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Summary

Summary

DNA methylation is an indispensable process during development and maintaining the DNA
methylation pattern after DNA replication is crucial for proper cellular function in mammals.
Misregulation of this process is involved in cancer formation. The key protein is the maintenance DNA
methyltransferase 1 (Dnmtl), an essential epigenetic factor that reestablishes methylation of
hemimethylated CpG sites generated during DNA replication in S phase. Two domains of Dnmt1, the
proliferating cell nuclear antigen (PCNA) binding domain (PBD) and the targeting sequence (TS)
domain are responsible for targeting the enzyme to replication sites and to constitutive
heterochromatin. However, their cell cycle-dependent coordinated action and regulation are still
unclear. In order to understand the regulation of Dnmt1 as well as other nuclear factors, they have to
be studied not only in vitro, but also under dynamic in vivo conditions. Advanced fluorescence

microscopy offers a variety of methods, to gain insights into epigenetic regulation in vivo.

Therefore, we set out to dissect the cell cycle-dependent dynamics of Dnmtl. In our approach, we
combined fluorescence recovery after photobleaching (FRAP) with kinetic modeling, complemented
by 3D-structured illumination microscopy, which allowed us to obtain detailed information about the
spatio-temporal dynamics of Dnmtl and its regulation. By analyzing GFP-Dnmt1 mutants, we showed
that both the PBD- and the TS domain-mediated interactions are necessary and sufficient for the
localization and the dynamics of Dnmtl in S phase. Based on our customized kinetic model, we
estimated an average target binding time for the PBD to PCNA and the TS domain to constitutive
heterochromatin of about 10 s and 22 s, respectively. Altogether, we propose a two-loading-platform
model, in which PCNA and heterochromatin function as relatively immobile platforms during S phase.
In early S phase, binding of the PBD to PCNA predominates. In late S phase, the heterochromatic
marks, the TS domain binds to, are in close proximity to replication sites, leading to a strong TS

domain-mediated interaction that dominates the Dnmtl dynamics in late S phase.

Furthermore, fluorescent microscopy and biochemical methods enabled us to further investigate the
proteins Uhrf (ubiquitin-like, containing PHD and RING finger domains) 1, an essential factor for
maintenance methylation in vivo, its homologue Uhrf2 and the histone variant H2A.Z, exemplifying
another level of epigenetic regulation. We demonstrated, for example, that an alternative splice
variant of H2A.Z, H2A.Z.2.2, severely destabilizes nucleosomes and that Uhrf2 dynamics depend on
the methylation of H3K9. Emphasizing the methodological aspect of this work, it should be mentioned
that we could also develop new strategies to label DNA sequences in living cells, characterize
nanoparticles as vectors for nucleic acids and reveal hidden interactions of the cell cycle regulator
nuclear interaction partner of anaplastic lymphoma kinase (NIPA). The continuous integration of
microscopy developments in biological research will help in the future to dissect nuclear regulatory

networks in vivo.



Zusammenfassung

Zusammenfassung

DNA-Methylierung ist ein essentieller Vorgang wahrend der Entwicklung und die Erhaltung der DNA-
Methylierungsprofile ist duerst wichtig fir die korrekte Funktion der Zellen in Sdugern. Die
fehlerhafte Regulation dieses Vorgangs kann zur Entstehung von Krebs fiihren. Das entscheidende
Protein ist die DNA-Methyltransferase 1 (Dnmt1), ein essentielles Protein, das die Methylierung an
hemimethylierten CpG-Stellen nach der Replikation in der S Phase wiederherstellt. Zwei Dnmt1
Domanen, die ,proliferating cell nuclear antigen (PCNA) binding domain“ (PBD) und die ,targeting
sequence” (TS) Doméne, sind verantwortlich dafiir, dass Dnmt1 gezielt an Replikationsstellen und an
konstitutives Heterochromatin gebunden wird. Allerdings ist die zellzyklusabhangige Funktionsweise
und Regulation der Interaktionen immer noch unbekannt. Um die Regulation von Dnmt1 und anderen
Faktoren im Kern zu verstehen, miissen deren Interaktionen nicht nur in vitro, sondern auch unter
dynamischen in vivo Bedingungen untersucht werden. Moderne Fluoreszenzmikroskopie bietet eine

Auswahl von Methoden, die uns erlauben in vivo Einblicke in die epigenetische Regulation zu erhalten.

Aus diesem Grund haben wir begonnen die zellzyklusabhangige Dynamik von Dnmt1 zu analysieren. In
unserem Ansatz haben wir die Methode , fluorescence recovery after photobleaching” (FRAP) mit
kinetischen Modellen kombiniert und ,,3D-structured illumination microscopy” ergdnzend angewandt.
Dieser Ansatz ermoglicht es detaillierte raumliche und zeitliche Informationen liber die Dynamik von
Dnmtl und deren Regulation zu erhalten. Durch die Analyse von GFP-Dnmt1 Mutanten konnten wir
zeigen, dass die Interaktionen, die durch die PBD und die TS Domane vermittelt werden, sowohl
notwendig, als auch ausreichend sind fiir die Lokalisation und die Dynamik von Dnmt1 in der S Phase.
Mit Hilfe unseres maRgeschneiderten kinetischen Models konnten wir eine mittlere Interaktionszeit
fir die PBD mit PCNA von etwa 10 s und von der TS Doméane mit konstitutivem Heterochromatin von
etwa 22 s ermitteln. Aufgrund dieser Ergebnisse stellen wir ein ,,two-loading-platform” Modell auf, in
dem PCNA und Heterochromatin als relativ stabile Plattformen wahrend der S Phase betrachtet
werden. In der frihen S Phase Uiberwiegt die Bindung der PBD an PCNA. In der spadten S Phase
hingegen sind spezifischen Heterochromatin Bindestellen, an die die TS Doméane bindet, nahe der
replizierenden Regionen. Dies flihrt zu einer starken Bindung, vermittelt durch die TS Domane, die die

Dnmtl Dynamik in der spaten S Phase dominiert.

Dariber hinaus haben wir durch Fluoreszenzmikroskopie und biochemische Methoden ein tieferes
Verstandnis (iber die Funktion der Proteine Uhrf (“ubiquitin-like, containing PHD and RING finger
domains®) 1, ein essentieller Faktor fiir die Aufrechterhaltung der DNA Methylierung, das homologe
Protein Uhrf2 und der Histonvariante H2A.Z, beispielhaft fiir ein weiteres Level der epigenetischen
Regulation, erhalten. Wir konnten zum Beispiel zeigen, dass eine alternative Splicevariante von H2A.Z,
H2A.Z.2.2, Nukleosomen stark destabilisiert und dass die Uhrf2 Dynamik von der Methylierung von

H3K9 abhidngt. Der methodischen Aspekt dieser Arbeit wird aufRerdem durch die Entwicklung neuer

vV



Zusammenfassung

Strategien fir die Markierung von DNA-Sequenzen in lebenden Zellen, die Charakterisierung von
Nanopartikel als Vektoren fiir Nukleinsduren und die Aufdeckung versteckter Interaktionen des
Zellzyklusregulators ,,nuclear interaction partner of anaplastic lymphoma kinase” (NIPA) betont. Der
kontiniuierliche Transfer neuer Entwicklungen aus der Mikroskopie in die biologische Forschung wird

uns in Zukunft behilflich sein in vivo die regulatorischen Netzwerke im Zellkern aufzuklaren.






Introduction

1. Introduction

1.1 Epigenetics
Every human being develops from a single totipotent cell. The DNA sequence within this cell is
replicated during each cell division leading to almost identical genetic information in all somatic cells
of the body. However, our adult body consists of over 400 different cell types with diverse functions
and morphology (Vickaryous and Hall, 2006). This large diversity is generated by cell type specific
regulation of gene expression. Heritable information that directs these regulatory processes, but is not
encoded in the DNA sequence, is summarized under the term epigenetics (epi, Greek: ermi- over,
above, outer). Epigenetic processes do not only play a major role in differentiation and development,
but are also involved in cellular aging and the development of cancer (Hannum et al., 2013, Dawson
and Kouzarides, 2012). Moreover, multiple diseases, apart from cancer, are linked to epigenetic
factors and processes. Examples are single gene disorders, caused by mutations in genes coding for
epigenetic factors, including the Rett syndrome or the ATRX syndrome (Feinberg, 2007). In addition,
imprinted gene disorders are linked to epigenetics. Genomic imprinting describes the selective
repression of either the paternally or maternally inherited allele by epigenetic mechanisms (Morison
et al., 2005). Epigenetic alterations in genes or their control regions can lead to diseases, e.g. the
Beckwith-Wiedemann Syndrome (Choufani et al., 2013). Recently, even common complex diseases
like rheumatoid arthritis or epilepsy have been discussed in connection with epigenetics (Liu et al.,

2013b, Qureshi and Mehler, 2010).

The classical definition of epigenetics reads: “The study of mitotically and/or meiotically heritable
changes in gene function that cannot be explained by changes in DNA sequence” (Russo et al., 1996).
This includes many diverse processes like the DNA methylation system, histone modifications, histone
variants, nucleosome positioning and non-coding RNA (Figure 1). Accordingly, prions are included in
this definition, as they are proteins that pass on their changes that are not based on DNA sequence
(Halfmann and Lindquist, 2010). In addition to the modified DNA base 5-methylcytosin (5mC) the new
DNA modifications 5-hydroxymethylcytosin (5hmC), 5-formylcytosin (5fC) and 5-carboxcytosin (5caC)
have recently been discovered, forming a complex DNA modification system (Figure 1). Some of the
epigenetic marks occur only for short time frames during the cell cycle and are therefore not
classically heritable. Hence, a recent definition has shifted the focus more to chromatin structure: “...
the structural adaptation of chromosomal regions so as to register, signal or perpetuate altered
activity states.” (Bird, 2007). This chromatin structure-based definition paints a much more dynamic

picture of the epigenetic landscape that will be the major focus in this thesis.
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DNA modifications

Histone modifications

non-coding RNAs w

Histone variants
Nucleosome positioning

Figure 1: Epigenetic mechanisms. DNA can be methylated (mC), further oxidized to hmC, fC and caC or transcribed to non-
coding RNA. Further epigenetic mechanisms are nucleosome positioning, incorporation of histone variants or
posttranslational modification of histones, e.g. methylation (me), acetylation (ac) or ubiquitination (ub).

Chromatin structure and organization

The structural basis of chromatin is a chain of basic single building units, called nucleosomes. In each
nucleosome, 145-147 base pairs of DNA are wrapped around a histone octamer, consisting of two
histone 2A and histone 2B dimers (H2A-H2B) and a tetramer built up of two histone 3 and histone 4
dimers (H3-H4), (Luger et al., 1997). The resulting 11 nm fiber is further compacted to the 30 nm fiber
involving the linker histone H1 (Li and Reinberg, 2011), however, the presence of the 30 nm fiber in
vivo is highly debated and details about the higher order chromatin structure still need to be
investigated (Maeshima et al., 2010). In general, interphase chromatin is subdivided into open,
transcriptionally active euchromatin and condensed, transcriptionally inactive heterochromatin (Politz
et al., 2013). It has been proposed that euchromatic fibers harbor six nucleosomes per 11 nm,
whereas the compaction increases in heterochromatin to a packing density of 11-12 nucleosomes per
11 nm (Bassett et al., 2009). Furthermore, heterochromatin can be subdivided into constitutive and
facultative heterochromatin. Both describe silent and compacted chromatin, but only facultative
heterochromatin has the potential to switch to a more euchromatic state (Trojer and Reinberg, 2007).
Constitutive heterochromatin is found at the telomeres, the centromere and at pericentromeric
regions, all composed of DNA tandem repeats (Politz et al., 2013). In mouse cells, the centromeric
region and the pericentromeric region mainly consist of minor satellite DNA and major satellite DNA,
respectively (Probst and Almouzni, 2011). Not only the degree of packaging, but also the localization
of chromatin domains in the nucleus affects gene expression. As a general rule, the chromatin at the
nuclear periphery and around the nucleoli is rather gene poor and composed of silent
heterochromatin, whereas the area in between is gene rich and composed of active euchromatin
(Joffe et al., 2010). Prominent heterochromatic structures in mouse cells are the so-called
chromocenters. In chromocenters, the pericentromeric regions of multiple chromosomes form tightly

packed foci in the nucleus. The number and localization of chromocenters differs among cell types and
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species and the clustering of heterochromatic domains could facilitate repression of repetitive

sequence recombination and transposon silencing (Padeken and Heun, 2013, Cerda et al., 1999).

Nucleosomal modifications and positioning

Epigenetic mechanisms can change the higher order chromatin structure and thereby directly
influence, for example, the accessibility of the DNA to transcription factors. Direct structural changes
are created by altered charges, which form internucleosomal or intranucleosomal links. Modifications
of the N-terminal tails of histones, or of the histone core are able to induce structural changes.
Histones can be methylated, acetylated, phosphorylated, ubiquitinated, sumoylated, ADP-ribosylated
or deiminated, amongst others (Kouzarides, 2007). For instance, acetylation of lysines neutralizes the
positive charges of the histones and loosens the DNA-histone interaction in the nucleosome (Zentner
and Henikoff, 2013, Shogren-Knaak et al., 2006). Combinations of histone modifications, often
referred to as a histone code, can change chromatin structure to a larger extend by facilitating
nucleosome sliding or repositioning (Cosgrove et al., 2004). Insertion, movement or removal of
nucleosomes is carried out by so-called nucleosome remodelers. This process has been documented at
the transcriptional start site resulting in nucleosome free regions (Zhang et al., 2011). Another
mechanism to functionally alter chromatin structure is the incorporation of histone variants, which is
further explained in chapter 1.3. Furthermore, some histone variants are differently modified at their
N-terminal ends in contrast to the canonical histones, thus creating specific modifications with a
potential impact on chromatin structure (Luger, 2006). Finally, there are indications that DNA

methylation exerts a direct effect on nucleosome stability (Collings et al., 2013, Lee and Lee, 2012).

Epigenetic readers, writers and erasers

Histone modifications or DNA methylation can also indirectly influence chromatin structure and gene
expression by activating or inactivating other proteins or pathways. In this case, the modifications act
as signals for specific epigenetic reader proteins. These readers then recruit writers or erasers,
establishing or removing new regulatory marks that directly change chromatin structure or trigger
signaling cascades (Figure 2). Often, multiple epigenetic mechanisms act together within the
regulatory networks. The establishment of heterochromatic sequences at pericentromeric
heterochromatin in early development, for example, has been reported to require the interplay of

non-coding RNA, histone modifications (H3K9me3) and DNA methylation (Cedar and Bergman, 2009).

The role of epigenetic marks in signaling is especially interesting in the field of DNA methylation, as a
whole new set of modifications and their writers, readers and erasers have been recently identified,
which are further discussed in the next chapter. This discovery has raised many exiting questions and

strengthens the importance of this research field.



Introduction

Figure 2: Readers, writers and erasers of epigenetic modifications. DNA or histone modifications have to be established and
maintained by writers and can be removed by erasers. In order to lead to a functional output, the marks have to be identified

by specific readers that process these signals and activate or inactivate other proteins or pathways.

1.2 DNA methylation
DNA methylation is present in most species, including fungi, plants and animals. Interestingly, many
model organisms like Drosophila melanogaster, Saccharomyces cerevisiae, Saccharomyces pombe and
Caenorhabditis elegans have no or only low DNA methylation levels (Feng et al., 2010, Zemach et al.,
2010). In mammals, methylation of position 5 of cytosine (5mC) in a cytosine-phosphatidyl-guanine
(CpG) context is the predominant DNA modification. Nevertheless, in embryonic stem cells (ESC)
significant methylation levels in a CpA context have been detected (Ziller et al., 2011, Ramsahoye et
al., 2000, Lister et al., 2009). In plants, methylation is found in many contexts, such as CG, CNG (N =
A,C,T,G) and CHH (H= A, C, T) (Henderson and Jacobsen, 2007).

In the mammalian genome, CpG sites are underrepresented possibly due to mutagenic pressure as
5mC can be deaminated to thymidine, but a majority of 60-80% of these rare CpG sites are methylated
(Smith and Meissner, 2013). Interestingly, DNA regions with a high density of CpG sites, called CpG
islands are predominantly unmethylated (Bird et al., 1985). CpG islands are often located in promoters
of housekeeping genes or genes that are regulated during development (Meissner et al., 2008). The
high CG content due to the CpG density might facilitate their transcription (Moore et al., 2013). In
contrast, methylation of CpG islands leads to stable silencing of the associated genes. However, the
majority of CpG islands stays hypomethylated during development, whereas hypermethylation can be
detected in cancer or aging (Richardson, 2003). Especially, CpG islands in promoter regions do not
seem to play a role in tissue specific methylation. Tissue specific methylation rather correlates with
the methylation status of CpG islands outside of promoter regions, so-called orphan CpG islands,
which often include transcriptional start sites for long non-coding RNAs (lllingworth et al., 2010).
Besides methylation at promoters and the first exon that usually results in transcriptional silencing,
the role of methylation in gene bodies is still controversial (Brenet et al., 2011). Correlation with high

gene expression has been reported, but cannot be found in slowly dividing cells (Aran et al., 2011).
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Recently, a role of gene body DNA methylation in regulation of alternative promoters has been
proposed (Maunakea et al., 2010). Besides this gene specific context, many non-coding repetitive
sequences are methylated, including pericentromeric repeats and transposable elements (Smith and
Meissner, 2013). DNA methylation is one of the mechanisms to keep these non-coding sequences

compacted and silent in order to ensure genome integrity.

In contrast to other epigenetic processes, DNA methylation is especially important in the persistence
of silent epigenetic states. While other epigenetic processes, like histone modifications can be
metaphorized as a door that is opened or closed, representing active or inactive chromatin regions,
DNA methylation rather represents the key to the door locking the silent epigenetic state (Cedar and
Bergman, 2009). The establishment of persistent silent epigenetic states by DNA methylation is not
only important during embryonic development, but also during adult stem cell differentiation of the
neural or hematopoietic lineage (Smith and Meissner, 2013). The most striking changes in DNA
methylation levels occur during embryonic development. Global waves of demethylation occur during
early embryogenesis and during the formation of the gametocytes in the embryo. Interestingly, the
paternal genome is demethylated much faster compared to the maternal genome in the zygote and
remethylation of the parental genome in the primordial germ cells also occurs on a shorter time frame
(Seisenberger et al., 2013). The DNA methylation level changes are supposed to increase the

epigenomic plasticity and to reset imprinted regions.

Methylation of cytosine in mammals is catalyzed by the family of DNA methyltransferases (Dnmt). This
family consists of 5 methyltransferases Dnmt1, Dnmt3a, Dnmt3b, Dnmt3L and Dnmt2 (Figure 3).
Dnmt3a and Dnmt3b set the methylation marks de novo during embryogenesis assisted by the
cofactor Dnmt3L (Moore et al., 2013). Knockout studies in mice reveal that Dnmt3b is required earlier
in development compared to Dnmt3a, as knockout mice lacking Dnmt3b are not viable, whereas
Dnmt3a knockout mice survive about 4 weeks after birth (Okano et al., 1999). Once the methylation
marks are established, they are maintained by Dnmt1 during DNA replication and repair (Mortusewicz
et al., 2005, Bird, 2002, Bestor, 2000). Dnmt2 lacks the N-terminal regulatory region and is structurally
very similar to the bacterial DNA methyltransferase M.Hhal (Dong et al., 2001). It is still under
discussion, whether the highly conserved Dnmt2 is capable of DNA methylation, but it has been
reported that Dnmt2 is able to methylate tRNA promoting tRNA stability and protein synthesis
(Schaefer and Lyko, 2010, Goll et al., 2006, Hermann et al., 2003, Tuorto et al., 2012).
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Figure 3: Roles of DNA methyltransferases. Dnmt3a and Dnmt3b methylate CpG sites de novo during early embryogenesis
assisted by the cofactor Dnmt3L. Dnmt1 fully methylates hemimethylated CpG sites during DNA replication and repair.

Dnmt2 methylates tRNAs. Closed circles represent methylated, open circles unmethylated sites.

How the target sites of de novo methylation are identified still remains unclear, but different
mechanisms have been suggested (Moore et al., 2013, Smith and Meissner, 2013). Targeting could
either occur by direct recruitment of Dnmts or by blocking of DNA sites that are supposed to be
protected from methylation. In both cases, binding of transcription factors, RNAs, histone
modifications, histone variants or a combination of multiple processes are likely to be involved.
Furthermore, methylation marks can be removed actively or passively by a lack of maintenance. There
has been a long search for demethylases, however, no enzyme that cuts the methyl group from
cytosine has been discovered so far in mammals. Recently, there has been increasing evidence that
the removal of methyl groups occurs via another pathway. It has been discovered that the ten-eleven-
translocation (Tet) proteins oxidize 5-methylcytosin (5mC) to 5-hydroxymethylcytosin (5hmC) and
further to 5-formylcytosin (5fC) and finally to 5-carboxcytosin (5caC) (lto et al., 2011, Tahiliani et al.,
2009). The new DNA bases, especially 5hmC might not be recognized by Dnmt1 and therefore lead to
passive demethylation (Hashimoto et al., 2012). Active demethylation probably includes DNA repair
mechanisms. 5fC and 5caC are, for example, recognized by the thymine-DNA glycosylase (TDG)
followed by base excision repair (BER) (Shen et al., 2013). Alternatively, the AID (activation induced
cytidine deaminase) and APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like)
family enzymes can deaminate 5hmC to 5-hydroxyuracil (5ShmU) which is recognized by the BER
pathway (Guo et al., 2011). Moreover, the new bases might not only be intermediates during removal
of methylation, but also act as signals detected by specific readers influencing gene expression.
Recently, a study has identified readers of 5hmC, 5fC and 5caC in comparison to 5mC readers (Spruijt
et al., 2013). Specific readers for each modification were identified and the interactions with 5mC and
5hmC were shown to change during differentiation, giving first hints towards the functional

significance of the newly discovered DNA bases.

The readers of the classical 5mC marks are termed methyl-CpG-binding proteins (MBP) and can be

categorized in three groups, namely proteins containing either (1) a methyl-CpG-binding domain

6
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(MBD), or (2) a zinc finger (ZnF; Cys,His,) domain or (3) proteins that are ubiquitin-like, containing
PHD and RING finger domains (Uhrf) (Buck-Koehntop and Defossez, 2013). In general, the MBPs
influence chromatin organization or transcriptional activity directly or indirectly by recruiting other
factors (Fournier et al., 2012). The majority of the MBPs mediate crosstalk between DNA methylation
and other epigenetic processes like histone modifications. For instance, MeCP2, an MBD protein, binds
methylated DNA and recruits histone deacetylases (HDAC) leading to transcriptional repression (Nan
et al., 1998). Further MBD proteins are MBD1, MBD2, MBD3, MBD4, MBD5 and MBD6 of which MBD1,
2 and 4 bind methylated DNA, whereas MBD 3, 5 and 6 are excluded from methylated DNA (Buck-
Koehntop and Defossez, 2013). Similar to MBD proteins, many ZnF proteins bind methylated DNA in a
sequence-specific context (Buck-Koehntop and Defossez, 2013). Uhrfl has a strong affinity for
hemimethylated sites and is able to bind Dnmt1 and target it to them. The Uhrf family will be

discussed in detail in chapter 1.2.3.

Misregulation of DNA methylation is a hallmark of cancer development. Tumor cells are characterized
by global hypomethylation and local hypermethylation at CpG islands (Berman et al., 2012).
Hypomethylation of repetitive sequences causes genomic instability, whereas hypermethylation at
promoters of tumor suppressor genes enhances cell proliferation and reduces levels of apoptosis
(Portela and Esteller, 2010, Esteller, 2011). One successful strategy of cancer treatment has been the
chemotherapeutic agent 5-aza-desoxycytidine that covalently links Dnmts to DNA thereby inhibiting
their function. Since 2004, 5-aza-dC has been approved as a drug against myelodysplastic syndrome

(Kaminskas et al., 2005).

1.2.1 Dnmtl
The regulation and the molecular mechanism of Dnmt1 has been a popular field of research for many
years. The knockout of Dnmt1 in mice is recessive embryonic lethal before embryonic day 11 (Li et al.,
1992). Surprisingly, the corresponding ESCs are still viable containing DNA methylation levels reduced
by about two thirds. In MEF cells, the knockout leads to p53-induced apoptosis that can be overcome

by depletion of p53 (Lande-Diner et al., 2007).

Dnmt1 is composed of a C-terminal catalytic domain and a large N-terminal regulatory region
connected by a linker consisting of several alternating lysine-glycine (KG) repeats (Figure 4). In contrast
to bacterial methyltransferases, the catalytic domain alone is not active (Cheng, 1995, Margot et al.,
2000), demonstrating that the regulation by the N-terminal domain is essential for the activity of
mammalian Dnmtl. However, a truncation of half of the N-terminal domain is still catalytically active
(Jeltsch, 2006). In line with this, the first 118 amino acids of the N-terminus missing in an oocyte
specific isoform of Dnmt1 are dispensable for proper enzyme function. This region contains a domain

binding to the Dnmt1-associated protein 1 (DMAP1) and is supposed to function in transcriptional
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repression (Rountree et al., 2000). Nuclear import of Dnmt1 is achieved by at least one nuclear

localization signal (NLS) located in the N-terminal region (Cardoso and Leonhardt, 1999).

N-terminal regulatory region C-terminal domain

@\9 CXXC

catalytic domain O

Figure 4: Dnmtl domain architecture. The protein consists of a C-terminal catalytic domain and an N-terminal regulatory
region interconnected by a linker. The domains in the regulatory region include the DMAP, the PBD, a NLS, the TS domain, a

CXXC domain and two BAH domains.

This work focuses on two domains of Dnmt1, namely the protein proliferating cell nuclear antigen
(PCNA)-binding domain (PBD) and the targeting sequence (TS) domain. The PBD mediates the
transient interaction with PCNA and is not essential for the catalytic reaction, but enhances the
methylation efficiency about 2-fold (Schermelleh et al., 2007, Chuang et al., 1997). PCNA forms a
trimeric ring around the DNA and interacts with a large number of proteins, serving as a loading
platform during replication and repair (Moldovan et al., 2007). The second domain mediating cell
cycle-dependent targeting of Dnmt1, the TS domain, targets Dnmt1 to constitutive heterochromatin
(Easwaran et al., 2004, Leonhardt et al., 1992). Furthermore, the TS domain has been implicated in
several other interactions or mechanisms. A bipartite interface within the TS domain was found to be
responsible for dimerization of Dnmt1 (Fellinger et al., 2009) and the TS domain was also reported to
mediate the interaction with Uhrfl (Frauer and Leonhardt, 2011, Achour et al., 2008, Felle et al.,
2011b, Bashtrykov et al., 2013). The crystal structure of Dnmt1 hints at an autoinhibitory role of the TS
domain, where the TS domain has to be unfolded from the catalytic domain in order to allow binding

of 5mC (Takeshita et al., 2011).

A similar autoinhibitory role was proposed for the CXXC domain, localized downstream of the TS
domain (Song et al., 2011). The CXXC domain can bind to unmethylated CpG sites, however, its
function is still under discussion as it has been reported that it is dispensable for maintenance
methylation (Frauer et al., 2011, Bestor, 1992). The polybromo homology domain (PBHD) (Liu et al.,
1998) containing two bromo adjacent homology (BAH) domains, thought to mediate protein-protein
interactions involved in gene silencing (Jurkowska et al., 2011). It has been reported that the PBHD
interacts with the ubiquitin carrier protein (Ubc) 9, which sumoylates Dnmt1, leading to an enhanced
catalytic activity of Dnmtl (Lee and Muller, 2009), but the detailed function of the PBHD remains
unclear. As a further regulatory mechanism, an interaction between the C- and the N-terminus seems
to be required for the catalytic activity of Dnmtl (Margot et al., 2003). The enzymatic reaction of
Dnmts involves the formation of a covalent complex between the C6 position of the cytosine ring and

the sulfhydryl group of the cystein in the conserved PC motif of the catalytic domain (motif IV).
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Thereafter, the methyl group is transferred from the donor S-adenosyl-L-methionine (SAM) to the C5

of the cytosine, followed by the release of the Dnmt by B elimination (Goll and Bestor, 2005).

Dnmtl is ubiquitously expressed in various tissues, but increased levels of Dnmt1 have been detected
in many cancers (Peng et al., 2005, Saito et al., 2003, Robertson et al., 1999). Given that alterations of
Dnmt1 expression levels can lead to malignancies, it is important that protein expression, stability and
activity are tightly controlled. One mechanism controlling Dnmt1 abundance is the ubiquitination of
Dnmt1 by Uhrfl leading to proteasomal degradation of Dnmt1 (Du et al., 2010, Qin, 2011). The
ubiquitination of Dnmt1 is triggered by acetylation of Dnmt1 by Tat-interactive protein 60 (Tip60). In
contrast, Usp7 and HDAC1 protect Dnmtl from degradation by deubiquitination and deacetylation of
Dnmtl, respectively. Dnmt1 expression is, for instance, regulated by the Ras-AP-1 and the pRb-E2F

signaling pathways (Rouleau et al., 1995, McCabe et al., 2005).

1.2.2 Coupling of maintenance methylation to the cell cycle
The abundance of Dnmt1 is not only regulated during differentiation, but also during cell cycle
progression. The protein amounts are highest in S phase and start to decrease in late S phase or G2
with lowest levels in G1 (Du et al., 2010, Vogel et al., 1988). Besides cell phase specific expression
levels of Dnmt1, the interaction with important binding partners also ensures faithful maintenance
methylation of replicated DNA. For instance, the interaction of Dnmt1 with PCNA via the PBD, couples

the localization of Dnmt1 tightly to DNA replication.

