio
overall similar progressive supercoilingcurred however topological intermediates and fully
supercoiled DNA were detected at earlier time points than compared to the unperturbed
reaction.

Theseobservatios would argue for a faster chronratassemby at early time points and a

quicker recruitment ofhromatin assembly factors to chromatin upon proteasome inhibition
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Circular DNA wasincubated withDrosophilaextract andhereactionwasstopped at time points 0im 10 min,

30 min, 60 min and 120 min. Nicked (nc), relaxed (rel) and supercoiled (sc) DNA is indicated. Reactions were

performed in the presence or absence of proteasome inhibitor (w/o: without).

In summary, the proteasome seems to be involved in chroassemblyith effects orDNA

topology andaltered protein binding kinetiagoon proteasome inhibition. To investigate these
effects further, then vitro reconstitution system was used and combined with MNase digestion

experiments, macroscopic and mexopic analyses.

Linearized and biotinylated DNA was immobilized on streptavatiated, paramagnetic beads

and incubated withDrosophila embryo extract with or without proteame inhibitors.

Additionally, 2 png of DNA werereconstituted into chromatin kan incubation for indicated

times at 26 °C with 40 ul dbrosophilaembryo extract with and without proteasome inhibitors

(Figure 3. 15.). This reconstitution was then digested with MNase for 30 s, 90 s and 240 s. Parts

of this reconstitution were inves#ited with a microscope.

At the start of assembly, beads were suspended in solutioDwisophilaextract and showed

a uniformly brown suspension. After 15 min of chromatin assembly, small aggregates became

visible upon proteasome inhibition (Figure 3. 15

panel

Ami croscopic

ana

of assembly more pronounced effects of aggregate formation became visible in the microscopic

analysis. Aggregates formed larger structures and grew also in number.
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Figure 3.15.: Chromatin reprogramming .

Time of assembly indicates the duration of chromatin asseémbifro. The experimental appearance shows how
the suspension within each tube ledkket hr oug h out tMNase digegtiedillistmatesthe. MNdise
digestion pattern of chromatin assdetbfor indicated time points. Three lanes show results of MNase digestion
for 30 s, 90 s and 240 s respectively. Microscopic analysis shows two magnificationsiwd assembled
chromatin for indicated time points. Arrows indicate aggregates in solti® magnification of 4x. Zoom pictures
show structures at magnification of 20x with lighicroscopy in Brightfield modusScale bars indicate the
equivalent length of 100 pm.

Furthermore, the paramagnetic betased no longea smooth suspension aft180 min of

chromatin assembly and a phase separation effect was observed (Figure 3. 15., lower panel:
fexperi mental appearanceo). Upon proteasome
longer arrays of regularly spaced nucleosomes after 180frassembly when compared to an
untreated reaction (Figure 3. 15., AMNase di
This aggregation was reversible as the aggregated beads formed a smooth suspension upon
removal of the inhibitors and resuspension in fresh embryonic extract. Presuimablifferent

MNase digestion patterns upon proteasome inhibition were due to this change in conformation,

as the MNase enzyme might be partially inhibited to access the DNA. Similar effects have been
observedSchubert et al., 2012)

All observed effects were DNAependent. Figure 3.16hows results from experiments with

i o nblea s O control s hi ghl i g hocaurredgin theh présenca @ofgr e g a |
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proteasome inhibitors and immobilized DNA. All other control experiments did not show any

aggregation verifying that DMSO and EtOH addition did not cause aggregation.

+DNA

+proteasome
inh

-proteasome
inh

wash

—>

new

new
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DREX !
w/o inh w/o inh
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inh \
I
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Time of chromatin assembly

Figure 3.16.: Bead-aggregation is DNAdependent.

Time of assembly indicates the duration of chromatin asseémbiiro. Beads were either immobilized with DNA

or without DNA indicated as (+DNA) or[PNA). Each condition was then incubated with proteasome inhgbitor
(+proteasome inhibitors) or with respective amounts of DMSO and Et@rdt¢éasome inhibitors). Chromatin

was assembled for 15 min, 60 min and 180 min. At each time point, pictures were taken and beads were washed
twice with Ex200. Then new DREX withouthibitors was added for the same amount of time for assembly than
before (w/o: without), (inh: inhibitor).
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4. 1.Complementary techniques for the investigation of chromatin

assembly

The combination of amn vitro chromatin recostitution assayjn vivo nascent chromatin
capture and mass spectrometry techniques is a powerful approach to investigate the kinetics of
chromatin assembly. The results of this thesis show that the advancement of experimental
techniques such as NCC ane thubsequent proteomic approach with DIA methods provide
new avenues for the investigation of replicatd@pendent chromatin assembly. The first part

of this chapter discusses technical aspects of the applied systems and future directions for

chromatin asembly analysis.

4. 2 Reproducibility and validation of assembled chromatin

Mass spectrometry as a highly sensitive and precise technology can reveal experimental
variations in sample preparation as well as within a mass spectrometer. Therefore, it is
important to control for the comparability between experimental setups and between the
settings of the mass spectrometer. One strategy to measure any variation within sample
preparation is the application of biological and technical replicates. By compavlngital
replicates, biological variability within the experiment can be determined. Technical
experiments can reveal differences in handling and performance between each set of
experiments.

The present study started with the exploration of the kinetioshcomatin assembly within

three biological replicates. By measuring the proteome of crude extracts on the mass
spectrometer in DDAVIS mode, all three replicates showed an overlap of 54.2%. The proteome
of chromatin that was assembled by meandwaisophla melanogasterextracts showed
similarity in 58.2% of all proteins between all three biological replicates. These percentages
can be explained by the fact that all biological replicates have been performed with individually
collected Drosophila extracts. These values are in line with comparable studies using
proteomics to investigate proteins at replication forks. NCC experiments analysed with DDA
MS identified 3995 proteins in tot@hlabert et al., 2014)0f these almost 4000 proteiss.2%

(2125 proteins) werdetected in all three replicates. The &ilon of clickchemistry based

EdU (5ethynyl2 @leoxyuridinejlabelling of nascent chromatin combined withhass
spectrometry (iPOND) showesth overlap of only 18.4% between three biological replicates

out of a total number of 1223 proteins identiffedpezContreras et al., 201.3)
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This means, that our analysis iof vitro assembled chromatin by means of DIV is
comparable with similar chromatin assembly studies in terms of reproduciNiéitiertheless,
it symbolises that DDAMS suffers from gproblem of missing values that need to be imputed

to make statistically valid statements about protein association.

4. 3. Critical assessment of mass spectrometry approaches

Traditionally, shotgun proteomic approachegé¢tistochastically the top N ions (N=20) at

each time point of the analysis for fragmentation and further-gysis peptide
identification. Despite major improvements to increase the number of identified peptides and
the reproducibility of these iadfications, this approach shows low reproducibility between
biological methods, which is often due to instrumental limitations and results in a maximal
overlap between two replicates of approximately 60% of proteins.

Quantification of proteins is eithdrased on the number of peptides belonging to a certain
protein (spectral counting) or the intensity of a peptide ion over retention time (intensity based
guantification). In both cases, only peptides that are fragmented can be afterwards quantified.
Therebre, DDA methods present an inherent tendency to lose quantitative information, hence
limiting the statistical power of the experiment as described in the paragraph above.

Among the strategies that have been proposed to overcome this problem is thenhédiafo
feature within the MaxQuant soft wa(Cexando ol
Mann, 2008; Tyanova et al., 2016)o still identify features in a run with insufficient
information MS/MS and segnce information can be obtained from another run by matching
within tight mass and retention time windows. Therefore, both runs are aligned according to
their retention times and then the identification(s) are transferred from the run containing the
necesary information to theun with insufficient information (see also Figure 1. 6. panel b).
This alignment is based on very robust retention times in all runs that need to be compared. In
addition, this feature relies on the identification of a peptid¢ lieeat one run and is still more

a comparison than a clear identification.

To circumvent this issue, targeted approaches have been developed where particular signature
peptides of a given protein are repeatedly selected for fragmentation irrespectittedyr of
abundance. The fragmented peptides are then quantified by measuring the intensity of selected
fragment ions that are generated when fragmenting a particular ion. This strategy, which is
called selected reaction monitoring (SRM), allows the precidergproducible quantification

of up to several 100 proteins over a large dynamic range even in very complex niRicots

et al., 2009)However, the number of peptides and proteins that can be meuslimated by
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the duty cycle of the mass spectrometer. The duty cycle is the proportion of time during a device
or system is usefully operatebh terms of mass spectrometry, the duty cycle describes the
percentage of time in which a particular ion isigetthrough the quadrupole and reaching the
detector(Canas et al., 2006)

Recently, DIA techniques as SWATHMS or PRM(Gillet et al., 2012; Peterson et al., 2012)
have been developed that allow a precise and reproducible quantification of several thousand
proteins in a single analysis run. This is achieved by fragmentation of all ions during an LC
MS run by selecting dafed mass windows of fragmentation and a fast cycling through the
whole mass range. Similar to the SRM methods, the resulting fragment ions can then be used
for quantification. The short duty cycle of a QTOF instrument allows a reliable quantification
dueto a high number of MS/MS data points over a chromatographic peak. Moreover, as all ions
are fragmented, SWATH analyses essentially generate a digital footprint that can be analysed
and quantified in retrospect. Nevertheless, DIA is limited to a dynamgeraf 45 orders of
magnitude and it requires tl@priori construction of fragment ion spectra libraries for the
qguery peptides to deconvolve these peptides from the DIA(Aetzersold and Mann, 2016;
Rosenbegeet al., 2014; Rost et al., 2014; Tsou et al., 2015)

Future applications will include hybrid methods of DDA and DIA as well as completely new
methods. For instance, recently it has become possible to store several precursor ions in parallel
in a trappedon mobility device, which can then be followed by serial fragmentation known as
Apar al | el -sarialcfragmantaton (PASERMeier et al., 2015) This method
promises to increase the speed and sensitififsagmentation several folds.
Additionall vy, it has beeantsrhioomih dweaem iparaclidsn
approaches, that bioinformatitools will further improve quantification in labékee
guantification(Navarro et al., 2016)n the special case of SWATHMS, some tools use tandem

MS (MS/MS) libraries to extract groups of signals that reliably represent a specific peptide
together with statistical methods to distinguish true from false matéigernatively, DIA

Umpi re as s e mid3/MSsspedtrp shatucdno e identified and quantified with
conventional databassearching and proteimterference tools without an assay libréfgou

et al., 2015)All in all, further usage and increasing experience of SWAMSE will show,

which analysis tools are bestited for which kind of experiments.

Finally, the quantification of multiple proteins by SWAIMIS relies on stable retention times

of individual proténs. In this study, peptide prefractionatiam & subsequent MS analysis (LC
MS/MS) was exclusively done on nano LC systems using columns with an inner diameter of
75 um. Although this set up offers the highest possible sensitivity, it suffers fromgpeation
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time stability and long separation times. Future studies could use micro LC systems that offer
higher flow rates, shorter separation times and more stable retention times to shorten the

measurement time required.

4. 4. Exploration of sample prepamation methods

At the beginning of this study, several sample preparation protocols were tested to evatuate be
conditions for subsequent M&halysis. Classical sample preparationswseingel digestion
protocol (Lu and Zhu, 2005; Shevchenko et al., 1998)r this method, proteins are first
separated using SBBAGE to reduce the complexity of the proteome. The gel lane is then cut
into pieces and the proteins in thesé giees are digested with trypsin within the gel. The
resulting peptides are then extracted froel gieces and analysed using -MS/MS. An
advantagef in-gel digestions the analysis of thgrotein amounin a sampleia the Coomassie
staining beforedrther procedures. However, thegal digestion is relatively time cenming,

SDS contamination of MSamples needs to be tidily controlled and in the specific case of this
work, the yield of irgel digestion was low.

In contrast to irgel digestion, preins can be also prepared for M8alysis by means of4n
solution digestionWashburn et al.,, 2001)n this case, chaotropic reagents like urea and
thiourea are used to denature proteins to make them more accessible for protease digestion. All
further steps are performed in the same tube to reduce any protein/peptide loss. A critical step
in this protocol is the digestion by trypsin because the detiaagent needs to be diluted to

a concentration in which enzymes are functional to digest proteins into peptides. Experiments
throughout this work showed, that thedatively quick protocol revealdoest results in terms

of identification and quantifican.

The more recently davelkdpesdmméteh pdMamhetdt i bn
al., 2005; Wisniewski et al., 2009ombines advantages of both aboescribed methods.
Samples arsolubilised in S5 and further processed in an ultrafiltration device to remove
detergents and other reagents. This approach combines many advantages otdutet
protocol, SDS solubilisation and filtassisted cleaning. Nevertheless, elution and subsequent
guantifiation did not reach same levels asalution digestionn this study. Therefore, all MS
samples have been prepared by means-sblution digestion.

Recently, new approaches have been shown to develop sample preparation further in terms of
time and qualy. On the one hand, pipette tip based meth@ddak et al.,2014)have been

shown to massively improve sample preparation by shortening and simplifying current

protocols. Sample preparation kits combine lysis, denaturation, reduction and alkylation in one
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step. These kits also reduce the time required for protigsstion to one hour. Finally, the
peptide purification results in a reattymeasure sample in reproducilgjeality. On the other
hand-asGelsted sample preparationdé (GASP) i s
acrylamide facilitating denatation, reduction, quantitative cysteine alkylation and matrix
formation (Fischer and Kessler, 2015)his method combines advantages e$atution and

filter based methods being a further development towards sample preparation.

4. 5 DNA sequence dependency of chromatin assembly

The proteomic analysis @f vitro assembled chromatin depends on many parameters such as
assembly time, washing conditions and the type of immobilized DNA within this assay. To
study the contribution of particular sequences to chromatin assembly, two DNA sequences have
been comparedhithis work. [ata gathered from the DNA sequence containing bacteriadrvec

DNA and repeats of the 5S KR nucleosome positioning sequence were related to those from

a plasmid containing repetitive heterochromatic DNA (four copies of théo@58peat fron
Drosophilamelanogaster

The current understanding comprehends that heterochromatin formatiorwiih some
exceptions to point centromeres of budding y@astdependent of the underlying DNA
sequencéFuruyana and Biggins, 2007; Grewal and Jia, 2007)

Because no major differences in the proteome were observed when using the two DNA
sequences for assembly, it can be concluded that the early extract does not differentiate between
different DNA sequences. Howayea small subset of proteins wagynificantly enriched

during the assembly of the 5SNR repeatsequence compared to the plasmid containing
repetitive heterochromatin sequences. These proteins liké &gzt 105 and Rpa70 have well
described functionduring DNA replication. In addition, some proteasome subunits (Rpn12,
Prosbeta5)verealso significantly enriched to tfeSrRNA repeatsequence. Since only single
subunits of replicatio- and degradation complexes wegsriched to thesS rRNA repeat
sequace, it must be further investigated whether these subunits are functional and their
association biologicht relevant.

In contrast, proteins binding preferentially to the heterochromatic sequences harbour
cytoskeletal functions within a cell (Bap55, NupB3KIp61F). Other enriched proteins on the
heterochromatic sequence have unknown functions and their detection could be a starting point
for further experiments to elucidate their working mechanism.

The fact that no major differences in the proteome weserved when using the two DNA

sequences for assembly may be due tcethbryonicDrosophilaextract and its potential to
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form heterochromatin. It could biat the composition of the DREX may not allow full
maturation of heterochromatin: In early stagédevelopment, nuclei of the syncytial embryo
divide every 9 min(Becker and Wu, 1992 onsidering an average time of 20 min, which is
required for the full maturation ofhromatin after DNA synthesi@Norcel et al., 1978)
chromatin may not reach a fully mature state during early development. Although maternally
provided, the pool of factors hence may, in a developmental context, not be suiteditoteons
functional heterochromatin. Although vitro chromatin reconstitution was performed for up
to 4 hrs, it could well be that other cellular processes like DNA repair, replication and cellular
division require all resources of the extract with thailtethat heterochromatin formation is
diminished. In addition, it could be assumed that heterochromatin formation depémgis/on

like circumstances and is not able to be achieved im asitro setup based oBrosophila
extracts.

Connected with thatt iis conceivable that thi vitro assembled chromatin on the 359 bp
repeats harbours certain proteins, which can facilitate heterochrofoatation only at
specific developmental timgoints.The phenomenon of heterochromatin spreading functions
in a herarchical manner and involves spibmoting feedback loops. Factors involved in these
processes are SUV39H1, HP1 a@dF that have been found to bind to both sequences.
However, further investigations are needed to confirm their function and their sabsetfect

on the underlying DNA sequence. Those experiments would rely arctitgation with nuclear
extracts from more mature embryosl® hrs) with chromatin that was either preassembled
using early embryo extracts-(05 hrs) or by salt dialysis umsj purely recombinant histones or

histones derived frorDrosophilaembryos.
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4. 6. A detailed proteomic analysis of chromatin assembly

As shown in this work, the combination of |alfiede proteomics with a wetlescribedn vitro
chromatin asembly systemnableda comprehensive quantitative analysis of the proteome of

in vitro assembled chromatin. The subsequent comparison ofitheis® data with labefree
proteomics ofin vivo assembled chromatshowedthat thein vitro system resembiemany

aspect®f replicationdependent chromatin synthesisvivoand can therefore be used to dissect

key regulatory steps in chromatin assembly. Functional studies by means of inhibitor treatment
and the temporal kinetics in both systems describe the kinetics andatitan process of
chromatin assembly at an unprecedented depth. The second part of this chapter focuses on a

discussion of biological aspects and their implication for future experiments.

4. 7. Comparisonin vitro andin vivo

4. 7. 1. ProteomiccoveragebetweenD. melanogasteand H. sapiens

The use of a dedpgh-quality ion library generated from the chromatin assbly extract and

the chromatiFbound factors enabled us to determine the kinetic of chromatin binding for 480
proteins highly enriched in cbhmatin. Due to the fact that the in vitro extract is prepared from
Drosophila and the nascent chromatin capture has been performed in humantloells
orthologpus proteins betweemrosophila melanogasterand Homo sapienseeded to be
determined firstly. Byusing the BioMart tool from the Ensemble software, it was possible to
retrieve all orthologous genes between both organisms to find 116161 orthologous genes
between Drosophila melanogasterand Homo sapiens(see section 2.2.7.Software
Methods/Software R&kages/BioMart) Thi s number contains fimany?2
Aone2o0oned orthologous genes. Orthologs are p
I n this case, Amany2manyo describes an entry
ortholog inDrosophila melanogasteand the orthologous entries have more than one ortholog

in Homo sapiensThis implies that the gene was duplicated at least twice: In the lineage of
Drosophilaeas wellasithumans fiOne2many o0 or t hothangneortholog e n e s
in Homo sapiensbut all orthologous entries have only one ortholog Dnosophila
melanogaster MmeO2 one 0 ort hol ogous genes are genes Ww
speci es. I nterested onl y i athaviéhbeendalgmnedt@ld4e o ge
humanproteins using the Uniprot database with ENSG annotation and 6056 fly proteins with

FBgn annotation using the Flybase database.
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Thein vitro assay revealed 1025 proteins to be involved in chromatin assembly in t@tal. 47
proteins out of the 1025 proteins had a clear ortholog ihuhganproteome and 374 of them
(79%) were also detected in the NCC dataset.

Previous analysis focused on 480 proteins inithgitro system that specifically assembled

onto chromatin when copared to the negative control by a taided ttest. 216 proteins (out

of 480) that specifically assembl edhaoaman o chr
proteome and 184 of them (85%gre also detected as chromadssociated during nascent
chromatin capture.

This supports the hypothesis that the general pathways for chromatin assembly are conserved
among different eukaryotds.is even more obviousomparingproteins from the cie extract

to proteinsenriched in chromatin assembly. The metage of similarity increases and

strengthens the idea that replicatmwupled chromatin asséy is conserved among species.

4. 7. 2. Conservation of replicationcoupled chromatin assembly

DNA as one of the most evolutionary conserved molecules neetie t@plicated and
segregated to assure proper cell division and growth. Any defect in DNA replication results in
genomic instability and furthermore to premature aging and cancer. Therefore, it is plausible
that factors involved in replicatiedlependentltromatin assembly are highly conserved. Some
factors described in this thesis, such as PCNA and CAF show very similar behaviour between
both investigated chromatin assembly systems, which proves earlier work by the Stillman
group. They demonstrated tlthe CAF complex is composed of the three subunits (p48, p60
and p150) that are evolutionary conserved fy@astto humans CAF preferentially deposits
acetylated H3H4 molecules onto replicated DNKaufman et al., 995; Kaufman et al., 1997,
Verreault et al., 1996)n addition, it has been shown that the two largest suboinite CAF
complex(pl50 and p60 itHomosapiensand p180 and pl05 iDrosophilg are required for
efficient chromatin assembiwg vitro in DrosophilaandhumansystemgKaufman et al., 1995;

Tyler et al., 2001)

PCNA as a DNA polymerag@ocessiity factor interacts with the largest CAF subunit, Caf

150 inhumancells(Shibahara ah Stillman, 1999)n chromatin reconstitution assays basad
Xenopus egg extrac{dloggs et al., 2000and inyeast ceemmunoprecipitationgKrawitz et

al., 2002; Zhang et al., 200@oth factors (CAF and PCNA) bind to replication origins in an
interdependent manner, suggesting that both factors rely on reciprocal action to fulfil their
function during DNA replicatiordependent chromatin assem@§rawitz et al., 2002; Moggs

et al., 2000)
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4. 8 Compendium ofin vitro and in vivo binding kinetics

Interestingly, not only the identity of the bound protesisdnserved but also their dynamics

of binding.For examplemultiple components of the replication machinery like the RFC clamp
loading complex, PCNA, the single strand binding complex RPA, members of the MCM helicase
complex and the subunits ofromatin assembly factor CAF1 wemnriched at early time

points of the assembly reaction, which is consistent with their enrichment in nascent over
mature chromatin shown by NCC data. The possibility to perfareasurements of all
chromatinassociated proteins dhree time points using SWATH based quantitation enabled
the inclusion of an intermediate measurement of assembly (1 h) rather than only comparing
nascent and mature chromatin. This dissection of the binding kinetics verifies earlier in vitro
findings tha the clamp loader complex first binds to the DNA and facilitates PCNA loading
and then dissociates from the template upon loading of the sliding clamp leavinglidQNe\

to the template to stabilize the polymerase. So far, this loading event has only been
characterised upon reconstitution in a highly purified syst@womes et al., 2001; Hedglin et

al., 2013) The fact that we obsemda transient peak of PCNA at the intermediate time point
during in vitro chromatin which decreasedsubstantially at late chromatin assembly
resembling nascent chromatin findin@gdabert et al., 2014)suggests that this loading process

is indeed occurring during chromatin assembly.

Nevertheless, this study compares two systems that are based on different organisms. Even
though only athologous proteins can be compared with this approach, many other parameters
need to beonsidered

Thein vitro chromatin assembly is based on an extract fboasophilapreblastoderm embryos
whereas NCC is performed in fully differentiatdédiman cell lines. This means that
developmental differences and programs could lead to variation of results comparing both
systems. For example, the length of a cell cycle in differentiated HeLaiseldly lasts 24

hrs whereas the syncytial division Dirosophia embryos occurs every 9 min. Therefore,
protein kinetics, protein complex formation and control mechanisms could differ a lot.
Moreover, then vitro reconstitution assayasperformed in a test tube to incubate the extract
with immobilized DNA. Althoughinitial experiments tesdfor best assembly conditions st

difficult to resemblan vivo settings within then vitro system in terms of dilution and other
parameters. Especially the concentration of specific factors can vary between both systems and
can alter bindindpehaviourand the formation of protein complexes.

Furthermore, the actual template for chromatin assembly differs between both systems. In the

in vitro system, singlendimmobilized and unfolded doubktranded DNAvasused for the

102



4. DISCUSSION

asserbly of chromatin. In contrast, synchronized HelLa cells costhichromatin that
replicated uponhelicaseopening. With respecto the accessibility of the DNA and the
dimensions at the respective temp|a&i@ntrary results could be anticipated while cornmgar

both experimental systemis addition, the recruitment of factors for singiedimmobilized

DNA could leadto higher affinity for DNA repair factors compared to the physiological
condition during DNA replication in HelLa cells.

Finally, differentbinding kinetics olsome replicatiorassociated proteiretween both systems

could be caused by different replication speed in both experimental systems. It was shown that
the majority of replication forks in variodsimancell lines travel between 1 and 2 &kbn'?,

with an average of 1.5 kb mhfConti et al., 2007; Hodgson et al., 2007he rate for progr
replication in chromatiin vitro has been determined to be 1.4 kb *piwhich is very similar

to in vivorates(Kurat et al., 2017)This rate is highly dependent on the interplay between the
replisome and FAT associated protein Nhp6, INO80 or Iswla and lysine acetyltransferases
(Kurat et al., 2017)In any case, the reconstituted replication rategtro resemblan vivo

rates but are measured in conditions thata@oresemble thBrosophilaextract.

In summary, a plethora of parameters differ between both experimental systems and can explain
variations in results. But especially with the knowledge of all possible differences, it is
impressive to observe high siemiities between protein binding kinetics. In particutaoten

binding kinetics of chromatxassociated proteins show high similarities arguing for a strong
conservation of these pathways between both species. Finally, it proves that both systems can

beused to investigate chromatin assembly mechanisms.

4. 9. Inhibitor treatment effects during chromatin assembly

4. 9 1. Inhibition of Histone deacetylases by Trichostatin A (TSA)

The fact that we fouhmuch more factors with no apparent chromatin funcissociated with
chromatin upon TSA treatment suggests that chaperones may be required to prevent such
proteins from binding to accessible (i.e. TSA treated) chromatin or removeaaised

factors. This hypothesis would fit to previous findings thafdhmation of regularly spaced
chromatin in vitro is entirely dependent on the presence of(B€Eker and Wu, 1992; Bulger

et al., 1995)which is a substrate of all nucleosome remodelling factors but also of the Hsp and
TriC/CCT chaperones. Alternatively, chaperones might function in the remodelling of

chromatinbound multisubunit complexed.his hypothesis is supported by findings showing
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that molecular chaperones are responsible for the rapid exchange of hormone receptors during
oscillating transcription(McNally et al., 2000; Stavreva et al., 2004)

To test whether we are able to investigate quantitative changes in the assembly kinetics of
specific chromatin factors upon a challenge tbe system, we added the broad histone
deacetylase inhibitor TSA to a reaction and repeated the quantitative proteomic analysis of the
bound proteins. We have shown in the past that TSA treatment results in a moderate increase
of histone acetylation orsaembled chromatin in contrast to what is observed in tissue culture
cells where TSA treatment results in a strong hyperacetylation of hididaetscheff et al.,

2011; Choudhary et al., 2009; Turner et al., 1989)rring in vitro assembly, the histones are
deposited in a preacetylated form, which will not get deacetylated when TSA is (Bebant

et al., 2009) TSA treatment has been shown to prevent the formation of transcriptionally
repressed chromatiWong et al., 1998 Xenopus oocytes and lead to an altered pattern of
DNA replication origin activity irhuman tissue culture cel{&emp et al., 2005)The exact
mechanism of how TSA mediates these effects has so far remained unclear. Our finding that all
MCM proteins, which are key regulators of agjotic replication having an increased binding

to chromatin when TSA is present, provides a potential explanation for this finding. However,
it remains to be determined whether this is an indirect effect of a more open chromatin structure
or a direct effet that is mediated by MCM acetylati@houdhary et al., 2009)

4. 1Q Proteasome during chromatin assembly

4. 1Q 1. Cellular and nuclear localization of the proteasome

The comprehensive quantitative analysignofitro andin vivoassembled chromatin revealed
that some of the most abuartt proteins within both systems belong to the proteasome (Figure
3. 10.). These data support findings reported in literature about the nuclear localization of the
proteasome:

The nucleoplasm as well as the cytoplasm contains three distinct but fungticxated
proteasome particles (19S, 20S and 26S), whicbxe in equilibrium of assembled and
disassembled subunitBabre et al., 2013; Holzl et al., 2000; Kleinschmidt and Franke, 1982;
Udvardy, 1993) The searation of the 26proteasome into the 19S and26ubcomplexes is
ATP-dependent and it has been shown thatddition of ATP to the 19S and 20S particles in
cell extracts leads to the reformation of the 26S proteagklamschmidt and Franke, 1982)
Presumably other factors are involved in thimssembly but further experiments should test

the specific proteins involved in this mechanism. Moreover, future experiments could test the
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effect of ATP during chromatin assembly on proteasome activity. It would be interesting if
inhibited proteasomes within the extract can be reactivated by the addition of ATP. But since
ATP-utilizing chromatinremodellingenzymes have been shown to regulate chrorféoker

and Horz, 2002; Clapier et al., 2017; Ito et al., 1997; Maier et al., 2008)l be challenging

to differentiate between ATP effects of AT@pendentremodelling enzymes and the
proteasome during chronmatassembly. Therefore, the addition of purified proteasome upon
proteasome inhibition in thm vitro assay could give new insights into the reversibility of

observed effects.

4. 1Q 2. Functions of proteasome inside chromatin

Recent work on the UPS sgat factors and especially on the proteasome has revealed many
effects on chromatin and its associated proteins. Quantitative proteomics data from this thesis
confirm that all subunits of the proteasomere very abundant in all biological replicates.
Furthermore, all proteasomal subunits highly correlatéth DNA replication factors in both
experimental datasets (Figure 3. 10., results), supporting earlier findings that chromatin
associated processes such as transcription, DNA repair and DNA replicati@yalated by

the action of the UPS systgiwuld et al., 2006; Hoppe et al., 2000; Lafon et al., 2015; Lonard
et al., 2000; Szutorisz et al., 2006)

Interestingly,recent studies showed that polyubiquitylationypla key role in disassembly of

the replisome machinefMaric et al., 2014; Moreno et al., 201#) both model systems (frog

and yeast), one subunit of the replicative helicase (Mcm7) has been found polyuitiedityl
with K48 linked chains upon replication fork termination. Further studieseimopusegg
extracts have identified CRE2 as an E3 ubiquitin ligase that specifically attaches ubiquitin
to Mcm7 (Dewar et al., 2017)This ubiquitylation is then followed by dissolution of the
replicative helicase (CMG complex), which is dependent on the activity of the protein
segregase, Cdc48/p97/VCP. The segregase is a hoaméeg ringshaped ATPase, which

can recognise proteins modified with K48 linked ubiquitin chains and remodel them in an ATP
dependent manndPeters et al., 1990; Rouiller et al., 200Zhese factors have beersal
shown to be recruited to chromatin during assembly in the current work further supporting the
power of theDrosophilain vitro assembly system as well as N@Grivo experiments.