In somatic mouse cells, at least three stages of replication are clearly distinguishable by replication
markers like PCNA or nucleotide analogues like bromodeoxyuridine (BrdU) or ethynyldeoxyuridine
(EdU). The cells pass from early to mid and then to late S phase (Figure 5) (Somanathan et al., 2001,
Dimitrova and Berezney, 2002, Leonhardt et al., 2000, Goldman et al., 1984). In early S phase,
euchromatic regions are replicated leading to a pattern of multiple small foci distributed in the
nucleus, but excluded from the nucleoli and the nuclear periphery. In mid S phase, an enrichment of
replication foci at the nuclear periphery and around nucleoli is observable. In mid S Phase replication
foci, facultative heterochromatin is replicated, followed by replication of constitutive heterochromatin
in late S phase. In mouse cells, constitutive heterochromatin clusters in chromocenters, resulting in
large horseshoe-shaped replication foci upon heterochromatin replication. The molecular mechanism
of the chromatin-dependent replication timing is not yet fully investigated, but there are indications
that it is created by a stochastic process. The prerequisites for this so-called relative efficiency model
are an increasing efficiency of origin of replication activation over time and more efficient firing of
some origins of replication, thus creating an asynchronous process (Rhind, 2006). The latter could be
created by different compaction states of chromatin that regulate the accessibility of origins and

thereby influence the firing efficiency. The domino effect model states that replication affects the
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surrounding chromatin structure, leading to an increased firing efficiency of origins in close proximity
to already replicating regions (Sporbert et al., 2002). The influence of chromatin compaction on
replication timing is supported by the finding that histone acetylation can lead to a shift towards
earlier replication timing (Kemp et al., 2005, Casas-Delucchi et al., 2012). Furthermore, the replication
timing of 20% of the genome changes during ESC differentiation, in line with the fact that loci specific

chromatin compaction is drastically altered during differentiation (Hiratani et al., 2008).

G1 early S mid S late S G2

Figure 5: Cell cycle-dependent localization of GFP-Dnmtlwt and RFP-PCNA in mouse fibroblast cells. Replication sites are
marked by RFP-PCNA (red). GFP-Dnmt1 (green) displays a diffuse nuclear distribution in G1 and association with replication
sites in early to mid S phase. In late S phase, GFP-Dnmt1 associates strongly with constitutive heterochromatin at

chromocenters of mouse cells which persists into G2 phase.

Dnmtl1 largely colocalizes with the replication pattern observed for PCNA during early and mid S
phase. However, at the end of late S phase, a part of the Dnmt1 population remains associated with
the chromocenters although replication progresses further. At the onset of G2 Dnmt1 is still enriched
at constitutive heterochromatin. There are two possible explanations for this phenomenon. Dnmt1
either completes the DNA methylation at the densely methylated heterochromatic regions or Dnmt1

acts as an anchor for further processes (Easwaran et al., 2004).

1.2.3 Uhrf1 and Uhrf2
Interaction with PCNA causes enrichment of Dnmt1 at hemimethylated sites, but a second mechanism
targets Dnmt1 directly to hemimethylated sites via interaction with the protein Uhrfl (also known as
Np95 or ICBP90). This became apparent in 2007, when it has been discovered that the knockout of
Uhrf1 leads to reduced DNA methylation levels, mimicking the phenotype of the Dnmt1 knockout in
mice (Bostick et al., 2007, Sharif et al., 2007). One year later, structural studies reported that Uhrfl
binds to hemimethylated CpG sites by flipping out the methylated cytosine base (Arita et al., 2008,
Avvakumov et al., 2008, Hashimoto et al., 2008). Based on these results, the model proposed, that
Uhrf1 targets Dnmt1 to hemimethylated sites in the DNA sequence, although Dnmt1 seems to have an
intrinsic preference for hemimethylated DNA (Bashtrykov et al., 2012, Frauer and Leonhardt, 2009).
Furthermore, the ability of Uhrfl to bind histone modifications provides a link between histone

modifications and DNA methylation (Rottach et al., 2010, Liu et al., 2013a, Rothbart et al., 2012).
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Uhrfl is a multidomain protein, composed of an ubiquitin-like (Ubl) domain, a tandem tudor domain
(TTD), a plant homeodomain (PHD), a SET (Suv39, Enhancer-of-zeste, Trithorax) and RING associated
(SRA) domain and a really interesting new gene (RING) domain (Figure 6). The SRA domain mediates
the interaction with hemimethylated DNA, whereas the TTD and the PHD mediate the interaction with
histone modifications. The TTD, together with the PHD, selectively bind to H3K9me3. H3K9me3 is a
repressive mark, characteristic for constitutive heterochromatin, set by the methyltransferases
Suppressor of Variegation (Suv)39h1 and Suv39h2 (Peters et al., 2001). Uhrfl is a member of the
RING-finger type E3 ligase family. Typically, the RING-finger type E3 ligases are involved in the
ubiquitination pathway and indeed the RING domain enables Uhrfl to ubiquitinate Dnmt1 leading to
the proteasomal degradation of Dnmtl (see 1.2.1). In addition, Uhrfl harbors an Ubl domain at the N-
terminus. This domain might be involved in the proteasomal degradation pathway, but its function has

not been fully elucidated yet (Bronner et al., 2013).
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Figure 6: Uhrf1l and Uhrf2 domain architecture and homology. Uhrfl and Uhrf2 contain a Ubl domain, a TTD, a PHD, a SRA
domain and a RING domain. The homology based on the primary protein sequence between the domains in both proteins is

depicted in percent.

Similar to Dnmt1, Uhrfl is upregulated in many cancers and, hence, considered to be a marker or a
potential target for cancer therapies (Mousli et al., 2003, Unoki et al., 2009). Furthermore, Uhrf1 is
constitutively expressed during the cell cycle in cancerous cell lines, in contrast to a peak in expression

in late G1 and at the G2/M transition in non-cancerous cell lines (Mousli et al., 2003).

The second member of the Uhrf family is Uhrf2 (also known as Np97 or NIRF). Uhrf2 shows a
remarkable structure and even sequence conservation to Uhrfl (Bronner et al., 2007, Pichler et al.,
2011). However, there are some differences between the two proteins, especially in the TTD (Figure
6). Uhrf2 has been reported to be involved in the degradation of nuclear protein aggregates (Iwata et
al., 2009), but it is not clear whether Uhrf2 has a functional role in DNA methylation. Therefore, a
highly interesting question is thus whether the two proteins are functionally redundant or whether

Uhrf2 possesses a distinct role.

1.3 Epigenetic regulation by histone variants
Besides DNA methylation and histone modifications, the importance of histone variants in the context

of chromatin structure and gene expression has become more and more evident. Histone variants are
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important for many processes, such as DNA repair, transcriptional regulation and epigenetic
reprogramming (Bernstein and Hake, 2006). The incorporation of histone variants changes epigenetic
states either directly or indirectly by recruiting different reader proteins through a variety of
mechanisms. For instance, some histone variants harbor specific sites that can be differently modified
compared to canonical histones or introduce structural changes facilitating nucleosome sliding or

eviction by changing the histone-DNA or histone-histone interfaces (Luger, 2006).

Canonical histones are only expressed in S phase, they are encoded in gene clusters that do not
contain introns and the mRNA is characterized by a 3’-stem loop, which is not polyadenylated. These
characteristics are, however, not found for histone variants, which are differently regulated, expressed
throughout the cell cycle, contain introns and have a polyadenylated mRNA (MarzIuff et al., 2008). The
incorporation and eviction of histone variants is promoted by specific chaperones (Park and Luger,
2008). For example, the exchange of H2A-H2B with H2A.Z can be catalyzed by the complex
p400/NuA4/Tip60 (E1A-binding protein p400/nucleosomal acetyltransferase of H4/Tat-interactive
protein 60) or by SRCAP (Snf2-Related CREBBP activator protein) (Billon and Cote, 2012). In
nucleosomes always two copies of every histone are present. Therefore, either one or both histones
of one type can be exchanged with variants. Furthermore, different histone variants can be combined

in one nucleosome, leading to a great number of possible nucleosome compositions.

So far, variations of the core histones H2A, H2B and H3 have been identified in mammals. The largest
family of variants has been described for H2A (Figure 7). A well known variant is H2A.X, which is
phosphorylated at serine 139, if DNA double strand breaks occur (yH2A.X) and facilitates the DNA
repair process (van Attikum and Gasser, 2005). Another example is macroH2A that is incorporated to a
great extend into the inactive X chromosome and is involved in the transcriptional repression on this
chromosome and also on autosomes (Gamble and Kraus, 2010). The histone variants H2A.BBD (bar
body deficient) and H2A.Z are related to chromatin stability. H2A.BBD is only detected in mammals
and has been reported to be involved in spermatogenesis. Furthermore, the incorporation of H2A.BBD

in somatic cells has been shown to destabilize the nucleosome (Gautier et al., 2004).

H2A.Z is conserved between different species and is essential in mouse, drosophila and xenopus
(Bonisch and Hake, 2012). It is, hence, not surprising that this variant functions in a variety of
processes including transcriptional regulation, DNA repair, heterochromatin formation, chromosome
segregation and mitosis (Bonisch and Hake, 2012). Based on the various functions regarding chromatin
stability, the dynamics of the H2A histone variants and their splice forms are of special interest for this

work.
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Figure 7: Schematic representation of human H2A variants. In contrast to the canonical H2A, H2A X harbors a special C-

terminal region prone for phosphorylation and macroH2A contains a large macro domain at the C-terminus. The C-terminal
region is also specific in H2A.Z, whereas H2A.BBD lacks the C-terminal domain and has an N-terminal domain that is distinct

from the other H2A variants.
1.4 Spatial and temporal dynamics of nuclear processes

1.4.1 Nuclear protein dynamics
Most of the processes and interactions, which have been introduced in the previous chapters, are
highly dynamic. With the start of this century it became clear that many of the interactions thought to
be highly stable are indeed very transient (Phair and Misteli, 2000). For instance, a lot of chromatin-
binding proteins like HP1 or even the histone H1 constantly bind and unbind their target (Stasevich et
al., 2010, Schmiedeberg et al., 2004, Cheutin et al., 2003). Apparently, chromatin, including the
canonical core histones, provides a relatively stable framework, where other proteins transiently bind
to. Further stable proteins are located in the nuclear lamina such as lamin A and lamin B or
nucleoporins like NUP153 (Xu and Powers, 2013, Moir et al., 2000). Furthermore, several nuclear
compartments not enclosed by a membrane, appear as relatively stable regions in the nucleus. These
nuclear compartments include nucleoli, nuclear speckles, replication foci, PML bodies and Cajal bodies
(Spector, 2001) and they are to some extend dynamic. For example, the spatial distribution of
replication foci changes in a complex pattern during S phase (see 1.2.2). The proteins in the replication
complexes are continuously exchanged. Furthermore, nuclear compartments could be self-assembling
or self-organizing complexes that are created by accumulation of specific factors binding to each other

with high affinity (Hemmerich et al., 2011).

Regarding the question of how proteins find their target, a theory states that many nuclear factors
passively diffuse through the crowded nucleus in order to find their target in a kind of a random-
scanning mechanism (Gorski et al., 2006). As diffusion of small molecules is very fast in the range of
30-80 pm?/s (Braga et al., 2004), this random-scanning mechanism, in combination with transient
binding events, could be a fast and energy efficient way to target proteins. Furthermore, this

combination allows a very fast reaction to external factors without the need of guided unbinding of
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chromatin factors. Fine-tuning the strength of association and dissociation rates in combination with
the abundance of proteins, contribute to the creation of nuclear organization (Hemmerich et al.,
2011). In essential cellular processes, chaperones aid the assembly of nuclear components (Ellis,
2006). PCNA, for instance, forms a trimeric ring around DNA and is loaded onto DNA by the chaperone
replication factor C (RFC) (Indiani and O'Donnell, 2006). After loading to DNA, the complex slides along
DNA in one dimension. The dynamic landscape in the nucleus seems to be necessary to provide
stability as well as plasticity in the cell (Misteli, 2001). A goal of this work is the analysis of the
temporal and spatial kinetics of this nuclear dynamic landscape. Therefore, there is an increasing need
for methods that do not only provide a snapshot of the current state, but allow insights into the

dynamic interplay of proteins. A very effective technique is advanced fluorescence microscopy.

1.4.2 Fluorescence microscopy techniques to study epigenetic processes in vivo

The field of fluorescence microscopy has been rapidly growing in the last two decades. The availability
of high speed microscopes in combination with fluorescent proteins like the green fluorescent protein
(GFP) has created a variety of methods. The so-called F-techniques include fluorescence recovery after
photobleaching (FRAP), fluorescence loss in photobleaching (FLIP), FOorster resonance energy transfer
(FRET), fluorescence lifetime imaging microscopy (FLIM) and fluorescence correlation spectroscopy
(FCS) (Ishikawa-Ankerhold et al., 2012). The F-techniques are complemented by single particle tracking
(SPT) (Siebrasse et al., 2007). Furthermore, a variety of correlation spectroscopy methods related to
FCS like raster scan image correlation spectroscopy (RICS) have been developed (Digman and Gratton,

2012).

Initially, FRAP was developed to investigate the lateral movement of membrane proteins (Axelrod et
al., 1976), but it was later also used for kinetic analysis of intracellular as well as nuclear proteins. The
techniques FRAP and FLIP exploit the fact that a fluorescent molecule, fused to the protein of interest,
can be irreversibly bleached by a strong laser pulse. Fluorescent proteins in a cell appear in a dynamic
equilibrium. After bleaching a distinct region or spot in a FRAP experiment this equilibrium is disturbed
and diffusion of the bleached and unbleached proteins within the compartment can be visualized
(Figure 8). Dependent on their mobility, the molecules restore the steady state equilibrium of the
fluorescence distribution. The mobility of the proteins is dependent on their size and their specific or
unspecific interactions with other molecules (van Royen et al., 2009). The fluorescence intensity in the

bleached region is recorded over time by live cell microscopy.

14



Introduction

prebleach -

Figure 8: Recovery of the fluorescence after bleaching half of the nucleus. C2C12 cells expressing GFP-Dnmt1 in early S
phase. The bleached region is indicated as a rectangle around the left half of the nucleus. Recovery is reached after about 50

s. Scale bar: 5 pm.

In contrast to FRAP, in a FLIP experiment a region in a specific compartment is repeatedly bleached
over time and the fluorescent intensity in an unbleached compartment or region is measured (Figure
9). The advantage of the latter approach is that no damage by bleaching is induced in the observed
area. Furthermore, the exchange of molecules between different compartments can be easily
analyzed. In this way, for example, the rate of nucleocytoplasmic shuttling is measured (Koster et al.,
2005). FLIP is complementary to FRAP experiments as it adds the possibility of visualizing the immobile
protein fraction in the cell. Specialized techniques like microirradiation are used to analyze the
dynamic involvement of proteins in DNA repair (Figure 9). In microirradiation experiments, DNA
damage sites are created with a strong UV laser in living cells to visualize the accumulation of tagged
proteins to the DNA damage sites (Mortusewicz et al., 2007). A specialized variation of FRAP for the
analysis of DNA methylation is the trapping assay (Schermelleh et al., 2005). This method uses the
covalent attachment of the methyltransferases to its target sites in the DNA by incorporation of the
nucleotide analog 5-aza-dC in S phase. The degree of immobilization of Dnmts can be measured by
FRAP experiments (Figure 9). If Dnmt1 is highly active, many Dnmt1 molecules will be trapped by

5-aza-dC, leading to a large immobile fraction after a short time frame.

Kinetic modeling of FRAP data allows the estimation of diffusion coefficients and even binding rates of
the analyzed proteins. FRAP has major advantages in contrast to in vitro techniques like binding assays
with fluorescently labeled proteins or surface plasmon resonance (SPR). First, as it is an in vivo method
it allows for the observation of the protein in near native conditions. In addition, a compartment and
cell cycle-dependent approach is possible to temporally and spatially characterize the mobility of a
protein. However, interactions are only indirectly characterized by comparing kinetics of the wild type

protein with its mutants or with knockout cell lines.

In order to get deeper insights into protein binding properties and functions, not only the temporal
dynamics, but also the spatial changes have to be analyzed. Maximizing resolution is a major goal and
major breakthroughs have been achieved in the last decades. The main techniques to overcome the
resolution limit of about 200 nm in conventional light microscopy are 3D structured illumination
microscopy (3D-SIM), stimulated emission depletion (STED) and a variety of localization microscopy

methods like direct stochastic optical reconstruction microscopy (STORM) or photoactivated
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localization microscopy (PALM) (Schermelleh et al., 2010). Among these techniques, 3D-SIM is
especially suitable for super-resolution images in the nucleus, because the high axial resolution is not
limited to total internal reflection fluorescence (TIRF) setups. Furthermore, it is possible to acquire

images in three colors, allowing a comparison of the detailed localization of up to three different

molecules.
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Figure 9: Bleaching techniques to determine the mobility of molecules in living cells. In FRAP experiments, a region in the
cell is bleached and the recovery is measured over time. In FLIP experiments, a region is repeatedly bleached and the loss of
fluorescence in another region or compartment is analyzed. During microirradiation, DNA damage is induced by a UV-laser
and the recruitment of proteins to this area is analyzed. Therefore, if the protein is enriched, the relative intensity rises to
values larger than one. In the specialized trapping assay, Dnmts are covalently bound to 5-aza-dC in the DNA. After addition
of 5-aza-dC, it is incorporated into DNA in S phase and active Dnmt1 is trapped, leading to a decreased mobile fraction of

Dnmts in FRAP experiments (black: without 5-aza-dC, red: with 5-aza-dC).

1.4.3 Labeling and transfection strategies

The investigation of nuclear processes is further challenged by the labeling of the structure or protein

of interest and the delivery of the labeled molecules into the cell.

Labeling of the designated proteins, protein modifications, DNA or RNA sequences or single bases
provides the basis for the imaging methods that have been described before. Apart from standard
techniques like immunofluorescent labeling with antibodies in fixed cells or fluorescent tagging of
proteins with GFP or other fluorescent proteins, a wide range of specialized techniques has been
developed. For instance, nanobodies, small functionalized camelid antibodies, are currently used to
label proteins or modifications in living cells (Romer et al., 2011). Alternatively, short labeled Fab

antibody fragments can be injected into living cells or small GFP-tagged domains like the MBD can be
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used to detect DNA modifications like 5mC (Kimura et al., 2010). Another challenge is the specific
labeling of DNA sequences. Besides existing methods like polydactyl zinc finger proteins (PZF)
(Lindhout et al., 2007), a new approach exploits the designer transcription activator-like effectors
(dTALE). TAL effectors are injected from pathogenic Xanthomonas bacteria into plant cells in order to
activate gene expression in their host, facilitating bacterial survival and proliferation (Mak et al.,
2013). Binding to specific DNA sequences is achieved by the central DNA-binding domain, containing
tandem amino acid repeats that differ by repeat-variable-diresidues (RVD). The code, which RVDs
detect each of the four nucleotides in DNA, has been unraveled and has since then allowed for the
construction of dTALEs binding to user-defined sequences (Boch et al., 2009, Moscou and Bogdanove,
2009). By expression of fluorescently tagged dTALEs, DNA sequences can be labeled specifically and
their temporal and spatial distribution can be monitored in living cells. The application of dTALEs for

sequence specific DNA labeling has, thus, been demonstrated and characterized in this work.

Besides labeling nuclear structures, a second challenge is the delivery of nucleic acids (DNA, RNA) and
proteins to the cells. Typically, specific gene expression vectors are transferred into cells with the help
of cationic lipid reagents resulting in the synthesis of the encoded proteins in the cells. However, large
complex proteins like antibodies are often inefficiently folded or assembled and transfer of purified
proteins into cells often leads to endosomal entrapment of the proteins or high cell toxicity (Mellert et
al., 2012). Therefore, new strategies need to be developed. Highly tunable transfer vectors are
mesoporous silica nanoparticles (Cauda et al., 2009, Rathousky et al., 2004). They are taken up by
mammalian cells via endocytosis or pinocytosis (Slowing et al., 2008). Introduction of various internal
or external chemical functional groups can optimize their properties like biocompatibility, cellular
uptake or the capability of loading and releasing molecules (Giri et al., 2007). For example, the
functionalization of the nanoparticle surface with protoporphyrin IX increases the cellular uptake of
nanoparticles and their release from the endosome upon illumination with UV light (Schlossbauer et
al., 2012). Mesoporous silica particles are not only an effective research tool, but they also have a
potential in medical applications. At the moment, the development of strategies to deliver drugs to
specific tissues in the human body is an emerging field of research. Functionalized nanoparticles could
be a way to bring the drug to a specific region, allowing release only in the target area (Mai and Meng,

2013).

1.5 Aims of this work
Although many nuclear processes have been studied extensively, the majority of the results only
represent snapshots in the dynamic and complex interplay of large regulatory networks. Therefore,
the aim of this work was to get deeper insights into the spatio-temporal dynamics of nuclear proteins

with a major focus on Dnmt1.
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At first, | set out to dissect the cell cycle-dependent dynamics of Dnmt1. To address this question, |
performed FRAP experiments with GFP-Dnmt1"* and a set of mutants to analyze the role of the PBD
and the TS domain during different stages of the cell cycle with high temporal resolution. By applying a
tailored kinetic modeling approach, | tried to decipher the specific mean residence times for the
different interactions and the corresponding fractions of interacting molecules. Furthermore, using
3D-SIM super-resolution microscopy, | wanted to gain further information about the localization of
Dnmtl in late S phase with high spatial resolution and correlate it with the findings about Dnmt1
dynamics. As Uhrfl is the potential binding partner of the TS domain-mediated interaction and has an
essential role in DNA methylation, | also aimed at obtaining more information about Uhrfl and at

studying the differences between Uhrfl and its homologue Uhrf2.

Furthermore, | wanted to further develop our FRAP approach and apply it to other nuclear proteins
like the histone variant H2A.Z or the cell cycle regulator nuclear interaction partner of anaplastic
lymphoma kinase (NIPA). In addition, | tried to find tools that facilitate the analysis of nuclear
dynamics and processes. Therefore, | have set out to exploit dTALEs for the labeling of DNA sequences
in living cells and to characterize mesoporous silica nanoparticles, which can be used to transfer

molecules into cells.
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2. Results

2.1 Dissection of cell cycle-dependent dynamics of Dnmt1 by FRAP and

diffusion-coupled modeling

19






Nucleic Acids Research Advance Access published March 27, 2013

Nucleic Acids Research, 2013, 1-17
doi:10.1093/nar/gkt191

Dissection of cell cycle-dependent dynamics of
Dnmt1 by FRAP and diffusion-coupled modeling

Katrin Schneider', Christiane Fuchs?, Akos Dobay', Andrea Rottach', Weihua Qin’,
Patricia Wolf', José M. Alvarez-Castro', Marcus M. Nalaskowski®, Elisabeth Kremmer?,
Volker Schmid®, Heinrich Leonhardt' and Lothar Schermelleh'*

"Department of Biology and Center for Integrated Protein Science, Ludwig Maximilians University Munich
(LMU), 82152 Planegg-Martinsried, Germany, 2Institute for Bioinformatics and Systems Biology, Helmholtz
Zentrum Milnchen, German Research Center for Environmental Health, 85764 Neuherberg, Germany,
3Department of Biochemistry and Signal Transduction, University Medical Center Hamburg-Eppendorf, 20246
Hamburg, Germany, “Institute of Molecular Immunology, Helmholtz Zentrum Miinchen, German Research
Center for Environmental Health, 81377 Munich, Germany and °Department of Statistics, Ludwig Maximilians

University Munich (LMU), 80539 Munich, Germany

Received November 15, 2012; Revised February 26, 2013; Accepted February 27, 2013

ABSTRACT

DNA methyltransferase 1 (Dnmt1) reestablishes
methylation of hemimethylated CpG sites generated
during DNA replication in mammalian cells. Two
subdomains, the proliferating cell nuclear antigen
(PCNA)-binding domain (PBD) and the targeting
sequence (TS) domain, target Dnmt1 to the replica-
tion sites in S phase. We aimed to dissect the details
of the cell cycle-dependent coordinated activity of
both domains. To that end, we combined super-
resolution 3D-structured illumination microscopy
and fluorescence recovery after photobleaching
(FRAP) experiments of GFP-Dnmt1 wild type and
mutant constructs in somatic mouse cells. To inter-
pret the differences in FRAP kinetics, we refined
existing data analysis and modeling approaches to
(i) account for the heterogeneous and variable distri-
bution of Dnmt1-binding sites in different cell cycle
stages; (ii) allow diffusion-coupled dynamics; (iii) ac-
commodate multiple binding classes. We find that
transient PBD-dependent interaction directly at rep-
lication sites is the predominant specific interaction
in early S phase (residence time T,es <10s). In late S
phase, this binding class is taken over by a substan-
tially stronger (T,.s ~22s) TS domain-dependent
interaction at PCNA-enriched replication sites and

at nearby pericentromeric heterochromatin sub-
regions. We propose a two-loading-platform-model
of additional PCNA-independent loading at post-
replicative, heterochromatic Dnmt1 target sites to
ensure faithful maintenance of densely methylated
genomic regions.

INTRODUCTION

DNA methylation is an essential epigenetic mechanism in
mammals involved in gene regulation, genomic imprint-
ing, X inactivation and carcinogenesis (1-3). Once estab-
lished de novo during cell differentiation, the genomic
methylation pattern is maintained by the DNA
methyltransferase 1 (Dnmtl), a 183 kDa-sized enzyme
that transfers methyl groups to hemimethylated substrate
CpG sites generated during DNA synthesis in S phase
(2,4,5). Hence, it seems obvious that the regulation of
Dnmtl is tightly coupled to DNA replication. In fact,
using fluorescence recovery after photobleaching
(FRAP), we have previously reported that Dnmtl associ-
ates with replication foci (RF) by a highly transient inter-
action with the replication clamp proliferating cell nuclear
antigen (PCNA) in early S phase via the PCNA-binding
domain (PBD) of Dnmtl, enhancing the efficiency of
covalent complex formation at its substrate sites (6,7).
PCNA forms a homotrimeric ring around the DNA at
replication forks and operates as a quasi-immobile
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loading platform for various replication-associated factors
(8,9). Furthermore, the targeting sequence (TS) domain
has been found to mediate association of Dnmtl to con-
stitutive heterochromatin from late S phase into G2
(10,11), the latter finding challenging the strict coupling
to the replication process. In addition, the TS domain was
implicated in the interaction with Uhrfl (12). Uhrfl is an
essential cofactor in the DNA methylation process and it
has been proposed that Uhrfl targets Dnmtl to
hemimethylated sites (13—17). Although the role and regu-
lation of Dnmtl has been a popular field of research for
many years, the details and functional implications of the
cell cycle-dependent coordinated binding activity of
the PBD and the TS domain still remain elusive.

FRAP techniques offer an effective tool to study in vivo
the mobility of cellular proteins and to gain a better
understanding of molecular interactions that drive or
limit the mobility of fluorescent fusions expressed in cells
(18-21). By bleaching a subpopulation of fluorescent
proteins and by analyzing the redistribution of fluores-
cence over time, one can obtain measures of the half-
time of recovery and the size of mobile fractions. To fur-
thermore extract kinetic parameters from fluorescence
recovery curves, one can describe the underlying
dynamics of the proteins by a set of differential equations
and apply a fitting procedure. Such kinetic modeling
approaches can be useful to detect and quantify distinct
dynamic populations [mobility classes (MCs)] and have
been successfully used to quantitatively characterize diffu-
sion and to some extent interactions inside living cells
(22-24). Within the nucleus, the mobility of protein
factors can be limited by binding to rather immobile struc-
tures, most prominently to chromatin, or to stationary
enzyme complexes, such as the replication machinery,
transcription domains or splicing speckles (25-27). The
majority of these interactions are surprisingly transient
to accommodate dynamic exchange, which is pivotal to
provide cellular plasticity and efficient responses to
external signals (28-30).

We aimed to extract quantitative measures of the
binding properties of Dnmtl in vivo. Unlike for many
other nuclear factors, Dnmtl-binding sites are
non-homogeneously distributed with association sites con-
stantly changing their location throughout the cell cycle.
To characterize the contribution of the PBD and TS
domain on these changing interactions, we analyzed the
mobility of wild type and mutants of GFP-tagged Dnmtl.
In particular, we interpreted the differences between the
mutants by modeling FRAP experiments where half of
the nucleus is bleached. As the spatial distribution of the
different binding sites is unknown a priori, we modified
classical reaction-diffusion models in a way that diffusion
is simplified into a two-compartment exchange model and
binding events are averaged over the entire half-nucleus.
This model also takes into account potential multiple
binding partners of proteins with different binding
affinities.

Our results provide evidence that the collective integrity
of the PBD and TS domain is necessary and sufficient for
the entire S phase—dependent targeting of Dnmtl to its
localization sites. Transient PBD-mediated interaction at

RF is the predominant specific interaction in early S
phase, while in late S phase, this binding class is relegated
by an ~2-fold stronger TS domain-dependent binding.
Supported by  super-resolution  imaging  with
3D-structured illumination microscopy (3D-SIM) (31,32)
we show that TS binding is not restricted to replication
sites but also occurs PCNA/PBD-independently at
postreplicative constitutive heterochromatin. We propose
a two-loading-platform-model in which the increasing
density of hemimethylated CpG sites in conjunction with
increased level of  heterochromatin marks at
postreplicative heterochromatin in late S phase provides
high-affinity binding sites for TS-mediated binding of
Dnmtl. PCNA-independent loading downstream of repli-
cation thus provides a mechanism to ensure maintenance
of densely methylated heterochromatic DNA sequences.

MATERIALS AND METHODS
Expression constructs and cell culture

The expression constructs, 1xGFP, 2xGFP, 4xGFP,
GFP-Dnmt1"™, GFP-Dnmt1?'%** and GFP-Dnmt1*™
have been described previously (6,33,34). GFP-
Dnmt1Q?F/ATS was derived from GFP-Dnmt14™ by
overlap extension PCR. Mouse C2CI12 myoblast cells
were cultured in DMEM supplemented with 20% fetal
bovine serum and 50 pg/ml gentamycine. For live cell ex-
periments, cells were seeded in Lab-Tek chamber slides
(Nunc) or p-slides (Ibidi), using either pools of stably
expressing cells or transiently transfected cells.

Creation of stably expressing cells has been described
before (6). For transient transfections, cells were grown up
to 30-40% confluence and transfected with TransFectin
transfection reagent (Bio-Rad) or FuGENE HD (Roche)
according to the manufacturer’s instructions. Cells were
then incubated overnight (TransFectin) or ~40h
(FuGENE HD) before performing FRAP experiments (6).