Taken together the abowdescribed points, it becomes clear that the psmme has a
pronounced function during chromatin organization and that it is an integral part for proper
chromatin assembly. Therefore, the inhibition of the proteasome durivagro chromatin

assembly was a subsequent step in this work to elucidaegfdoes of the proteasome action
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within chromatin maturatiorAny inhibitor experiments in aim vivo setting are much more
challenging since it is very difficult to separate indirect from direct effects due to the fact that
the UPS is a major contributty the degradation of cyclins and cdk regulators and hence has

a major impact on the cell cyd{Bassermann et al., 2014)

4. 1Q 3.In vitro inhibitor studies

To investigate any effects of the proteasome during chromatin assembly, proteasomes were
inhibited with two inhibitors. MG13 is a peptide aldehyde, which effectively blocks the
proteolytic activity of the 26S proteasome complex, being a potent inhibitor of the
chymotrypticlike site(Lee and Goltderg, 1998)Additionally, NEM is an irreversiblénhibitor

of deubiquitinase®JCHL5 and USP14, which are localized in the 19S regulatory particle.
Future experiments should investigate additional inhibitors during chromatin assembly. For
example, anothewidely used inhibitor is lactacystein discovered as the firstpeptidic
proteasome inhibitor. It was shown that this inhibitor modifies the ateimoinal threonine of
specific catalytic subunits of the proteasome to inhibit their function specifi€adigtaldello

et al., 2008; Ni et al., 2008)

4. 1Q 4. Effects of proteasome inhibition onto protein binding kinetics

The addition of proteasome inhibitors duringritro chromatin assembly experiments showed
effects on the binding kinetics of almost all proteins. Ferfynearly binding proteins becee
constant or even late binding proteins (PCNA, RFC complex subunits). These proteins could
be putative targets of the UPS systems because the respgmcttein binthg kinetics were
altered upon proteasome inhibition.

A similar mechanism could explain the fact that formerly late binding protensfound as

early binding proteins upon proteasome inhibition (RPA, Ku80 and Irbp). These proteins could
be constantly egraded by the proteasome during early assembly time points in unperturbed
experiments. Once the proteasome wasbited, these proteinserefound as early binding
proteins because of the lackpybteasomategulation.

In contrast, the subunits of theAF complex showd an irregular binding kinetic upon
proteasome inhibition. The largest subunits-C&® and Cafl05 remaiedas an early binding
protein upon inhibition whereas Caf(smallest subunit) becanmeeprotein with negative ratio.

In line with these findings, hisine proteins 3 and 4 also becapreteins with higlkr ranks

whereas H2A and H2B weetmost unchanged.
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In general, chromatispecific proteins teratl to associate earlier to chromatin upon
proteasome inhibition than compared to unperir®eperiments. However, this observation
can be also based on the fAranking met hodo.
For this method, LogR) ratios of each protein derived from its intensity after 15 min chromatin
assembly divided by the intensity after 4 hrs chromatin assembly wé&egrdarhe protein with

the most positive ratio received the rank 1 and the protein with the most negative ratio received
the rank N (N stands for the number of quantified proteins). Due to the ranking, there will be
always proteins with high ranks indepentig of their actual ratios. In this work, GaB80 and
Caf-105 didstill have high ranks upon proteasome inhibition but the overall waglower

upon proteasome inhibition than compared to unperturbed experiments.

In the presence of proteasome inhitstathemajority of proteins accumulatdad chromatin

over time shown with silver gel and proteic data. The accumulation leéa higher values of
respective proteins after 4 hrg @hromatin assembly and reducé@ 15 min/4 hrs LogR)

ratio of these pretins for the ranking method. Therefpeegeneral trendfaeduced protein
ratios becameisible. But chromatirspecific proteins shoed still highest ranks since they

werepresumably proteasome independent.

4. 1Q 5. Nonproteolytic actions of the proteasme

In most cases, the function of the proteasome harbours proteolytic activities but other published
data also suggest a nproteolytic but more chaperoitike function of the proteasomal
ATPaseqGeng et al., 2012; Kaiser et al., 2000)

During the norproteolytic action, the proteasome shields proteins from aggregation and refolds
them back into the nativetate. As soon as proteins are not folded correctly, the proteasome

will target them for degradation accordihgo a fib et t e r-prisciplé, becausean s o
aggregation or the accumulation of misfolded proteins leads to disorders such as cystic fibrosis

Il n cystic fibrosis, protein aggregates are s
(Johnston et al., 199&kecause the e | degbagation capacity sver exceede@opito and

Sitia, 2000) These aggresomes are insoluble structures that are highly dependent on the action

of cytoskeletal proteins that trspport aggregated proteins to the aggresof@esciaMata et

al., 1999) Purified aggesomes have been described to contagrnmediate filament proteins

like vimentin (Johnston 1998), proteasomal subunits (Gddeitm, 1999) and protein
chaperones such as Hsp70/Hsp90. In particular vimentin and other filament proteins like actin
and tublin are necessary for aggresome formation to form a-lilegestructure surrounding

the aggresome for its stabilizati@yohnston et al., 1998In recent years, it became clear that
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aggresomes contain a significant proportion of functional proteins and in addition it was
observed that accumulation of misfolded protéinaggresomes a characteristic feature of
many disordergCorchero, 2016)

Examples of such proteins are tiFTR protein (fibrosis transmembrane conductance
regulato) involved in cystic fibrosigJohnston et al., 1998he ALS-associated protein FUS
forming liquid compartments vivo andin vitro (Patel et al., 2015\nd thechaperone and
stress response protein Hs pséBBgqAmleytehal.,2@0d;,nect i
Mishra et al., 2009)

Further evidence of massive chaperone activity during chromatin assembly is also given by the
fact that many constant binding proteins and protein complexes inlvaivprotein folding
wereidentified such ashe TriC/CCT complex (Tcpl, TCPeta, TCPzeta, CG7033, CG8258,
CCT5 and CCTgamma) or Hsp60 and Hsp70, being stably bound to chromatin during
assembly. This binding of chaperone factors suggests that chromatinbhgse associated

with extensive and continuous protein folding and refolding events. Although TriC/CCT has
been suggested to be mainly involved in the folding of newly translated pi(@ams et al.,

2001) there is increasing evidence that it has additional functions such as the prevention of the
aggregation of poRQ proteins (Shahmoradian et al., 2013pr the formation of
macromolecular protein complexes in the nucl@gerks et al., 2002; Freund et al., 2014)

The TriC/CCT complex can also be observed on nascent and mature chrorvato(Alabert

et al., 2014)and in interphase chromatifKustatscher et al., 2014yhich also supports its
integral role in chromatin dynamics and metabolism. The function of these chaperones in

chromatin has so far been enigmatic and no clear function was assigned to them.

4.11. Towards a model for proteasome action during chromatin assembly

4. 11 1. The proteasome functions as protetchaperone

One possible mode of action of the proteasome during chromatin assembly could be a
chaperondike function for lowrcomplexity proteins tht lack a weldefined 3D structure and

are often named intrinsically disordered protdldgersky, 2002) Nowadays it becomes clear

that theses unstructured domains of proteins are functional and often help in binding to
biological targets or for the assemldf macromolecular array®yson and Wright, 2005)
Molecular chaperones can facilitate the folding of unstructured prd@yson and Wright,

2005) One of these chaperone molecules is also the proteasome.
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The observation that aggresome formation is Bifpendent supports thaea that functional
unstructured domains of proteins are used to interact with the DNA. But once proteasome
activity is reduced and chaperone activity is decreased, proteins aggregate at the DNA over
time.

When analysing all chromatassociated orthologsuproteins during chromatin assembiy

vitro andin vivo with a program for the prediction of unstructured regions from amino acid
sequences (SLIDERSuperfast predictor of proteins with Long Intrinsically Disordered
regiong (Peng et al., 2014)he majorityof proteins (70%) has scores higher than SIHDER

score between 0 and 1 (the higher the more likely a protein has long disorder segment)

One example is the Cul4B Higase with a slider scoref 0.8429. This E3 ligase coulzke
regulated in a chapereiike mechanism by the proteasome and as soon as the proteasome is
inhibited, the protein is unfolded and not able to bind to PCNA. Therefargglitt bind with
unfolded domains to the DNA and associates to chromatin unspecifically. This could explain
its change in kinetics from a formerly constant binding proteins towards a late binding protein
upon proteasome inhibition.

Surprisingly, ubiquitin, as a marker protein during degradation cascades, is not found in any
experiment that has been performed. Tdat thatno ubiquitin is found during M@&nalysis

could be due to a low abundance of ubiquitin. In general, this would argue for mainly non
proteolytic function of the UPS system during chromatin assembly. This is in line with the
observation that many aperone proteins are found in the assembly extract and protein
aggregation occurs upon proteasome inhibition.

Additionally, it has been described that chaperones itself contain unfolded regions with which
they bind to misfolded proteins and RNA moleculasch that they function as recognition
elements and/or help in the loosening and unfolding of kinetib@pped folding intermediates
(Tompa and Csermel2004)

The interaction of proteins with other proteins and RNA requires a bimodal binding modus
involving conformational changékeulliot and Varani, 2001; Williamson, 2000)his modus

has been mainly observed for ribosomal protdiBan et al., 2000)the transcriptional
antitermination protein NMogridge et al., 19983nd the HIV1 REV protein(Battiste et al.,

1996) In addition, proteins binding to RNA and interacting with eotlproteins arealso
described in dosage compensation. Dosage compensation describes the global activation of
genes on the male X chromosome. The complex responsible for #feguwiption MSL-DCC,

consists of makspecificlethal (MSL)proteinsand two long, noitoding roX RNAs. One MSL
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subunit of the complex, th®NA helicase MLE, incorporates roX into functional DCC
(Maenner et al., 2013)

Another RNADbinding protein with bimodal functions is FUS. FUS contains intrinsically
disordered domains and is prone to form aggresomes associated with the neurodegenerative
disease ALS (Amyotrophic lateral sclerogiBatel et al., 2015he FUS protein is also a RNA
chaperone binding to folded RNA cognate intermediates to support RNA folding and
biogenesigLagierTourenne et al., 2012; Wang et al., 2008)

Earlier work in aur laboratory described a couplefa€tors that are recruited to chromatin by

RNA to regulate higher order chromatin structures. Diwsophiladecondensation factor Df31

binds to RNA and localizes to euchromatic regions. The decondensation factor is an
intrinsically disordered protein that binds to sSnoRNAs that are known as RNA chaperones. This
DF31-mediated linkage of RNAs and chromatin forms a R&fomatin network resulting in

the establishment of open chromatin dom#é&8whubert et al., 2012)

All in all, the proteasome could function as a chaperone and our results implidatieetha
proteasome together with other abundant chaperones such as Hsp70 and the TriC/CCT complex
supports major protein refolding during chromatin asseniblyitro as well asin vivo.
Especially the aggregation of proteins in the absence of functionalaporhe argues for a
chaperone activity. But the proteasome is also-mdwn for its degradation activity that can

have many influences during chromatin assembly.

4. 11 2. The proteasome functions as protein degradation machine

Another mechanism by whicthe UPS system could regulate chromatin assembly is via
degradation. The UPS system is a major regulator of proteins whose concentration must vary
with time and alterations in the state of the cell cycle by means of degrafédismavsky,

2012) This role could be executed by the proteasome during chromatin assembly. The
accumulatn of proteins on chromatin over time upon proteasome inhibition would support
this idea. But it is still not known whether the proteasome degrades proteins according to their
concentration or whether the interaction with DNA is necessary for this action.

Instead of a chaperoning activity of the proteasome, the results ofdeNé@ndent aggregation
could be also explained by the degradation function of the proteaBoateins bind to DNA

and change their conformation. Upon conformational changes thellart® &#e ubiquitylated

and targeted by the proteasome for degraddtidmch, 2014) According to this hypothesis,

an alternative mechanism for the regulation of PCNA and Cul4B by the proteasome could be
proposed. Cul4B regulates PCNA for detaion as soon as it binds DNA. Then PCNA is
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degraded and appears therefore as early binding protein. Once the proteasome is inhibited,
PCNA is not degraded anymore and becomes a constant binding protein having still a low
positive ratioThe fact that its only occurring at DNA could be due to a conformational change
upon DNA binding of PCNA.

To investigate this idea further, proteins in the assembly system were checked to be
ubiquitinated or not. The analysis of ubiquitinated proteins via a MaxQuaohgeamodified
peptides with a GlyGly modification revealed that mainly chromatin unspecific protenes
identified (Table 2, Appendix) These findings support the role of the proteasome as
degradation machinery of unspecific interactors during chronagsembly.

An additional assumption that would supportvarking model for a role of proteasomal
degradation during chromatin assembly is the presence of proteins containing specific degrons
that serve as docking platforms for proteasome action.

Ubiquitin is a 76éresidue protein that mediates proteolysis to proteins containing primary
degradation signals, called degrons. Therefore, all analysed peptides have been searched for a
so-called PIRPdegron PCNA-Interacting Protein motif) that has been shown doilitate
proteinprotein interaction but also degradation of respective profaniess and Walter, 2006;
Varshavsky, 1991)The degron describes a sequence of 8 amino acids in which the first amino
acid needs to be Glutamine (Q). The second and &énmido acid can be any possible amino

a PIP: box: acid in any possible combination. The fourth
Q-x-x-h-x-x-a-a

H. sapiens Cdt1: Q-R-R-V-T-D-F-F aa3-10

M. musculus Cdt1: Q-S-R-V-T-D-F-Y aa3-10

D. mefonogaster Cat1: Q-P-S-V-A-A-F-F 2a3-10 again by two amino acids of all possible amino

amino acid needs to be hydrophobic (L, I, M, V)

but without any given order. This is followed

C. elegans Cati: Q-T-A-V-T-D-F-F aa14-21  acids. Seventh and eighth amirods need to be

D. rerio Cat1: Q-A-R-V-T-D-Y-F aa3-10  an aromatic amino acid (F, Y or W) but without
G. gallus Cdt1: Q-L-R-L-T-D-F-F aa3-10

X. laevis cdt1: Q-M-R-V-T-D-F-F aa6-13
i ! Ll Q-x-x-h-x-x-a-a.
A A

APIP: A A

any special order resulting in the following order

Figure 4. 1.: Proliferating cell nuclear antigen (PCNA}
interacting protein (PIP) box motif.

a)ln the sequesicae lihdr oplpokrisenami no acid (typically L,
Aix0 any aaammno acaAriascand Walter, 2006)
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Searching amayst all identified peptides, we found 460 redundant peptides containing the
abovedescribed degron and 71 unique proteins with the PIP degron. Interestingly, many well
described chromatinand replicatiorassociated proteins are in this list of proteinshsas

PCNA, Acfl, Cafl 8 0, Mc m5 , Orcl, DNA polymerase .
described chaperone function as Hsp70 and Tcpl are also in this list as well as some factors of
the UPS system such as Usp7, Rpn9, Rpn13 and Prosbeta3.

Some oftheseafct or s (Orcl, Mcm5 and DNA pol ymer ase
upon proteasome inhibition. They become late binding proteins upon proteasome inhibition

arguing for regulation by the proteasome in unperturbed circumstances.

4.11. 3. The protea®me as quality control during chromatin assembly

The abovediscussed results in combination with published data argue for a quality control
function of the proteasome during chromatin assembly. Here, a model for the action of the
proteasome during chronmaiassembly is presented.

The data from TSA treatment have shown that open chromatin is accessible for many factors
with specific and unspecific binding affinitiek1 this model, specifichromatin assembly
factors would only bindo chromatinat early tme pointsdue to the action of the proteasome
during chromatin assembly (Figure 4. 2.). With this regard, the proteasmukl actas a

guality machine that regulates the proper binding. During chromatin maturation, the proteasome
could also functiomn aproteolytic and noiproteolytic manner to either support the folding of
proteins but also to degrade proteins from chromatin lacking specific functions during
chromatin assemblyn addition, eiromatin assenpfactors such as PCNA and Ga80would

act asbinding platforms for additional early chromatin assembly factor by means ofiflreir
degron. This degron might lsed for their subsequent degradation after elemectiaoynatin
assembly steps have beeifilled to make space for late binding protetosfacilitate further
chromatin maturation. The proteasomveuld further regulatehe binding and folding of
proteins in a network of many RNA binding proteins that help to maintain an open chromatin
structure(Schubert et al., 2012pnce the proteasome is disturbed during chromatin assembly,
unspecific binding proteins and formedgnstant or la binding proteinsvould associatéo

open chromatirand the chromatin assembly processild bealtered. Furthermore, the open

structure of chromatinould beinhibited and proteins aggregate together with DNA.
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Model for proteasome-mediated chromatin assembly
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Figure 4.2.: Quality control model for proteasome action during chromatin assembly.

In unperturbed chromatin assembly, the proteasorght chaperone and degrade proteins at chromatin to
facilitate protein turnover to drive chromatin maturation. When the proteasome is intgpgeilic and unspecific
proteinscouldbind to chromatin and accumulate int@egsomes.

Moreover,the model argues for a role of the proteasome during chromatin asdssuhlyse

chromatin maturation induces higher order structure and this leads tpdessfer binding.

Once there is less space, it must be tidily controlled which proteins get access to chromatin to
further help matur at i on .woukddedsstorlzed, manyg pratems s A a
could bind to chromatin and accumulate. In thdreme case, chromatin precipitates and
aggregates are formed. The addition of new proteasome can rescue this effect. Therefore, the

proteasomeouldrecognize the necessity of proteins for chromatin maturation.
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4. 12 Perspectives

Both, in vitro andin vivo systems caalsobe used to investigate the establishment of histone
modifications. Thean vitro system has been used to quantify histone modifications at early
assembled chromatin and it was shown that new histones become monomethylated at H4K20
upan their deposition thereby facilitating a removal of the predeposition acetyl marks on the
H4 molecule(Scharf et al., 2009bAs most of the H4 molecules are dimethylated at H4K20
when bound to DNA, the proportionally lower degree of H@K@ethylation in newly
replicated chromatin allows the cellular machinery to distinguish newly synéldesinromatin

in G2-phase from chromatin after mitogSaredi et al., 2016)lhese findings suggest that a
deep proteomic investigation and histone modification analysis can reveal further mechanisms
thatensure the maintenance of chromatin structure and hence epigenetic information.
Furthermore the in vivo system was used teystematicallystudy histone modification
establishmentThese experiments reveal®ab basic principles for histone PTM propagation

In mode 1, new histones acquire PTMs to become identical to the parental histones within one
cell cycle whereas in mode 2, the propagation relies on progressive modification of both new
and parental histones (H3K9me3 and H3K27n{@&bert et al., 2015)

Combiningin vitro andin vivosystems, the effects of histone modifications can be investigated
upon inhibitor studies. These insights into PTM establishment and propagation can further help
to understand processes during chromatin assembly.

In addition, it would be interestingp measure chromatin assembly proteomics at more time
points. With a better resolution of time during chromatin assembly, the binding kinetics gets
more exact and single complex kinetics can be investigated in more detail.

Finally, the usage of the CRISREas technology in combination with NCC experiments can
elucidate the contribution of specific factors during chromatin assembly. For example, NCC
experiments with cells lacking proteins that set histone modifications required for chromatin
maturation couldbe performed. The observed effects can further contribute to the
understanding of the different steps of chromatin assembly. With regards to proteasome studies,
it could be interesting to knoabut putative targets of the proteasome to investigate their

function during chromatin assembly.
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HMT Histone methyltransferase

HP1 Heterochromatin protein 1
HPLC High performance liquid chromatography
HR Homologous recombination

Hsp Heat shock protein

IAA lodoacetamide

iBAQ Intensity based absolute quantification
IF Immunofluorescence

Inh inhibitor

iPOND Isolation of proteins onascent DNA
Irbp Inverted repeat binding protein
Iswi Imitation switch

JMJID2 Jumonji domain 2

K5/K12 Lysine 5/12

Kb Kilobase

KBH KrebsbicarbonateHepesbuffer

L Litre

LB Luria-Bertani

LC-MS/MS Liquid chromatography mass spectrometry
LFQ Labelfree quantitation

Log Logarithm

LSD1 Lysine specific demethylase 1
LTQ Linear trap quadrupole

M Meter

M Milli

M Molar

m/z Massto-charge ratio

Mcm Mini-chromosome maintenance
Me Methylation

Min Minute/minutes

MNase Micrococcal nuclease
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Mrcl
MRM
MS
MS1/2
N
Napl
Nc
NCC
NEM
NHEJ
NP-40
o/n
Orc
PASEF
PBS
PCNA
PCR
Pen/strep
pH
PhD
PI

PIP
PMSF
Ppm
PRM
PSM
PTM
PVDF
Q
Q-TOF
RZ

Rel
Rep
Rfc
RNA
RNA pol Il
RPA
Rpm
Rpn
rRNA
RT

ABBREVIATIONS

Manncse receptor, C type 1
Multiple reaction monitoring
Mass spectrometry

Mass spectrum 1/2

Nano

Nucleosome assembly protein
Nicked

Nascent chromatin capture
N-Ethylmaleimide
Norn-homologus end joining
Nonyl phenoxypolyethoxylethanol
Over night

Origin recognition complex
Parallel accumulatioserial fragmentation
Phosphate buffered saline
Proliferating cell nuclear antigen
Polymerase chain reaction
Penicillin/Streptonycin

Potential of hydrogen

Doctor of Philosophy

Propidium iodide
PCNArinteracting protein motif
Phenylmethylsulphonylfluoride
Parts per million

Parallel reaction monitoring
Peptide spectra matches
Posttranslatonal modification
Polyvinylidene fluoride
Quadrupole
Quadrupoldime-of-flight
Coefficient of determination
Relaxed

Replicate

Replication factor

Ribonucleic acid

RNA polymerase I

Replication proteiA

Revolutions per minute
Proteasome regulatory particle, NAil Paselike
Ribosomal RNA

Room temperature
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ABBREVIATIONS

Rtt106/Rtt109
RV

SAM

Sc

SDS
SDSPAGE
SILAC

SK (bluescript)
SLIDER

SMC
S-phase
SRM
SUV39H1
SWATH

TBE
TBS-buffer
TCP-1
TE-buffer
TFA
Tip60
TOF
TriC/CCT
TSA

Txt

U

Ub
UCHL5
UHRF1
UPS
USP14
uv

V

viv

Vep

wiv

XIC
XRCC
2Zvifile
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Regulator of Tyl transposition 106/109

Reverse

S-adenosyl methionine

Supercoiled

Sodium dodecysuphate

SDSPolyacrylamide gel electrophoresis

Stable isotope labelling by amino acids in cell culture
Sacl and Kpnl cloning sites

Supefrfast predictor of proteins with long intrinsically
disordered regions

Structural maintenance of chromosomes
Synthesigphase

Selected reaction monitoring

Suppressor of variegation®homologue 1
Sequential window acquisition of all theoretical fragment
ion spectra

Tris-borateEDTA buffer

Tris buffered saline

T-complex protein 1

Tris-EDTA buffer

Trifluoroacetic acid

HIV-1 Tat interactive protein, 60kDa

Time-of-flight

TCP-1 Ring complex/chaperoning containing T<CP
Trichostatin A

Text file

Unit

Ubiquitination

Ubiquitin carboxylterminal hydrolase isozyme L
Ubiquitin like with PHD and RING finger domains 1
Ubiquitin Proteasom&ystem

Ubiquitin specific peptidasg4

Ultraviolet light

Volt

Volume per volume

Valosin-containing protein

Weight per volume

Extracted ion chromatogram

X-ray repair crossomplementing protein

Zeiss vision image
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Table 1: Functional Annotation Clustering for factors enriched or repelled

upon TSA.

GO-term analysis of 15 min unperturbed assembly

GO-term analysis of 1 h unperturbed assembly
Enrichment Score: 9.28

Term Count PValue
microtubule cytoskeleton organization 29  2.47E-14
mitotic spindle organization 23 4.60E-13
mitotic cell cycle 26  4.97E-10
M phase 27  4.20E-08
Enrichment Score: 4.80
Term Count PValue
Chaperonin Cpn60/TCP-1 7 9.96E-09
protein folding 14  3.95E-08
Chaperone 8 3.84E-06
G0:0016887~ATPase activity 14  0.007046
Enrichment Score: 3.62
Term Count PValue
nucleotide-binding 30  3.63E-09
atp-binding 23 6.76E-07
ATPase activity, coupled 13 0.00604
ATPase activity 14 0.007046
Enrichment Score: 3.61
Term Count PValue
proteasome 11 4.55E-11
proteasome complex 12 1.87E-08
Proteasome, subunit alpha/beta 7 8.97E-07
proteasome core complex 7 8.17E-06
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FDR
3.87E-11
7.20E-10
7.78E-07
6.58E-05

FDR
1.37E-05
6.18E-05
0.004638
8.940187

FDR
4.39E-06
8.17E-04
7.709858
8.940187

FDR
5.50E-08
2.29E-05
0.001234
0.010008

GO-term analysis of 15 min TSA treated assembly

GO-term analysis of 1 h TSA treated assembly
Enrichment Score: 2.59

Term Count
ligase 12
ligase activity 10
acid-amino acid ligase activity 9

small conjugating protein ligase activity 7

Enrichment Score: 2.08

Term Count
cytoskeleton 10
cytoskeleton organization 23
cytoskeletal part 17
mitosis 10

Enrichment Score: 2.03

Term Count
Transcription factor CBF/NF-Y 4
Histone-fold 4
sequence-specific DNA binding 6

Enrichment Score: 1.98

Term Count
nuclear envelope 10
nuclear pore 7
pore complex 7
organelle envelope 13

PValue
1.91E-04
9.84E-04

0.001069
0.005496

FDR
0.233314
1.314718
1.427017

7.1377

PValue
8.61E-06
3.30E-05
3.56E-04
0.001368

FDR
0.010528
0.052609
0.464948
2.159029

PValue
2.14E-04
0.008696
0.407632

FDR
0.302006
11.5976
99.91201

PValue
8.09E-05
3.54E-04 0.462561
5.06E-04 0.660863
0.064149 58.0273

FDR
0.105%94



GO-term analysis of 4 h unperturbed assembly

Enrichment Score: 7.66

APPENDIX

GO-term analysis of 4 h TSA treated assembly

Enrichment Score: 4.07

Term Count PValue FDR Term Count PValue FDR
microtubule cytoskeleton organization 22 1.76E-10 2.72E-07 chromosome 23 2.24E-05 0.029437
cytoskeleton organization 26  8.11E-10 1.25E-06 chromosomal part 20  2.99E-05 0.039307
mitotic spindle organization 17 3.52E-09 5.44E-06 non-membrane-bounded organelle 44 2.71E-04 0.356303
mitotic cell cycle 22  5.03E-09 7.78E-06 non-membrane-bounded organelle 44 2.71E-04 0.356303
Enrichment Score: 3.43 Enrichment Score: 3.01
Term Count PValue FDR Term Count PValue FDR
glycolysis 7 6.80E-08 8.09E-05 DNA metabolic process 17  5.77E-05 0.092643
gluconeogenesis 4 2.69E-05 0.032023 DNA repair 10 6.16E-04 0.98601
binding site:Substrate 4 0.095377 71.81538 cellular response to stress 13 8.41E-04 1.343486
sequence variant 8 0.24148 96.95562 response to DNA damage stimulus 10  0.001459 2.318664
Enrichment Score: 2.73 Enrichment Score: 2.24
Term Count PValue FDR Term Count PValue FDR
protein folding 10 1.79E-05 0.027585 translational initiation 8 2.72E-04 0.43593
Chaperone ) 2.00E-04 0.23782 translation initiation factor activity 8 3.37E-04 0.457158
Chaperonin Cpn60/TCP-1 4 3.78E-04 0.49338 protein biosynthesis 8 0.001828 2.213803
unfolded protein binding 6 0.003623 4.63903 Initiation factor 4 0.027596 28.99392
Enrichment Score: 2.73 Enrichment Score: 2.18
Term Count PValue FDR Term Count PValue FDR
proteasome 8 1.48E-07 1.76E-04 cytoskeleton 10 4.34E-05 0.053145
proteasome complex 9 5.23E-06 0.006187 cell cycle 10  7.91E-05 0.096712
Proteasome, subunit alpha/beta 6 7.74E-06 0.010139 microtubule cytoskeleton organization 15  0.010139 15.10588
ubl conjugation pathway 3 0.232195 95.68984 spindle organization 12 0.01656 23.53692

Table 1, Appendix: Coloured Proteins with Log2(x) values in Fig. 3. 11B were processed with the Functional
Annotation Tool from DAVID Bioinformatics Resources 6.7, NIAID/NIH. FBgn numbers were uploaded as list
and used dr the search for G@rms of biological processes according to sophila melanogaster
background with a threshold of 2 counts and an EASE of 0.1. Table shovisr@®with highest enrichment
scores for proteins enriched or repelled upon TSA treatfoesamples after all three time points of assembly.

Figure 1. Histone modification analysis upon TSA treatment

A
Histone extration Propionylation Targeted LC-MS/MS Quantification
PTM ! A A .
analysis from —>» and tryptic by multiple reaction —» of ion extracted
SDS-PAGE digestion monitoring HR chromatograms
B peptide H4 aa4-17 C Acetylation level upon TSA
100 Mun Jac1 Mac2 [Hac3[0ac4 30 HMun [Jact Wac2 [Jac3[Dacs
v i —
_g 80 |- = 2.5
a
o] 220
el 3
£ |-—|_ 1.5F
= 40 Z
2 g0+
Y— ]
o) o
< 20T 05
0.0
15min  1h 4hrs 15min 1h  4hrs 15 min 1h 4 hrs
-TSA +TSA

Figure 1, Appendix: A: Workflow of PTM analysis by MRVHR analysigsee section 2.2.8Mass spectrometry
methods/Histone modification aals on LGMS/MS on QTOF mass spectrometeB: Quantification of MRM

HR data for histone peptide H4 aa4. unmod, unmodified; ac, acetylation; me, methylation; TSA, Trichostatin
A. (see section 2.2.7Software Methods/Data analysis of histone modificet). C: Ratio of acetylation levels

on peptide H4 aad7 comparing treatmeratnd netreatment in the time course of 15 min, 1 h ands4 h
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Table 2 Identified Peptides with GlyGly(k) modifications in vitro and in

138

VIVO.