Only moderately expressing cells with unsuspicious
morphology were chosen for further analysis. The
overall Dnmtl level of endogenous and ectopically ex-
pressed protein was determined for all analyzed constructs
and cell lines by immunofluorescence labeling using a
novel Dnmtl-specific rat monoclonal antibody 5A10.
Quantitative analysis of labeling intensities revealed on
average 2-fold increased protein levels compared with
non-transfected control cells confirming no major
overexpression of the GFP-Dnmt1 fusion constructs (see
Supplementary Methods and Supplementary Figure Sl
for details on the antibody characterization and the
immunofluorescence assay).

EdU pulse labeling, immunofluorescence staining and
structured illumination microscopy

Cells, stably expressing GFP-Dnmtl fusions were seeded
on No. 1.5H precision coverslips (Marienfeld Superior),
formaldehyde fixed and permeabilized with ice-cold
methanol. For labeling of postreplicative DNA, 5uM
5-ethnyl-2’-deoxyuridine (EdU) was added to the growth
medium 60min before fixation. Endogenous PCNA
was fluorescently labeled either with a rat monoclonal
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antibody 16D10 (35) or a mouse monoclonal antibody
PCI10 (Abcam) and secondary antibodies conjugated to
Alexa Fluor 594 (Invitrogen) or CF405S (Biotium). GFP
was postlabeled with ATTO488 conjugated GFP-Booster
(ChromoTek). EAU was detected by Cu (I) catalyzed
cycloaddition (‘click-chemistry’) of 20 uM Alexa Fluor
594 Azide (Invitrogen) diluted in 0.1 M Tris/HCI (pH
8.6) containing 4mM CuSO,4 and 50 mM Na-ascorbate.
Cells were counterstained with 1 pg/ml 4’,6-diamidino-2-
phenylindole and embedded in Vectashield (Vector
Laboratories).

3D-SIM was performed on a DeltaVision OMX V3
(Applied Precision) system equipped with a 100x/1.40
NA PlanApo oil immersion objective (Olympus),
Cascade II:512 EMCCD cameras (Photometrics) and
405, 488 and 593 nm diode lasers. Structured illumination
(SI) image stacks were acquired with a z-distance of
125nm and with 15 raw SI images per plane (5 phases,
3 angles). The SI raw data were then computationally
reconstructed with channel specifically measured optical
transfer functions using the softWoRX 4.0 software
package (Applied Precision) to obtain a super-resolution
image stack with a lateral (x,y) resolution of ~120nm
and an axial (z) resolution of ~300nm (31). Images
from the different color channels were registered with
alignment parameter obtained from calibration measure-
ments with 0.2pm diameter TetraSpeck beads
(Invitrogen).

Live cell microscopy and quantitative FRAP analysis

Live cell imaging and FRAP experiments were typically
performed on an UltraVIEW VoX spinning disc micro-
scope with integrated FRAP PhotoKinesis accessory
(PerkinElmer) assembled to an Axio Observer DI
inverted stand (Zeiss) and wusing a 63x/1.4 NA
Plan-Apochromat oil immersion objective. The micro-
scope was equipped with a heated environmental
chamber set to 37°C. Fluorophores were excited with
488 nm or 561 nm solid-state diode laser lines. Confocal
image series were typically recorded with 14-bit image
depth, a frame size of 256 x 256 pixels, a pixel size of
110nm and with time intervals of 154ms. For photo-
bleaching experiments, the bleach regions, typically with
a length of 810 um, were chosen to cover the anterior
half of the oval-shaped nucleus. Photobleaching was
performed using two iterations with the acousto-optical
tunable filter (AOTF) of the 488 nm and the 514nm
laser line set to 100% transmission. Typically, 20
prebleach and 780 postbleach frames were recorded for
each series. In some cases, FRAP experiments were per-
formed on a TCS SP5 AOBS confocal laser scanning
microscope (Leica) using comparable settings as previ-
ously described (6).

Data correction, normalization and quantitative evalu-
ations were performed by automated processing with
ImageJ (http://rsb.info.nih.gov/ij/) using a set of
self-developed macros followed by calculations in Excel.
Details are provided in the Supplementary Methods and
in Supplementary Figure S4.
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Mathematical model

The mathematical models used to statistically infer the
kinetic parameters from corrected and normalized
FRAP datasets are based on a compartmental approach
and biochemical kinetic principles. The model for
diffusion-uncoupled FRAP, i.e. for molecules that
diffuse much more rapidly than they bind or unbind,
has previously been described (22,36). A model for
diffusion-coupled FRAP is developed in this work and
illustrated in Figure 4A; a similar approach has been
taken in (37). The model considers transitions between
the bound and the free state of a protein with association
rate constant k,, and dissociation rate constant k,; . As
substantiated in the Supplementary Methods, the associ-
ation and dissociation dynamics can be expressed in terms
of linear ordinary differential equations (ODEs) when
replacing k,, by an effective association rate constant k.
The ODEs are given below. While bound proteins remain
fixed at the respective binding sites, free proteins diffuse
through the nucleus, thus changing their locations.
Movements between the bleached and the unbleached
section are modeled with a diffusion rate constant k.
Its value depends on the geometry of the cell and is not
immediately eligible for interpretation purposes. See the
Supplementary Methods for details on the modeling of the
movement of proteins.

Bleached and unbleached molecules are assumed to
behave identically, and therefore it suffices to focus on
one type only. Hence, let P, Pl phownd and phound
denote the fractions of unbleached free and bound
proteins in the bleached and unbleached sections,
measured with respect to all unbleached proteins in the
nucleus. These four parameters sum up to one such that
one of them can be left out. Define P/ = P’Z’f" + P’Z:;l and
phound — phound . pbound - The overall dynamics of un-
bleached proteins is described by

apl .
- —k* Pfree Tk _anund
dt on” bl off £ b1 (1)

+ kditf'(f WPl — (1 —ﬁ)z)Pf}e‘)),

ar ﬁ’elfz ; fi /i bound
ree ree ree U
7;: = _k:nP{lizbl+kl?ff<] =Py =P — Pb? " ) )
- kdiff'(fé/PZJ;il = =fw)P Z'/“)’
demmd . ”
Bk, P = Ko PR 3

The recovery curve equals F = ( P}« + PZ;"‘”") /fwi. This
term was adjusted to the data normalization procedure
described in the Supplementary Methods and approaches
the value one as time progresses.

There is possibly more than one type of binding partner
for Dnmtl, i.e. the protein may sometimes associate to a
partner of one type and sometimes to a partner of another
type. These partners may differ with respect to the affinity
of Dnmt1 to enter the bound state and the mean residence
times in this state. All binding partners with identical
or similar kinetic properties are gathered in one MC.
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This term seems more appropriate than classes of binding
sites (22) because different sites with identical kinetic
properties cannot be distinguished using FRAP data. The
number of MCs could hence be smaller than the number of
different binding partners. Furthermore binding-unrelated
processes like anomalous diffusion can fall into an MC.
Suppose there are M classes of kinetically different
binding partners for the protein of interest, labeled with
numbers i € {1,...,M}. For all i, define Pg}’“”d” and P};ZZ}"[”
as the fractions of type-i bound proteins in the bleached
and unbleached sections, respectively, with

Pbound,i — Pg;)u’7d,l+PZ;Z?d,l_ Let fz — Pbound,i/Pbound be the

fraction of type-i bound proteins with respect to all
bound proteins. Furthermore, denote by k7, ; and ko,

the association and dissociation rate constants corres-
ponding to the ith MC. Then, the recovery is described by

dplree
bl P/‘ree M k* + M k ) APhaund,l
- bl =1 on,i i=1 offiit py

dt 4
+ kd;ff(ﬁzlpf:;fl —(1 —fh/)nge),
dere;l ree M M bound.i
= Pl Dy Ko™ D KopriPoni ™ )
— kaig (foPy = (L= fr) P,
deound,i ) i
/27[ =k, ;P Z/Pe - k,sz,,-P'Zl’ " (6)
denund,i . . poundi
L;Z?I = kon,iPu’nZ:l - kOﬂ;fPu;Z;q ,1’ (7)

where i=1,.,M. The fluorescence intensity is

P (P S P 1

Parameter estimation

The mathematical model contains several unknowns: The
model parameters k7, ;, kop and kgyy, the initial values Fo,

on,i>
P, Phound for the components F, P}y, Piy, etc. and the
fractions fy;, f; of bleached proteins, bound proteins of
type i, etc. Due to computational effort, parameter
redundancies and strong correlation between some para-
meters, it is not meaningful to statistically infer all these
unknowns simultaneously. Instead, some values were fixed
as follows: kg and fj; were experimentally determined
(see Supplementary Table S3, Figure 4B and the data nor-
malization description above). The smallest &, value was
set to 0.005 (see the Results section). F was chosen equal
to the first value of the FRAP curve. P,C'l‘(‘] was set equal to
JfrFo. The association rates result from the other estimates
as k%, ; = kogrifi(1 — PI7¢) /Pl Statistical inference of all
remaining variables was carried out by least squares esti-
mation. The ODEs (1)—(3) and (4)—(7) were numerically
solved with the Euler scheme with step length 0.03, which
corresponded to one-fifth of the observation interval. All
software was written in R (R Development Core Team,
2011, R Foundation for Statistical Computing, Vienna,
Austria).

We estimated the model parameters for each FRAP
curve separately and compared the estimates for curves
from the same cell cycle phase and Dnmtl construct after-
wards. For more details about the numerics, see the
Supplementary Methods.

Model choice

In our analysis, we estimate models with different
numbers of MCs. Because the models are nested, the in-
clusion of more MCs always leads to a better or at least
equally good fit. However, one may ask whether the add-
itional computational effort for multiple MCs is worth the
improved matching of the data. At first glance, model
choice criteria like the Akaike information criterion
(AIC) (38) seem appropriate. In our application,
however, the difference in the mean squared residuals
for different models is typically small owing to parameter
redundancies. Because of the large number of model par-
ameters, the AIC will often favor less MCs although the
curvature of the recovery curves is better described by
more complex models. For that reason, we developed a
model selection criterion that penalizes complexity less
rigorously and is specific to our application. Due to the
relatively small noise in the FRAP curves (Figure 3B and
Supplementary Figure S6), we do not expect to overfit the
data. The criterion reads as follows.

As explained in the Results section, the up to three
MCs are further distinguished into one or two distinctive
mobility classes (DMCs) and up to one catalytic mobility
class (CMC). These have to fulfill three rules:

(1) If a DMC or CMC is present, the fraction P of
bound proteins should be above a certain threshold:

bound
P = €hound-

Otherwise the DMCs and CMC are discarded, and
we assume no MCs for this FRAP curve.

(2) Two distinct MCs should differ substantially in their
dissociation rates. In the model with two DMCs that
means that one should have

kofpmct — Kogrpmca

> Spmc
koff;DMCZ

¢ Kopromer = Koprcnrc > s

cMcC.
kofr,cmc

Otherwise we assume the effective number of DMCs
to be one.

(3) An MC only truly contributes to the model if it
reaches a certain size:

Somct PP > epycand foycea PP > epprc
and feayrc P > ecuc.

Otherwise we assume the effective number of DMCs
to be one.

We derive appropriate values for the above thresholds
by cluster analysis; see the Supplementary Methods for
details and results. For each measured curve, we now
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select the model that yields the best fit. This is typically the
model with two DMCs and one CMC, but in many cases,
the fit of the model with one DMC and one CMC is
equally good and hence preferred. For the chosen
model, the original number of DMCs is replaced by the
effective number of DMCs as determined by the above
rules (Supplementary Figure S9). Then, for each cell
cycle phase and protein construct, the primarily chosen
effective number of DMCs is determined. The model
with the according number of DMCs is chosen for this
phase and construct. Supplementary Table S3 displays
the mean estimates for the selected model for all FRAP
curves. These results always assume the original number
of DMCs and do not further reduce it to an effective
number.

RESULTS

Necessity and sufficiency of the PBD and TS domain for
S phase-specific targeting of Dnmt1

Our aim was to analyze the S phase—dependent regulation
of the Dnmtl-binding behavior. To that end, we
investigated four GFP fusions: wild type Dnmtl
(GFP-Dnmt1""), the full-length Dnmtl carrying a point
mutation (GFP-Dnmt1?'%*¥) within the PBD (6), a
Dnmtl mutant carrying a deletion of a highly conserved
part of the TS domain comprising the amino acids 459—
501 (GFP-Dnmt1*™) and a Dnmtl double mutant
containing both mutations (GFP-Dnmt]Q!62F/ATS)
(Figure 1A). To identify different cell cycle stages, we
first co-expressed GFP-Dnmtl constructs with PCNA
fused to monomeric red fluorescent protein
(RFP-PCNA) in mouse C2CI12 myoblast cells and
acquired confocal mid sections of the living cells
(Figure 1B). As previously described (6), GFP-Dnmt1™
co-localized with RFP-PCNA at RF in early S phase.
Co-localization with RF was also apparent in late S
phase, when DNA of pericentromeric heterochromatin
(pHC) is replicated. In contrast, the double mutant
GFP-Dnmt19'?¥/2TS was diffusely distributed within
nuclei throughout interphase, suggesting a deficiency to
target RF during S phase. GFP-Dnmt1*™ still
accumulated at RF in early and late S phase, but
showed a slightly weaker association compared with
GFP-Dnmt1"", indicating the activity of PBD-mediated
targeting in all S phase stages, independent of the
presence of the TS domain (Figure 1B and Supplementarg
Figure S2). As previously reported, GFP-Dnmt]?'®
showed a diffuse nuclear distribution in early S phase
but notable association to pHC replicating in late S
phase (6). Together, this suggests that the PBD-mediated
interaction with PCNA is necessary for the Dnmtl local-
ization in early S phase, but evidently not for the associ-
ation at pHC in late S phase.

For a more detailed view on the spatial relationships of
wild-type and mutant Dnmt1l and PCNA at RF, we used
super-resolution 3D-SIM (31,32). Owing to the ~8-fold
improved volumetric resolution of 3D-SIM (39), we
could clearly notice subtle variations in the Dnmt1 local-
ization that escaped detection with conventional imaging

Nucleic Acids Research, 2013 5

(Figure 2 and Supplementary Figure S3). In late S phase,
GFP-Dnmt1"™ coincides to a large extent with
immunofluorescently labeled endogenous PCNA foci in
locally decondensed parts of otherwise homogenously
compacted chromocenters with some Dnmtl signal ex-
tending slightly (by a few 100nm) beyond the PCNA
signal. Interestingly, RF outside of chromocenters
showed almost no enrichment of Dnmtl (Figure 2A). In
contrast, early S phase cells showed a more balanced
co-localization at RF (Supplementary Figure S3A).
Co-immunostaining of non-transfected cells with the
Dnmtl-specific monoclonal antibody 5A10 confirmed
the same localization characteristics for the endogenous
Dnmtl, hence excluding potential artifacts by the
GFP-tagging or overexpression (Supplementary Figure
S3B). As opposed to this, GFP-Dnmtl*™ precisely
co-localized with all PCNA marked RF inside and
outside of chromocenters (Figure 2B). GFP-Dnmt1?!¢%E,
similar to the wild type, displayed an enrichment at
chromocenter-associated RF but also in the nearby
regions of the chromocenters that were more compacted.
We further noted these regions to become larger toward
the end of late S phase, indicating that TS-mediated
binding primarily occurs at postreplicative pHC
(Supplementary Figure S3C). Pulse replication labeling
with 5-ethenyl-2’-deoxyuridine and co-staining with
PCNA confirmed the association of both, wild type and
the PBD mutant Dnmtl to postreplicative pHC
(Figure 2D). Hence, we conclude a strict co-localization
of the ATS mutant with PCNA at replication sites in late
S phase, whereas both TS domain-containing constructs
(GFP-Dnmt1?'%°F stronger than GFP-DnmtI™") show a
non-strict co-localization and a tendency to bind adjacent
postreplicative pHC.

To gain further knowledge about the cell cycle—depend-
ent dynamics of Dnmtl, we compared FRAP kinetics of
mutant proteins with those of GFP-DnmtI™" in early S
phase, late S phase and non-S phase cells with diffuse lo-
calization. The latter comprises mostly G1 cells but may
also contain a smaller subset of late G2 phase cells, ac-
cording to the different lengths of both stages. The com-
parison was done by half-nucleus FRAP analyses to
quantify the strength and contribution of the PBD- and
TS domain—-mediated interactions in the distinct stages
(Figure 3A). For a thorough quantitative evaluation of
half-nucleus FRAP data, which preceded the application
of the mathematical model, we developed an improved
protocol for image registration, nuclear segmentation
and data normalization (details described in Supple-
mentary Methods and Supplementary Figure S4).

Initial controls revealed that the additional expression
of RFP-PCNA influenced the kinetics of GFP-DnmtI™*
(Supplementary Figure S5). Hence, to avoid any biasing
effects, we decided not to co-express RFP-PCNA, but
instead to collectively analyze all nuclei with diffuse
nuclear distribution of the respective GFP fusion
protein. Control measurements of diffusely localized
GFP-Dnmt1?'®*F in RFP-PCNA co-expressing cells
revealed no difference between the ‘early S phase’ and
‘Gl/late G2’ group (data not shown). We quantitatively
analyzed half-nucleus FRAP experiments of 10-20
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Figure 1. Domain structure and subnuclear localization of GFP-Dnmtl constructs. (A) Dnmtl consists of a large N-terminal regulatory domain
containing PBD, TS domain and a CXXC zinc finger (ZnF) domain, and a conserved C-terminal catalytic domain. The point mutation of a highly
conserved glutamine to glutamic acid introduced within the PBD eliminates interaction with the replication machinery (GFP-Dnmt1?'%%F). A
deletion in the central part of the TS domain (GFP-Dnmtl®™) was introduced to abolish interaction with constitutive heterochromatin.
Furthermore a construct containing both mutations was generated (GFP-Dnmt1?'%?E/2TS) GFP alone is used as a control for a non-binding
protein. (B) Spinning disk confocal mid sections of GFP-Dnmtl wild type (wt) and mutant constructs in live mouse C2C12 cells co-expressing
RFP-PCNA to mark RF. In early S phase, GFP-Dnmt1"' accumulates at RF, whereas PCNA-binding deficient GFP-Dnmt12'°%F s diffusely
distributed throughout the nucleus. GFP-Dnmtl®™S is still associated with RF, but not as prominently as GFP-Dnmt1™. In late S phase
GFP-DnmtI™, GFP-Dnmt1?'%F and GFP-Dnmt1*"® accumulate at larger RF of late replicating pHC, although with slightly less strong enrichment

observed for both mutants. GFP-Dnmt1?'¢?¥/4TS s distributed diffusely in the nucleus throughout interphase. Scale bar: 5pum.

datasets for each construct and categorized cell cycle
stage(s) (Figure 3B and Supplementary Figure S6) and
determined half-times of the recovery (f;») and mobile
fractions (MF) (Supplementary Table S1)

In accordance with our previous observations (6), GFP-
Dnmt1™ showed a moderately reduced mobility in early S
phase (7;/>6.3 £ 0.3 s) compared with G1/late G2 phase (¢, »
3.3 £ 0.15s) (Figure 3B and C). In late S phase, the recovery
was even more reduced (71, 8.3 &+ 0.6s). Recovery kinetics
of the GFP-Dnmt1?"?¥/2TS ouble mutant comprising all
interphase stages revealed the same fast recovery kinetics
(112 3.6 £ 0.35) as observed for GFP-Dnmt1™" in G1/late
G2 phase, suggesting the complete loss of any S phase—
specific interaction. The result implies that the collective
integrity of PBD and the TS domain is necessary and suffi-
cient for the entire S phase—dependent targeting of Dnmt]
to its localization sites.

Next, we analyzed both single mutants, GFP-
Dnmt1?'%F and GFP-Dnmt14™5, to dissect the specific
role of both domains in early S phase and late S phase.
In agreement with our previous analyses of GFP-
Dnmt1?'%E | the kinetics measured for the pooled G1/
late G2 and early S phase cells showing a diffuse distribu-
tion, was almost identical to that of GFP-Dnmt1™" dif-
fusely distributed only in Gl/late G2 phase (¢
3.1 £0.2s versus 3.3 £ 0.15s) consistent with the loss of
PCNA interaction in early S phase. In late S phase,
despite localizing similar to GFP-DnmtI™, the kinetics
was slightly faster (> 5.4 = 0.45s), indicating a contribu-
tion of the PBD to the binding behavior of Dnmt1™" also
in late S phase. However, the recovery was still slower as
compared with the cells with diffuse localization, pointing
toward an additional TS domain interaction. Comparing
the wild-type construct with GFP-Dnmt12"5, the mutant

€107 ‘¢ [1dy uo uayoudNIA JOYI0IqIqSIerIISIdAIUN e /310" s[euInolplojxo reu//:dyy woiy papeojumoq



Nucleic Acids Research, 2013 7

A mid section max. intensity projection profile plots
v

N

o0 /3 /' distance (um)
0.5 1 15 2

D mid section max. intensity projection

Figure 2. Super-resolution imaging of heterochromatin association of GFP-Dnmtl constructs in late S phase. (A—C) 3D-SIM optical mid sections
and z-projections from of C2C12 cells expressing GFP-Dnmtl wild type and mutant constructs immunostained with antibodies against endogenous
PCNA. Profile plots were scaled between minimum and maximum intensity values for each nucleus. (A) GFP-Dnmt1™" co-localizes largely but not
strictly with PCNA inside ~200nm wide lacunas within otherwise densely packed DAPI-intense chromocenters of clustered pHC (inset al,
arrowheads in profile plot 1 and inset a3). Anti-PCNA-labeled RF outside of chromocenters show only minor or no association of Dnmtl (inset
a2, arrows in profile plot 2 and inset a3). (B) GFP-Dnmt1*"S strictly co-localizes with PCNA at RF inside and outside chromocenters (insets bl + b2
and profile plots 3+4). An increased diffuse fraction is visible as small grainy evenly distributed nucleoplasmic background. (C) GFP-Dnmt]?'®*E
does not strictly co-localize with PCNA, but also associates with adjacent regions of pHC (arrowheads, inset ¢3 and profile plot 5). No association is
detected in RF outside chromocenters (arrows, inset ¢3 and profile plot 6). (D) Additional replication labeling with a 60-min EdU pulse prior
fixation. Association of GFP-Dnmt1™ and GFP-Dnmt1?'**F to chromocenter regions outside of PCNA foci is restricted to the bulk of EdU-labeled
postreplicative chromatin (insets, arrows), while unlabeled, presumably not yet replicated chromocenter regions are still void of GFP-Dnmt! (insets,
arrowheads). Scale bars: 5pm and 1pum (insets).
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Figure 3. Quantitative FRAP evaluation of GFP and GFP-Dnmtl constructs. (A) Representative time frames of exemplary half-nucleus FRAP
series recorded with spinning disk confocal microscopy. Scale bar: 5pum. (B) Mean recovery curves displayed for all measured constructs and cell
cycle stages. The inset illustrates cycle-dependent kinetics of GFP and GFP-Dnmt1™ alone (a), and in comparison with GFP-Dnmt1?'%*F (b),
GFP-Dnmt12™8 (¢) and GFP-Dnmt1?'**F/2TS (d). GFP-Dnmt1™ in cells with diffuse localization shows a decreased mobility compared with GFP.
The GFP-Dnmt1*" mobility decreases stepwise in early S phase and in late S phase. The mobility of GFP-Dnmt1?'®*® in G1 (late G2) and early S
cells (diffuse nuclear localization, pooled) is almost identical to GFP-DnmtI™" G1 (late G2) cells. In late S phase, a moderately increased mobility is
observed for both, GFP-Dnmt1?'*?F and GFP-Dnmt14"® mutants compared with GFP-Dnmt1"". Of note, despite comparable overall kinetics, both
curves (dark green, dark orange) are clearly different in their shape. In early S phase, the ;> of GFP-Dnmt12™ is reduced compared to
GFP-DnmtI™. GFP-Dnmt1?"**¥/ATS (4]l interphase stages, pooled) displays kinetics almost identical to GFP-DnmtI™ in cells with diffuse
localization. For clarity, error bars are omitted here, but shown in Supplementary Figure S6. (C) Half-times of recovery (t,) determined for
each construct and distribution pattern. Error bars represent SEM.
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showed also faster kinetics in late S phase (¢, 6.0 + 0.45s),
suggesting that the TS domain together with the PBD are
necessary for the wild-type kinetics in late S phase. Besides
the role of the TS domain in late S phase, this mutation
also enhanced the mobility in early S phase
(tip 42 £0.3s) in accordance with the fact that the
early S phase pattern of RF association was less promin-
ent (Figure 1B). This result indicates that the binding by
the PBD domain to RF is necessary, but not sufficient for
the early S phase—specific localization of Dnmtl.

We also noted that the mobile fractions (MF) of the
wild-type construct within the observation time of 2 min
dropped from around 100% in non-S phase to ~98% in
early and late S phase. This directs to a small immobile
fraction of covalently bound Dnmtl involved in the
covalent complex formation during the enzymatic
reaction (Supplementary Table S1). This observation is
consistent with a rather slow speed of the enzyme
reaction measured in vitro with hemimethylated substrate
(40-43). A small immobile fraction (~1%) was also noted
for the Dnmtl mutant construct.

To test the general ability as well as differences in the
efficiency of the investigated regulatory Dnmtl mutants to
undergo covalent complex formation in vivo, we measured
the time-dependent immobilization by FRAP on incuba-
tion with the mechanism-based inhibitor 5-aza-2’-
deoxycytidine (44) (see Supplementary Methods for
details on the trapping assay). In agreement with the
observed small immobile fractions, all mutants became
immobilized albeit with variable efficiencies, with
GFP-Dnmt1™" being already fully immobilized within
30-45min (corresponding to a tragging rate of ~3%
min~"), followed by GFP-Dnmt1?'**F, GFP-Dnmt14™®
and  GFP-Dnmt1?'"®?F/2TS — (only  ~10%  h7
(Supplementary Figure S7).

We conclude that the PBD and the TS domain are the
only domains directly involved in S phase—specific target-
ing of Dnmt1 with respect to localization and kinetics and
that both domains contribute to enhance the efficiency to
initiate the catalytic reaction in vivo. To decipher the exact
relationship of PBD- and TS domain—mediated binding in
early and late S phase, however, a more sophisticated
analysis is needed.

Kinetic modeling of half-nucleus FRAP with multiple
binding classes and diffusion-coupled dynamics

We next sought to characterize the contribution of the
PBD- and TS domain—-mediated interactions in different
stages of the cell cycle in a more precise quantitative
manner. Hence, we utilized mathematical modeling to
estimate the fraction of protein bound by these domains
and the binding strength in the different cell cycle stages.

The choice of the model was based on several consider-
ations. First, to take account for the heterogeneous spatial
distribution of binding sites that strongly varies in differ-
ent cell cycle stages. Second, to correct for diffusion-
related effects. Third, to deal with multiple potentially
superimposing interactions, or binding classes, respect-
ively, including a small fraction of protein covalently
bound during the catalytic reaction (Figure 4A). Such a
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level of complexity goes beyond the assumptions of FRAP
analysis based on present reaction-diffusion models (45—
48). Therefore, we decided to use a compartmental
approach with size-calibrated diffusion correction,
suitable for experiments with half-nucleus bleaching,
which ensure representative distribution of binding sites
in all cell cycle stages. Each of the two halves was then
considered as a well-mixed homogeneous interaction
system where proteins can bind to different binding
partners (22,36).

Taking diffusion into account is especially important
for assessing nuclear proteins as most of them undergo
transient interactions in a diffusion-coupled behavior
(18,46). This is also true for Dnmtl (Supplementary
Figure S8). To approximate the diffusion of the protein,
we introduced a size-dependent correction factor (kg as
a measure for the exchange of free molecules between the
bleached and unbleached half to approximate the diffu-
sion of the protein as similarly performed in (37) (Figure
4A; see Materials and Methods). To estimate this
exchange parameter, we performed FRAP calibration
measurements of GFP monomers, dimers and tetramers,
as they have known sizes and are presumably inert in cells
(Figure 4B). The kgyr value corresponding to the size of
GFP-Dnmtl was extrapolated from the k ; values experi-
mentally determined for the other three constructs in the
same cell line using an exponential regression curve
(Figure 4B and Supplementary Table S2).

We noted that the normalized FRAP curves of
GFP-Dnmtl constructs, in particular those from S phase
cells, typically did not reach a straight plateau after 2-min
observation time. Instead, they still followed a slight
incline. As outlined above, this might be attributed to a
small fraction of molecules actively involved in covalent
complex formation during methyl group transfer. In vitro
measurements have previously demonstrated a rather slow
catalytic reaction of human DNMTI on hemimethylated
DNA in the range of 1-22min per CpG (40-43). To
account for this possibility, we added a class with
variable fraction size but a small fixed dissociation rate
(kop). This class is referred to as CMC. As opposed to
that, classes with free k,; values will be referred to as
DMC. The k. value for the CMC was chosen to be
0.005s~!, which is equivalent to a mean residence time
of 200s (40). By fixing it, we avoided an additional free
parameter in our fitting procedure. To further decrease the
number of free parameters in our model, we also fixed the
bleached fraction f,, to an experimentally determined
value for each FRAP experiment (see Materials and
Methods). Altogether we estimated the k,; values of up
to two DMCs, the fraction sizes of bound proteins (one
CMC and two DMCs), and the remaining pool of free
molecules (f/ice)-

Although this modeling approach does not cover
the whole details of our experimental system, it concen-
trates on the characterization of the interactions while still
integrating some essential information on the diffusion
process and therefore provides a way to interpret the
differences between the different forms of Dnmtl during
the different phases of the cell cycle. In conclusion,
our compartmental model wuses an experimentally
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Figure 4. Refined diffusion-coupled compartmental model for three MCs and determination of kgy from GFP multimer measurements. (A) The
nuclear compartment is divided into four main compartments: bleached and unbleached molecules in the bound or free state, respectively. The bound
state can be subdivided into three compartments with specific properties. For Dnmtl, we choose two DMCs (DMC1 and DMC2, blue and green
frame, respectively) and one CMC (red frame) with a fixed k,z;. Molecules bind and unbind with association and dissociation rates given by k,, ; and
Kopri respectively. In our refined modeling approach, the parameter f;, is experimentally determined for each individual FRAP series. Migration of
molecules is implemented in the model by introducing a new diffusion rate constant k; This parameter corrects for the size-dependent exchange of
the free molecules between the bleached and unbleached compartment. Parameter and variables entering the sets of differential equations are written
in bold; predetermined/fixed values are indicated. (B) Quantitative FRAP evaluation of GFP multimers. The GFP mobility of the dimer and the
tetramer decreases stepwise as compared with the monomer. The kg factor for the GFP constructs is estimated from the model with no DMC/
CMC. From these values, the corresponding kg factor for the size of GFP-Dnmtl is estimated using an exponential regression curve (inset
diagram).

determined cell type—specific correction for size-dependent
diffusion effects and can extract up to three dissociation
rates and the sizes of all bound pools and the remaining
free pool. This way we took into account several
interaction partners, diffusion-coupled dynamics and the
irregular distribution of binding sites of the protein.

Quantifying the properties of the PBD- and TS
domain—mediated binding by FRAP modeling

We applied the enhanced kinetic model to our FRAP data
of GFP-Dnmt1™" and mutants. For each FRAP curve, the
parameters of three differential equation models were
determined using least squares estimation. These models
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accounted for (i) no DMC/CMC, i.e. free proteins only,
(i) one DMC plus CMC or (iii)) two DMCs plus CMC.
The k,yy values were chosen according to the respective
protein sizes (Supplementary Table S2). For each individ-
ual FRAP curve, the most appropriate model was
determined based on the mean squared residuals and
certain restrictions on the fraction sizes and magnitudes
of the dissociation rates (see Materials and Methods).
Then, for each construct and cell cycle phase, we identified
the model that was preferentially chosen for the majority
of datasets (Supplementary Figure S9). This model was
then used to determine the final mean ks values, the re-
ciprocal mean residence times 7,.,= 1/ k,; as well as the
corresponding fraction sizes for all measured constructs
and cell cycle stages (Figure 5 and Supplementary Table
S3).

Model estimation for our reference FRAP measure-
ments with GFP monomers and dimers provided a clear
tendency of having no DMC (100% free fraction),
whereas most FRAP curves of GFP-tetramers were best
explained by a large free fraction (>91%) plus a smaller
fraction of reduced mobility (<8%). Notably, the T,
determined for this fraction was rather high and showed
a large variation indicating a GFP-multimer—specific
effect. Analyzing the GFP-Dnmtl constructs, we
observed that a small fraction (fomce 1-4%) was always
assigned to the class of molecules potentially involved in
the catalytic process (CMC). Estimation of the size of the
CMC is numerically difficult owing to the small fraction
size. We hence do not interpret those estimates here.

For GFP-DnmtI™" expressing cells in G1/late G2, our
model likewise estimated a large free fraction of ~80%
and a population of ~19% with a relatively low mean
residence time (7., ~8s). In early S phase, the bound
fraction doubled to ~40% owing to binding to
immobilized PCNA trimeric rings at replication forks (6,
49). The mean residence time measured for this class was
with T,., ~10 s slightly higher. The largest fraction of 56%
was still assigned to the free pool. In late S phase cells, the
bound fraction remained in a similar range with 48%.
Importantly, concomitant with binding to pHC at
chromocenters, the model identified two distinct DMCs:
18% of the proteins were still bound with an intermediate
strength (DMC1: T,., ~10s), and an additional 28% with
a substantially higher strength (DMC2: T,,, ~225s).

An 18-22% fraction with consistent kinetics was con-
stitutively present in all cell cycle stages of the investigated
GFP-Dnmtl constructs. The nature of this constitutive
MC remains unclear. In addition to the mutants described
here, we performed FRAP analyses of a series of mutant
constructs with deletions of potential interacting regions
within the regulatory domain of Dnmtl, which included
N-terminal truncations of various length (data not shown)
and deletion within the ZnF domain (50). None of these
mutants showed faster kinetics than GFP-Dnmtl™" in
diffuse cells. We therefore attribute this constitutive class
to an anomalous diffusive behavior (see discussion) and
not to particular DNA/chromatin binding mediated by a
specific domain.

The modeling of FRAP data of the GFP-Dnmt1<?'**F
mutant revealed a modest reduction of the DMCI fraction
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size as compared with the level of GFP-DnmtI™ in all
measured phases (diffuse, late S) (DMCI1: 10-14%; T,
~9s). In late S phase cells, a second slower DMC with
similar strength was still retained (DMC2: 23%; T,
~19s). From these results, we conclude that Dnmtl
binds PCNA at replication sites of early S phase cells
with a mean residence time of ~10s and with no more
than 20-25% of the nuclear Dnmtl pool being involved
in this reaction. The binding of the Dnmt1 constructs with
intact PBD to PCNA, as well as complete loss of the inter-
action by introduction of the Q162E point mutation was
confirmed biochemically by co-immunoprecipitation
(Supplementary Figure S10). In late S phase, only a
minor decrease in the mean residence times of the first
and second DMC was observable for GFP-Dnmt]?'%*F
as compared with the wild type, indicating that the PBD
does contribute, if only to a small extent, to the binding
strength in late S phase. However, the overall bound
fraction of molecules decreased compared with
GFP-Dnmt1"" in late S phase (66% versus 52%) causing
an overall faster FRAP kinetics. The double mutant
GFP-Dnmt12'?F/ATS did not establish any association
pattern throughout interphase. In accordance, the ex-
tracted kinetic properties were almost identical to those
of GFP-Dnmt1™ in Gl/late G2 (19%; Tyes ~85).

Modeling of GFP-Dnmt14™ in early S phase revealed a
modest reduction of the fraction size and binding strength
(DMC1: 30%; T, ~8.5s compared with 39%; T,.; ~10s
in the wild type). This could argue for either a stabilization
of the PCNA complex at the replication sites by the TS
domain or may hint to the presence of a minor fraction of
strong binding sites, which is too small to be identified as a
distinct class. In late S phase, still only one DMC was
identified for GFP-Dnmt1*™ (DMC1: 40%, T,., ~95s),
similar to GFP-Dnmt1™" in early S phase. This suggests
a prevalence of TS domain—mediated binding over PBD
mediated, provided that the conditions for TS binding are
complied (i.e. high density of hemimethylated CpG sites in
conjunction with heterochromatic marks; see discussion
below). In this case, binding to PCNA does only seem
to play a supportive role. This view is also in accordance
with the finding that in late S phase, the Q162E mutation
alone does not change the DMC1 or DMC?2 substantially,
but only leads to a moderate increase in free protein.

DISCUSSION

We addressed the complex problem of dissecting the cell
cycle-dependent regulation of Dnmtl by super-resolution
3D imaging, FRAP and kinetic modeling. Two main
factors add to the complexity of the analysis. First,
Dnmtl is a large enzyme with multiple regulatory
subdomains, interaction partners and cell cycle-dependent
regulation. Second, the distribution pattern of Dnmtl is
highly variable throughout the cell cycle. Hence, we chose
a global approach using half-nucleus FRAP to capture in
all cases representative fractions of bound molecules and
binding sites. Previous studies often used spot bleaching
with a defined geometry that allowed the extraction of
diffusion coefficients (24,51,52). However, such models

€10C "[7 [I.IdV UO UdYOUINJA YYIOI[qIqSIdBIISIDAIUN JB /310‘S[BmﬂOprO}xo‘.mu//:duq wolj papeojumo



12 Nucleic Acids Research, 2013

24 1
22 A
20 1
18 1
16 1
14 4
12 1
10 1
81 m
6

0=

>

Tres [5]

= DMC 1
= DMC 2
= CMC

45,
401
35

fraction size [%]

diffuse

early S

late S

30
254
20 4
154
104
54
04

late S

diffuse

diffuse early S late S diffuse

GFP-Dnmt1#

GFP-Dnmt1ome2

GFP-Dnmt1s7 GFP-Dnmt1are2es™s

PBD

ATS

Q162E

Q162E wi Q162E

DMC 1

TS domain

(G1

/early S)

ATS

(G1/early S/

late S)

DMC 2

G1 (late G2)

early S phase

late S phase

Figure 5. Parameters extracted from the kinetic modeling of GFP-Dnmtl constructs. (A) Mean residence times (7., upper panel) and fractions of
bound molecules (f;,..q» lower panel) in three different classes (DMC1, DMC2, CMC) are displayed (not displayed free fractions add to 100% total
amount). In all analyzed GFP-Dnmtl constructs, a fast population of molecules was identified with mean residence times between 6s and 10s
(DMC1). The fraction of this fast population (DMC1) typically varies between 10% and 22%, but rises for GFP-DnmtI™" in early S phase (40%)
and for GFP-Dnmt14™S in early and late S phase (30 and 40%, respectively) due to the interaction with PCNA. A second, slower class (DMC2) was
determined for both constructs with intact TS domain in late S phase with residence times varying from 19 to 22s (DMC2) and an average size
between 23 and 28%, respectively. The size of the CMC with a fixed 7., of 200 s varies between 0 and 4.1%. Bars indicate SEM. (B) Parameters are
sorted according to their targets PCNA and pHC and the constitutively present unspecified MC (constitutive class, CC).

typically only included no more than one additional
binding class, while we expected multiple interactions.
Therefore, none of the previous models was immediately
applicable to our case, which prompted us to devise a

customized model.

To eliminate a weak point of diffusion-uncoupled
approaches, we further corrected for size-dependent diffu-
sion using a calibration factor that was experimentally
determined from measurements of GFP multimer
proteins. Anomalous diffusion behavior has previously
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been shown for GFP and dextran in the nucleus (53-55).
This indicates that calculation of size-dependent diffusion
differences according to the Stokes-Einstein relation might
lead to wrong parameter estimates for proteins in the
nucleus (56), especially when large size differences like
between GFP and Dnmtl are taken into account.

FRAP measurements are sensitive to experimental con-
ditions and set-ups (57). We tried to correct for most con-
ceivable external influences during image evaluation by
using a tailored workflow of postprocessing steps (see
Supplementary Materials and Methods). This involved
image registration, constrained automated nuclear seg-
mentation and three-step normalization/correction.
Altogether, this allows us to compensate for lateral cell
movement, nuclear import and export, bleaching due to
image acquisition and variations in bleaching depth,
which otherwise potentially affect the raw data and sub-
sequent modeling results. Moreover, we modeled a slow
CMC using a low fixed k,r value, taking into account that
a small fraction of molecules is likely to be involved in
catalysis and thereby transiently immobilized by a
covalent complex formation (40,43). Finally, we also
reduced the number of free parameters by fixing the size
of the bleached fraction to a value experimentally
determined for each FRAP series. The number of DMCs
was determined by model choice rules, which are oriented
toward the numerical properties of the model.

Although our model allows for three distinct MC, we
possibly cannot estimate their number and properties
beyond all doubt, mostly because two or more distinct
interactions may fall into one MC (see Materials and
Methods). If interaction strengths of multiple interactions
are relatively close to each other, they may not be detected
as separate classes but be captured as one with an inter-
mediate mixed k,; The appearance of such parameter
redundancies depends on the model and the values of
the underlying parameters (e.g. 58). However, different
dynamics can still be distinguished indirectly by a
changed fraction size. An example for mixed interactions
in one class is the similar kinetics of the non-specified con-
stitutive class and of GFP-Dnmtl™" binding to PCNA.
This rather small constitutive fraction may be attributed
to one or more residual transient interactions. So far, we
could not detect any specific subdomain of Dnmtl that
would be responsible for a transient interaction through-
out the cell cycle (data not shown). Thus, we tend to at-
tribute this to an anomalous diffusive behavior within the
nucleus that is identified as a pseudo-binding class. This
may be caused by restrained accessibility of dense
chromatin domains and transient trapping inside of
small chromatin lacunas (‘corralling’) generating a
‘pseudo’ binding effect and/or by unspecific transient
binding with a broad distribution of binding affinities
(53,54,59). Dnmtl could also be constitutively present in
a free diffusing complex including interacting proteins like
PCNA or Uhrfl. In fact, Dnmtl interactions have been
described for a variety of proteins including other DNA
methyltransferases, chromatin modifiers and transcrip-
tional regulators (60). Interactions with high molecular
weight complexes could potentially slow down diffusion

Nucleic Acids Research, 2013 13

of GFP-Dnmtl and thus contribute to the observed
dynamics.

Another limitation of our method is the precision limit
imposed by a still large cell-to-cell variability due to (i)
technical reasons like residual uncorrected cell motion or
z-drift, irradiation/transfection-induced DNA damage or
cell cycle arrest or (ii) biological reasons such as variations
in endogenous expression and methylation levels or local
environment. Therefore, for example, the quantification of
the apparently small CMC gives no robust results.
However, by estimating the kinetic parameters for each
FRAP curve separately, we take into account this extrinsic
noise and quantify it through standard errors. Finally,
using experimental FRAP data, it can never be ruled out
that the kinetics are influenced by variations in k,,, rates.
However, the method does not allow assessing changes in
the accessibility of the binding sites. These technical limi-
tations could only be solved using large-scale simulations
and even more complex models.

Despite these potential shortcomings, by application of
our method, one can still obtain a detailed picture of the
distinct cell cycle-dependent dynamics of proteins. We
have shown that the PBD and the TS domain are the
only domains involved in direct S phase-dependent target-
ing of Dnmtl and responsible for delaying its mobility.
Furthermore, we discriminated two different MCs that
could be matched to these two different domains of
Dnmtl. In this study, we quantified the time they bind
on average and found the binding via the TS domain to
be >2-fold stronger than via the PBD, whereas the cor-
responding fractions of bound protein were in a similar
size range between 20 and 30%.

In accordance with previous studies, we show that the
more transient interaction with PCNA increases the con-
centration of Dnmtl at replication sites to enhance the
efficiency of maintenance DNA methylation (7). In
addition, we have characterized the stronger binding
properties of the TS domain. The related MC was only
present in late S phase, when pericentric heterochromatin
(pHC) clustered in DAPI dense chromocenters is
replicated, suggesting a switch between PBD-mediated
binding in early S phase to the TS domain-mediated
binding in late S phase. The analysis of the single
mutants, however, hinted at a somewhat more complex
situation, as the deletion within the TS domain also
influenced GFP-Dnmt] kinetics in early S phase and the
mutation in the PBD influenced the GFP-Dnmt! localiza-
tion in late S phase. This rather argues for a more subtle
continuous change in binding balance instead of a simple
on/off switching. Hence, association via the TS domain
might occur also in early S phase, but at much lower abun-
dance. Indeed a substantial minority (8/21) of early S
phase cells could be better fitted with two respective
distinct MCs, indicating some cell-to-cell variability,
possibly in transition to mid S phase. On the other
hand, PBD-mediated co-localization with PCNA is also
observed in late S phase. However, as the fraction size
with the respective faster off-rate is reduced to non-S
phase level, this Dnmtl fraction may be handed over to
form a late S phase—specific, more stable complex, such
that the TS domain-specific off-rate  becomes
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Figure 6. Two-loading-platform-model for the cell cycle-dependent targeting of Dnmtl to RF and pHC. Schematic representation not drawn to
scale. Closed and open lollipops indicate methylated and non-methylated CpG sites, respectively; flags indicate heterochromatin specific marker (e.g.
H3K9me3). Dnmtl is depicted in green. The model postulates two auxiliary factors that act as immobilizing platforms under certain conditions:
PCNA (red) that assembles as trimeric ring at the replication fork throughout S phase, and a second unspecified factor (e.g. Uhrfl, blue) that binds
strongly to hemimethylated postreplicative heterochromatin. Independent of replication, most Dnmtl molecules (~80% in G1, >50% in S phase) are
freely roaming the nucleoplasm (left column). In addition, a non-specified MC with a pseudo k,; is constitutively present throughout interphase,
which may be attributed to either non-specific binding to chromatin or transient trapping (‘corralling’) of the large enzyme in the nucleoplasmic
environment. When replicating euchromatic sequences in early S phase (upper row) an additional ~20% fraction of the Dnmtl pool transiently binds
via the PBD to immobilized PCNA rings (red donut) with a mean residence time (1/k,;;) of ~10s (1). Targeting to PCNA at RF enhances the
efficiency of a small fraction of Dnmtl to form metastable covalent complexes (k,z;) with hemimethylated CpG substrate sites in close vicinity. This
may occur on already assembled nucleosomes, likely involving complex formation with one or several auxiliary factors (2a), or directly on the naked
DNA substrate adjacent to PCNA (2b) or to nucleosomes (2c¢). In late S phase, replication through chromatin with now abundant heterochromatic
marks in conjunction with dense CpG methylation triggers the generation of high-affinity binding sites for an auxiliary protein. These may then act
as second loading platform (dark blue pentagons) for TS-mediated binding with mean residence time (1 / k,z2) of ~22s involving ~25% of the
Dnmtl pool. Formation of this transient complex with subsequent substrate binding of a small subset of molecules occurs either directly at the
replication fork promoted by PBD-mediated targeting, or PCNA independently at already displaced postreplicative heterochromatin chromatin that
may have escaped loading in the first instance (3). This second PCNA-independent loading complex may be assembled well into G2 phase, until all
hemimethylated Dnmt] target sites are fully methylated, which finally triggers disassembly of the loading complex and dissociation of Dnmtl (4). Of
note, this conceptual model is based on the differential availability of binding sites and the free interplay of forces. While higher affinity binding sites
are occasionally generated also in early S phase, they may be too sparse to constitute a separate MC.

s
o oF

heterochromatin
(CpGm and H3K9me3 dense)

RF (late S) postreplicative pHC

predominant. In this stage, PCNA binding would thus be
an auxiliary factor for TS-mediated binding of a Dnmtl
subfraction. Besides, supported by super-resolution mi-
croscopy, we provide evidence for additional PCNA/
PBD-independent binding to pHC. The latter seems to
be dependent not only on the heterochromatic context
alone, but also on the presence of hemimethylated
postreplicative DNA as precondition. Accordingly we
did not observe any pHC association in early S phase. It
is tempting to speculate that the observed kinetics reflect
the binding of the TS domain to Uhrfl, an essential epi-
genetic factor that has previously been shown to target
Dnmtl to hemimethylated CpG sites and to bind
trimethylated H3K9 (13-17). However, we cannot rule
out other/additional modes of binding of the TS domain

to pHC. In support of a role of Uhrfl as a docking
platform for Dnmtl, a previous FRAP study
demonstrated a much slower recovery of GFP-Uhrfl
compared to GFP-Dnmt1™ in mouse embryonic stem
cells (61).

In light of our data we propose a conceptual
two-loading-platform model (outlined in Figure ©6).
According to this, the kinetic balance would shift from
predominant PCNA/PBD binding in early S phase,
toward TS-mediated binding in later S phase stages
when replicating densely methylated heterochromatic se-
quences. This shift would be triggered by the strongly
increased appearance of hemimethylated CpG sites in con-
junction with heterochromatic marks (e.g., H3K9me3).
These would then offer the target for the formation of a
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stable complex (involving e.g. Uhrf1) that acts as a second
Dnmtl loading platform on postreplicative chromatin
sites. PCNA-independent loading complexes may persist
also beyond S phase, until all hemimethylated Dnmtl
target sites are fully methylated, which in turn triggers
complex disassembly and gradual loss of TS-mediated
binding in G2 phase. Such a mechanism would thus safe-
guard faithful maintenance of dense methylation at con-
stitutive heterochromatin important for genome stability
(3), against the backdrop of a rather slow and inefficient
catalytic reaction (40).

While we favor a model of free interplay of forces in
conjunction with a cell cycle dependent varying abundance
of high affinity binding sites, we cannot rule out an effect
by an induced conformational change of the Dnmtl
protein to expose the TS domain at the onset of late S
phase. In this context, several modifications have been
reported like acetylation, ubiquitination, phosphorylation,
methylation and sumoylation, resulting in a change
in activity and/or abundance of Dnmtl (60,62-64).
For example, it has been shown that Uhrfl ubiquitinates
Dnmtl at the C-terminal part of the TS domain (33).
Further studies will have to address the exact interplay of
Uhrfl and Dnmtl as a function of variable (hemi)methy-
lation density and the role of posttranslational modifica-
tions of DnmtI.

In the present study, we have reached substantial im-
provements on the experimental conditions and workflow
for the quantitative and qualitative evaluation of half-
nucleus FRAP experiments. Still, extracting definite
answers from modeling of such FRAP data remains diffi-
cult and to some extent limited. Of note, our analysis
involved multiple decisions on the data normalization,
fixation of parameters, model choice, etc. Although all
steps have been carried out with greatest care, this deter-
ministic approach will still fall to some extent short. New
stochastic modeling approaches may be able to realistic-
ally take into account random events and may hence
better explain intrinsic variability of the FRAP curves.
Nonetheless, this article provides a framework for the
global assessment and quantitative measurement of
diffusion-coupled nuclear protein dynamics with heteroge-
neous and variable distribution of binding sites, e.g.
during cell cycle and development.

Our approach provided new insights into the complex
cell cycle dependent regulation of the multi-domain
protein Dnmtl in the epigenetic network. We arrived at
a probabilistic two-loading-platform model that provides
a possible explanation how PBD and TS domain act co-
operatively to faithfully maintain genomic methylation
patterns through cell cycle and cell divisions. Further
studies will address the mechanistic nature of the
complex formation involving the TS domain and the tar-
geting of Dnmtl to hemimethylated sites.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1-3, Supplementary Figures 1-10,
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Supplementary Methods and Supplementary References
[65-68].
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SUPPLEMENTARY METHODS

Expression constructs and cell culture

€1229W has been previously described (1). Dnmt1” and wild type

The expression construct GFP-Dnmt1
J1 mouse embryonic stem cells (C/C) (2), either non-transfected or stably transfected with GFP-
Dnmt1", GFP-Dnmt19"%%* and GFP-Dnmt12™ were cultured without feeder cells in gelatinized flasks.

Culture conditions and creation of stably expressing cells has been described before (3).

In vivo Dnmt1 trapping assay

The trapping assay to measure postreplicative methylation efficiency in living cells was previously
described (1). 5-Aza-2’-deoxycytidine (Sigma) was added at a final concentration of 30 uM and cells
were incubated for the indicated periods before performing FRAP experiments. Microscope settings
and quantitative FRAP analysis are described in Material and Methods (live cell microscopy and

quantitative FRAP analysis).

Dnmt1 immunostaining and evaluation of relative expression levels

Non-transfected and transiently or stably transfected cells expressing GFP-Dnmt1 fusions were
seeded on No. 1.5H precision coverslips (Marienfeld Superior), formaldehyde fixed and permeabilized
with 0.5% Triton-X-100 or ice-cold methanol, if PCNA was detected. Endogenous PCNA was
fluorescently labeled with the mouse monoclonal antibody PC10 (Abcam) and a secondary anti-mouse
antibody conjugated to Alexa Fluor 594 (Invitrogen). The rat IgG1 monoclonal antibody 5A10 was

raised against murine Dnmt1 with an N-terminal Hisg-tag. The protein was purified from Sf9 insect

cells via recombinant baculoviruses. Immunization, generation of hybridomas and ELISA screening
was performed as previously described (4). Secondary antibodies were conjugated to Alexa Fluor 488
or Alexa Fluor 594 (Invitrogen). Cells were counterstained with 1 ug/ml 4',6-diamidino-2-phenylindole
and embedded in Vectashield (Vector Laboratories).

Mean intensity levels of Dnmt1 (endogenous and exogenous) in the nucleus were measured on 2 um
image stacks (0.5 um z-distance) in Volocity 6.1 (PerkinElmer) using the SD based automatic
threshold function on the DAPI staining. Objects below 200 um?® were excluded and objects separated
with an object size guide of 1200 um3. For evaluation of the transfected cells, only low to moderate
expressing cells with a mean nuclear GFP intensity between 500 and 2000 grey values were
considered (analogous to FRAP experiments). For the calculation of the anti-Dnmt1 fluorescence
intensities, background subtracted mean intensities of at least 20 cells (transiently transfected) or 70
cells (non-transfected and stably transfected cells), respectively, were averaged. Finally relative ratios
of transfected over non-transfected cells were calculated and the standard deviations were

determined.

Co-immunoprecipitation and western blot analysis
Co-immunoprecipitation and western blot analysis was performed as previously described (5) with the

following changes. For extract preparation 150 mM NaCl, 1 mg/ml DNasel (AppliChem), 2 mM MgCl,



Schneider & Fuchs et al., Supplementary Information for

“Dissection of cell cycle dependent dynamics of Dnmt1 by FRAP and diffusion-coupled modelling”

and 1x protease inhibitor mix (Serva) were included in the lysis buffer. For dilution of lysates and for
washing steps an immunoprecipitation buffer was used (20 mM Tris-HCI pH 7.5, 150 mM NaCl,

0.5 mM EDTA).

The following primary monoclonal antibodies were used for immunoblotting: rat anti-Dnmt1 5A10 (see
Dnmt1 immunostaining and evaluation of relative expression levels), rat anti-PCNA 16D10 (4), mouse
anti-GFP (Roche) and mouse anti-B-Actin (Sigma-Aldrich). Secondary anti-rat and anti-mouse

antibodies were either conjugated to HRP (Dianova) or Alexa Fluor 594/647 (Invitrogen).

Data correction and normalization

Imported image series were intensity normalized, converted to 8-bit and Gauss-filtered (2 pixel radius).
Datasets showing lateral movement of cells were corrected by image registration using the StackReg
plug-in of ImageJ starting with a frame where approximately half recovery was reached. Mean
intensities over time were extracted from four regions of interest (ROIs): The total nuclear area (T) was
defined manually or by applying the Autothreshold function of Imaged on the prebleach frame and on
the last frame. The overlapping region of both threshold-defined areas was used to create the minimal
ROI. This ROl was then divided into a bleached (B) and an unbleached area, where the coordinates of
the bleached ROI were used to determine the bleaching border (the last line perpendicular to the
major axis of the nucleus, Supplementary Figure 4 A). Finally, a background ROI (BG) outside of the
cell was defined manually or with the Autothreshold function. The mean gray values over time were
measured and pasted to an MS Excel worksheet.

Raw data (Supplementary Figure 4 B) from T and B regions were background subtracted resulting
in T"and B’ with T, representing the data according to the respective time point t. A reference value
Tp'ostueach was defined as the average of the resulting postbleach values from time points 10-20 after
bleaching, and T;;rebleach as the average of the last five prebleach values. Additional gain or loss of total
fluorescence during postbleach acquisition may potentially be caused by nuclear import, bleaching-by-
acquisition and flux of unbleached molecules from above and below the recorded optical plane. In

order to correct for such effects, the postbleach values were corrected by multiplication with Tr;ostbleach /

T;. Accordingly, prebleach values were multiplied with Ty epieacn/T: leading to T, and B,. To correct for
cell-to-cell differences in bleaching depth, we subtracted a value & from all mean fluorescence values
T, and B,. The value ® was determined from the mean fluorescence in the distal part (50%) of the
bleached region at the first postbleach time point as follows: To measure the bleaching depth, we
determined fluorescence intensity profiles of the total nuclear region along the major axis of the
nucleus and determined the number of pixels in the nucleus (T region) for each line along the axis at
the first postbleach time point (Supplementary Figure 4 C). The bleaching depth @ was then
determined with the following Equation ( S 1 ), where P stands for the number of pixels of each line in
the T region i € {1, ...,256} along the axis as Pystieach,; @aNd the mean fluorescence intensity of the

lines as I,osthieach,i» respectively, until 50% of the bleached lines indicated by h:
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h
@ Zizl(Ppostbleach,iX(Ipostbleach,i - BGpostheach)) ( S 1 )
Zi:l Ppostbleach,i

The corrected values for T,  and B, were divided by the respective means of the last five prebleach
values Tp"r'ebleach to account for intensity differences in the bleached and unbleached regions before
bleaching. The corrected relative intensity values in the bleached region were finally corrected for the

loss of fluorescence due to half nucleus bleaching. This was achieved by dividing each value B,"
through the corresponding total nuclear value T, resulting in Bt . After complete recovery, the

resulting fluorescence intensities will level off around the value 1, subject to stochastic fluctuations
(Supplementary Figure 4 D). The bleached fraction was given by fi; = 1 — Tyostieach/ Tprepleach USINg the

®d corrected values. Calculation of the mobile fraction (MF) was performed by

MF =(B. o= Bt =B s )- B

plateau posibleach posibleach was defined as the average intensity of the last 20

plateau

frames. For the half time recovery (t;,) the according time to Fy,; was chosen from the results with

Fl/z = (Bplateau - B;:vmleach )/ 2+ B;:;stbleach'
Mathematical model

The mathematical models used for the statistical analysis of the recovery curves are based on a
compartmental approach and biochemical kinetic principles. The model for diffusion-uncoupled FRAP,
i.e. for molecules that diffuse much more rapidly than they bind or unbind, has previously been
described (6-7). A model for diffusion-coupled FRAP is developed in this work; a similar approach has
been taken in (8). The compartmental description of the diffusion-coupled model is illustrated in Figure
4 A; the diffusion-uncoupled model is a simplification thereof. Both models consider transitions
between the bound and the free state of a protein with association rate constant k., and dissociation
rate constant k. Dissociation follows a linear process, while association is originally of second order.
However, the product of k,, and the concentration [BS] of available binding sites can be assumed
constant (9), resulting in an effective association rate constant k., = k,,[BS]. This simplification allows
the conversion of the second order association process to a pseudo-first order process. Hence, the
association and dissociation dynamics can be expressed in terms of linear ordinary differential
equations (ODEs), which are given below. While bound proteins remain fixed at the respective binding
sites, free proteins diffuse through the nucleus, thus changing their locations among the bleached and
the unbleached sections. In diffusion-uncoupled FRAP, diffusion of free molecules happens so rapidly
that their concentration is identical in the bleached and in the unbleached section. Hence, it is not
necessary to model the location of a free molecule. In a diffusion-coupled situation, on the other hand,
movements between the bleached and the unbleached section are modeled with a diffusion rate
constant k4. Every two molecules that are located at the same distance from the bleaching border
are supposed to cross this border within a certain time interval with the same probability, no matter
whether the direction of diffusion is from the bleached to the unbleached area or the other way round.
If, however, the bleached fraction f;, is not equal to one half, the sizes of the bleached and unbleached

sections differ. Then, due to the geometry of the bleached area, several of the proteins in the larger
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section are located further away from the bleaching border than the proteins in the smaller area. In
order to account for this imbalance, the probabilities for diffusion events in the two possible directions
are weighted with factors f,,; and 1 — f;,, respectively. The value of ky; depends on the geometry of
the cell and is not immediately eligible for interpretation purposes.