In vitro identified peptides with GlyGy(K) modification
Hybase Protein Protein Name Sequence Window Modified Sequence
FBpp0071216 Lim1-PA DSQAENKSPDDAN _ GDSQABNK(gl)SPDDANGSK
FBpp0072752 osm-1-PA VDNYTGKKQTIIS _IIVDNYTGK(gl)K(gl)_
FBpp0075096 QG9951-PA VQIDGEKIKNVIT _BEVQIDGEK(gl)_
FBpp0075754 QG5642-PA FANDINRKIKNINI _ ANDINRK(gl)_
FBpp0077420 QG9961-PA DNKKKVKADPAKY _KVK(g)ADPAK
FBpp0077690 Lsplbeta-PA DYEMWMKMTM YEK _FDYBEVI(oX)WM (0x)K(g)M (0x) TM (ox) YBK(al)_
FBpp0078469 katanin-60-PA YRGESEKMVRIIF _GESE(gI)M (0X)VRIFEM(0X)AR_
FBpp0079682 Lip4-PA VHERPKNERISM _IIGVHERPK(gl)_
FBpp0079976 PICK1-PA FFFEEDKMGMTVS _(ac)M(ox)I TDTEDDFRFEEDK(gl)M (0X)GM (0X) TVSTNAWITK(gl)_
FBpp0081012 QG8671-PA GMARMMKKKKYKF _MTIIGPSAPGM (0x)ARV (0x)M (ox)K(glK(gl)_
FBpp0082056 0G5196-PA KKCEGYKAPRSHH _KCEGYK(gAPR
FBpp0082173 QG11668-PA GQIIBKRSQHP _GQIBK(@NR_
FBpp0082175 Hsc70-2-PA KIEVERKGER<RF _IEVEK(@)GER _
FBpp0082205 QG8630-PA WM FQKKM YAWM _K(gl)M(0x) YFVWM (ox)PICCFAIPM (0X)IFPYYWM (0X)GSSIR
FBpp0082485 QG3987-PA IAEDQIKNNTIWW _ (ac)M(0X)AHIM (0X)IKIGM (0X)M (0X) OGI IHIITFGVIAEDQIK(gl)_
FBpp0083145 Oypl2a4-PA MSMVIPGGKYKNMBE _INM(ox)WAISM (0x)K(gl)M (0x)SM (ox)PGGK(gl)_
FBpp0084150 vig2-PB EPAKAPKAPKSKS _KPEPAK(gI)APK(gl)_
FBpp0085859 Dp1-PC TSYWGPKN _ NITAPNTQSQEDFPHRAAGGAPVASTPITSYWGPK(gl)_
FBpp0086114 EDTP-PA IMVENRKIKYRMA _K(g)IK(gl) YAM (0X)AVSSSEK
FBpp0111524 Pvf3-PA KAKMVQKRRIHYN _MVQK(@)RR_
FBpp0111545 Rgk2-PA KEKREKKATASKM _K(@ATASKMK(gl)_
FBpp0288417 Ir25a-PB NKRQIEKIKEKWW _QIEK(g)IKEK_
FBpp0291066 (0G30410-PB WASCAKHAWA _HMVIIKGGGGAIQEKVWASCAK(gI)_
FBpp0291508 QG14967-PB AEQM GKRAKRDV _IYGNICGAEQMGX(gR_

In vivo identified peptides with GyQy(K) modification
Ensemble Protein  Protein name Sequence window GlyGly (K) Probabilities
ENSP00000396320 SON4AA HUMAN  KKKLGGKDIAV TEEQKKYYNAMKKLGSKKPQ  DIFMTHEEQK(1)
ENSP00000390667 DLDH_HUMAN ASRGIEMSEVRINLDKMMEQKSTAVKALTGG  LNLDK(0.98)MMEQK(0.02)
ENSP00000220058 FAVIT_HUMAN 1M QIRPKRFDVGPILKQETVPVPPKSTAKEL FDVGPILK(1)
ENSP00000385990 FAKD2 HUMAN  MLTTLKPFGSVSVEKMNNKAGSHRFWNLRQF  PFGSVSVEK(1)
ENSP00000241704 COPA HUMAN  LSALYUTGNLEKLRKMMKIABRKDMSGHY — K(1)MMK(1)IABR
ENSP00000258198 DC1L2 HUMAN  ESQKWASVIREHIDKMKIPPEKMRALERKF  EHIDK(0.828)MK(0.172)IPPEK
ENSP00000261606 MYOM1 HUMAN  KLVDEARKHMMEVCKKIALSATDLKIQSTA HMMEVOK(0.976)K(0.024)
ENSP00000262435 SMUR2_HUMAN  BLIIGGLGKIDVNDWKVNTRLKHCTPDSNIV IDVNDWK(0.998)VNTRLK(0.002)
ENSP00000263674 ARHGH_HUMAN  ALRQEMVIEVKAIGGKKDRILALFTDLIVCT AIGGK(0.5)K(0.5)DR
ENSP00000393722 E41L5_HUMAN  LFPWPKITRIDFKKNKLTLWAVEDDDQGKEQ  LDRK(1)K(1)NK(1)
ENSP00000382350 TINF2_HUMAN RNLGFPTQVISKPEKEEHAIYTADLAMGTR PEX(1)EEHAIYTADLAMGIR
ENSP00000345230  TPM4_HUMAN MDAIKKKMQMLKLDKENAIDR,  K(1)K(1)MQMLK
ENSP00000354322 GONAL HUMAN  LPSGSQSAKPVSQPRKSTQPDVCASPQEKPL  PVSQPRK(1)
ENSP00000385659 R27A HUMAN  VKLAVLKYYKVDENGKISRIRRECPSDECGA VDENGK(1)IR
ENSP00000378710 F135B_ HUMAN  H.GLPGGKLDAM SEKNQMDTFADFDTMTDR  LDALM SEK(1)
ENSP00000347255 SONBA HUMAN  LHGVIIDNANQQKKKFGGQDIFMTEEQKKY  K(0.22)K(0.78)FGGQDIRVITEEQK
ENSP00000328494 Ki21B_ HUMAN RLKKKEVRQRRKSPEKEARKKRAKLQQENSE PE()EAK
ENSP00000299314 GNPTA_HUMAN  LKH.QQVREQMEEEQKAMRALGKNTTEPTK  EQMEEEQK(1)AMR
ENSP00000300035  PAF15_HUMAN  VPGTYRKWAARAPRKVLGSSTSATNSTSVS  K(1)VLGSSTSATNSTSVSSR
ENSP00000388560 7B2_HUMAN PGLGKWNKKLLYEKM KGGERRKRRSVNPYLQ  LLYEK(1)MK(1)GGER
ENSP00000357373  TPD53_HUMAN  QVLSAKERHLVEKQKLGMNLMNBEKQNFX  QK(1)LGMNLMNBEK
ENSP00000306678 ANKKL_HUMAN  ALRSRKQGIMSALEGKEPSVATLGGKPGAE  QGIMSALEGK(1)
ENSP00000321000 CE152_ HUMAN  QQLEKEWQSKLDQTIKAMKKKTLDOGSY LDQTIK(1)AMK(1)
ENSP00000380180 H2B1C HUMAN  HAKHAVSEGTKAVTKYTSK AVTK(D)YTSXK
ENSP00000395368  G3VOI5_HUMAN ~ WRLKGI.SRGDWYKTKHLLKGPDWILGEK  TK(1)BLLK
ENSP00000339063 EFIAL_ HUMAN  AKSGDAAIVDMVPGKPMCOVEFDYPPLGR  SGDAAIVDMVPGK(1)PMCVESFSDYPPLGR
ENSP00000349634 ZGPAT_HUMAN  GWEVHTRGIGSRLLTKMGYEFGKGLGRHAEG  LLTK(0.994)M GYERGK(0.006)
ENSP00000343221  LR369 HUMAN  LSGGKNTKITLINGKKMTKMPSALGKLPGLK  IITLNGK(0.359)K(0.641)
ENSP00000348089 ERO6_HUMAN  KSEAKEQSNDDYVLEKLFKKSVGVHSVYMKHD  SEAK(1) EQSNDDYVLEK()
ENSP00000352185  PHR2._ HUMAN GLAAAAAKL SQQEEQKSKKKKSAKRKLTPNT  LSQQEEQK(L)K(1)K(1)
ENSP00000353518  ANSIA HUMAN MGKEQHELLEAARTGHLPA  GK(1)EQELLEAAR
ENSP00000356822 ADCYA HUMAN  VAIWYARLQEWDNFYKFSNRAKNLLPRRTMT  LOBEWDNFYK(0.833)FSNRAK(0.167)
ENSP00000392131  A2A3P3_ HUMAN  LQEALIDTEKKLERKKQOQDKETQLICQKK LEAK(0.999)K(0.999)QCQDK(0.002)
ENSP00000358596  DUS5_HUMAN MKVTSDGRQLRKMLRK  K(1)VTSLDGR
ENSP00000360069 ZN831_HUMAN  AEKPWDAKAPEGRIRKCESTDSGYLSRDSA  LRK(1)CESTDSGYLSR
ENSP00000361818  SDCA4_HUMAN IPERAGSGSQVPTEPKKLEENEVIPKRISPV AGSGQVPTEPK(0.823)K(0.177)
ENSP00000367851 CY24B HUMAN  TKWTHPRKTIELQMKKKGRKMEVGQYIFVK  TIELQMK(0.495)K(0.495)K(0.01)
ENSP00000381568 E9PB39_HUMAN  IPRIA.RINHKKOQMQKLVKAAKDGTKDGLER ~ SNHK(1)K(1)QMQK(1)
ENSP00000390546  H7BZNG_HUMAN  GPVTGSASRGPARGPKGMVIRSTWWLGFPNF - GPK(1)GMVIR
ENSP00000419325 SUCB2 HUMAN  LKVPLWRLEGTRMEKKGSYMHIKQETGNSN  LEGTRVIEK(0.964)K(0.036)



List 1: Kinetics of unperturbed chromatin assembly.

Name

CG42593PC
mod(mdg4)PF
RanBP3PA
PCNA-PB
hangPD
Bap55PA
CG10565PB
GAPseePA
SsrpPA
CG6950PD
Gnfl-PA
dre4PB
MIf-PC
CG9485PF
ArfGAP1-PB
hyd-PB
Dsorl:PB
CG13690PA
Caf1-180-PB
borr-PB
CSN8PB
CG17209PC
HmgZ-PD
Rpd3PA
ParpPB
OtePA
Orcl-PA
Aatsile-PD
barrPC
Rrp46PA
CG18004PB
lola-PD
Dpy-30L1-PA
RfC38-PB
Rad9PB
SmD1PA
RfC3-PA
Arpc2-PB
Snrl-PA
CG30185PA
CG33123PB
CG9914PB

Flybase gene
identifier
FBgn0260970
FBgn0002781
FBgn0039110
FBgn0005655
FBgn0026575
FBgn0025716
FBgn0037051
FBgn0035916
FBgn0010278
FBgn0037955
FBgn0004913
FBgn0002183
FBgn0034051
FBgn0034618
FBgn0020655
FBgn0002431
FBgn0010269
FBgn0031252
FBgn0030054
FBgn0032105
FBgn0261437
FBgn0030687
FBgn0010228
FBgn0015805
FBgn0010247
FBgn0266420
FBgn0022772
FBgn0027086
FBgn0014127
FBgn0037815
FBgn0033566
FBgn0005630
FBgn0032293
FBgn0028700
FBgn0025807
FBgn0261933
FBgn0032244
FBgn0032859
FBgn0011715
FBgn0050185
FBgn0053123
FBgn0030737

Log2
(Median
(15min/4hrs))

4.5971047¢
4.40509379¢
3.97321271¢
3.28150494¢
3.2412315z
3.20788318¢
2.84943318:
2.73449954:
2.65028008¢
2.64910724¢
2.59225791
2.56445150:
2.553629785
2.4649267¢
2.46255595]
2.42585984¢
2.38481278¢
2.37324583¢
2.28172308¢
2.199839591
2.140651091
2.13599427:
2.10979980¢
2.09980294
2.090926931
2.08410531¢
2.06750815¢
2.058235669
2.03792421;
2.03390209¢
2.01992169¢
2.01032537¢
1.94109226¢
1.94002978
1.923440081
1.88415834
1.85448235]
1.776648¢
1.77611813¢
1.67103172i
1.66725626¢
1.66268819¢

Name

CG42232PB
CG4069PA
Cafl-105-PA
HmgD-PD
RfC4-PA
CG4951PB
Aprt-PD
Etl1-PA
wde-PB
cin-PA
Bet3PA
Acfl-PA
SMC2-PA
Aats-arg-PA
CG14036PA
WUpA-PA
CG6195PA
CG8243PA
AatsgluproPA
CapG-PF
mtd-PU
AatsaspPC
ash2PC
gw-PJ
Tap42PA
Aatslys-PA
nbsPE
RpS15PB
CstR64-PA
MBD-R2-PB
Rpi-PC
SH3PX1PA
Rox8PH
Iswi-PC
KIp3A-PB
bigmaxPA
osaPE
FANCI-PA
mor-PA
Abpl-PA
fon-PC
CG8142PA

Flybase gene
identifier
FBgn0250754
FBgn0036301
FBgn0033526
FBgn0004362
FBgn0260985
FBgn0039563
FBgn0000109
FBgn0032157
FBgn0027499
FBgn0000316
FBgn0260859
FBgn0027620
FBgn0027783
FBgn0027093
FBgn0031677
FBgn0004028
FBgn0038723
FBgn0033349
FBgn0005674
FBgn0259876
FBgn0013576
FBgn0002069
FBgn0000139
FBgn0051992
FBgn0051852
FBgn0027084
FBgn0261530
FBgn0034138
FBgn0027841
FBgn0038016
FBgn0050410
FBgn0040475
FBgn0005649
FBgn0011604
FBgn0011606
FBgn0039509
FBgn0261885
FBgn0033354
FBgn000Z83
FBgn0036372
FBgn0032773
FBgn0030871

APPENDIX

Log2
(Median
(15min/4hrs))

1.64679525
1.626599001
1.61480954¢
1.61325266¢
1.60319123=
1.60254010¢
1.59262704¢
1.59134334¢

1.5654208
1.55773019¢
1.55660812¢
1.53486576¢

1.52190871
1.51469134:
1.49870322¢
1.47145377i
1.46465088¢
1.45341440i
1.45181161¢
1.43542473¢
1.41181528¢
1.37399488:
1.35951139¢
1.35247301¢
1.314873731
1.30635382¢

1.2872125¢
1.26795503¢
1.26271782¢
1.24769945¢
1.24334349
1.24138421:
1.21484591¢
1.208538011
1.19817268-
1.18209178]
1.17994338¢
1.17815901¢
1.17327468:
1.16987109¢
1.168506821

1.1606982¢
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Name

CG8235PA
Max-PD
CapD2-PA
CG15106PA
MEP-1-PG
mrellPA
rad56PD
CG5098PC
CG12129PA
CG12304PA
CG6045PA
CG13142PC
gkt-PA
Chrac14-PB
Prp19PA
RanGARPB
CSN7-PA
Rrpl-PA
CG2982PC
Aatsgin-PA
Top2-PB
Srp3PA
Cafl-PA
CG1646PB
RhoGDIPB
DIC90RPA
RpLP1-PB