Bleached and unbleached molecules are assumed to behave identically, and therefore it suffices to
focus on one type only. The following considerations model the dynamics of the unbleached
molecules as these are visible through their fluorescence. Let Pfee, piree  pbound gng pbound qenote the
fractions of unbleached free and bound proteins in the bleached and unbleached sections, measured
with respect to all unbleached proteins in the nucleus. These four parameters sum up to one such that
one of them can be left out. Define Pfe® = pfiee + pfe8 gng pbound — ppound 4 pbaund |n diffusion-

uncoupled FRAP, one has P{i*® = f, P and Pfe¢ = (1 — f,)P™®. The overall dynamics of

unbleached proteins in diffusion-uncoupled FRAP is described by

AP o (kg + ko) P + k
ac on off. offs (S2)
dpglound =k* f Pfree —k pbound
dt _ on'bl offt bl . ( S3 )
In case of diffusion-coupled FRAP, one has
dpglee = —k* Pfree +k Pbound + ke (£, pfree —(1-=f Pfree
.~ KonFpi offFpl aiff (ForPunbl = ( o) Pl ) (S4)
dPHﬁ& = —k* Pfree +k (1 _ Pfree _ Pfree _ Pbound) — ke (f Pfree _ (1 —f )Pfree)
at = KonPunbl T Koff bl unbl ~ Ppi diff bt P unbl b P ), (S3)
dpgfund =k* Pfree —k Pbound
dt _ ontobl off* bl . (86)

In case of kg > K3, Ko, 1-€. for diffusion-uncoupled FRAP, Equations ( S 4 )-( S 6 ) are dominated by

the diffusion rather than binding dynamics until P{’*® ~ f, Pf¢ which is the basic assumption of

diffusion-uncoupled recovery. Hence, the two models are consistent. In both setups, the recovery
curve equals
_ rlpeerfpms
fol
This term was adjusted to the data normalization procedure described above and approaches the

F

value one as time progresses. From (S 2 )-(S 3 )and (S 4 )-( S 6 )above, one arrives at differential
equations for the fluorescence F. Interestingly, in case of diffusion-uncoupled recovery, the ODE for F
is independent of P®® and PEPUM. Its explicit solution reads

F(t) = 1+ (Fp — 1exp(—kq(t — to)),
where Fy is the initial value at time ¢t,. This equation does not contain kg,,, and hence this parameter
cannot be estimated directly from the recovery curve. However, we assume the nucleus to be in
chemical equilibrium. Therefore the fraction P is presumed to be constant, i.e. dP™¢/dt = 0. From
this, one obtains

piree — Kot _

Kgn+koff
Hence, approximation of kZ, is possible if estimates are available for k. and Pee.
There is possibly more than one type of binding partner for Dnmt1, i.e. the protein may sometimes

associate to a partner of one type and sometimes to a partner of another type. These partners may
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differ with respect to the affinity of Dnmt1 to enter the bound state and the mean residence times in
this state. All binding partners with identical or similar kinetic properties are gathered in one mobility
class (MC). This term seems more appropriate than classes of binding sites (6), because different
sites with identical kinetic properties cannot be distinguished using FRAP data. The number of MCs
could hence be smaller than the number of different binding partners. Furthermore binding-unrelated
processes like anomalous diffusion can fall into an MC.

Suppose there are M classes of kinetically different binding partners for the protein of interest,

labeled with numbers i € {1, ..., M}. For all i, define P>""*" and P2°,'"" as the fractions of type-i bound

proteins in the bleached and unbleached sections, respectively, with Pbound.i = ppoundi 4 pboundi | o
f; = pbound.i /pbound he the fraction of type-i bound proteins with respect to all bound proteins.
Furthermore, denote by kg, ; and k. ; the association and dissociation rate constants corresponding to

the ith MC. Then, the diffusion-uncoupled recovery is described by

apfree M px free M-1 bound, i
P —(koftm + XiL4 kon,i)P + Kot + Zi=1 (Kofr,i — Koft,m) P o
bound,i
dpP ’ i
bl 1 free bound,i
dt - kon,ifblp - koff,inl ’
b d,i
dpuggln ' = k* 1 pfree _ Pbound,i
dt - on,i( - fbl) = Roffil ynpl

where i = 1, ..., M. For diffusion-coupled FRAP, one has

deree ) b di
=PI R Ko + M korPor ™ + Kain (o Pins — (1 — fo) PEP®), (S7)
qpfree f . bound,i ‘ ;

2o = —Punb Zids Koni + ZiZa KorriPunol - — Kairr(foiPunbi = (1 = fo) P5F®), (S8)
deound,i . ; b di

b(lit = kon,inrIee - kof‘f,ipblOun ,1, ( S9 )
dpggglnd,i * free bound,i
— i = Kon,iPunbl = KoftiPunpl - (S10)

In both cases, the observed fluorescence intensity is

free M bound,i
_ Pp 4= Py

fol

F

Parameter estimation

The mathematical model contains several unknowns: The model parameters kg, ;, koi; and kg, the
initial values Fy, P{iES, PE°s™ for the components F, PiPe, PEPU" etc., and the fractions fi,, f; of bleached
proteins, bound proteins of type i etc. Due to computational effort, parameter redundancies and strong
correlation between some parameters, it is not meaningful to statistically infer all these unknowns
simultaneously. Instead, some values were fixed as follows: kg and fi,, were experimentally
determined (see Supplementary Table 1, Figure 4 B and the data normalization description above).
The smallest k. value was set to 0.005 (see the Results section). F, was chosen equal to the first
value of the FRAP curve. ngg was set equal to f;,F,. The association rates result from the other
estimates as kg, ; = ko f; (1 — pfree) /pfree as explained below. Statistical inference of all remaining

variables was carried out by least squares estimation. To that end, the Nelder-Mead algorithm (10)
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was applied to find combinations of parameter values which minimize the sum of squared residuals
between the observed FRAP curve and its simulated counterpart. In most cases, the output of the
optimization procedure depended on the initial guesses of all unknown variables. Hence, several initial
guesses were randomly drawn and passed to the Nelder-Mead algorithm. The overall best fit was then
chosen from the set of return values. This procedure was continued until the global optimum did not
change anymore. In case of diffusion-uncoupled FRAP, the modeled recovery curves can be
calculated by means of explicit functions as described in detail below. For diffusion-coupled FRAP, the
ODEs (S4)-(S6)and (S 7)-(S 10) were numerically solved with the Euler scheme with step
length 0.03, which corresponded to one fifth of the observation interval. All software was written in R
(R Development Core Team, 2011, R Foundation for Statistical Computing, Vienna, Austria).

We estimated the model parameters for each FRAP curve separately and compared the estimates
for curves from the same cell cycle phase and Dnmt1 construct afterwards. An alternative would have
been to simply consider the average curve for each phase and construct and to derive parameters for
this mean course. In our opinion, however, the second procedure would cause a loss of information.
Averaging did not seem appropriate to us as there is undoubtedly extrinsic noise. Our analysis

additionally yields insight about uncertainties caused by cell-to-cell variability.

Numerics

In our analyses, we always assume the system to be in chemical equilibrium. For both diffusion-
coupled and diffusion-uncoupled FRAP, the system of ODEs is linear, and hence there is an explicit
solution of the above ODEs available. For diffusion-coupled FRAP, however, this involves the
(typically approximate) computation of a matrix exponential. For that reason, we prefer to numerically
solve the ODEs of the diffusion-coupled model. For diffusion-uncoupled FRAP, an exact computation
of the solution of the ODEs is easily possible, see (11).

For diffusion-coupled FRAP, we proceed as follows: Assume

free pfree
Fo, Porg » P™%, f1, o fu—10 Koia,... Kot mo Kaite

to be given. In practice, we determine FO,ngf)e and kg experimentally as described above. The
remaining 2M variables are estimated statistically, i.e. they are optimized using the Nelder-Mead
algorithm. In order to avoid non-identifiabilities, we require kqqq = ko, = -+ = ko . From the above

parameters, we compute

° fu=1—=fi——fu-

free _ pfree free

¢ Punblo = P™° = Pyio
bound __ free

y Poo = foiFo — Poio

. pbound _ 1 _ pfree
bound _ pbound bound

¢ Punblo =P = Poio
bound,i __ bound .

° Pb|_0 - finLO fOI“ 1= 1, ey M
bound,i __ bound .

¢ Punbl,o = fiPuan,O fori=1,..,.M
« 1_Pfree .

* oni = Koftifi ~pfes fori=1,..,.M
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These values are now used to numerically solve the diffusion-coupled ODE model.

Model choice
In our analysis, we estimate models with different numbers of MCs. Since the models are nested, the
inclusion of more MCs always leads to a better or at least equally good fit. However, one may ask
whether the additional computational effort for multiple MCs is worth the improved matching of the
data. At first glance, model choice criteria like the Akaike information criterion (AIC) (12) seem
appropriate. In our application, however, the difference in the mean squared residuals for different
models is typically small due to the already mentioned parameter redundancies. Because of the large
number of model parameters, the AIC will often favor less MCs although the curvature of the recovery
curves is better described by more complex models. For that reason, we developed a model selection
criterion which penalizes complexity less rigorously and is specific to our application. Due to the
relatively small noise in the FRAP curves (Figure 3 B and Supplementary Figure 6), we do not expect
to overfit the data. The criterion reads as follows: As explained in the Results section, the up to three
MCs are further distinguished into one or two distinctive mobility classes (DMCs) and up to one
catalytic mobility class (CMC). These have to fulfill three rules:
(1 If a DMC or CMC is present, the fraction PP°“"d of bound proteins should be above a certain
threshold:

pbound > o
Otherwise the DMCs and CMC are discarded, and we assume no MCs for this FRAP curve.
(2) Two distinct MCs should differ substantially in their dissociation rates. In the model with two

DMCs that means that one should have

Koff, bMC1—Koff, DMC2
koff DMC2

Koff oMc2—Koff,cMC

= domc OF koff,cMC

2 Seme-

Otherwise we assume the effective number of DMCs to be one.

(3) An MC only truly contributes to the model if it reaches a certain size:
fomct1P*" = epyc and  foucoP™ = epye and fomc PP 2 eoic-

Otherwise we assume the effective number of DMCs to be one.

We derive appropriate values for the above thresholds by cluster analysis. To that end, we consider
the best fits for all FRAP curves and all models. From these, we select the corresponding marginal
estimates which are in a critical region. For example, we consider the set of all P?°U"? estimates that
are between 0% and 10%. These sets are separately divided into two clusters such that the sum of
variances within the clusters is minimized. The resulting thresholds are €,5nq = 3.5%, eppuc = 5%,
gomc = 2 1077%, Spye = 107* and Sgyc = 3.77.

For each measured curve, we now select the model which yielded the best fit. This is typically the
model with two DMCs and one CMC, but in many cases the fit of the model with one DMC and one
CMC is equally good and hence preferred. For the chosen model, the original number of DMCs is
replaced by the effective number of DMCs as determined by the above rules. This effective number
enters Supplementary Figure 9. Then, for each cell cycle phase and protein construct, the primarily

chosen effective number of DMCs is determined. The model with the according number of DMCs is
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chosen for this phase and construct. Supplementary Table 2 displays the mean estimates for the so

chosen model for all FRAP curves. These results always assume the original number of DMCs and do

not further reduce it to an effective number.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Specificity test of the anti-Dnmt1 antibody 5A10 and levels of ectopic
and endogenous Dnmt1 expression. (A) Immunostaining of J1 wt and Dnmt1” embryonic stem cells
(C/C) shows a typical Dnmt1 staining pattern in the wt cells, but no nuclear enrichment in the Dnmt1”
cells. Scale bar: 10 um. (B) Western blot analysis gives no signal of the anti-Dnmt1 5A10 antibody in
J1 Dnmt1” cells (CIC), but a clear band of 183 kDa in the J1 wt cells. B-Actin (42 kDa) was used as a
loading control. (C) Automated quantification of Dnmt1 expression levels using Volocity software
(PerkinElmer). The screenshot shows a representative extended focus image used for the evaluation.
Nuclei were segmented according to their DAPI signal and the mean nuclear intensities of the Dnmt1
antibody signal and of the GFP signal determined. Highly overexpressing cells (example marked by
asterisk) were excluded form the analysis (analogue to the FRAP experiments below). (D) Quantitative
evaluation of anti-Dnmt1 5A10 antibody signal intensity in GFP-Dnmt1 expressing cells (representing
the endogenous and ectopically expressed Dnmt1) relative to non-transfected C2C12 cells
(endogenous only). For the negative control no primary antibody was used. Error bars indicate

standard deviations.
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Supplementary Figure 2. Localization of GFP-Dnmt1"* and GFP-Dnmt1*™ in relation to
endogenous PCNA. GFP-Dnmt1* and GFP-Dnmt1“™ are depicted in green and PCNA is depicted in
magenta. From early S phase until the beginning of late S phase GFP-Dnmt1"' is associated with
replication foci, highlighted by spots of immobilized PCNA. GFP-Dnmt1" remains to some extent

enriched at heterochromatic regions in very late S phase and in transition to G2. GFP-Dnmt124'®

shows
less prominent association with replication foci throughout all S phase stages. In contrast to the wild

type, no enrichment at heterochromatic regions is apparent in very late S phase. Scale bars: 5 um.
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Supplementary Figure 3. Super-resolution imaging of GFP-Dnmt1 constructs and endogenous
Dnmt1. (A) C2C12 cell in early S-phase expressing GFP-Dnmt1" and immunostained with antibodies
against endogenous PCNA (complementary to Fig 2 A) demonstrates a high degree of co-localization
but variable amount of GFP-Dnmt1 associated with early S-phase replication foci (RF). Lateral and
orthogonal cross section and z-projection of a 3D-SIM image stack is shown. (B) Co-staining of
endogenous Dnmt1 using the 5A10 antibody together with PCNA reveal the same characteristic
distribution pattern in early and late S phase as observed for GFP-Dnmt1"' in C2C12 cells (compare
panel A and Fig 2 A). (C) C2C12 cell expressing GFP-Dnmt19"*% jn a very late S-phase stage as

identified by only a few remaining PCNA labeled replication sites (complementary to Fig 2 C). In this
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stage the region of pHC association extends over almost the entire chromocenter volume indicating

binding to postreplicative pHC only. Scale bars: 5 ym and 1 ym (insets).
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Supplementary Figure 4. Quantitative evaluation of FRAP experiments. (A) The three evaluation
ROls (bleached, total, background) are represented schematically. (B) Mean intensity over time in the
ROls depicted in A for an example FRAP experiment (GFP-Dnmt1Wt with diffuse localization). (C)
Determination of the bleaching depth in the distal part of the schematic nucleus. The mean
fluorescence intensity of each line along the nucleus from the bleached to unbleached region is
illustrated for the prebleach, the postbleach and the last frame. The bleaching depth is determined by
the average intensity in the region containing 50% of the bleached lines distal to the bleach boarder.
(D) Comparison of the corrected and normalized data depicted in B without and with bleaching depth

correction.
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Supplementary Figure 5. Quantitative FRAP evaluation of GFP-Dnmt1" with and without RFP-
PCNA coexpression. (A) Mean recovery curves and (B) half times of recovery (t,,,) are displayed.

Coexpression of RFP-PCNA causes an enhanced mobility of GFP-Dnmt1* in early S.
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Supplementary Figure 6. Quantitative FRAP evaluation of GFP and GFP-Dnmt1 constructs.

Averaged recovery curves displayed for all measured constructs and cell cycle stage including error

bars representing the standard error of the mean for every time point (complementary to Fig 3 B).

14



Schneider & Fuchs et al., Supplementary Information for

“Dissection of cell cycle dependent dynamics of Dnmt1 by FRAP and diffusion-coupled modelling”

S7
A GFP-Dnmt1* GFP-Dnmt1ee
+5-aza-dC 0:00 1:00 0:00 1:00
[h:min]
n
2
©
o
»
2
-}
B GFP-Dnmt1* -late S +5-aza-dC [h:min] 0:00
100% 0:00
5
> 80% 006 &
:
E S et (08 &
o o
= 40% e
ﬂ A
[ 7 - 0:18 @
20% f o
| Fomusatn s 029 &
0% %
0 20 40 60 80 100 120 i
recovery time [s]
C GFP-Dnmt1* GFP-Dnmt{o1ee
100% K
diffuse 80% 1 ' diffuse
-§ %N A 4early S 4 early S
& 60% NN 4 late S 60% *late S
E, . S 2
B ok g0
S a0% o\ A\ , 40% $ X%
o\ a\ ' N
20% L 3 20% \
" B o \¢
0% 0%
0:00 0:20 0:40 1:.00 0:00 0:20 0:40 1:00
5-aza-dC incubation [h:min] 5-aza-dC incubation [h:min]
GFP-Dnmt{e1eEnts
100% B——g
e T a
- i ___ g
80% - SRS
c c
] 1=l
© ©
£ 60% g
2 2
= =
g 40% g
20% diffuse
m early Sflate S
0%
0:00 0:20 0:40 1:00 1:20 1:40 2:00

5-aza-dC incubation [h:min)

GFP-Dnmt191%175  GFP.Dnmt1%129%
1:30

GFP-Dnmt1+™s

1:00

—0:18 —0:29

100% ol

80%
60% o
40%
diffuse
20% 4 early S
* late S
0%
0:00 0:20 0:40 1:00 1:20 1:40
5 aza-dC incubation [h:min]
GFP-Dnmt1c2zw
00%0e—8 o o = o I
80% m diffuse/early Sflate S
60%
40%
20%
0%
0:00 0:20 0:40 1:00 1:20 1:40

5-aza-dC incubation [h:min]

Supplementary Figure 7. Covalent complex formation of GFP constructs analyzed by in vivo

trapping assay (A) Confocal mid sections of representative

cells are displayed before (time point

0:00) and after treatment with the mechanism-based inhibitor 5-aza-dC for 60 min (1:00) or 90 min

(1:30), respectively. Upon treatment GFP-Dnmt1"

shows a much stronger focal aggregation at RF
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and complete depletion of the diffuse fraction. This indicates the immobilization of the mobile enzyme
pool due to irreversible covalent complex formation at 5-aza-dC substituted hemi-methylated substrate
sites continuously generated during replication progression. GFP-Dnmt19"% shows a similar strong
enrichment at RF and depletion of the diffuse fraction after 60 min of treatment. The degree of 5-aza-

dC-induced RF-association is less prominent for GFP- Dnmt12™®

Dnmt1 Q162E/ATS

and the least prominent for the GFP-

. In contrast, a catalytic mutant construct GFP-Dnmt1¢'22W

, that is unable to form the
transient covalent enzyme-substrate complex required for the methyl group transfer, shows no
apparent enriched aggregation at RF upon 5-aza-dC treatment. (B) Quantitative measurement of the
5-aza-dC-induced immobilization by time-dependent FRAP analysis. Example FRAP measurements
of late S phase cells at different 5-aza-dC incubation times (left panel) and the corresponding confocal
mid sections of the prebleach time point and 120 s after bleaching (right panel) are shown. The mobile
fraction as determined from the recovery plateau reached after 120 s decreases with incubation time.
(C) Time-dependent decrease of the mobile fractions of GFP-Dnmt1", the regulatory mutants GFP-
Dnmt19'%%E GFP- Dnmt1%™, GFP- Dnmt1¢'%%5/2TS gng catalytically inactive mutant GFP-Dnmt1¢'%2W
in early and late S phase upon 5-aza-dC treatment. The results highlight the general ability of all
analyzed regulatory mutants, but not the catalytic mutant, to undergo covalent complex formation that
initiates the enzymatic reaction. Moreover, clear differences in the efficiency of immobilization become
apparent between the analyzed constructs, with the fastest trapping rate observed for GFP-Dnmt1"
followed by GFP-Dnmt19"% GFP- Dnmt1%™ and GFP- Dnmt1%"®*¥2TS |inear trend lines are

depicted for every construct and cell cycle stage.
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Supplementary Figure 8. Kinetic dependence of GFP-Dnmt1" on the distance to the bleach
border — diffusion-coupled kinetics. Representative images from a FRAP time series and the
corresponding recovery curves after half nucleus FRAP (red line) from different evaluation regions of
interest (ROIs) as indicated. A stepwise decreased initial mobility is detectable for ROls that are

distant to the bleach border indicating diffusion-coupled kinetics.

16



Schneider & Fuchs et al., Supplementary Information for

“Dissection of cell cycle dependent dynamics of Dnmt1 by FRAP and diffusion-coupled modelling”

S9
100 - m0DMC
g = 1DMC
@ 80 - = 2DMC
8
S 60
[:1]
o
5 40
2 N
S 20 -
[ "
0- N 7 2 8 5
diffuse earlyS late S diffuse late S diffuse earlyS late S diffuse 1x 2x 4x
GFP-Dnmt1* GFP-Dnmt1912= GFP-Dnmt1+78 GFP-Dnmt1ee2enTs GFP

Supplementary Figure 9. Relative number of FRAP experiments with zero, one or two
distinctive mobility classes. The dominating number of FRAP experiments with the GFP multimers
are fitted with 100% free fraction (0 DMC), except for the GFP tetramer (1 DMC). Using our model a
preference for one DMC is found for all GFP-Dnmt1 constructs with diffuse localization and in early S
phase cells. A preference for two DMCs is found in late S phase independently of the construct. The

dominant DMC classification was chosen for further quantifications.
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Supplementary Figure 10. Interaction between Dnmt1 and PCNA is abolished by Q162E
mutation, but not TS deletion. (A) PCNA is co-precipitated with GFP-Dnmt1 from Dnmt1” mouse
embryonic stem (C/C) cells. Protein extracts of C/C cells without or with stably expressing GFP-
Dnmt1", GFP-Dnmt1%"% or GFP-Dnmt1™ were immunoprecipitated with the GFP-Trap
(ChromoTek). The immunoprecipitated proteins were separated by SDS-PAGE and detected by GFP
or PCNA specific antibodies. (B) Quantification of co-precipitated PCNA relative to the amount co-
precipitated with GFP-Dnmt1"".
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SUPPLEMENTARY TABLES
S1
Constructs stage N MF [%] ti2[s]
diffuse 10 99.7+0.3 3.320.1
GFP-Dnmt1"' early S 21 97.5+0.5 6.320.3
late S 11 98.3+0.5 8.320.6
GFP-Dmt 192 diffuse 20 99.4+0.4 3.120.2
late S 15 99.1+0.5 5.4+0.4
diffuse 14 99.2+0.5 3.80.2
GFP-Dmnt14™® early S 16 98.9+0.5 4.2+0.3
late S 14 99.4+0.3 6.0+0.4
GFP-Dmnt1'%4TS | diffuse 17 98.9+0.6 3.60.3
1x 14 100.2+0.4 0.7+0.03
GFP multimers 2x 13 99.2+0.4 1.00.1
4x 12 100.2+1.4 1.5£0.2

Supplementary Table 1. Cell cycle dependent kinetic properties of GFP and GFP-Dnmt1

constructs analyzed by FRAP. N indicates the number of analyzed cells, MF the mobile fraction and

t,,, the half time of recovery. Values larger than 100% are due to technical deviations. Mean values +

SEM are listed.

S2
Constructs size [kDa] Kais
1x GFP 27 1.04
2x GFP 54 0.67
4x GFP 108 0.44
GFP-Dnmt1"' 210 0.28

Supplementary Table 1. Size-dependent kg values of GFP-Dnmt1"* and GFP multimers. K it

values are extracted by kinetic modeling of the GFP multimer FRAP data except for GFP-Dnmt1"",

which was extrapolated from the other ky; values.
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S3

Constructs stage N |f|pmc| Tyt Teeower Hewouer o fower o Tesoucs Mowouer | fewe
diffuse 10| 80.2+1.4 | 1 19.241.4 7.7¢0.5 0.14+0.01 |- - - 0.6+0.3

GFP-Dnmt1" early S 21|56.5+2.1 |1 39.3+1.8 10.2+0.7 0.11+0.01 |- - - 4.1+0.6
late S 11|51.9+2.6 |2 17.6+3.2 9.8+1.4 0.25+0.11 |28.243.8 22.1+2.1 0.05+0.00 | 2.3+0.6

CEP-DAm{1 diffuse 20 | 84.8+1.9 | 1 13.9+1.9 8.8+1.0 0.18+0.06 |- - - 1.2+0.3
late S  15|65.9+2.5 |2 9.8425 85+1.3 059+0.27 |22.642.3 18.9+2.9 0.07+0.01|1.6+0.6
diffuse 14| 76.5+2.8 | 1 22.0+2.6 6.8£0.5 0.16+0.01 |- - - 1.5+0.4

GFP-Dmnt1“™® earlyS 16 |67.9+4.2 |1 30.1x4.1 8.5+0.8 0.13+0.01 |- - - 2.0£0.5
late S 14 |58.3+2.5 |1 40.3+2.6 8.8+0.2 0.12+0.00 |- - - 1.4+0.3

GFP-Dmnt1%'%%2TS | diffuse 17 | 79.2+2.6 | 1 19.1#2.6 8.2+0.6 0.13+0.01 |- - - 1.7+0.4
1x 1411000 |0 - - - - - - -

GFP multimers 2x 13| 100.0 0 - - - - - - -
4x 12 91.1+2.8 | 1 8.0£2.7 149456 0.39+0.014 |- - - 0.940.5

Supplementary Table 3. Cell cycle dependent properties of GFP and GFP-Dnmt1 constructs
extracted by kinetic modeling. N indicates the number of analyzed cells and DMC the number of
distinctive mobility classes determined by the kinetic modeling. The fraction of bound proteins is
subdivided into fomect, fomce @and fouc representing the fractions of proteins bound with the kinetics of
DMC1, DMC2 or CMC, respectively. The fraction of unbound proteins is denoted as fc- koi indicates
the dissociation rate, T, the mean residence time given by 1/k; for DMC1 and DMC2, if present. All
listed values are mean values + SEM. Note that mean(T,.s) is computed as mean(1/k.;) and deviates

from 1/mean(ks).
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Cooperative DNA and Histone Binding by Uhrf2 Links the
Two Major Repressive Epigenetic Pathways
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ABSTRACT

Gene expression is regulated by DNA as well as histone modifications but the crosstalk and mechanistic link between these epigenetic signals
are still poorly understood. Here we investigate the multi-domain protein Uhrf2 that is similar to Uhrf1, an essential cofactor of maintenance
DNA methylation. Binding assays demonstrate a cooperative interplay of Uhrf2 domains that induces preference for hemimethylated DNA,
the substrate of maintenance methylation, and enhances binding to H3K9me3 heterochromatin marks. FRAP analyses revealed that
localization and binding dynamics of Uhrf2 in vivo require an intact tandem Tudor domain and depend on H3K9 trimethylation but not on
DNA methylation. Besides the cooperative DNA and histone binding that is characteristic for Uhrf2, we also found an opposite expression
pattern of uhrf1 and uhrf2 during differentiation. While uhrfI is mainly expressed in pluripotent stem cells, uhrf2 is upregulated during
differentiation and highly expressed in differentiated mouse tissues. Ectopic expression of Uhrf2 in uhrfl =/ embryonic stem cells did
not restore DNA methylation at major satellites indicating functional differences. We propose that the cooperative interplay of Uhrf2

domains may contribute to a tighter epigenetic control of gene expression in differentiated cells. J. Cell. Biochem.

2011. © 2011 Wiley-Liss, Inc.

112: 2585-2593,
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D NA methylation and histone modifications are major
epigenetic marks involved in the regulation of gene
expression, inheritance of chromatin states, genome stability, and
cellular differentiation [Bird, 2002; Kouzarides, 2007; Reik, 2007].
Misregulation of epigenetic pathways, like erroneous DNA
methylation, may lead to cancer and other diseases [Jones and
Baylin, 2007]. Open questions concern the crosstalk and mechanistic
link between different epigenetic signals.

Genome-scale DNA methylation studies revealed a connection
between DNA methylation and histone modifications. Specifically,
DNA methylation correlates with the absence of H3K4 methylation
and presence of H3K9 methylation [Meissner et al., 2008]. This
correlation may in part be caused by DNA methyltransferases
specifically recognizing histone modifications. For instance, the de
novo DNA methyltransferase Dnmt3a and its cofactor Dnmt3L
specifically recognize unmethylated H3K4 mediated by the ATRX-
Dnmt3-Dnmt3L (ADD) domain [Ooi et al., 2007; Otani et al., 2009].
Dnmt1, which is involved in maintenance methylation during DNA

replication and DNA repair [Leonhardt et al., 1992; Mortusewicz
et al., 2005], specifically methylates hemimethylated DNA [Bestor
and Ingram, 1983; Pradhan et al, 1997] and associates with
constitutive heterochromatin via its targeting sequence (TS) domain
[Easwaran et al., 2004].

Recently, Uhrf1 (also known as Np95 or ICBP90) has been shown
to link DNA and histone modifications and has emerged as an
essential cofactor for the maintenance of genomic DNA methyla-
tion. Genetic ablation of uhrfl leads to remarkable genomic
hypomethylation, a phenotype similar to dnmt1 —/- embryonic stem
cells (ESCs) [Bostick et al., 2007; Sharif et al., 2007]. Uhrf1 binds
hemimethylated DNA via a SET and RING associated domain (SRA)
domain and targets Dnmt1 to its substrate of maintenance DNA
methylation [Bostick et al., 2007; Sharif et al., 2007; Arita et al.,
2008; Avvakumov et al., 2008; Hashimoto et al., 2008; Qian et al.,
2008; Rottach et al., 2010]. This targeting activity of Uhrf1 is based
on specific binding to the heterochromatin mark H3K9me3 via a
tandem Tudor domain (TTD) [Karagianni et al., 2008; Rottach et al.,

Additional supporting information may be found in the online version of this article.
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2010]. In addition, Uhrf1 interacts with Dnmt3a and Dnmt3b and
with histone modifying enzymes like HDAC1, G9a, and Tip60 [Unoki
et al., 2004; Achour et al., 2009; Kim et al., 2009; Meilinger et al.,
2009]. Finally, Uhrf1 displays E3 ubiquitin ligase activity for histone
H3 [Citterio et al., 2004] and is involved in large scale reorganization
of chromocenters [Papait et al., 2008].