FK506bp1-PA

lola-PR
elF5B-PF
CG33156PF
CG14309PA
lolal-PH
aspPA
CG15047PA
Mi-2-PD
PI131-PF
pnutPA
glu-PA
Sipl-PA

elF2B-deltaPD

CG12173PA
CG2924PE
Tal-PA
RaelPA
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Flybase gene
identifier
FBgn0033351
FBgn0017578
FBgn0039680
FBgn0034401
FBgn0035357
FBgn0020270
FBgn0034728
FBgn0034300
FBgn0033475
FBgn0036515
FBgn0038349
FBgn032251
FBgn0260817
FBgn0043002
FBgn0261119
FBgn0003346
FBgn0028836
FBgn0004584
FBgn0266570
FBgn0027090
FBgn0003732
FBgn0035827
FBgn0263979
FBgn0039600
FBgn0036921
FBgn0024432
FBgn0002593
FBgn0013269
FBgn0005630
FBgn0026259
FBgn0053156
FBgn0038611
FBgn0022238
FBgn0000140
FBgn0030938
FBgn0262519
FBgn0033669
FBgn0013726
FBgn0015391
FBgn0010620
FBgn0034858
FBgn0037305
FBgn0023528
FBgn0023477
FBgn0034646

Log2
(Median
(15min/4hrs))

1.16049971
1.15568577¢
1.13442709¢
1.13139621¢
1.10745137¢
1.090924701
1.080069231
1.07153266¢
1.07034789:
1.0659321:<
1.05639866¢
1.05240456:
1.04398155¢«
1.04042731¢
1.024314821
1.023561451
1.02176674:
1.01541203¢
1.01216182
1.00576485¢
1.00368351¢
0.99998393¢
0.99305219¢
0.98942261¢
0.97124430¢
0.96219507¢
0.93640105¢
0.93268042:
0.9237665¢
0.91477838:
0.90172978¢
0.901700707
0.89737101¢
0.88050196
0.85623737¢
0.84911897¢
0.84774361¢
0.83989472¢
0.825513¢€
0.82354034¢
0.817086771
0.80757697¢
0.80096465:
0.79957975¢
0.79692142

Name

Rab5PI
eggPA
Chd64PB
FentPA
BigH1-PA
lig-PK
Rab35PD
CG14116PA
CG41099PE
Chrac16-PB
CG7339PB
CG15717PE
el~3p66PB
magcePA
CG4300PC
Nup932-PA
sqhPE
Nsun2PA
nesdPA
vih-PA
mbo-PA
CG32164PB
slePB
Rrp4-PB
CG30122PD
Trn-PD
mod-PC
Drep-2-PC
CG2918PB
Cpl1906PB
tefu-PB
Hrb27GPH
Cul4-PB
Arf79F-PJ
CG1103-PB
Ice-PA
Bx42-PB
Got2-PA
DspX:PG
Dis3-PB
CG3731PB
ypsPA
Nup9896-PD
CG17266PB
IncenpPB

Flybase gene
identifier
FBgn0014010
FBgn0086908
FBgn0035499
FBgn0025832
FBgn0038252
FBgn0020279
FBgn0031090
FBgn0036352
FBgn0039955
FBgn0043001
FBgn0036188
FBgn0030451
FBgn0040227
FBgn0002736
FBgn0036272
FBgn0038274
FBgn0003514
FBgn0026079
FBgn0032848
FBgn0264848
FBgn0026207
FBgn0042177
FBgn0037810
FBgn0034879
FBgn0050122
FBgn0024921
FBgn0002B80
FBgn0028408
FBgn0023529
FBgn0000283
FBgn0045035
FBgn0004838
FBgn0033260
FBgn0010348
FBgn0030321
FBgn0019972
FBgn0004856
FBgn0001125
FBgn0011764
FBgn0039183
FBgn0038271
FBgn0022959
FBgn0039120
FBgn0033089
FBgn0260991

Log2
(Median
(15min/4hrs))

0.78101293¢
0.77636197:
0.77039741¢
0.7693874
0.749942471
0.74621521¢
0.7424032¢
0.74198793:
0.73689471¢
0.73139446¢
0.71622158¢
0.71546698:
0.684056587
0.67538583¢
0.67124752¢
0.66937564
0.64749637:
0.63624097
0.63580998
0.634765281
0.632618347
0.62333772¢
0.619903531
0.61839863:
0.61184365~
0.60820278¢
0.60771461
0.60622514:
0.59274072
0.58775968¢
0.5854826¢
0.5821685¢
0.57714318¢
0.57573757¢
0.57573033¢
0.57123722¢
0.57016457¢
0.56636528¢
0.55777954
0.548762627
0.548665877
0.539504.16
0.53114323¢
0.52677814:
0.51857885¢



Name

CG7656PF

Hrb87FPE
DNApol-delta
PA

Srp54kPA
CkllbetaPE
NacalphaPD
Msh6-PA
RpL22-PA
CG8386PA

neroPA
elF2gamma
PD

TflIS-PB
elF2alphaPB
Cp36PA
decl1-PB
Atx2-PB
StamPA
SmnPB
Rpb8PA
CG11164PB
CG12018PA
CG16712PB
PHGPxPD
lap-PF
bif-PD
RpS25PB
Ama-PC
CcsPC
elF3-S8PB
CG11107PB
endosPF
Akap200PG
UbgnPB
Map205PB
fax-PC
Mapmodulin
Su(var)205PB
mahjPB
pontPA
ALiX -PA
PPP4R2PC
UK114-PB
IgfR-PD
msd5PA

Flybase gene
identifier
FBgn0036516
FBgn0004237

FBgn0263600
FBgn0010747
FBgn0000259
FBgn0086904
FBgn0036486
FBgn0015288
FBgn0034061
FBgn0261479

FBgn0263740
FBgn0010422
FBgn0261609
FBgn0000359
FBgn0000427
FBgn0041188
FBgn0027363
FBgn0036641
FBgn0037121
FBgn0030507
FBgn0027903
FBgn0031561
FBgn0035438
FBgn0086372
FBgn0014133
FBgn0086472
FBgn000071
FBgn0010531
FBgn0034258
FBgn0033160
FBgn0061515
FBgn0027932
FBgn0031057
FBgn0002645
FBgn0014163
FBgn0034282
FBgn0003607
FBgn0034641
FBgn0040078
FBgn0086346
FBgn0030208
FBgn0086691
FBgn0261279
FBgn0035210

Log2
(Median
(15min/4hrs))

0.5146500¢4
0.50243920z

0.499450921
0.495981121
0.478274641
0.46896974¢
0.46728741¢
0.456393281

0.4553376=

0.4393969¢

0.43893205¢

0.43622137
0.43622115:
0.43611829:
0.42959698
0.41612300¢
0.41111873¢

0.4106994<
0.40887384
0.40722859¢
0.40687460¢
0.397922891
0.39503000:
0.39395682:
0.39223499¢
0.391904241
0.38703585:
0.38593387:
0.37924845¢
0.37187805¢
0.36679494¢
0.36250394¢
0.36050974:
0.357618989
0.353002691
0.35278861¢
0.33584921¢
0.33567725i

0.3348064¢
0.33323026¢
0.317300901
0.31206823¢
0.30269375¢
0.30123991¢

Name

PpD3PC
speltPF
CanB2PB
BrucePC
encPH
spagPA
cpaPA
reptPC
vib-PC
CG11444PB
hephPZ
PenPA
batPB
CG8149PA
CG14207PD
His4r-PD
RpS10bPE
(2)k14710PB
DNA-ligl-PA
Hrb98DEPF
RpLP2PA
dj-1betaPA
SA-PA
Hmg-2-PA
Swip-1-PB
CG16406PB
Nup5GPA
GI-PA
Npl4-PD
Atg7-PA
Alg-2-PC
deltaCOPPA
woc-PE
Nup43PA
ndl-PA
btz-PD
RpS18PA
CG2046PA
smid-PA
swm-PB
D1-PD
AGO2-PC
Pp187B-PA
CLIP-190-PB
tyf-PM

Flybase gene
identifier
FBgn0005777
FBgn0015546
FBgn0015614
FBgn0266717
FBgn0004875
FBgn0015544
FBgn0034577
FBgn0040075
FBgn0262468
FBgn0029715
FBgn0011224
FBgn0011823
FBgn0031977
FBgn0037700
FBgn0031037
FBgn0013981
FBgn0261593
FBgn0021847
FBgn0262619
FBgn0001215
FBgn0003274
FBgn0039802
FBgn0020616
FBgn0026582
FBgn0032731
FBgn0030478
FBgn0033264
FBgn000108
FBgn0039348
FBgn0034366
FBgn0086378
FBgn0028969
FBgn0010328
FBgn0038609
FBgn0002926
FBgn0045862
FBgn0010411
FBgn0037378
FBgn0016983
FBgn0002044
FBgn0000412
FBgn0087035
FBgn0004103
FBgn0020503
FBgn0026083

APPENDIX

Log2
(Median

(15min/4hrs))

0.296022087
0.295150951
0.29210499:
0.29175998:
0.26466953
0.26416547
0.26099381:
0.25590083¢
0.254816621
0.2487471¢
0.243785607
0.23799792:
0.237548625
0.236643201
0.23218057:
0.23118341
0.22922453¢
0.21995475¢
0.21459755:
0.19493536
0.18455360¢
0.17627730:
0.17499584¢
0.17220111
0.16735175¢
0.1624694¢
0.1570733¢
0.15631900¢
0.15119312¢
0.15070037¢
0.139413¢%
0.13353998:
0.130439¢
0.118770471
0.11395219¢
0.11374042¢
0.11289022:
0.11183179¢
0.10674872¢
0.10174273¢
0.098104341
0.09773518¢
0.09732598¢
0.095108771
0.08691058<

141



APPENDIX

Name

alphaSnagPA
Lis-1-PG
nonA-PD
CG6028PA
Mlc-c-PA
Fs(2)KetPE
jar-PL
Nupl154PD
JupiterPC
Nplp2-PB
CG3689PC
RanBPMPF
sqdPB
CG6543PB
Tm2-PG
trsnPA
Smc5PH
bl-PF
Nup358PA
1(2)06496PB
CG13217PA
RacktPD
CTPsynPC
1(2)09851PB
Lsd-2-PA
FerlHCHPI
cswPB
tws-Pl
CG14352PA
tral-PC
pix-PB
CG32066PB
SetPA
gammaCOP
CG10222PB
CG1®B35PA
CG7182PB
CG9330PA
lostPA
CkllalphaPG
vig2-PB
TFAM-PA
AP-1gammaPl
B52-PO
Edc3PB

142

Flybase gene
identifier
FBgn0250791
FBgn0015754
FBgn0004227
FBgn0038924
FBgn0004687
FBgn0262743
FBgn0011225
FBgn0021761
FBgn0051363
FBgn0040813
FBgn0035987
FBgn0262114
FBgn0263396
FBgn0033879
FBgn0004117
FBgn0033528
FBgn0052438
FBgn0015907
FBgn0039302
FBgn0010622
FBgn0033590
FBgn0020618
FBgn0266452
FBgn0022288
FBgn0030608
FBgn0015222
FBgn0000382
FBgn0004889
FBgn0031351
FBgn0041775
FBgn0086706
FBgn0052066
FBgn0014879
FBgn0028968
FBgn0036356
FBgn0035603
FBgn0035878
FBgn0036888
FBgn0263594
FBgn0264492
FBgn0046214
FBgn0038805
FBgn0030089
FBgn0004587
FBgn0036735

Log2
(Median
(15min/4hrs))

0.08251596
0.08069694<
0.07897459¢
0.07657092¢
0.07369944:
0.06949948:
0.068118811
0.06602601+¢
0.06585867
0.06460733:
0.0573301z
0.05459110¢
0.05219441
0.05173203¢
0.04850274¢
0.04665544:
0.04274836¢
0.04033789¢
0.03697750¢
0.03667575i
0.02830359¢
0.02280636<
0.01222472¢
0.01104992
0.00872069
0.0076174<
0.00529760¢
0.0027918
0.00126839¢
-0.00324706¢
-0.00786109¢
-0.00856790¢
-0.01279916¢
-0.014306671
-0.01454695:
-0.01526728¢
-0.01855401¢
-0.0216079<
-0.02449760:
-0.02451160:
-0.02875237¢
-0.03370002¢
-0.03791642¢
-0.03984062¢
-0.03997209¢

Name

CG30118PA
TangoZPB
Rbp2PE
BicC-PB
CSN3PA
La-PA
wmd-PB
Rrp40PB
cathD-PA
Mhc-PU
CG17737PA
SmD2PA
bic-PB
und-PC
taccPlI
His3.3B-PE
Pp419GPH
RfabgPD
CG3760PC
ebiPA
Rho1PG
kay-PF
[(3)72Ab-PA
CG5171PD
CG7332PB
Mcm2-PA
EfTuM-PB
lds-PA
His2A:CG3386
5-PA
Rab2PB
CG2852PD
Klp10A-PF
CG7945PA
CG15439PA
zip-PD
poePB
Pp2B14D-PC
CG8636PA
sggPH
Cand1PB
Husklike-PB
Suvar)37-PA
Prx25401-PA
CG5174PP

Flybase gene
identifier
FBgn0050118
FBgn0033902
FBgn0262734
FBgn0000182
FBgn0027055
FBgn0011638
FBgn0034876
FBgn0260648
FBgn0029093
FBgn0264695
FBgn0035423
FBgn0261789
FBgn0000181
FBgn0025117
FBgn0026620
FBgn0004828
FBgn0023177
FBgn0087002
FBgn0022343
FBgn0263®33
FBgn0014020
FBgn0001297
FBgn0263599
FBgn0031907
FBgn0030973
FBgn0014861
FBgn0024556
FBgn0002542

FBgn0053865
FBgn0014009
FBgn0034753
FBgn0030268
FBgn0036505
FBgn0031606
FBgn0265434
FBgn0011230
FBgn0011826
FBgn0029629
FBgn0003371
FBgn0027568
FBgn0026417
FBgn0003598
FBgn0033520
FBgn0034345

Log2
(Median
(15min/4hrs))

-0.04137429¢
-0.04632678¢
-0.046554081
-0.047023091
-0.05263005¢
-0.05625984¢
-0.05805469:
-0.05880539¢
-0.06191603¢
-0.06427905:
-0.06857116¢
-0.07157631¢

-0.0719360z2
-0.07478478:
-0.07886207¢
-0.08319020¢
-0.08427138:
-0.087795081
-0.09309618¢
-0.093675411
-0.09733817i
-0.097995711
-0.10085488¢
-0.10249972¢
-0.10254970¢
-0.10315399¢
-0.10€37698
-0.114605421

-0.11480884¢
-0.11488412¢
-0.11622810¢
-0.119868647
-0.12294651:
-0.125315305
-0.12553560¢
-0.12568745¢
-0.13214813¢
-0.13659743:
-0.137188681
-0.13960489¢
-0.14008100¢
-0.140564981
-0.14258720¢
-0.14296590¢



Name

AP-2alphaPA
Su(var)210
His3:CG33866
RpS8PG
CG7261PA
hoip-PB
CG9286PA
Irp-1B-PA

DhpD-PA
DNApol-
alphal86PA

CG4646PB
Arpc3A-PE
Ssbc3laPA
Cdk7-PA
SF2PB
CG6907PB
el~4B-PB
belPA
Khc-PA
GstS1PC
Rpn5PA
mspsPC
Fib-PA
Sap47PE
betaCOPPA
CG3448PB
noctePD
TsPB
Tripl-PA
CG11334PC
shi-PP
eRFXPH
alphaTub84B
Karybeta3PB
janA-PA
Art3-PB
Usp%PC
Act88F~PA
elF3-S9-PA
Moe-PK
alphaT67C
RnrSPA
Grip84-PE
CG3430PA