Interestingly, a second member of the Uhrf family, Uhrf2, harbors
similar domains [Bronner et al., 2007]. Until now, the only
known function of Uhrf2 is a role in intranuclear degradation of
polyglutamine aggregates [Iwata et al., 2009]. In this study, we
systematically investigated the function and interplay of distinct
Uhrf2 domains in DNA and histone tail substrate recognition and
report first hints on cell-type specific functions of Uhrf1 and Uhrf2.

EXPRESSION CONSTRUCTS

Expression constructs for GFP, RFP-PCNA, Uhrf1-GFP, and GFP
constructs of Dnmt1 were described previously [Sporbert et al.,
2005; Fellinger et al., 2009; Meilinger et al., 2009]. All Uhrf2
expression constructs were derived by PCR from mouse uhrf2-myc
cDNA (MR210744, ORIGENE). To obtain GFP fusion constructs, the
uhrfl cDNA [Rottach et al., 2010] was replaced by uhrf2 encoding
PCR fragments in the pCAG-uhrfi1-GFP vector. The deletion and
point mutant expression constructs were derived from the
corresponding wild-type constructs by overlap extension PCR
[Ho et al., 1989] and PCR-based mutagenesis. The following start
and end amino acids were chosen: Uhrf2 tandem Tudor domain,
amino acids 118-312; Uhrf2 PHD domain, amino acids 325-395;
Uhrf2 tandem Tudor-PHD domain, amino acids 118-395; Uhrf1
tandem Tudor-PHD domain, amino acids 121-370. The linker
exchange constructs were derived by PCR using overlapping primers
that contained the partial linker sequence. Amino acid sequences of
the linkers: Uhrf1: KERRPLIASPSQPPA; Uhrf2: GAHPISFADGKF.
All constructs were verified by DNA sequencing. Throughout this
study enhanced GFP constructs were used and for simplicity referred
to as GFP fusions.

CELL CULTURE, TRANSFECTION, CELL SORTING, AND
DIFFERENTIATION

HEK293T cells, MEFs, and ESCs were cultured and transfected as
described [Schermelleh et al., 2007; Rottach et al., 2010] with the
exception that Lipofectamin (Invitrogen) was used for transfection
of MEFs. E14 uhrfl~/~ ESCs were transfected with Uhrf1-GFP and
Uhrf2-GFP expression constructs using FuGENE HD (Roche)
according to the manufacturer’s instructions. ESCs were sorted
for GFP positive cells 48 h after transfection with a FACS Aria II
instrument (Becton Dikinson). ESC strains wt E14, wt J1, and E14
uhtfl =/~ were cultured and differentiated to embryoid bodies as
described [Szwagierczak et al., 2010]. The ESC strain wt JM8A3.N1
(EUCOMM, Germany) was cultured in Knockout D-MEM (Gibco-
BRL, Grand-Island, NY) medium containing 10% fetal bovine serum
(PAA Laboratories GmbH, Austria), 0.1mM [B-mercaptoethanol
(Gibco-BRL), 2mM Lr-glutamine, 100U/ml penicillin, 100 wg/ml
streptomycin (PAA Laboratories GmbH). The medium was supple-

mented with
Temecula, CA).

1,000U/ml recombinant mouse LIF (Millipore,

RNA ISOLATION, CDNA SYNTHESIS, AND QUANTITATIVE
REAL-TIME PCR

RNA isolation and cDNA synthesis were performed as described
[Szwagierczak et al., 2010]. Equal amounts of cDNA were used for
Real-time PCR with TagMan Gene Expression Master Mix (Applied
Biosystems) on the 7500 Fast Real-time PCR System (Applied
Biosystems) according to the manufacturer’s instructions. The
following TagMan Gene expression assays were used: Gapdh (Assay
ID: Mm99999915_g1), uhrfl (Assay ID: Mm00477865_m1) and
uhrf2 (Assay ID: Mm00520043_m1). Gene expression levels were
normalized to Gapdh and calculated using the comparative Cp
Method (AACt Method).

IN VITRO DNA BINDING AND HISTONE-TAIL PEPTIDE

BINDING ASSAY

The in vitro binding assays were performed as described previously
[Frauer and Leonhardt, 2009; Rottach et al., 2010]. NoCpG DNA
substrates were produced in a primer extension reaction [Frauer and
Leonhardt, 2009] others by hybridization of two DNA oligos
(Supplementary Fig. S7B-D). Histone-tail peptides were purchased
as TAMRA conjugates (PSL, Germany; Supplementary Fig. S7A).
Peptides were added in a molar ratio 1.5:1 (peptide/GFP fusion) and
the binding reaction was performed at RT for 15 min with constant
mixing. For combined assays, samples were additionally incubated
with either H3K9me3 or H3K9ac histone-tail peptides in a molar
ratio 1.5:1 (peptide/GFP fusion) or increasing amount of DNA
substrate as indicated. The binding reaction was performed at RT for
60 min with constant mixing.

IMMUNOFLOURESCENCE STAINING AND ANTIBODIES

For immunostaining, MEF cells and ESCs were grown on cover slips
and transiently transfected with Uhrf2-GFP (MEF cells), or co-
transfected with Uhrf2-GFP and RFP-PCNA (ESCs). Cells were fixed
with 2.0% or 3.7% formaldehyde in PBS and permeabilized in PBS
containing 0.2% Triton X-100. The post-translational histone
modification H3K9me3 was detected via a rabbit primary antibody
(Active Motif) and a secondary anti-rabbit antibody conjugated to
Alexa Fluor 594 (Molecular Probes, Eugene, OR). The antibodies
were diluted 1:1,000 or 1:500, respectively, in PBS containing
0.02% Tween-20 and 2% BSA. GFP-Binder (ChromoTek, Germany)
was used to boost GFP signals and was labeled with Alexa Fluor 488.
Cells were counterstained with DAPI and mounted in Vectashield
(Vector Laboratories, Burlingame, CA). Images of the cells were
obtained using a TCS SP5 AOBS confocal laser scanning microscope
(Leica, Wetzlar, Germany) with a 63x/1.4 NA Plan-Apochromat oil
immersion objective. GFP, Alexa Fluor 488, RFP, and Alexa Fluor
594 were excited with a 488-nm argon laser and a 561-nm diode
laser, respectively. Image series were recorded with a frame size of
512 x 512 pixels, a pixel size of 100 nm and with a detection pinhole
size of 1 Airy Unit.
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LIVE CELL MICROSCOPY AND FLUORESCENCE RECOVERY AFTER
PHOTOBLEACHING (FRAP) ANALYSIS

Live cell imaging and FRAP analyses were performed as described
[Schermelleh et al., 2007] with the exception that imported images
were intensity normalized, converted to 8-bit and Gauss-filtered
(2 pixel radius). Data sets showing lateral movement were corrected
by image registration using the StackReg plug-in of Imagel
[Abramoff et al., 2004] starting with a frame when approximately
half recovery was reached. Within the first 30s after bleaching,
images were taken every 150 ms and then in intervals of 1s.

DNA METHYLATION ANALYSIS

Genomic DNA was isolated with the QIAmp DNA Mini Kit (Qiagen)
and 1.5 wg were bisulfite converted using the EZ DNA Methylation-
Gold Kit (Zymo research) according to the manufacturer’s
instructions. Primer sequences for major satellites were AAAAT-
GAGAAACATCCACTTG (forward primer) and CCATGATTIT-
CAGTTTTCTT (reverse primer). For amplification we used Qiagen
Hot Start Polymerase in 1x Qiagen Hot Start Polymerase buffer
supplemented with 0.2 mM dNTPs, 0.2 uM forward primer, 0.2 pM
reverse primer, 1.3 mM betaine (Sigma) and 60 mM tetramethy-
lammonium-chloride (TMAC, Sigma). Major satellites were ampli-
fied in a single amplification and pyrosequencing reactions were
carried out by Varionostic GmbH (Ulm, Germany).

STATISTICAL ANALYSIS

Results were expressed as means+SD or means=+ SEM. The
difference between two mean values was analyzed by Student’s
t-test and was considered as statistically significant in case of
P <0.05 (") and highly significant for P <0.001 (**).

OPPOSITE EXPRESSION PATTERN OF UHRF1 AND UHRF2 DURING
DIFFERENTIATION

Recently, Uhrfl has emerged as an essential factor for the
maintenance of DNA methylation. Sequence analyses revealed
that Uhrf2 harbors five recognizable domains similar to Uhrf1
(Fig. 1A), but its role in the regulation of DNA methylation is still
unclear. We compared the expression pattern of uhrfI and uhrf2 in
ESCs and somatic cells, during differentiation and in differentiated
mouse tissues (Fig. 1B-D and Supplementary Fig. S1). Interestingly,
both genes show opposite expression patterns; while uhrfI is
expressed in ESCs and down regulated during differentiation, which
is consistent with previous reports [Muto et al., 1995; Fujimori et al.,
1998; Hopfner et al., 2000], uhrf2 is upregulated and highly
expressed in differentiated mouse tissues. The switch in the
expression pattern argues against a functional redundancy of
both genes and is consistent with the drastic loss of DNA
methylation in uhrfl_/_ ESCs despite the presence of intact
uhrf2 alleles. Therefore, the opposite expression pattern of both
genes suggests different functional roles of uhrfl and uhrf2 in
development.

A
Uhrf1 1 TTD )'W SRA

. / T 782
60%: 1 38% 1 158% 1 75% 78%!

e (@ T W,
B

_.
@

m uhrf1
m vhrf2

relative expression
e o 9o © = =
L ol L Al o

04
wt JMBA  wt J1 wt E14 uhrf1 -/- C2C12 NIH3T3

embryonic stem cells somatic cells
1.4
s i1
1.2
il 102
e 14
Q2
7]
$08
g
E
© 0.6
o
2
T 04
L
0.2
0 + v -~ "
16 0 4 8 12 16
days after EB differentiation
D m uhrft
m uhrf2
80
70
8 60 !
w
g 50
g 40
230
g 20
10 I
e T 6 &
430(‘ A Q"o@ c'G{& QG‘Q N
R & &
& &
As)

Fig. 1. Opposite expression pattern of uhrf1 and uhrf2 during differentia-
tion. A: Schematic outline of the multi-domain architecture of Uhrf1 in
comparison to Uhrf2. An N-terminal ubiquitin-like domain (Ubl) is followed
by a tandem Tudor domain (TTD), a plant homeodomain (PHD), a SET and RING
associated (SRA) domain and a C-terminal really interesting new gene (RING)
domain. Numbers indicate primary sequence similarities of single domains
determined by BlastP search [Altschul, 1991]. Expression analysis of uhrf1 and
uhrf2 by Real-time PCR in ESCs and somatic cells (B), during differentiation of
wt J1 ESCs (C) and in various adult mouse tissues in comparison to the
expression data in ESCs (D). Expression levels are relative to uhrf1 in wtJM8A
(B). day O of differentiation (C) and to kidney (D) (uhrf1 set to 1). Shown are
means + SD of at least two independent experiments.
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COOPERATIVE BINDING OF REPRESSIVE EPIGENETIC MARKS Rottach et al., 2010]. Similar to Uhrf1, histone-tail peptide binding
BY UHRF2 assays revealed that Uhrf2 preferentially binds to H3(1-20) and
To investigate DNA and histone-tail binding preferences of Uhrf2 in H3K9me3 peptides (Fig. 2A). This binding activity of Uhrf2 is
vitro, we used a versatile binding assay developed for GFP fusion mediated by the TTD but not the PHD domain (Fig. 2B). Consistently,
proteins [Rothbauer et al., 2008; Frauer and Leonhardt, 2009; acetylation of H3K9, underrepresented in heterochromatin,
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prevented the binding of Uhrf2 and its TTD. The binding of Uhrf1 to
H3K9me3 is mediated by an aromatic cage in the TTD [Rottach et al.,
2010]. Site-directed mutagenesis of Uhrf2 changing the two
conserved tyrosine residues to alanine (Y214A Y217A) (Supple-
mentary Fig. S2) abolished specific peptide binding (Fig. 2B) and
supports a function of the aromatic cage in H3K9me3 recognition.

Whereas Uhrf1 preferentially binds to hemimethylated DNA,
Uhrf2 failed to show a preference for hemi-over unmethylated DNA
(Fig. 2C). These differences in DNA binding preferences between
Uhrf1 and Uhrf2 were confirmed by electrophoretic mobility shifts
(Supplementary Fig. S3). To further investigate the functional
interplay between DNA and histone binding we performed
combined binding assays (Fig. 2D). Interestingly, binding to
heterochromatin-specific H3K9me3 peptides induced a significant
preference of Uhrf2 for hemi-over unmethylated DNA. Uhrfl
already on its own showed preference for hemimethylated DNA that
was further enhanced by binding to H3K9me3 peptides. To test the
specificity of this cooperativity we mutated the aromatic cage in
Uhrf2 that is necessary for H3K9me3 histone-tail peptide binding.
The mutated Uhrf2 (Y214A Y217A) showed comparable DNA
binding activity as the wild-type Uhrf2 but addition of heterochro-
matin-specific H3K9me3 peptides did not induce preference for
hemi-over unmethylated DNA (Fig. 2D).

In the reverse experiment, addition of DNA enhanced binding of
Uhrf1 and Uhrf2 to the H3K9me3 peptide (Fig. 2E,F). This was not
observed for the DNA binding mutant of Uhrf1 (Uhrf1ASRA) which
showed constant peptide binding with increasing DNA concentra-
tions. These findings suggest that single binding events of distinct
Uhrf2 domains lead to multivalent engagement of different
repressive epigenetic marks. In fact, multivalent engagement of
DNA and histone tail peptides via the SRA domain and the TTD,
respectively, results in affinity enhancement and additional
specificity for hemimethylated DNA, the substrate of maintenance
methylation.

CELLULAR LOCALIZATION AND DYNAMICS OF UHRF2 DEPEND ON
HISTONE H3K9 METHYLATION

To monitor the subcellular localization of Uhrf2, we expressed
Uhrf2-GFP constructs in cells with different genetic backgrounds. In
wild type (wt) ESCs, Uhrf2 is localized in the nucleus and is enriched
at pericentric heterochromatin (PH) (Fig. 3A,B and Supplementary
Fig. S4A-C). To investigate which epigenetic marks at PH are
recognized by Uhrf2 we determined the localization of Uhrf2 in
genetically modified ESCs either lacking all three major DNA
methyltransferases Dnmt1, Dnmt3a, and Dnmt3b (TKO) [Tsumura
et al., 2006] or ESCs lacking the two major H3K9 methyltransferases
Suv39H1/H2 (Suv39h dn) [Lehnertz et al., 2003]. TKO cells are
practically devoid of genomic DNA methylation and Suv39h dn
ESCs show substantially reduced H3K9me3 levels. We found Uhrf2
localized at PH in TKO but not in Suv39h dn ESCs, indicating that
localization of Uhrf2 is dependent on H3K9 but not on DNA
methylation (Fig. 3A). Consistently, immunostaining of wt mouse
embryonic fibroblasts (MEFs) showed co-localization of Uhrf2 and
H3K9me3 marks at PH, which was not observed in Suv39h dn MEFs
[Peters et al., 2001] (Fig. 3B). Also, mutations in the TTD (Uhrf2
Y214A Y217A) that abolished binding to H3K9me3 peptides in vitro
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Fig. 3. Cellular localization and dynamics of Uhrf2 depend on histone H3K9
methylation. A: Confocal mid sections of fixed wt J1, TKO and Suv39h dn ESCs
transiently expressing Uhrf2-GFP and RFP-PCNA and counterstained with
DAPI, which preferentially highlights PH. Merged images are displayed on the
right side (GFP: green; DAPI: red). Scale bar 5 um. B: Confocal mid sections of
fixed wt MEFs and Suv39h dn MEFs transiently expressing Uhrf2-GFP or Uhrf2
Y214A Y217A-GFP were immunostained for H3K9me3 and counterstained
with DAPI. Merged images are displayed on the right side (GFP: green; DAPI:
red). Scale bar 5 um. C: Dynamics of Uhrf2-GFP and Uhrf2 Y214A Y217A-GFP
in living MEFs determined by half nucleus FRAP analysis. GFP is shown as
reference. Curves represent means + SEM from at least 8 nuclei.

disrupted enrichment at PH in wt MEFs (Fig. 3B). The dependence of
Uhrf2 localization on H3K9me3 was also confirmed by quantitative
correlation analysis (Supplementary Fig. S4D,E).

To investigate the effect of H3K9me3 on the dynamics of Uhrf2 in
living cells we performed quantitative fluorescence recovery after
photobleaching (FRAP) analyses in wt and Suv39h dn MEFs. We
chose to bleach half nuclei to include a representative number of
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interactions from different nuclear domains and structures in
the bleached area [Rottach et al., 2010]. Recovery of Uhrf2-
GFP fluorescence in Suv39h dn MEFs (half-time t;;, =5.94+0.659)
and of the TID mutant in wt MEFs (t;,,=3.2+0.4s) was
considerably faster than the recovery of Uhrf2-GFP in wt MEFs
(t;=11.8 £0.6s) pointing to a crucial role of H3K9me3 in Uhrf2
dynamics in living cells (Fig. 3C). Taken together, these results
clearly demonstrate that the interaction of Uhrf2 with the
heterochromatin mark H3K9me3 is required for the localization
at PH and affects binding dynamics in living cells.

COOPERATIVE BINDING OF THE COMBINED UHRF2 TTD-PHD
DOMAIN

Recently, several studies showed multivalent binding to histone-tail
peptides [Ruthenburg et al., 2007]. In case of Uhrf1 and Uhrf2, the
TID is followed by a second histone-tail binding domain, a PHD
domain (Fig. 1A). As the isolated PHD domains of Uhrf1 and Uhrf2
did not show binding to H3 histone-tail peptides (Fig. 2B) [Rottach
et al., 2010], we tested whether the combination of the PHD and the
TTD results in cooperative histone-tail binding. Surprisingly, the
combined TTD-PHD domain of Uhrf2 displayed a fourfold increased
binding to H3K9me2/me3 in comparison to the single TTD, which
was not observed for the corresponding construct of Uhrfl
(Figs. 2B and 4A).

Sequence alignments of the combined domains revealed two
striking differences between Uhrf1 and Uhrf2. Firstly, Uhrf2 harbors
an additional stretch of 33 highly conserved amino acids present in
the TTD (Supplementary Fig. S5A). Secondly, the linker region
between the TTD and PHD domain of Uhrf2 is highly conserved,
whereas this region is highly diverse in Uhrf1l (Supplementary
Fig. S5A). To test which sequence is responsible for the observed
cooperative interplay between PHD and TID, we generated
and tested different hybrid and deletion constructs (Supplementary
Fig. S5B). Notably, replacement of the native linker in the Uhrf2
TTD-PHD construct by the Uhrf1 linker caused decreased relative
binding ratios to H3K9me2/3 comparable to the single Uhrf2 TTD
(Fig. 4B). Transferring the Uhrf2 linker to the Uhrfl TTD-PHD
construct as well as deletion of the Uhrf2 stretch region did not affect
the binding to H3K9me3 peptides (Fig. 4B).

These results suggest that the cooperative interplay of different
Uhrf2 domains, which is responsible for the increased binding to
heterochromatin marks, is dependent on the highly conserved linker
region connecting the TTD and PHD domains. A similar functional
importance of linker sequences has been described for BPTF and
histone lysine demethylases [Li et al., 2006; Horton et al., 2010].

UHRF1 AND UHRF2 ARE NOT FUNCTIONALLY REDUNDANT IN ESCS
To investigate whether Uhrf1 and Uhrf2 are functionally redundant
we performed interaction and rescue assays. Like Uhrf1, also Uhrf2
interacts with Dnmts (Supplementary Fig. S6) suggesting a similar
function in DNA methylation. To test for such a functional role, we
ectopically expressed Uhrf2-GFP or Uhrf1-GFP in uhrfl~/~ ESCs
and determined DNA methylation levels at major satellites by
pyrosequencing. While ectopic expression of Uhrf1-GFP led to
significant increase of DNA methylation levels at CpG sites of major
satellite DNA in uhrfl~/~ ESCs, Uhrf2-GFP did not restore DNA
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Shown are means + SEM from at least six independent experiments. B: Histone
H3K9me3 binding of the combined TTD-PHD domains of Uhrf1 and Uhrf2,
hybrid proteins (L1 and L2 specify inserted linker sequences derived from Uhrf1
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means + SEM from at least three independent experiments.

methylation at these sites (Fig. 5). These results point to functional
differences between Uhrf1 and Uhrf2 in vivo.

Over the past decades many different histone modifications were
discovered that are involved in epigenetic gene regulation. A key
question is how these histone marks are linked to DNA methylation
pattern and how this complex epigenetic information is integrated
and translated into defined chromatin structures and gene
expression levels. Epigenetic regulators that bind DNA and histone
marks are ideally suited to link these pathways and intramolecular
interactions between different binding domains may contribute to
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Fig. 5. Uhrf1 and Uhrf2 are not functionally redundant in ESCs. DNA
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bisulfite treatment, PCR amplification and direct pyrosequencing. Statistical
significance of differences in DNA methylation levels between uhrf1=/~
ESCs and uhrf1~/~ ESCs with ectopically expressed Uhrf1-GFP or Uhrf2-
GFP are indicated; *P< 0.05. Shown are means =+ SD from three independent
experiments.

substrate specificity and epigenetic regulation [Hashimoto et al.,
2009].

Recently, Uhrf1, an essential factor for the maintenance of DNA
methylation, has been shown to bind to repressive DNA and histone
modifications via an SRA and a tandem Tudor domain, respectively.
Here we provide the first systematic characterization of the second
member of the Uhrf family, Uhrf2, and demonstrate that Uhrf2 binds
to the H3K9me3 heterochromatin mark via an aromatic cage of a
tandem Tudor domain (TTD). Mutations in the aromatic cage
abolished binding to H3K9me3 histone-tail peptides in vitro and
prevented enrichment of Uhrf2 at pericentric heterochromatin in
vivo. Interestingly, similar mutations in the aromatic cage of Uhrf1
prevented repression of p16™%** [Nady et al., 2011] suggesting a
link between H3K9me3 binding and a function of Uhrf proteins in
gene repression.

Our results point to a complex regulation of substrate recognition
by Uhrf2 involving cooperative binding domains and critical linker
sequences. In contrast to Uhrfl, preferential binding of Uhrf2 to
hemimethylated DNA, the substrate of DNA maintenance methyla-
tion, was only induced upon simultaneous binding to H3K9me3
histone-tail peptides. Binding of Uhrfl and Uhrf2 to DNA in turn
enhanced binding to H3K9me3 histone-tail peptides. Consistently,
SILAC-based proteomic analysis identified enrichment of UHRF1 at
nucleosomes containing repressive DNA and H3K9 methylation
marks [Bartke et al., 2010]. Together, these data demonstrate a
cooperative interplay between DNA and histone tail binding
domains of Uhrfl and Uhrf2. A similar effect was reported for
MSL3 that specifically binds to H4K20me1l via a chromodomain
only in the presence of DNA [Kim et al., 2010].

An additional level of complexity was added by recent studies
showing multivalent binding of histone-tail peptides by mixed two-
effector modules [Ruthenburg et al., 2007]. Notably, the combined
TTD-PHD domain of Uhrf2, but not of Uhrf1, showed enhanced

binding to H3K9me3 histone-tail peptides. This cooperativity was
dependent on the highly conserved linker region connecting the TTD
and PHD domains. Similarly, an important role was attributed to
the linker sequence between the histone binding domain (PHD) and
the histone modifying domain of jumanji histone lysine demethy-
lases [Horton et al., 2010].

The dramatic loss of DNA methylation in uhtf1 ~/~ ESCs [Bostick
et al., 2007; Sharif et al., 2007] is remarkable, especially considering
the presence of the uhrf2 gene, which encodes a highly similar
protein as demonstrated in this study. As one possible explanation
for this lack of functional redundancy we found, in contrast to
uhrfl, relatively low uhrf2 mRNA levels in ESCs, which were not
affected by genetic uhrf1 ablation. Moreover, both genes also show
opposite expression patterns during differentiation. The failure of
ectopically expressed Uhrf2 to restore DNA methylation in uhrf1
deficient cells clearly points to functional differences between both
proteins in vivo. However, more definitive insights into the specific
function(s) of Uhrf2 will require targeted mutations and subsequent
analyses of pluripotent as well as differentiated cells. Based on the
cooperative binding of Uhrf2 domains to repressive DNA and
histone marks we propose that Uhrf2 might contribute to a tighter
control of gene repression in differentiated cells as compared to a
less stringent control by Uhrf1 in pluripotent ESCs.
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Supplementary Figure S1. Opposite expression pattern of whrfi and uhrf2. Expression
analyses of uhrfi and uhrf2 by Real-time PCR during differentiation of ESCs with two
different genetic backgrounds (wt E14 (A) and wt JM8A (B)). Transcript levels of uhrf1 at day
0 of EB formation are used as reference point (set to 1). Shown are means + SD from three
technical replicates of one biological experiment.



Supplementary Figure S2. Model of the tandem Tudor domain (TTD) of Uhrf2. (A) A model of
the TTD of Uhrf2 was generated using SWISS Model [Arnold et al., 2006; Guex and Peitsch,
1997] with the solved structure of the TTD of Uhrf1 (PDB: 3DB3) as template. Both
structures, the Uhrf2 model in red and the Uhrf1 template in cyan, are superimposed in
PyMOL [Schrodinger, 2010]. (B) H3K9me3 is embedded in an aromatic cage formed by
three aromatic residues of Uhrf2.
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Supplementary Figure S3. Electrophoretic mobility shift of Uhrf1 and Uhrf2. (A) Un- and
hemimethylated DNA substrates (1 pmol each in direct competition) were incubated with
0.63 pmol purified Uhrf1-GFP or Uhrf2-GFP. Samples were subjected to 3.5% non-
denaturing PAGE and analyzed with a fluorescence scanner (Typhoon TRIO scanner, GE
Healthcare) to detect ATTO550 (unmethylated substrate), ATTO647N (hemimethylated
substrate) and GFP. (B) Band intensities were quantified with ImagedJ [Abramoff, 2004]. To
quantify bound DNA/protein ratios, grey values of unbound DNA bands were subtracted from
the corresponding DNA input bands and subsequently normalized by the grey values of the
GFP bands. All values were normalized to the relative binding ratio of Uhrf1 to unmethylated
substrate. Shown are means +SD from three independent experiments. Statistical
significance between the binding ratios of un- and hemimethylated DNA is indicated;
*P < 0.05.
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Supplementary Figure S4. Cell-cycle dependent localization of Uhrf2 in cells with different
genetic backgrounds. Confocal mid sections of fixed wt J1 (A), TKO (B) and Suv39h dn
ESCs (C), transiently expressing Uhrf2-GFP. Cells were co-transfected with a RFP-PCNA
expression vector to distinguish S phase stages [Sporbert et al., 2005] and counterstained
with DAPI. Merged images are displayed on the right. Scale bar 5 pm. In wt J1 and TKO
ESCs the Uhrf2 fusion protein accumulates at pericentric heterochromatin independent of the
cell-cycle stage and methylation levels (A) (B). In contrast, Uhrf2-GFP shows a fully
dispersed nuclear distribution in Suv39h dn cells indicating the dependency on H3K9me3
methylation for localization at PH in vivo (C). (D) and (E) Scatter blot of GFP-Uhrf2 and DAPI
signals in wt MEFs and Suv39h dn MEFs. The corresponding Pearson correlation
coefficients R + SEM are calculated from ten analysed cells. The software Volocity (Perkin
Elmer) was used for analysis, selecting the cell nucleus as region of interest. Note that
Pearson correlation coefficients range from +1 to -1 for perfect to no co-localization.
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Supplementary Figure S5. Alignment and recombination of Uhrf1 and Uhrf2 domains. (A)
Alignment of the tandem Tudor domain (TTD) and PHD domains from vertebrate Uhrf2 and
Uhrf1 orthologs. Accession numbers for Uhrf2: Homo sapiens CAH74119.1; Bos taurus
AAI48950.1; Mus musculus Q7TMI3; Rattus norvegicus NP_001101055.1; Pan troglodytes
XP_528534.2; Xenopus laevis AAI28674.1. Accession numbers for Uhrf1: Homo sapiens
Q96T88.1; Bos taurus AAI51672.1; Mus musculus Q8VDF2.2; Rattus norvegicus Q7TPK1.2;
Dario rerio NP_998242.1; Xenopus laevis AAI28674.1, Gallus gallus XP_418269.2. Arrows
show the start and end positions of the TTD and PHD domains. Absolutely conserved
residues are black shaded, while positions showing conservative substitutions are boxed with
residues in bold face. The additional stretch region found in the TTD of Uhrf2 and the linker
region between TTD and PHD finger are boxed with dotted black lines. (B) Schematic outline
of engineered constructs including the deletion of the stretch region and the swapping of
linker sequences.
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Supplementary Figure S6. Uhrf2 interacts with Uhrf1, Dnmt1 and Dnmt3a/b. (A) Co-
immunoprecipation of Uhrf2-myc and GFP-Uhrf1, GFP-Dnmt3a, GFP-Dnmt3b, GFP-HP1q,
GFP-HP1B, GFP-HP1y or GFP transiently co-expressed in HEK293T cells. Note that Uhrf2
interacts with Uhrf1, Dnmt3a and Dnmt3b. (B) Co-immunoprecipation of Uhrf2-myc and
GFP-Dnmt1 constructs transiently co-expressed in HEK293T cells: GFP-Dnmt1 (G-Dnmt1),
GFP-fusions of the N-terminal and C-terminal part of Dnmt1 (G-D1-Nterm, G-D1-Cterm) and
truncated Dnmt1 constructs (G-Dnmt1 1-309, G-TS 310-629, G-Dnmt1 630-1111). Note that
Uhrf2 interacts with full-length Dnmt1, the N-terminal part and the targeting sequence (G-TS
310-629). One percent of input (I) relative to bound fractions (B) was loaded. Co-
immunoprecipitation was performed using the GFP trap [Rothbauer et al., 2008]. Co-
precipitated myc-tagged proteins were detected using a mouse monoclonal primary anti-myc
antibody (Invitrogen, Germany) and an HRP- or Cy5-conjugated secondary anti-mouse
antibody (Sigma, Germany, or Jackson ImmunoResearch Laboratories, USA, respectively).