Flybase gene
identifier
FBgn0264855
FBgn0003612
FBgn0053866
FBgn0039713
FBgn0027509
FBgn0015393
FBgn0038183
FBgn0024957
FBgn0261436

FBgn0259113
FBgn0033810
FBgn0038369
FBgn0015299
FBgn0263237
FBgn0040284
FBgn0031711
FBgn0020660
FBgn0263231
FBgn0001308
FBgn0010226
FBgn0028690
FBgn0027948
FBgn0003062
FBgn0013334
FBgn0008635
FBgn0035996
FBgn0261710
FBgn0024920
FBgn0015834
FBgn0039849
FBgn0003392
FBgn0036974
FBgn0003884
FBgn0087013
FBgn0001280
FBgn0038306
FBgn0030366
FBgn0000047
FBgn0034237
FBgn0011661
FBgn0087040
FBgn0011704
FBgn0026430
FBgn0031875

Log2
(Median
(15min/4hrs))

-0.14910446:

-0.1492093¢
-0.14939860:
-0.1527B754
-0.15635251/
-0.15713836¢
-0.15827305¢
-0.16266459¢
-0.164677361

-0.17481232¢
-0.1768B13
-0.18086621:
-0.18266276:
-0.18462917:
-0.18475363¢
-0.188746081
-0.19094082¢
-0.193561527
-0.19456248¢
-0.199090191
-0.203727821
-0.20564999¢
-0.20793504<
-0.2098180¢
-0.212526771
-0.21526413¢
-0.21684082¢
-0.22031302¢
-0.22271511:
-0.23204661¢
-0.23357282¢
-0.23518999¢
-0.23545748
-0.23674672:
-0.23923811;
-0.24160198¢
-0.24210644
-0.24222748¢
-0.24535988¢
-0.24569795¢
-0.24714495¢
-0.2473568
-0.24737892¢
-0.25261531;

Name

CG1943PD
Droj2-PE
CG5642PA
Act42A-PA
shrbPA
wdb-PE
AMPdeamPJ
CG9281PD
CG30499PB
CtBP-PG
Hsc7G3-PE
x16-PB
EloB-PA
cactPE
CG3523PA
Secl3PB
CG10289PC
aubPA
Sgtl-PA
Arpl-PA
Drpl-PB
dpaPB
LM408-PB
CG7834PB
CG17202PA
CG4365PC
Prp&PA
polo-PB
benPE
CG1218PA
fit-PA
Argk-PA
Gclc-PD
tsu-PA
CG2246PG
CG8209PA
staiPC
Nup58PA
TxI-PA
betaTub56D
pAbp-PB
Cul2-PB
CG18067PB
me31BPA
mbfl-PE

Flybase gene
identifier
FBgn0037468
FBgn0038145
FBgn0036258
FBgn00043
FBgn0086656
FBgn0027492
FBgn0052626
FBgn0030672
FBgn0050499
FBgn0020496
FBgn0001218
FBgn0028554
FBgn0023212
FBgn0000250
FBgn0027571
FBgn0024509
FBgn0035688
FBgn0000146
FBgn0265101
FBgn0011745
FBgn0026479
FBgn0015929
FBgn0027611
FBgn0039697
FBgn0038043
FBgn003024
FBgn0033688
FBgn0003124
FBgn0000173
FBgn0037377
FBgn0038914
FBgn0000116
FBgn0040319
FBgn0033378
FBgn0039790
FBgn0035830
FBgn0266521
FBgn0038722
FBgn0035631
FBgn0003887
FBgr0265297
FBgn0032956
FBgn0034512
FBgn0004419
FBgn0262732

APPENDIX

Log2
(Median

(15min/4hrs))

-0.25315666:

-0.25315817
-0.25500241¢
-0.25580383¢

-0.2559794¢
-0.26106977:

-0.26448137
-0.266235471
-0.26995414:
-0.27128769¢
-0.27133790¢
-0.276847011
-0.28059589¢
-0.283070641
-0.28891692¢
-0.28947998¢
-0.29195287¢
-0.29217211¢

-0.2974175¢
-0.302164757
-0.30322118¢
-0.30333964¢
-0.30477735]
-0.304819781
-0.306197751
-0.30640987¢
-0.309762147
-0.31662725¢
-0.31779230¢
-0.31849672¢
-0.31939174¢
-0.31944880:
-0.32085985¢
-0.32172701z

-0.3242669¢
-0.325155991
-0.32781419:
-0.32825398¢
-0.32950859z
-0.33163298¢
-0.33243705z
-0.33320851¢
-0.34134202¢
-0.342692541
-0.342930231
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Name

rheaPH
Arpc4-PA
Top3alphaPA
CG10184PA
RanPD
Snx6PB
bnb-PD
CG17746PB
EF2PD
CG8858PA
Fim-PA
CG18906PA
Ald-PM
CG5792PA
PP2AB'-PQ
CG10254PC
CG14406PD

Mcm7-PA
DNApol-
alpha73PC

Df31-PF
maskPE
Clc-PD
rn-PG
smt3PA
CG10638PD
Mcm3-PB
Zwilch-PA
mgr-PA
Nup107PA
Cdc37#PA
dod-PA
CG1707PA
CG31075PB
CG9328PA
paT7-PA
VhaSFBPB
CG11858PA
Rab11PB
Amph-PA
RpST-PB
CG6664PE
p38bPA
Aats-gly-PC
REG-PB

144

Flybase gene
identifier
FBgn0260442
FBgn0031781
FBgn0040268
FBgn0039094
FBgn0020255
FBgn0032005
FBgn0001090
FBgn0035425
FBgn0000559
FBgn0033698
FBgn0024238
FBgn0039869
FBgn0000064
FBgn0032455
FBgn0042693
FBgn0027512
FBgn0030038
FBgn0020633

FBgn0005696
FBgn0022893
FBgn0043884
FBgn0024814
FBgn0015778
FBgn0264922
FBgn003%290

FBgn0024332
FBgn0061476
FBgn0264694
FBgn0027868
FBgn0011573
FBgn0015379
FBgn0033162
FBgn0051075
FBgn0032886
FBgn0033179
FBgn0027779
FBgn0039305
FBgn0015790
FBgn0027356
FBgn0005533
FBgn0036685
FBgn0024846
FBgn0027088
FBgn0029133

Log2
(Median
(15min/4hrs))

-0.34454519:
-0.34582161:
-0.34679046:
-0.34856382¢
-0.34932004/
-0.349358911
-0.34967607<
-0.35300838¢
-0.35413136¢
-0.35482818:
-0.35550125¢
-0.35831985¢
-0.359104067
-0.360413352
-0.36134120¢
-0.36273162:
-0.363262837
-0.36386112;

-0.36578354¢
-0.36896115¢
-0.36909208¢
-0.37883770¢

-0.3809473¢
-0.38284130¢
-0.38324619¢
-0.38325150:
-0.38808999:
-0.38867391:

-0.39092507
-0.39460812¢
-0.39470109¢
-0.39579D26
-0.39666773¢
-0.39860596¢
-0.39874058:
-0.39997146¢
-0.40004873:
-0.403655091

-0.4086530¢
-0.40949197:
-0.40952367¢
-0.41403833¢
-0.41466133:
-0.414681831

Name

Ars2-PE
CG1749PA
CG3909PA
1(3)01239PB
ProsalphazPA
MtpalphaPA
fs(L)N-PA
CG6767PI
Prosalpha#A
PlapPC
elF-5A-PA
CG2091PA
coroPG

ATPCL-PF
14-3-3epsilon
PC

TBCB-PA
GstEGPA
CG4408PB
CamPE
CG5126PA

CG14715PA
epsilonCOP
PA

flr-PA
staPF
CysPA
Tppll-PD
BaccPD
Vinc-PC
CG10863PA
CG9135PD
CG2034PB
Mcm6-PA
CG32068PB
CG17259PB
CG13364PA
14-3-3zetaPL
Aatstyr-PA
embPA
Act57B-PA
SmMEPA
chic-PF
elF4GPC
Gapdh2PC
CG5384PB

Flybase gene
identifier
FBgn0033062
FBgn0030305
FBgrD027524
FBgn0010741
FBgn0086134
FBgn0028479
FBgn0004650
FBgn0036030
FBgn0023175
FBgn0024314
FBgn0034967
FBgn0037372
FBgn0265935
FBgn0020236

FBgn0020238
FBgn0034451
FBgn0063494
FBgn0039073
FBgn0000253
FBgn0031320
FBgn0037930

FBgn0027496
FBgn0260049
FBgn0003517
FBgn0004629
FBgn0020370
FBgn0031453
FBgn0004397
FBgn0027552
FBgn0031769
FBgn0015359
FBgn0025815
FBgn0052068
FBgn0031497
FBgn0026879
FBgn0004907
FBgn0027080
FBgn0020497
FBgn0000044
FBgn0261790
FBgn0000308
FBgn0023213
FBgn0001092
FBgn0032216

Log2
(Median
(15min/4hrs))

-0.41529143¢
-0.415977301
-0.418034241
-0.41883712¢
-0.42141849¢
-0.42179362¢
-0.42450600¢
-0.42460521
0.42817078¢
0.43041061:
0.43912026¢
0.43920283:
0.43966236:
0.44017804¢

-0.4413024:
0.44164877¢
0.44431819i
0.44435794¢
-0.4460578¢<
0.44774261¢
0.44799978¢

-0.44858981
0.45262214¢
0.456357211
0.45645179¢
-0.4574738z2
0.457868381
0.45894813¢
0.46375527:
0.46445905%
0.46446711¢
0.46564525:
0.465989881
0.46694858:
0.46798623¢
0.46914386¢
-0.4726653¢
-0.47349180¢
-0.473798921
-0.47592267¢
-0.47765421¢
-0.47854834¢
-0.47925973:
-0.48005972¢



Name

CG10038PA
Sec24CBPC
ProsbetadPA
TudorSN-PB
Ypl-PB
CG16817PB
Mtap-PC
cib-PE
TER94PA
CG5412PA
SmD3PA
Rpnl}PA
cdc2¢cPC
Vha26PC
CG1416PC
CG17904PA
CG2004PG
UpdoPA
CG2025PA
Prosalpha5’B
RepsPB
Nedd8PB
CG8184PG
Aps-PC
regucalcinPD
CrebB-PF
Pglym78PC
Ntf-2-PE
CG10306PA
GstE12PD
faf-PC

vic-PI
Nmt-PA
CSN5PB
CG9436PA
CG11395PB
CG4752PA
CG7048PB
elF1A-PC
ERp6GPA
CG7789PA

CG8036PC
DNApol-
alpha56PA

CasPA

Flybase gene
identifier
FBgn0038013
FBgn0262126
FBgn0010590
FBgn0035121
FBgn0004045
FBgn0037728
FBgn0034215
FBgn0026084
FBgn061014
FBgn0038806
FBgn0023167
FBgn0028695
FBgn0004107
FBgn0015324
FBgn0032961
FBgn0032597
FBgn0030060
FBgn0033428
FBgn0030344
FBgn0016697
FBgn0032341
FBgn0032725
FBgn0030674
FBgn0036111
FBgn0030362
FBgn0265784
FBgn0014869
FBgn0031145
FBgn0034654
FBgn0027590
FBgn0005632
FBgn0259978
FBgn0020392
FBgn0027053
FBgn0033101
FBgn0034200
FBgn0034733
FBgn0038976
FBgn0026250
FBgn0033663
FBgn0039698
FBgn0037607

FBgn0011762
FBgn0022213

Log2
(Median
(15min/4hrs))

-0.48244912¢
-0.4831267¢
-0.48438924

-0.48517137¢

-0.48709087¢

-0.488472441

-0.488957807

-0.49002642¢

-0.49003621¢

-0.49309134

-0.49407197/

-0.49553454:

-0.49661770¢

-0.49701407:

-0.49726423:

-0.49744479¢

-0.50246573¢

-0.50346046

-0.503552487

-0.50660852¢

-0.50844646¢

-0.51082832i

-0.5120®155

-0.51285192¢

-0.51344667¢

-0.51393164

-0.51456170¢

-0.51520304¢

-0.51663219¢

-0.51754748

-0.51787396:

-0.51915818¢

-0.51918484¢

-0.519823681

-0.51998570¢

-0.520691711

-0.52172729¢

-0.52186782¢

-0.52202971

-0.52210483:

-0.52280740¢

-0.52397371¢

-0.52427616:
-0.5249813¢

Name

Tmi1-PO
Rptl-PA
Aats-asnPB
Srp68PA
ade5PA
Arp2-PC
Act5C-PE
RcclPC
Hsp27PB
CG10802PA
Dpl-PH
Uch-PB
Yp2-PB
CG9674PD
snPG
CG30105PA
Vps29PA
Sec23PF
UGP-PE
CG3609PC
CG32473PC
26-29-p-PA
Gdi-PC
Hel25EPB
blw-PA
PxtPB
Rpn&PB
Hsp83PB
CG2862PC
CG8223PA
CG7770PB
CG17337PA
CG9853PC
alphPC
CG6617PA
CG3226PA
Rpn2PC
CG11267PA
Prosalphaé~B
GsliPA
Fmrl-PG
cnnPL
HBS1-PB
Vha55PC
Crc-PB

Flybase gene
identifier
FBgnM03721
FBgn0028687
FBgn0086443
FBgn0035947
FBgn0020513
FBgn0011742
FBgn0000042
FBgn0002638
FBgn0001226
FBgn0029664
FBgn0027835
FBgn0010288
FBgn0005391
FBgn0036663
FBgn0003447
FBgn0050105
FBgn0031310
FBgn0262125
FBgn0035978
FBgn0031418
FBgn0052473
FBgn0250848
FBgn0004868
FBgn0014189
FBgn0011211
FBgn0261987
FBgn0002787
FBgn0001233
FBgn0031459
FBgn0037624
FBgn0036918
FBgn0259979
FBgn0086605
FBgn0086361
FBgn0030944
FBgn0029882
FBgn0028692
FBgn0036334
FBgn0250843
FBgn0019982
FBgn0028734
FBgn0013765
FBgn0042712
FBgn0005671
FBgn0005585

APPENDIX

Log2
(Median

(15min/4hrs))

-0.52529626¢
-0.52538999:
-0.52665674¢
-0.52686150¢
-0.52943311%
-0.53081066:
-0.53116115¢
-0.531408715
-0.53173792
-0.53274564
0.53451717¢
-0.5355971¢
0.53715805¢
0.53726773¢
0.53841475¢
0.53881434¢
0.539362437
0.54452047¢
0.54499445¢
-0.54977291
0.55029436-
0.55051587¢
-0.5519817¢
0.55283914<
0.55323055~
0.55369968¢
-0.5548437¢
-0.55646234
0.55652217¢
0.55692984:
0.55835548¢
-0.56066867
-0.562727321
-0.56315871:
-0.564259267
-0.56485420:
-0.56486329¢
-0.566031261
-0.56863642¢
-0.572091001
-0.57479939¢
-0.57506648¢
-0.57517738¢
-0.57546868¢
-0.577586831
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Name