Peptide name Peptide sequence Peptide labelling
H3K4me1 ART X1 QTARKSTGGKAPRKQLK

H3K4me2 ART X2 QTARKSTGGKAPRKQLK

H3K4me3 ART X3 OTARKSTGGKAPRKOQOLK

H3K4ac ART 7 QTARKSTGGKAPRKQLK

H3K4/9un ARTKQTARKSTGGKAPRKQLK TAMRA at C-terminus
H3K9me1 ARTKOTAR X1 STGGKAPRKQLK

H3K9me2 ARTKQOTAR X2 STGGKAPRKOLK

H3K9me3 ARTKQOTAR X3 STGGKAPRKQLK

H3K9ac ARTKQTAR Z STGGKAPRKQLK

H3R2me2a A X4 TKQTARSTGGKAPRKQLK
H3K4me3K9me3 ART X3 QTAR X3 STGGKAPRKQLK

H3K27un RKQLATRAARKSAPATGGVK
H3K27me1 RKOLATKAAR X1 SAPATGGVK
H3K27me2 ___ RKOLATKAAR X2 SAPATGGVK
Fi3K27me3  RKQLATKAAR X3 SAPATGGUK
ac RKOLATKAAR 7 __ SAPATGGVK _
H4K20un LGKGGAKRHRKVLRDNIOGIT TAMRA At H-teaminus
H4K20me1 LGKGGAKRHR X1 VLRDNIOGI
H4K20me2 ___ LGKGGAKRHR X2 VLRDNIOGI
H4K20me3 1. GKGGAKRHR X3 VLRDNIOGI
HaK20ac LGKGGAKRHR 2 _VLRDNIQGI

X1: Lysine(me1); X2: Lysine(me2); X3: Lysine(me3); X4: Arginine(me2 asymmetric) Z: Lysine(ac)

DNA substrate DNA seqguence DNA labelling
CGup CTCAACAACTAACTACCATCCGGACCAGAAGAGTCATCATGG no
MGup CTCAACAACTAACTACCATCMGGACCAGAAGAGTCATCATGG no
noCpG CTCAACAACTAACTACCATCCTGACCAGAAGAGTCATCATGG no
um6B47N CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG ATTOB47N at 5'end
um700 CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG ATTO700 at 5'end
Fill-In-550 CCATGATGACTCTTCTGGTC ATTO550 at 5'end
Fill-In-590 CCATGATGACTCTTCTGGTC ATTO590 at 5’end
Fill-In-647N CCATGATGACTCTTCTGGTC ATTOB47N at 5’end
Fill-In-700 CCATGATGACTCTTCTGGTC ATTO700 at 5°end
C
Mspl
Hpall

CTCAACAACTAACTACCATCCGGACCAGAAGAGTCATCATGGS |  4omer
GAGTTGTTGATTGATGGTAGECCTGGTCTTCTCAGTAGTACCH

CGGACCAGAAGAGTCATCATGG ,  24mer
CTGGTCTTCTCAGTAGTACC W

unmethylated hemimethylated

21mer

Supplementary Figure S7. Histone-tail peptide and DNA sequences and quality control of
DNA substrates. (A) Amino acid sequence of TAMRA-labelled peptides for in vitro histone-
tail peptide binding assays. Histone-tail peptides were purchased as TAMRA conjugates
(PSL, Germany). (B) DNA oligos used for preparation of double-stranded probes for in vitro



DNA binding assays. M: 5-methyl-cytosine. For hybridization, DNA oligos were mixed in
equimolar amounts, heated to 92°C and cooled down to room temperature. DNA substrates
for Figure 2F were completed in a primer extension reaction. By using a control set of DNA
probes with identical sequence but different fluorescent labels we observed effects due to
probe preparation and/or unspecific binding of ATTO dyes (data not shown). The values
obtained from the control set were used to normalize every probe/protein pair. (C) Quality
control of DNA substrates. Un- and hemimethylated DNA substrates (2 pmol; Atto647N
labelled) were digested with 1 unit Mspl or Hpall and analyzed by 15% non-denaturing
PAGE for CpG methylation. Note that unmethylated DNA substrate is digested by both
enzymes, whereas hemimethylated substrate is only cut by Mspl. Enzyme recognition motifs
are boxed and asterisks represent ATTO labels.
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ABSTRACT

The histone variant H2A.Z has been implicated in
many biological processes, such as gene regulation
and genome stability. Here, we present the identifi-
cation of H2A.Z.2.2 (Z.2.2), a novel alternatively
spliced variant of histone H2A.Z and provide a com-
prehensive characterization of its expression and
chromatin incorporation properties. Z.2.2 mRNA is
found in all human cell lines and tissues with highest
levels in brain. We show the proper splicing and
in vivo existence of this variant protein in humans.
Furthermore, we demonstrate the binding of Z.2.2 to
H2A.Z-specific TIP60 and SRCAP chaperone
complexes and its active replication-independent
deposition into chromatin. Strikingly, various inde-
pendent in vivo and in vitro analyses, such as bio-
chemical fractionation, comparative FRAP studies
of GFP-tagged H2A variants, size exclusion chroma-
tography and single molecule FRET, in combination
with in silico molecular dynamics simulations,
consistently demonstrate that Z.2.2 causes major
structural changes and significantly destabilizes
nucleosomes. Analyses of deletion mutants and

chimeric proteins pinpoint this property to its
unique C-terminus. Our findings enrich the list of
known human variants by an unusual protein
belonging to the H2A.Z family that leads to the
least stable nucleosome known to date.

INTRODUCTION

In the eukaryotic nucleus, DNA is packaged into chroma-
tin. The fundamental unit of this structure is the nucleo-
some consisting of a histone octamer (two of each H2A,
H2B, H3 and H4) that organizes ~147 bp of DNA (1). In
order to allow or prevent nuclear regulatory proteins
access to the DNA, the chromatin structure has to be
flexible and dynamic. Several mechanisms ensure
controlled chromatin changes, one being the incorpor-
ation of specialized histone variants (2,3).

Variants of the histone H2A family are the most diverse
in sequence and exhibit distinct functions (4,5), com-
prising DNA damage repair, transcriptional regulation,
cell cycle control and chromatin condensation, though
the exact mechanisms of action are not fully understood
yet. Interestingly, the highest sequence variation among
H2A variants is found in the C-terminus, suggesting that
differences in structure and biological function might be
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primarily attributed to this domain (6-9). One of the best
investigated and highly conserved but also functionally
enigmatic histone variant is H2A.Z. This variant is essen-
tial in most eukaryotes and possesses unique functions
(10,11). H2A.Z is involved in transcriptional regulation,
chromosome segregation and mitosis, acting in an
organism- and differentiation-dependent manner (12,13).
Furthermore, H2A.Z has been implicated in regulating
epigenetic memory (14) and in inhibiting read-through
antisense transcription (15). In higher eukaryotes,
H2A.Z might play a role in heterochromatin organization
(16), genome stability and chromosome segregation (17).
Despite many efforts to elucidate the exact biological
functions of H2A.Z, its roles have been and remain con-
troversial (18). Furthermore, deregulation of H2A.Z ex-
pression or localization seems to be connected to the
development of several neoplasias (19-23). Interestingly,
in vertebrates two non-allelic genes coding for two highly
similar H2A.Z proteins, H2A.Z.1 and H2A.Z.2, exist (24)
(previously named H2A.Z-1 and H2A.Z-2, prefixes were
changed due to a new histone variant nomenclature;
Talbert P.B., manuscript in preparation). They have a
common origin in early chordate evolution, are both
acetylated on the same N-terminal lysines (25-27) and
might be ubiquitinated on either one of the two
C-terminal lysines (28).

Here, we report the identification and structural char-
acterization of H2A.Z.2.2 (Z.2.2), an unusual alternative
splice form of H2A.Z. We show that Z.2.2 mRNA is
expressed to different degrees in all human cell lines and
tissues examined, with highest levels found in brain. Cell
biological and biochemical analyses consistently reveal the
presence of two distinct Z.2.2 populations within the cell.
The majority of Z.2.2 is freely dispersed in the nucleus,
whereas only a minority is stably incorporated into chro-
matin, most likely through the H2A.Z-specific p400/
NuA4/TIP60 (TIP60) and SRCAP chaperone complexes.
In vivo and in vitro analyses, in agreement with molecular
dynamic (MD) simulations, demonstrate that due to its
unique docking domain Z.2.2 chromatin incorporation
leads to severely unstable nucleosomes. Our data
provide compelling evidence that a novel H2A.Z variant
exists in humans that plays a distinct and novel role in
chromatin structure regulation.

MATERIALS AND METHODS

See Supplementary Materials and Methods section for
detailed protocols.

Cell culture, transfection, FACS and cloning

Cell lines were grown in DMEM medium (PAA) supple-
mented with 10% FCS (Sigma) and 1% penicillin/strepto-
mycin at 37°C and 5% CO,. Cells were transfected using
FuGene HD (Roche Applied Science) according to the
manufacturer’s instructions. For details on cell selection,
FACS and cloning of expression plasmids see Sup-
plementary Materials and Methods section.

RNA expression analysis

RNA isolation and cDNA generation were performed as
previously described (29). Data were analyzed with the
advanced relative quantification tool of the Lightcycler
480 (Roche) software including normalization to HPRT1
and HMBS levels. Statistical evaluation was done using
t-test (two-tailed distribution, heteroscedastic). Total
RNA from different human tissues was commercially
acquired from: Applied Biosystems: normal lung, breast
and tumor breast, lung and ovary; Biochain: tumor lung,
breast, thyroid and bone, normal testis, cerebellum,
cerebral cortex, hippocampus, thalamus and total fetal
brain; amsbio: frontal lobe.

Histone extraction, RP-HPLC purification, sucrose
gradient, cellular fractionation and salt stability
experiments

Acid extraction of histones was done as previously
described (30). Histones were separated by RP-HPLC as
previously described (29). Fractions were dried under
vacuum and stored at —20°C.

Details on MNase digest and sucrose gradient fraction-
ation can be found in Supplementary Materials and
Methods section.

Fractionation and salt stability experiments were
carried out as described previously (31-33) with minor
changes. For details on these methods see Supplementary
Materials and Methods section.

Antibodies

For the generation of a Z.2.2-specific antibody (2Z.2.2), a
peptide spanning the last C-terminal amino acids
GGEKRRCS of Z.2.2 was synthesized (Peptide Specialty
Laboratories GmbH) and coupled to BSA and OVA,
respectively. Development of Z.2.2-specific monoclonal
antibodies in rats was done as previously described (29).
The oZ.2.2 clone 1HI11-11 of rat IgGl subclass was
applied in this study. Rabbit oZ.2.2 antibody (rabbit 2,
bleed 3) was generated by the Pineda-Antikdrper-Service
company using the identical peptide epitope followed by
affinity purification. Following other primary antibodies
were used: oGAPDH (sc-25778, Santa Cruz), aGFP
(Roche Applied Science), aH2A (ab 13923, abcam), aH3
(ab1791, abcam) and oH2A.Z (C-terminus: ab4174,
abcam; N-terminus: ab18263, abcam). Following second-
ary antibodies and detection kits were used in imm-
unoblots: GFP-Z.2.2 and GFP-Bbd histones (aGFP)
and endogenous Z.2.2 (2Z.2.2) were detected using
HRP-conjugated secondary antibodies (Amersham) with
ECL advance (Amersham), all other proteins were
detected using ECL (Amersham). Detection of recombin-
ant proteins to evaluate histone stoichiometry of in vitro
assembled nucleosomes was carried out using
IRDye-labeled secondary antibodies (LI-COR).

Fluorescence microscopy of cells and chromosomes

Preparation of cells and chromosome spreads for fluores-
cence microscopy was done as previously reported (34).
Wide-field fluorescence imaging was performed on
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a PersonalDV microscope system (Applied Precision)
equipped with a 60x/1.42 PlanApo oil objective
(Olympus), CoolSNAP ES2 interline CCD camera (Pho-
tometrics), Xenon illumination and appropriate filtersets.
Iterative 3D deconvolution of image z-stacks was per-
formed with the SoftWoRx 3.7 imaging software
package (Applied Precision).

FRAP and exponential fitting

For details see Supplementary Materials and Methods
section.

Stable isotope labeling with amino acids in cell culture
(SILAC) and mass spectrometric identification of
H2A.Z-specific chaperone complexes

HeLa cells expressing GFP-Z.2.1 or GFP-Z.2.2 were
SILAC labeled and nuclear extracts were prepared as
described before (35,36). High-resolution LC MS/MS
analysis was performed on an Orbitrap platform: details
on the experimental procedure are found in Supple-
mentary Materials and Methods section. Mass spectro-
metric (MS) operation and raw data analysis (37) are
described in Supplementary Materials and Methods
section. A complete list of all proteins identified is found
in Supplementary Table S1.

Immunoflurescence microscopy of cell cycle-dependent
GFP-Z.2.1 and GFP-Z.2.2 chromatin incorporation

Details on the experimental labeling (38) and microscopy
procedures are found in Supplementary Materials and
Methods section.

Expression of recombinant human histone proteins in
Escherichia coli, in vitro octamer and nucleosome
reconstitution

Histones were expressed, purified and assembled into
octamers as described (39) and mononucleosomes were
assembled on DNA containing the 601-positioning
sequence (40) according to (39,41). For details on
in vitro octamer and nucleosome reconstitution, see Sup-
plementary Materials and Methods section.

Single molecule Forster resonance energy transfer

Single molecule Forster resonance energy transfer
(smFRET) single molecule burst analysis followed by the
removal of multi-molecular events (42-45) are described in
detail in the Supplementary Materials and Methods section.

Molecular modeling and MD simulations

The molecular modeling suite YASARA-structure version
9.10.29 was employed, utilizing the AMBERO3 force field
(46) for the protein and the general amber force field
(GAFF) (47) throughout this study. The partial charges
were computed using the AMI1/BCC procedure (48) as
implemented in YASARA structure (49). The starting
point for molecular modeling was the crystal structure of
a nucleosome core particle containing the histone variant
H2A.Z (PDB 1F66) (50). Missing side chain atoms were
added (Glu E 634). The missing N-terminal and C-terminal
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residues were not modeled, although they might interact
with the neighboring DNA, e.g. in the case of missing
C-terminal residues in H2A.Z (119-128;
GKKGQQKTY). All structures were solvated in a water
box with 0.9% NaCl and neutralized (51). The structures
were initially minimized using steepest descent and
simulating annealing procedures. All deletions and muta-
tions were introduced sequentially using YASARA struc-
ture. MD simulations were carried out at 300 K over 2.5 ns
in an NPT ensemble using PME. All simulations were per-
formed four times using various starting geometries. The
2.5ns MD trajectories were sampled every 25 ps, resulting
in 100 simulation frames per run, which were evaluated
after an equilibration phase of 500 ps to derive statistical
averages and properties of the corresponding variant.
Finally, the interaction energy of H2A and H3 was
calculated from a simulation of the solvated octamer and
the isolated (H3-H4), tetramer or the isolated respective
H2A.Z-H2B dimer. The interaction energy is calculated as
energy difference of the solvated octamer minus the
solvated (H3-H4), tetramer and H2A.Z-H2B dimer.

RESULTS
Alternative splicing of H2A.Z.2 occurs in vivo

Two non-allelic intron-containing genes with divergent
promoter sequences that code for H2A.Z variants exist in
vertebrates (24,27). In humans, the H2A.Z.2 (H2AFYV)
primary transcript is predicted to be alternatively spliced
thereby generating five different gene products
(Supplementary Figure S1A). Using PCR and confirmed
by sequencing we detected not only H2A.Z.2.1 (Z.2.1) but
also H2A.Z.2.2 (Z.2.2) mRNA, though none of the other
splice variants in human cells (Supplementary Figure S1B)
showing that the H2A.Z.2 primary transcript is indeed al-
ternatively spliced in vivo. Interestingly, database searches
found Z.2.2 mRNA to be predicted in chimpanzee (Pan
troglodytes) and Northern white-cheeked gibbon
(Nomascus leucogenys) as well. In addition, the coding
sequence of the unique exon 6 was present downstream
of the H2AFV locus of several other primate genomes,
such as gorilla (Gorilla gorilla gorilla), macaque (Macaca
mulatta), orangutan (Pongo abelii) and white-tufted-ear
marmoset (Callithrix jacchus) (data not shown). In all of
these primates, with the exception of marmoset, the result-
ing protein sequence, if translated, is 100% identical to the
unique human Z.2.2 peptide. Further searches revealed
that the genomes of horse, and to a certain extent also
rabbit and panda bear, contain sequences downstream of
their H2AFV loci that could, if translated, lead to proteins
with some similarities to human Z.2.2, although they are
much more divergent and even longer (rabbit, panda bear).
Due to these differences, it is highly likely that those species
do not express a Z.2.2 protein homolog. Surprisingly, we
could not detect Z.2.2-specific sequences in mouse, rat or
other eukaryotic genomes, suggesting that Z.2.2 might be
primate specific.

Next, we wanted to determine to what degree all three
H2A.Z mRNAs are expressed in different human cell lines
and tissues and performed quantitative PCR (qPCR).
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7.2.2 mRNA was present to different degrees in all human
cell lines and tissues tested, though less abundant than Z.1
and Z.2.1 mRNAs that are expressed in similar amounts
(Supplementary Figure SIC and D). Z.2.2 constituted
between 5% and 15% of total Z.2 transcripts in all cell
lines and tissues, with the exception of brain, where it was
statistically significant upregulated (p = 1.7 x 10~%; Figure
1A). In some regions of this particular organ Z.2.2 ac-
counted for up to 50% of all Z.2 transcripts pointing
toward an exciting brain-specific function of this novel
variant.

Encouraged by our findings we next investigated
whether the endogenous protein is present in vivo. The
distinctive feature of Z.2.2 is its C-terminus that is 14
amino acids shorter and contains six amino acids differ-
ences compared to Z.2.1 (Figure 1B). Due to this
shortened C-terminal sequence, ubiquitination sites at
positions K120 and K121 (28) and part of the H3/H4
docking domain (50) are lost in Z.2.2. We generated
antibodies against Z.2.2’s unique C-terminal amino acids
(¢Z.2.2) in rats and rabbits and confirmed their specificity
in immunoblots (IB) with recombinant Z.2.1 and Z.2.2

proteins (Supplementary Figure S1E and data not
shown). We extracted histones from several human and
mouse cell lines, purified them by reversed phase—high
performance liquid chromatography (RP-HPLC) and
analyzed obtained fractions by IB (Figure 1C). Using
aZ.2.2 (polyclonal rabbit), we observed a signal of the
calculated weight of Z.2.2 that elutes shortly before Z.1-
and Z.2.1-containing fractions in all human samples.
Similar results were obtained with a monoclonal aZ.2.2
rat antibody (data not shown). In agreement with the
finding that Z.2.2-specific exon 6 sequences are mainly
restricted to primate genomes, we could detect Z.2.2
protein in human but not in mouse cells (Figure 1C). In
summary, our data show that Z.2.2 protein indeed exists
in vivo, albeit at a low expression level.

GFP-Z.2.2 is partially incorporated into chromatin

Having demonstrated the existence of this novel variant
in vivo, we next sought to clarify whether Z.2.2 constitutes
a bona fide histone by being part of the chromatin struc-
ture. Due to high background of all our «Z.2.2 antibodies
in IB with cell extracts (data not shown), we generated
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Figure 1. Identification of Z.2.2. (A) qPCR with cDNA from different human cell lines and tissues using primers specific for Z.2.1 and Z.2.2. Data
were normalized to HPRT1 and HMBS expression levels. Controls generated without reverse transcriptase (no RT) were used to assess amplification
threshold. Shown are the levels of Z.2.2 mRNA as percentages of total Z.2 transcripts (Z.2.1+Z.2.2). For an evaluation of absolute expression levels
see Supplementary Figure S1C and D. (B) Amino acid alignment of human Z.1, Z.2.1 and Z.2.2 proteins using ClustalW Alignment (MacVector
10.0.2). Identical amino acids are highlighted in dark gray, similar amino acids in light gray and changes are set apart on white background. Known
acetylation sites are depicted with stars and ubiquitination sites with circles. A schematic representation of the secondary structure of Z.1 and Z.2.1 is
shown below the alignment, including depiction of the H3/H4 docking domain (50). M6 and M7 boxes indicate regions important for H2A.Z-specific
biological functions in D. melanogaster (60). (C) IB analyses of RP-HPLC purified fractions from different human (HEK293, HeLa, HeLa Kyoto
and U20S) and mouse (NIH3T3) cell lines using a polyclonal rabbit «Z.2.2 and oH2A.Z (aZ, C-terminal) antibodies. Recombinant Z.2.2 protein
(rZ.2.2) was loaded in the first lane as positive control for «Z.2.2 antibody. Similar results were obtained when using a monoclonal rat oZ.2.2

antibody (data not shown).
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HeLa Kyoto cell lines stably expressing GFP-tagged H2A
variants (HK-GFP cells) for subsequent analyses.
Expression levels of GFP-tagged histone variants were
determined by FACS (Supplementary Figure S2A) and
by comparing expression levels of GFP-tagged variants
with endogenous H2A.Z proteins in IB (Supplementary
Figure S2B). GFP-Z.1 and -Z.2.1 were expressed in
similar amounts as the endogenous H2A.Z protein, and
GFP-Z.2.2 expression levels were considerably lower than
those of other GFP-tagged H2A variants, with the excep-
tion of GFP-H2A.Bbd (Barr body deficient; Bbd). These
data show that all GFP-H2A variants were not expressed
in abnormal amounts in cell clones used for further
analyses.

In fluorescence microscopy, GFP-Z.2.2 exhibited a sole
but rather diffuse nuclear distribution similar to GFP-
Bbd, suggesting that both variants might have similar
properties (Figure 2A). Additionally, GFP-Z.2.2 was
detected in condensed mitotic chromosomes, with a faint
residual staining in the surrounding area (Figure 2B), sug-
gesting that it is incorporated into chromatin, although to
a lesser extent than other GFP-H2A variants. To discrim-
inate between a potential non-specific DNA binding and
nucleosomal incorporation of Z.2.2 we purified mono-
nucleosomes by sucrose gradient centrifugation.
GFP-Z.2.2 was detected by IB in fractions containing
mononucleosomes (Figure 2C), suggesting that Z.2.2 is
indeed a nucleosomal constituent.

To analyze the extent of Z.2.2 chromatin incorporation
in more detail, we isolated soluble (so/) and chromatin
(chr) fractions from HK-GFP cells. IB analyses revealed,
as expected, that similar to GFP-Bbd, GFP-Z.2.2 is pre-
dominantly nuclear soluble, with only minor amounts
present in chromatin (Figure 3A). Based on fractionation
and fluorescence imaging results, we hypothesized that
this novel variant behaves in a different manner as
compared to other H2A variants with regard to chromatin
exchange mobility in vivo. To test this prediction, we per-
formed fluorescence recovery after photobleaching
(FRAP) experiments with HK-GFP cells. Using spinning
disk confocal microscopy we monitored the Kkinetic
behavior of H2A variants with variable intervals over
2min (short-term) up to several hours (long-term) after
bleaching a 5um x 5um square nuclear region (Figure
3B and Supplementary Figure S3). As expected, GFP
alone showed the highest mobility. In contrast,
GFP-H2A, -Z.1 and -Z.2.1 showed a slow recovery,
which is in agreement with a previous report (52).
GFP-Bbd has been described to exhibit low nucleosomal
stability and a fast FRAP kinetic (53), which we also
observed in our experiment. Interestingly, GFP-Z.2.2
showed an even faster recovery than GFP-Bbd, with
~80% of initial fluorescence reached after 1 min. Careful
assessment and bi-exponential fitting of FRAP data
allowed us to also calculate ratios of fractions with fast,
intermediate and slow recovery and their respective
half-time of recovery (#,,) as an indication of exchange
rate thereby revealing quantitative differences between
7.2.2 and other H2A variants (Figure 3D, Supplementary
Figure S3C and E). For Z.2.2 as well as for Bbd, we
identified a fast fraction of unbound or very transiently
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Figure 2. Z.2.2 localizes to the nucleus and is partially incorporated
into chromatin. (A) Fluorescence imaging of stably transfected HeLa
Kyoto cells shows nuclear localization of all GFP-H2A variants
(middle). DNA was counterstained with DAPI (top). Overlay of both
channels in color is shown at the bottom (Merge; GFP: green, DAPI:
blue). Scale bar = 5 um. (B) Deconvolved images of metaphase spreads
of HeLa Kyoto cells stably expressing GFP-H2A variants (middle).
Merged images in color are shown below (GFP: green; DAPI: blue).
Scale bar = 10 um. (C) Chromatin from HeLa Kyoto cells stably ex-
pressing GFP-Z.2.2 was digested with MNase followed by a purifica-
tion of mononucleosomes using sucrose gradient centrifugation.
Isolated DNA from subsequent sucrose gradient fractions was
analyzed by agarose gel electrophoresis (left). Fractions containing
pure mononucleosomes (marked with asterisk) were combined and
analyzed by IB (right) using oGFP antibody for the presence of
GFP-Z.2.2 (top), and oH3 (bottom).

interacting molecules (78%, t;,~1.1s and 52%, ¢
~2.5s, respectively; for comparison GFP 1, ~0.4s)
and a substantially slower fraction with a 17, in
the range of 7-9min. In contrast, GFP-H2A, -Z.1
and -Z.2.1 showed no fast mobile fraction but intermedi-
ate slow fractions with ¢, in the range of 8-17min and a
second even slower class exchanging with a #,, of a few
hours. For comparison, we measured the linker histone
H1.0 (54-57) and the histone binding protein HPla
(58,59), both DNA-associated proteins, and found that
HPloa shows an overall much faster recovery than all
H2A wvariants. In contrast to Z.2.2 and Bbd, no
unbound fraction of H1.0 was detected. More import-
antly, with regards to the bound Z.2.2 and Bbd fractions
overall H1.0 showed a faster recovery, arguing against
an unspecific DNA-association of Z.2.2 and Bbd. In
agreement with cell biological and biochemical analyses,
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these data clearly demonstrate that a large fraction of the
splice variant Z.2.2 is very rapidly exchanged or chromatin
unbound, and a minor population is incorporated into
chromatin.

7..2.2’s unique docking domain, but not its shortened
length, weakens chromatin association

The functional importance of specific C-terminal domains
of H2A.Z has previously been demonstrated by nucleo-
somal structure analyses (7,50) and in rescue experiments
in flies (60). Since the C-terminus of Z.2.2 is shorter and
has a distinct sequence when compared to Z.1 and Z.2.1, it
is not clear which of these features determines Z.2.2’s
unusual chromatin-association.

Therefore, we generated deletion and domain-swap
constructs (Supplementary Figure S3D) for FRAP experi-
ments  (short-term: Figure 3C and long-term:
Supplementary Figure S3B). Sur 1prlsmgly, C-terminal
deletions of GFP-H2A (H2A' and GFP-Z.2.1
(Z.2.1'3) to mimic the shortened length of Z.2.2 did not
affect their original mobility in short-term and only
modestly in long-term FRAP. Hence, the mere shortening
of the C-terminus is not sufficient to weaken stable
chromatin association.

To investigate whether the unique six C-terminal amino
acids of Z.2.2 are sufficient to generate highly mobile
proteins, we created a further C-terminally truncated
GFP-H2A construct (H2A'%) and added the Z.2.2
specific C-terminal six amino acids (H2A'*+CZ.2.2).
Although both mutant constructs are slightly more
mobile than H2A'!'', their indistinguishable recovery
kinetics demonstrate that the unique six C-terminal
amino acids of Z.2.2 alone are not sufficient to cause its
extreme mobility in vivo.

To explore whether the complete Z.2.2 docking domain
is able to induce high-protein mobility, we transferred the
respective domain of either Z.2.1 (amino acids 91-127) or
7.2.2 (amino acids 91-113) onto a C-terminally truncated
H2A (H2A®+CZ.2.1 and H2A*® + CZ.2.2, respectively).
Interestingly, only the docking domain of Z.2.2, but not
the one of Z.2.1, confers high mobility. In conclusion,
the six unique C-terminal amino acids of Z.2.2 prevent
chromatin-association of a large proportion of this
protein, but only when present in the context of
the preceding H2A.Z-specific docking domain sequence.

7..2.2 interacts with H2A.Z-specific TIP60 and SRCAP
chaperone complexes and is deposited into chromatin
outside of S-phase

Our so far obtained data strongly imply that at least a
minor amount of the cellular Z.2.2 protein is incorporated
into nucleosomes. Since previous studies have shown that
evolutionary conserved Swrl-related ATP-dependent
chromatin remodelers specifically exchange canonical
H2A-H2B with H2A.Z-H2B dimers within nucleosomes
(10,61), we wondered if such complexes are also able to
actively deposit Z.2.2 into chromatin. HK cells and HK
cells stably expressing GFP-Z.2.1 or -Z.2.2 were SILAC
labeled, soluble nuclear proteins isolated, GFP-tagged
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Figure 3. The majority of Z.2.2 protein is nuclear soluble and highly
mobile in a sequence-dependent manner. (A) HK-GFP cells were sub-
jected to biochemical fractionation. Fractions so/ and chr of identical
cell equivalents were probed in IB with aGFP (top), «H2A (middle)
and aGAPDH (bottom). (B) FRAP quantification curves of average
GFP signal relative to fluorescence intensity prior to bleaching are
depicted for GFP, GFP-tagged wild-type H2A variants, linker histone
HI1.0 and heterochromatin protein loo (HP1a). Mean curves of 10-29
cells are shown for each construct. Error bars are omitted for clarity.
(C) FRAP quantification curves similar to (B) are depicted for GFP,
GFP-tagged wild-type H2A, Z.2.1, Z.2.2 and mutant constructs.
(D) Quantitative evaluation of FRAP curves. Plot shows calculated
mobility fraction sizes of different wild-type and mutant H2A variant
constructs, as well as H1.0 and HPla, based on bi-exponential fitting of
FRAP data. Error bars indicate SD (see Supplementary Figure S3 for
long-term FRAP and for numerical values).