NC2alphaPA
PgdPB
Eb1-PG
elF4aPF
dUTPasePA
CG22006PB
vasPC
Yp3-PB
elF5PG
Prosbeta4B
CG4603PC
PdiPE
CG9705PC
CG6693PB
CG1532PB
FKBP59PB
Tctp-PA
Vhal3PB
Hex-A-PA
CG12321PA
ProsbetadA
T-cpl-PA
nudGPB
Ao0s1-PA
CG15735PA
CG32495PH
Dlic-PD
CG30382PB
GstO2PA
Tsfl-PC
Dph5-PA
PgiPC
JafraciPE
rngo-PB
pod1:PG
SC35PD
Hsc70CBPI
BubR1-PA
PgmPA
Nlp-PB
CG17768PB
CG4199PI
PDCD-5-PA
pic-PA
SodPA
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Flybase gene
identifier
FBgn0034650
FBgn0004654
FBgn0027066
FBgn0001942
FBgn0250837
FBgn0030447
FBgn0262526
FBgn0004047
FBgn0030719
FBgn0032596
FBgn0035593
FBgn0014002
FBgn0036661
FBgn0037878
FBgn0031143
FBgn0029174
FBgn0037874
FBgn0026753
FBgn0001186
FBgn0038577
FBgn0002284
FBgn0003676
FBgn0021768
FBgn0029512
FBgn0030364
FBgn0052495
FBgn0030276
FBgn0050382
FBgn0035906
FBgn0022355
FBgn0024558
FBgn0003074
FBgn0040309
FBgn0030753
FBgn0029903
FBgn0265298
FBgn0026418
FBgn0263855
FBgn0003076
FBgn0016685
FBgn0032240
FBgn0025628
FBgn0036580
FBgr0260962
FBgn0003462

Log2
(Median
(15min/4hrs))

-0.577959921
-0.582319371
-0.583662461
-0.5850573¢
-0.58554692/
-0.58633341
-0.58716061
-0.58728043:
-0.58729867¢
-0.58872037¢
-0.589588371
-0.5916837
-0.59356800¢
-0.59385075¢
-0.594976551
-0.59569115¢
-0.59584481/
-0.59621017+
-0.59740950¢
-0.59978906¢
-0.600954087
-0.60245993¢
-0.6028564¢
-0.60314281¢
-0.60396708¢
-0.60506760¢
-0.605317451
-0.60601459¢
-0.60608095:
-0.60667423:
-0.60804541:
-0.608924811
-0.60917014¢
-0.609672721
-0.60974634¢
-0.61174931:
-0.61204563¢
-0.61317489¢
-0.61436496¢
-0.61518927¢
-0.61556532¢
-0.61643893¢
-0.61830712;
-0.6188437¢
-0.61899427¢

Name

Idh-PK
Rpn3PB
CG2051PA
eEFldeltaPA
Sep2PA
EnoPD
mskPA
EflbetaPC
AatsalaPB
Tcp-1zetaPA
Aatsthr-PD
clu-PA
CoRestPI
AGBE-PA
SptrPA
eEFldeltaPB
SynjPC
Mp20-PC
pzgPB
Ptk-PA
CG40045PD
CG1236PA
Mdh1-PB
Dek-PE
Ranbp9PD
Adk2-PA
SpdSPC
Mcm5-PA
scuPA
sw-PK
CG8498PB
CbsPC
Hop-PA
ProsbetaZPA
Hsc704-PG
CG31&3-PB
Aats-his-PA
captPB
InosPA
Prosalpha4P,A
CG6287PA
globl-PF
CaprPB
CplPC
Arpcl-PA

Flybase gene
identifier
FBgn0001248
FBgn0261396
FBgn0037376
FBgn0032198
FBgn0014029
FBgn0000579
FBgn0026252
FBgn0028737
FBgn0027094
FBgn0027329
FBgn0027081
FBgn0034087
FBgn0261573
FBgn0053138
FBgn0014032
FBgn0032198
FBgn0034691
FBgn0002789
FBgn0259785
FBgn0003071
FBgn0058045
FBgn0037370
FBgn0262782
FBgn0026533
FBgn0037894
FBgn0022708
FBgn0037723
FBgn0017577
FBgn0021765
FBgn0003654
FBgn0031992
FBgn0031148
FBgn0024352
FBgn0023174
FBgn0266599
FBgn0051673
FBgn0027087
FBgn0261458
FBgn0025885
FBgn0004066
FBgn0032350
FBgn0027657
FBgn0042134
FBgn0013770
FBgn0001961

Log2
(Median
(15min/4hrs))

-0.61926934:
-0.62030466¢
-0.62129170¢
-0.62154920¢
-0.62292948:
-0.6233%4352
-0.62337219i
-0.62343250¢
-0.6285456:<
-0.62887100¢
-0.631050311
-0.631921821
-0.6319442
-0.63440080¢
-0.63475474¢
-0.63741684
-0.63749138¢
-0.63774618¢
-0.63980466¢
-0.64011019¢
-0.64041711¢
-0.64110501=
-0.641664801
-0.64308864¢
-0.64362096¢
-0.64379996¢
-0.64540219¢
-0.646333511
-0.646582491
-0.64708044¢
-0.64840284
-0.64862403¢
-0.64877124
-0.65055799¢
-0.65116796¢
-0.65147963¢
-0.65325919¢
-0.65376581¢
-0.65403863¢
-0.65447321¢
-0.65550923¢
-0.65564843¢
-0.65604974:
-0.6563225¢
-0.657731497



Name

Dpplll-PC
Cypl-PA
Gotl-PB
PratPB
FdhPA
el2betaPA

AatscysPA
PafAHalpha
PB

CG11089PB
grsmPF
fabp-PB
CHORD-PA
tsr-PA
Klc-PC
Prosbetad?A
CG42813PA
CG5355PA
Prosbeta®B
CG11986PC
CG12279PA
CG14434PC
RpnSPA
CG4390PA
Adh-PI
GstO2PB
Dip-B-PD
CG31549PB
canaPA
CG4968PA
Tcp-letaPA
CG8258PA
CG2767PA
CG10576PD
EflgammaPD
CctgammaPD
Uba2PA
CG18190PB
Trx-2-PA
RnrL-PA
Sh3betaPE
CG7911PB
NAT1-PD
Prx5PB
ade3PC

Flybase gene
identifier
FBgn0037580
FBgn0004432
FBgn0001124
FBgn0004901
FBgn0011768
FBgn0004926
FBgn0027091

FBgn0025809
FBgn0039241
FBgn0040493
FBgn0037913
FBgn0029503
FBgn0011726
FBgn0010235
FBgn0026380
FBgn0261995
FBgn0032242
FBgn0250746
FBgn0037652
FBgn0038080
FBgn0029915
FBgn0028691
FBgn0038771
FBgn0000055
FBgn0035906
FBgn0000454
FBgn0051549
FBgn0040233
FBgn0032214
FBgn0037632
FBgn0033342
FBgn0037537
FBgn0035630
FBgn0029176
FBgn0015019
FBgn0029113
FBgn0034403
FBgn0040070
FBgn0011703
FBgn0035772
FBgr0039735
FBgn0010488
FBgn0038570
FBgn0000053

Log2
(Median
(15min/4hrs))

-0.65798949:
-0.65806181:

-0.66041494

-0.6620657¢
-0.66323338
-0.66519478i
-0.66543197¢

-0.66823065¢
-0.669212¢
-0.67491181
-0.67506675¢
-0.67518626
-0.67673425:
-0.67727448¢
-0.677628211
-0.67821911¢
-0.67857887+
-0.68297155¢
-0.68320679
-0.6833313¢
-0.68388267
-0.68579173:
-0.6866128¢
-0.68834208:
-0.69312422¢
-0.69580611¢
-0.69583906¢
-0.697148821
-0.699964841
-0.70070087<
-0.70096423¢
-0.70368212¢
-0.7047512¢
-0.704759091
-0.70538539¢
-0.70556570¢
-0.70713103:
-0.70844050:
-0.70848624¢
-0.70855387¢
-0.70864945¢
-0.70918320¢
-0.7096707
-0.70967158¢

Name

Rpb5PB
SeplPA
GstD1PB
Aatsval-PA
Zprl-PA
RalaPC
Cypl-PA
HIP-R-PD
FK506-bp2-PA
GapdhiPB
Ahcyl3PC
CG12082PB

gammaTub37C

-PB
CHIP-PA
CSN4PB
RpS27APA
Lig4-PA
CG9184PB
UevlA-PC
UbcD4PC
Ubal-PA
CG5525PA
dalacPA
GlyP-PB
CG5941PB
CG7322PC
rasPE
Pp2A-29B-PC
CG12171PA
GpdhPF
CG18815PE
ade2PC
Rpt6-PA
CIAPIN1-PA
Gip-PA
Dakl-PA
AdenoK-PC
pch2PB
mstPB
CG7054PA
Rad23PC
awd-PD
Dmn-PA
lic-PA

Flybase gene
identifier
FBgn0033571
FBgn0011710
FBgn0001149
FBgn0027079
FBgn0030096
FBgn0015286
FBgn0035141
FBgn0029676
FBgn0013954
FBgn0001091
FBgn0014455
FBgn0035402

FBgn0010097
FBgn0027052
FBgn0027054
FBgn0003942
FBgn0030506
FBgn0035208
FBgn0035601
FBgn0015321
FBgn0023143
FBgn0032444
FBgn0030093
FBgn0004507
FBgn0029833
FBgn003®@68

FBgn0003204
FBgn0260439
FBgn0037354
FBgn0001128
FBgn0042138
FBgn0000052
FBgn0020369
FBgn0001977
FBgn0011770
FBgn0028833
FBgn0036337
FBgn0051453
FBgn0020272
FBgn0038972
FBgn0026777
FBgn0000150
FBgn0021825
FBgn0261524

APPENDIX

Log2
(Median

(15min/4hrs))

-0.71012350¢

-0.71182462
-0.71237668¢
-0.7130®203
-0.713082607
-0.71599135¢
-0.71739899¢
-0.71785604¢
-0.71936479¢
-0.72089463¢
-0.721329371
-0.72186003¢

-0.722280451
-0.724167771
-0.72419672:
-0.72487685¢
-0.72493959¢
-0.72949589¢
-0.731172321
-0.731569411
-0.73224285¢
-0.73385270¢
-0.73419210¢

-0.7344649¢
-0.73535972:
-0.74038538
-0.741248741
-0.74180410¢
-0.742793181
-0.74348090¢
-0.74384879:
-0.745142861
-0.746433854
-0.74806254:
-0.74823066¢
-0.74883916¢

-0.74904724
-0.749953557
-0.75011941¢
-0.75126788
-0.753792371
-0.75428558
-0.75587151:
-0.76130130¢
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Name

mts-PC
CG6084PD
Mdh2-PA
CG7737PB
CG7966PA
LSm3-PB
CG31472PB
Vha682-PF
AdamPB
ncd-PB
unc45PA
CG10777PC
ChcPG
Art4-PB
CG9471PB
Tpi-PA
PsaPE
AdSSPA
PgkPE
Uch-L5-PB
CG3011PA
CG1354PE
ApepRPB
AdSL-PA
CG7546PE
Amun-PL
Iwr-PD
rump-PA
cdc2PA

CG10602PE
Eflalpha48D
PE

NapL:PC
kraPE
Aatstrp-PB
Mal-B2-PD
Nurf-38-PA
for-PlI
elF4E-PI
Rpt3PB
CG7033PA
GgaPB
CG9796PA
Cct5PA
Rpt2PB

148

Flybase gene
identifier
FBgn0004177
FBgn0086254
FBgn0262559
FBgn0033584
FBgn0038115
FBgn0051184
FBgn0051472
FBgn0263598
FBgn0027619
FBgn0002924
FBgn0010812
FBgn0029979
FBgn0000319
FBgn0037770
FBgn0037749
FBgn0086355
FBgn0261243
FBgn0027493
FBgn0250906
FBgn0011327
FBgn0029823
FBgn0030151
FBgn0026150
FBgn0038467
FBgn0035793
FBgn0030328
FBgn0010602
FBgn0260010
FBgn0004106
FBgn0032721

FBgn0000556
FBgn0015268
FBgn0250753
FBgn0010803
FBgn0032382
FBgn0016687
FBgn0000721
FBgn0015218
FBgn0028686
FBgn0030086
FBgn0030141
FBgn0038149
FBgn0010621
FBgn0015282

Log2
(Median
(15min/4hrs))

-0.763301723
-0.76396449:

-0.7660927¢
-0.76784686¢€
-0.76964863¢
-0.77080922¢
-0.77121599¢
-0.77297367¢

-0.77307117
-0.77405775¢

-0.7747317¢

-0.7749602¢
-0.775850531
-0.77612399:
-0.77735506:
-0.78094179¢
-0.78205138¢

-0.78398262
-0.784535487
-0.79025427¢
-0.79042497:
-0.79351327¢
-0.795107447
-0.79862266¢
-0.800220987
-0.80044.492
-0.80072190¢
-0.80216903:
-0.80240937¢
-0.80275318:

-0.80570284
-0.80918822:
-0.81200189;
-0.82081534:
-0.82236421¢
-0.83195908¢
-0.83233526¢
-0.83925651:
-0.83973556¢
-0.84018090¢
-0.84187828¢
-0.842239961
-0.84568704+
-0.85063249¢

Name

Trxr-1-PA
SgtPB
Rpnl12PA
Rpt4-PB
GstE13PB
AnxB10-PA
r-PE
Arpc5-PB
PyK-PA
CG9149PA
NC2betaPA
cupPC
CG11899PA
Acon-PF
Cul3-PF
CG33722PE
CG13096PC
CG8031PA
Elf-PD
Nupl53PC
bur-PC
Rpn11PA
I(1)G0255PA
CG6180PA
IM10-PC
CG6523PA
ProsalphadA
CG8892PE
RabXPA
Brel-PB
cl-PC
Dnal1-PB
Lam-PD
CG17333PA
EndoGHPC
S6kPB
Vha44PB
Rpn6PC
INtS11:PA
Prosbeta®PA
beta' COPPA
poly-PB
Mtor-PB
CG10418PA
sds22PA

Flybase gene
identifier
FBgn0020653
FBgn0032640
FBgn0028693
FBgn0028685
FBgn0033381
FBgn0000084
FBgn0003189
FBgn0031437
FBgn0003178
FBgn0035203
FBgn0028926
FBgn0000392
FBgn0014427
FBgn0010100
FBgn0261268
FBgn0064126
FBgn0032054
FBgn0038110
FBgn0®@0443
FBgn0061200
FBgn0000239
FBgn0028694
FBgn0028336
FBgn0032453
FBgn0033835
FBgn0032509
FBgn0261394
FBgn0031664
FBgn0016700
FBgn0086694
FBgn0000318
FBgn0263106
FBgn0002525
FBgn0030239
FBgn0028515
FBgn0015806
FBgn0262511
FBgn0028689
FBgn0039691
FBgn0029134
FBgn0025724
FBgn0086371
FBgn0013756
FBgn0036277
FBgn0028992

Log2
(Median
(15min/4hrs))

-0.85542796¢
-0.85693361:
-0.85925630¢
-0.867783696
-0.88195756:
-0.88276645-2
-0.88993934¢
-0.8955188¢
0.89852513¢
0.898649161
0.898798021
0.90234141:
0.90309657¢
0.91834340:
-0.9220144¢
0.92387254¢
0.92621271:
0.92802791:
0.932472951
0.933015431
-0.9379795¢
0.951697091
-0.9525867¢
0.95482822:
0.95718111¢
0.959960582
-0.9645737¢
0.96587289¢
0.96760785¢
0.968428751
-0.9685201¢
-0.973990921
-0.981238661
-0.98659656:
-0.98734925¢
-0.99712796¢
-0.99837128¢
-1.00532199¢
-1.00728224
-1.00939336-
-1.01299326¢
-1.01623343¢
-1.01907535¢

-1.0197434
-1.02199415¢