Z.2.1 and Z.2.2-associated proteins precipitated using
GFP nanotrap beads and identified by quantitative mass
spectrometry (Figure 4 and Supplementary Table S1 for a
complete list of all identified proteins). Whereas the
majority of proteins are background binders clustering
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MEAF6 4,68 5,16 (0,194)
MRG15 2,79 2,05 (0,488)
DMAP1 22,85 65,40 (0,015) TIP60 / SRCAP
TIP49B 22,05 57,00 (0,018)
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Figure 4. Z.2.2 associates with H2A.Z-specific SRCAP and TIP60
chaperone complexes. GFP-pull-downs for H2A.Z-specific chaperone
complexes are shown. HK cells stably expressing GFP-Z.2.1 (A) and
GFP-Z.2.2 (B) were SILAC-labeled and subjected to single-step affinity
purifications of soluble nuclear proteins in a ‘forward” (GFP-Z.2.1)
or ‘reverse’ (GFP-Z.2.2) pull-down using GFP nanotrap beads. In
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around 0, specific interactors can be found on the right
side having a high ratio H/L or ratio L/H for Z.2.1 and
Z.2.2, respectively. In accordance with previous studies
(62-65), we found GFP-Z.2.1 to be part of two major
complexes, the SRCAP and the p400/NuA4/TIP60
(TIP60) complexes (Figure 4A), as we were able to
detect all of their thus far identified members, with the
exception of actin, as significant outliers. Interestingly,
GFP-Z.2.2 also associated with both SRCAP and TIP60
complexes (Figure 4B), showing an almost identical
binding composition as GFP-Z.2.1 (Figure 4C). These
results strongly imply that Z.2.2 is, similar to other
H2A.Z variants, actively deposited into chromatin
through specific chaperone complexes.

Based on these results, we predicted that Z.2.1 and Z.2.2
should be incorporated into chromatin in a highly similar
spatial manner. Since both SRCAP and TIP60 chaperone
complexes are evolutionary conserved between different
species, we tested mouse C127 cells that do not express
endogenous Z.2.2 for their ability to deposit GFP-Z.2.2.
Hereby we should be able to distinguish whether SRCAP
and TIP60 complexes are sufficient for deposition, or if
other potential primate-specific factors are needed.
GFP-Z.2.1 and -Z.2.2 were transiently expressed in C127
cells, S-phase stages highlighted by EdU-incorporation
and co-localization patterns visualized by fluorescence
microscopy (Figure 5). GFP-Z.2.1 and -Z.2.2 showed an
almost identical chromatin localization and deposition
pattern, suggesting that Z.2.2 is, like Z.2.1, deposited
through SRCAP and TIP60 complexes. In accordance
with a recent study, we observed an enrichment of both
H2A.Z variants in facultative heterochromatin regions in
interphase nuclei (66). Surprisingly, although H2A.Z is
expressed in all cell cycle phases (67), and GFP-Z.2.1
and -Z.2.2 expression is driven by a constitutive active
promoter, chromatin deposition of both proteins is
underrepresented at replication foci. This result underlines
our findings that Z.2.2 interacts with all members of both
TIP60 and SRCAP complexes and is actively and not pas-
sively deposited, as would have been the case during
S-phase when nucleosomes are highly exchanged.

Structural changes in Z.2.2’s C-terminus prevent histone
octamer folding and enhance DNA breathing on
structurally destabilized nucleosomes

Our findings thus far imply that Z.2.2 is incorporated
into nucleosomes and most likely targeted by TIP60 and

Figure 4. Continued

each panel the ratio of the identified proteins after MS is plotted.
Proteins known to interact with H2A.Z are indicated in the following
way: members of the SRCAP complex in red, members of the TIP60
complex in blue and shared subunits in purple. Potential novel
H2A.Z-interacting proteins are shown as green dots (‘other outliers’)
and are distinguished from background binders (gray dots) and con-
taminants (yellow dots). See also Supplementary Table S1 for a list of
all identified proteins. (C) List of the SRCAP and TIP60 complex
members and their normalized binding intensity to Z.2.1 or Z.2.2.
Note that for comparison reasons the obtained H/L ratios of
GFP-Z.2.2 binders (numbers in brackets) were calculated in the corres-
ponding L/H ratios. See also Supplementary Table S1 for a list of all
identified proteins and their normalized H/L ratios.
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Figure 5. Z.2.1 and Z.2.2 are actively deposited into chromatin and are under-represented at replication foci. C127 cells transiently expressing
GFP-Z.2.1 (left) and -Z.2.2 (right) were pulse labeled with EdU to visualize replication foci and to identify S-phase stages. DNA was counterstained
with DAPI and analyzed by wide-field deconvolution microscopy. To remove the unbound fraction in GFP-Z.2.2 expressing cells, an in situ
extraction was performed prior to fixation. Cells in early, middle and late S-phases were distinguished due to their characteristic differential EdU
replication labeling patterns of eu- and heterochromatic regions. Merged images in color are shown alongside (GFP: green; EdU: red; DAPI: blue).
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Figure 6. Z.2.2 does not constitute stable histone octamers with H2B,
H3 and H4 in vitro. (A) Size exclusion chromatography of refolding
reactions using recombinant human H3, H4 and H2B proteins to-
gether with either H2A (solid line) or Bbd (dashed line) (left overlay)
or with either Z.2.1 (solid line) or Z.2.2 (dashed line) (right overlay).
Peaks corresponding to aggregates, histone octamers, tetramers or
dimers are labeled respectively. (B) Fractions corresponding to H2A-
containing octamers, Bbd-containing tetramers and dimers (left) or
Z.2.1-containing octamers and Z.2.2-containing tetramers and dimers
(right) were analyzed by 18% SDS-PAGE and stained with Coomassie
brilliant blue.

SRCAP complexes. Then why does a large fraction of the
cellular Z.2.2 protein pool shows a high mobility and is
freely dispersed in the nucleus? One plausible possibility is
that Z.2.2 severely destabilizes nucleosomes due to its di-
vergent C-terminal docking domain and is hence rapidly
exchanged. To test this hypothesis, we used an in vitro
reconstitution system. Recombinant human H2A

variants together with H3, H2B and H4 (Supplementary
Figure S4A) were refolded by dialysis, and formed
complexes purified by size exclusion chromatography. As
expected, both H2A and Z.2.1 containing samples readily
formed histone octamers (Figure 6A, solid lines). Bbd
served as a negative control, because it has been
demonstrated to not form octamers under these condi-
tions (41), a result we also observed (Figure 6A left,
dotted line). Interestingly, in accordance with our FRAP
data, Z.2.2 behaved like Bbd in that it only formed Z.2.2—
H2B dimers, but did not complex together with (H3-H4),
tetramers to generate octamers (Figure 6A right, dotted
line), which was further confirmed by SDS-PAGE
analyses of the separate fractions (Figure 6B). Thus, like
for Bbd the incorporation of Z.2.2 destabilizes the inter-
face between Z.2.2-H2B dimers and (H3-H4), tetramers
in a C-terminal sequence dependent manner (Sup-
plementary Figure S4B and C). In conclusion, the Z.2.2
docking domain is sufficient to prevent octamer
formation.

Although no Z.2.2 containing histone octamers could
be generated in vitro, our results using GFP-Z.2.2 strongly
suggest that Z.2.2 can be part of nucleosomes. To test this
in vitro and to evaluate the effect of Z.2.2 on nucleosome
stability, we reconstituted mononucleosomes by mixing
Z.2.2-H2B dimers, (H3-H4), tetramers and DNA con-
taining a ‘Widom 601 DNA positioning sequence in a
2:1:1 ratio. As controls, we reconstituted H2A or Z.2.1
containing nucleosomes by mixing octamers and DNA
in a 1:1 ratio. As expected, analysis of all nucleosomes
by native PAGE showed a single band before and after
heat shift (Figure 7A), indicating a unique position on the
‘Widom 601" DNA template. Purification of nucleosomes
from a native gel and analysis of the protein content by
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Figure 7. Z.2.2-containing nucleosomes are less resistant to MNase
digestion and increased ionic strength. (A) H2A, Z.2.1 or Z.2.2 con-
taining nucleosomes were assembled on DNA by salt gradient depos-
ition, incubated at 4°C or 37°C to evaluate DNA positioning and
separated by a native 5% PAGE gel. (B) Agarose-gel-electro-eluted
material from (A) was analyzed by 18% SDS-PAGE and Coomassie
stained to evaluate stoichiometry of histones after nucleosome assembly
(top). Stars indicate H2A variants that were used for assembly. Further
evaluation of histone stoichiometry after nucleosome assembly was
done by IB using a LI-COR instrument (bottom). Assembled nucleo-
somes containing Z.2.1 or Z.2.2 were immunoblotted and the amount
of histones was visualized using an oH3 antibody (top) and an
N-terminal oZ antibody (recognizes all H2A.Z variants, bottom).
(C) Mononucleosomes containing either H2A, Z.2.1 or Z.2.2 were
digested with increasing concentrations of MNase and extracted
DNA was separated using Bioanalyzer. Stars indicate DNA length of
146 bp. For detailed electropherogram analyses of fragment lengths in
each sample see Supplementary Figure S5. (D) Mononucleosomes
containing either H2A, Z.2.1 or Z.2.2 histones together with double
dye labeled DNA were incubated with increasing amounts of salt.
smFRET measurement values of each salt concentration were
normalized to 0mM NaCl. Error bars represent SEM of six measure-
ments. (E) Chromatin from HK-GFP cells was isolated and incubated
with increasing amounts of salt. Chromatin-bound histones were
precipitated and detected by IB using aGFP antibody. Staining with
aH2A was used as loading control.

NaCl (mM)

SDS-PAGE (Coomassie staining and immunoblot)
showed that Z.2.2 was indeed incorporated into nucleo-
somes (Figure 7B). All nucleosomes were further
evaluated for their resistance to MNase cleavage as an
indicator of stably organized nucleosomes and to deter-
mine nucleosomal DNA length (Figure 7C and
Supplementary Figure S5). We observed fragments corres-
ponding to protected nucleosomal DNA with the length of
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146 bp for all variant nucleosomes tested. The appearance
of smaller, subnucleosomal fragments indicates that DNA
breathing occurred (68). Interestingly, DNA of Z.2.2
nucleosomes is less protected, since subnucleosomal frag-
ments were obtained at lower MNase concentrations than
with H2A or Z.2.1 nucleosomes. Additionally, at higher
MNase concentrations a stable DNA fragment of about
120bp was most abundant for Z.2.2 nucleosomes
(Supplementary Figure S5), indicating that this might be
the preferred DNA length wrapped around this octamer.
These data suggest that increased DNA breathing occurs
in Z.2.2 nucleosomes, which as a result might be less
stable. To quantify nucleosome stability in vitro we
measured salt-dependent changes in nucleosome structure
using SmFRET (69). In line with the results presented
above, Z.2.2 containing recombinant nucleosomes lost
their compact structure at lower salt concentrations than
Z.2.1 or H2A-containing ones (Figure 7D). To investigate
whether the observed Z.2.2-dependent nucleosome desta-
bilization is true in the context of chromatin, we isolated
chromatin from HK cells expressing GFP-H2A variants
and incubated it with buffer containing increasing
amounts of salt. Histones that remained stable chroma-
tin components were precipitated and detected by IB
(Figure 7E). As observed with FRET techniques,
Z.2.2-containing nucleosomes disintegrated between 200
and 400 mM NaCl, and were therefore even less stable
than Bbd-containing ones. In summary, incorporation
of Z.2.2 leads to a severely reduced nucleosome stability
due to C-terminal sequence dependent changes in its
docking domain and subsequent loss of its interaction
with histone H3.

Our FRAP data suggest that the Z.2.2 C-terminal
amino acids might have a direct influence on the nucleo-
somal structure by affecting interactions with DNA and/
or adjacent histones. Based on the existing structural data
(50), we performed MD simulations of nucleosomes con-
taining Z.1 (Supplementary Figure S7) or Z.2.2.
In addition, we also included the deletion mutant
7.2.1'"®_ which did not show any change in short-term
FRAP (Figure 3C), but some increase in mobility in
long-term FRAP (Supplementary Figure S3B) in our
assay. These in silico models revealed that changes in the
C-terminus of H2A.Z strongly affect its protein structure
(Figure 8A). Strikingly, different statistical descriptors
over the MD-trajectory like distance and mobility
(B-factor) show in contrast to Z.1 and Z.2.1'"* unique
properties for the Z.2.2 tail. Only Z.2.2 leads to a substan-
tial structural change in the C-terminus resulting in an
increased distance to histone H3, which in turn makes a
hydrogen bond interaction between peptide backbone NH
of Cysl112 in Z.2.2 and the oxygen in the GIn55 side chain
in H3 impossible (Figure 8B). Additionally, an increase in
the B-factor for Z.2.2 indicates a substantially enhanced
mobility of Z.2.2’s C-terminus (Figure 8C). We also
calculated the Z.2.2-H3 interaction energy and observed
a switch from negative to positive values in the case of
7Z.2.2 suggesting that this histone variant destabilizes the
nucleosome (Figure 8D). In summary, these data suggest
that the C-terminal sequence of Z.2.2 leads to a more
dynamic structure that in turn loses binding to histone
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Figure 8. Unique Z.2.2 C-terminal amino acids cause significant changes in protein and nucleosome structure. (A) In silico models of Z.1, Z.2.
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and Z.2.2 C-terminal C-chains (yellow; from amino acids 84 to C-terminus, including the complete docking domain) together with the E-chain of
histone H3 (blue; amino acids 33-60, including aN-helix). Side (left) and frontal views (right) of four MD simulations are shown respectively.
See Supplementary Figure S7 for complete in silico model of H2A.Z-containing nucleosome. (B) Simulated distances between peptide backbone
NH of amino acids 112 in H2A.Z (His or Cys, respectively) variants and the oxygen in the GIn55 sidechain in H3 based on in silico nucleosome
models containing either Z.1 (white), Z.2.1''* (light gray) or Z.2.2 (dark gray) proteins. Error bars represent SD of four independent simulations.
(C) Simulated mobility measuring B-factor values between amino acids 108 and 113 in respective H2A.Z variant C-termini. Error bars represent SD
of four independent simulations. (D) Simulated interaction energy between tetramer versus respective H2A.Z variant-containing dimers.

H3 and destabilizes the nucleosomal structure, providing a
reasonable explanation for the observed in vivo and
in vitro data.

DISCUSSION

In this work, we have identified a previously unknown
histone H2A.Z variant and provide a comprehensive
characterization of its nucleosomal properties. This alter-
natively spliced variant, Z.2.2, is present to different
degrees in all human cell lines and tissues investigated,
with a significant enrichment in brain. Z.2.2 contains a
shortened and in six amino acids divergent C-terminus
compared to Z.1 and Z.2.1 that is necessary, but not
sufficient, to weaken chromatin association. Only in
the context of the unique Z.2.2 docking domain does
the C-terminal sequence negatively affect nucleosome
stability in vitro and in vivo. To our knowledge,
Z.2.2 has the strongest destabilizing effect on nucleosomal
structure compared to other histone H2A variants
reported to date.

Only one other histone variant, macroH2A, has been
shown thus far to be alternatively spliced (70). Here, like

our observation with H2A.Z, two independent genes
mH2A1 and mH2A2 exist in mammals, with only
mH2A1 being alternatively spliced resulting in functional
different proteins (71). In our study, we demonstrate that
the human H2A.Z.2 (H2AFV) primary transcript is alter-
natively spliced generating Z.2.1 and Z.2.2 mRNAs and
proteins. These observations suggest that Z.2.2 is tightly
regulated in a tissue-specific manner through alternative
splicing and/or RNA stability. Our findings now raise the
intriguing possibility that alternative splicing of histone
variants might not be rare but more common than previ-
ously thought. If true, it will be of interest to reevaluate
other intron-containing histone variant genes with regard
to their possible alternative transcripts and protein
products.

Bioinformatic genome analyses revealed the existence of
7.2.2-specific sequences only in humans, old and new
world primates and to some extend in other mammals,
with the exclusion of mouse, rat and even lower eukary-
otes. It remains to be seen, whether Z.2.2’s evolution is
indeed limited to primates only. Primate-specific gene
products have been often identified in human brain
and reproductive tissues (72), supporting the notion that
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their RNAs and proteins might be essential to adaptive
changes leading to human development and further specu-
lates that primate-specific genes might be important in re-
productive function and disease. Since we have found
Z.2.2 transcripts to be strongly enriched in brain samples
of higher brain function in comparison to other tissues and
cell types, it will be of great interest to determine in future
studies, if this novel variant might play an important
functional role in this particular organ. These observations
also raise the interesting question of how alternative
splicing and/or differential stability of H2AFV transcripts
are tissue specifically regulated.

Another intriguing feature of Z.2.2 is its influence on
nucleosome stability. Although Z.2.2 localizes exclusively
to the nucleus, only a minor proportion is stably
incorporated into chromatin. The only other exception
in humans known thus far is Bbd, which has previously
been demonstrated to destabilize the nucleosome structure
(41,53,73). Bbd, similar to Z.2.2, is a shorter H2A variant
with an unusual C-terminus and a considerable different
primary histone fold sequence that might explain its
ability to destabilize nucleosomes. In agreement, a recent
study demonstrated that the incomplete C-terminal
docking domain of Bbd results in structural alterations
in nucleosomes and that those are in turn associated
with an inability of the chromatin remodeler RSC to
both remodel and mobilize nucleosomes (8). Z.2.2, on
the other hand, is identical to Z.2.1, except that its
C-terminus is 14 amino acids shorter and in six amino
acids altered. How can this small change in Z.2.2’s
primary sequence lead to such drastic effects on chromatin
association?

We show that Z.2.2 can be part of a bona fide nucleo-
some and that it interacts with the H2A.Z-specific TIP60
and SRCAP chaperone complexes. These complexes have
been shown to catalyze the exchange of H2A-H2B dimers
with H2A.Z-H2B dimers in nucleosomes and our finding
therefore suggests that both complexes are also involved in
an active chromatin incorporation of Z.2.2. Supporting
this idea is the observation that both Z.2.1 and Z.2.2 are
incorporated into chromatin in a replication-independent
manner, even in mouse cells that do not express endogen-
ous Z.2.2. Both H2A.Z variants are not primarily de-
posited at replication foci, not even in middle S-phase
when facultative heterochromatin is replicated, where the
majority of the H2A.Z protein pool is found in interphase
cells (66). Our findings are in agreement with a model
proposed by Hardy and Robert, in which H2A.Z
variants are randomly deposited into chromatin by
specific chaperone complexes in a replication-independent
manner coupled to a subsequent targeted H2A.Z deple-
tion (74). As a consequence, an enrichment of H2A.Z at
non-transcribed genes and heterochromatin regions over
several cell generations can be observed (74). It might be
possible that INOSO facilitates this eviction function, as it
has been shown to exchange nucleosomal H2A.Z-H2B
dimers with free H2A-H2B dimers (75). It will be of
interest in future studies to determine whether Z.2.2
exchange is subjected to a similar mechanism. Taken
together, our findings strongly imply that Z.2.2 is
actively deposited into chromatin through the interaction
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with evolutionary conserved chaperone complexes.
Nevertheless, a large fraction of Z.2.2 protein is not chro-
matin bound and we have mapped the region crucial for
high FRAP mobility to its docking domain. In addition to
7.2.2’s unique C-terminal amino acids this region spans
the highly conserved acidic patch responsible for depos-
ition (76), the M6 region that is functionally essential in
fly H2A.Z (60) and required for the interaction with
the SWR1 complex in yeast (77). Strikingly, in silico simu-
lation of Z.2.2 predicted dynamic structural changes
that in turn weaken interaction with histone H3 and
destabilize the nucleosome structure. Such a gross struc-
tural alteration explains why Z.2.2 is not able to form
stable octamers in vitro and leads to enhanced DNA
breathing in a nucleosomal context. Hence, Z.2.2 incorp-
oration into chromatin disrupts nucleosomes more easily
and supports a model in which Z.2.2 is more rapidly
exchanged than Z.2.1.

What functional outcome might Z.2.2 cause when
incorporated into chromatin? And how is the variant
composition of Z.2.2 containing nucleosomes? It has
been shown that a special class of nucleosomes contain-
ing both H2A.Z and H3.3 variants exists in humans (78).
These nucleosomes are enriched at promoters, enhancers
and insulator region and promote the accessibility of
transcription factors to these DNA regions (78), most
likely due to their extreme sensitivity to disruption (79).
Since these studies nicely demonstrate that differential
nucleosome stabilities due to the incorporation of
different histone variants influence transcriptional regula-
tion, it is tempting to speculate that Z.2.2 might also
affect chromatin-related processes. Future experiments
will shed light on Z.2.2 function(s), especially with
regard to its increased expression in human brain areas,
and explain why and where nucleosomal destabilization is
needed. This is of particular interest, since Bbd that also
leads to nucleosomal destabilization is almost exclusively
present in testis (80—82) in contrast to the apparently ubi-
quitously expressed Z.2.2, possibly pointing toward
distinct roles of both destabilizing H2A variants in dif-
ferent tissues. Our data suggest that additional interest-
ing, yet unidentified, histone variants may exist and await
their discovery.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table S1, Supplementary Figures S1-S7
and Supplementary Materials and Methods.
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17 as kinked lines. Sizes of exons/introns are not drawn to scale. Primers used to amplify
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179 - . splice form are indicated on the right. (B) Agarose gel to visualize amplified DNA after
_u_ Ponceau  PCR with cDNA generated from HelLa and HEK293 total RNA, respectively, using F+R1
1 "4 (A, lanes 1 and 3) or F+R2 (B, lane 2 and 4) primer pairs. Expression levels of Z.1 and

2.2(Z2.21+Z72.2.2),and (C)of Z1,Z.2.1 and Z.2.2 (D) MmRNAs measured by qPCR and
normalized to HPRT1 and HMBS. Controls generated without reverse transcriptase (no
RT) were used to assess amplification threshold. (E) Immunoblot with recombinant Z.2.1,
recombinant Z.2.2 and acid extracted HelLa histones to validate specificity of both, rat
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Supplementary Figure S2: Characterization of HeLa Kyoto cell lines stably expressing GFP-H2A variants.

(A) FACS profiles of representative HeLa Kyoto cell lines (single cell clones, dark gray) used in this study. WT and GFP controls
(light gray) are shown for comparison. Table of mean fluorescence intensity (MFI) is shown on the right. (B) Immunoblot of
whole cell extracts prepared from HelLa Kyoto cell lines stably expressing GFP-H2A variants. Immunoblot with a GFP antibody
(top) to compare expression levels of different GFP-H2A variants. Expression of GFP-Z.2.2 and GFP-Bbd is much lower than
for the other variants and GFP-Bbd is only detectable using ECL Advance. Equal loading was ensured by « GAPDH antibody.
Immunoblot with antibody against H2A.Z C-terminus (bottom) shows similar expression of GFP tagged Z.1 and Z.2.1 compared
with endogenous protein.
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Supplementary Figure S3: FRAP analysis of GFP-H2A variants.

(A) FRAP experiment to evaluate nucleosomal stability of wild type and mutant H2A variants using spinning disk confocal
microscopy. A small nuclear area (box) of HeLa Kyoto cells expressing GFP-tagged H2A variants, H1.0, HP1a or GFP alone
was photobleached and the recovery of the fluorescent signal was monitored for up to 5 hours. For each construct, selected
time points of one exemplary time series are shown. Scale bar = 5 ym. (B) Long-term (60 min) FRAP quantification curves
of average GFP signal recovery after photobleaching relative to flourescence intensity prior to bleaching are depicted for
wild type (solid lines) and mutant (dashed lines) GFP-tagged H2A variant constructs, H1.0, HP1a. and GFP. Mean curves of
10 to 29 individual cells are shown for each construct. For clarity error bars are omitted. (See also Figure 3B and 3C for
short-term FRAP curves and Supplementary Figure S2E for numerical values and standard deviations). (C) Quantitative
evaluation of FRAP curves. Plot shows calculated half-time of recovery (t,,) values of different control constructs, wild type
and mutant H2A variant constructs based on bi-exponential fitting of FRAP data (+ standard deviation (SD), see Fig. S2E
for numerical values) (D) Schematic representation of GFP-tagged (green box) H2A variants deletion and domain swap
constructs used in FRAP studies. H2A is depicted in yellow, Bbd in purple, Z.1/.2.1/.2.2 in orange with Z.2.2’s unique
C-terminal amino acids highlighted in red. (E) Table of mean half-time of recoveries (t,,) and respective mobility fraction
sizes (£ SD) as determined from exponential fitting. While a single exponential function was sufficient to fit GFP alone, all
other GFP fusion proteins were fitted with a bi-exponential function identifying either a fast (t,,, < 62 s) and an intermediate

fraction (t,, 0.3-20 min), or an intermediate and a slow fraction (t,, > 1.5 h).
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Supplementary Figure S4: Z.2.2 destabilizes histones octamers in a sequence-dependent manner.

(A) Evaluation of purity of recombinant human histone proteins. Human core histones (H3, H4, H2B, H2A) and H2A variants Bbd,
Z.2.1 and Z.2.2 were expressed in E. coli. After purification, recombinant proteins were separated on 18% SDS-PAGE and stained
with Coomassie brilliant blue. (B) Size exclusion chromatography of refolding reactions using recombinant histones, as described
in Figure 6, but with the use of H2A%+CZ.2.1 (solid line) and H2A%+CZ.2.2 (dashed line) proteins instead of H2A. (C) Fractions

corresponding to octamers, tetramers and dimers depicted in Supplementary Figure S4B were analyzed by 18% SDS-PAGE and
stained with Coomassie brilliant blue.
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Supplementary Figure S5: MNase digest of mononucleosomes containing different H2A variants.
Electropherograms of deproteinized DNA fragments separated on a Bioanalyzer after digestion of mononucleosomes containing either
H2A, Z.2.1 or Z.2.2 with increasing amounts of MNase (see also Figure 6C). Numbers indicate respective DNA fragment length in bp.
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Supplementary Figure S6: smFRET analysis of mononucleosomes containing different H2A variants.

(A) Exemplary two-dimensional FRET efficiency versus stoichiometry histogram showing H2A Nucleosomes at 0 mM NaCl. Data
is filtered using TDS < 1 and TDSred-PIE < 0.6 and a stoichiometry threshold (S = 0.15 — 0.55). The separation between low and
high FRET at E = 0.4 (40% FRET efficiency) used to analyze the data presented here is marked by a dark grey line. (B) Composite
of raw data, TDS and additional dynamic filter. The two dimensional plot of stoichiometry versus FRET efficiency recorded with a
mononucleosome sample containing Z.2.1 (TE pH 7.6), together with the one-dimensional projections. Besides dual labeled
nucleosomes, the sample contained also impurities of donor and acceptor only complexes. Only bursts within a stoichiometry
range of S = 0 — 0.7 are shown. The high concentration of molecules in the sample combined with the significant amount of single
labeled impurities cause strong multi-molecular trailing (left). A significant improvement of the data quality is reached by removing
the multi-molecule events using TDS < 0.6 and TDSred-PIE < 0.6 (right).



Supplementary Figure S7: Simulation of Z.1-containing nucleosome.
In silico model of nucleosome based on H2A.Z published crystal structure data (50) containing Z.1 (yellow), H2B (red), H3 (blue),
H4 (green) and DNA (gray). Box highlights region depicted in Figure 8A.



“H2A.Z.2.2 is an alternatively spliced histone H2A.Z variant that causes severe

nucleosome destabilization” by Bonisch et al.

SUPPLEMENTARY MATERIALS AND METHODS

Cell culture, transfection, FACS analysis and cloning

Cell lines were grown in DMEM medium (PAA) supplemented with 10% FCS
(Sigma) and 1% penicillin/streptomycin or 50 pg/ml gentamicin (C127 cells) at 37°C
and 5% CO,. The following human cell lines were used in this study: HEK293
(embryonic kidney), HeLa (cervix carcinoma), HeLa Kyoto (cervix carcinoma),
U20S (osteosarcoma), hFB (fibroblasts), SK-N-SH (neuroblastoma), and the
following mouse cell lines were used: NIH3T3 and C127. Human cell lines were
transfected using FuGene HD (Roche Applied Science) and mouse C127 cells were
transiently transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Z.2.1 and Z.2.2 were cloned from HelLa cDNA into
pT7blue3 (Novagen). For expression in human cells, Z.2.1, Z.2.2, Bbd and deletion or
domain swap mutants were cloned into the pEGFP-C1 vector (Clontech) to generate
N-terminally tagged proteins. For simplicity eGFP-tagged constructs are referred to as
GFP-tagged throughout the text. Plasmids coding for GFP-H2A (H2A type 1,
NP _003501.1) and GFP-Bbd (H2A.Bbd type 2/3, NP 542451.1) were kindly
provided by Emily Bernstein. The plasmid coding for GFP-Z.1 was a gift from
Sachihiro Matsunaga, the H1.0-GFP construct was kindly given by M.J. Hendzel (1)
and the GFP-HP1a construct was provided by T. Misteli (2). Stable cell lines were
selected with 600 pg/ml G418 (PAA) and individual cell clones sorted by using a
FACSAria machine (Becton Dickinson). Expression levels of GFP-proteins were
quantified by using a FACSCanto machine (Becton Dickinson). For expression in E.
coli, 7.2.1, 7.2.2, Bbd and domain swap mutants were cloned into the pET-21a(+)
vector (Novagen). Plasmids for expression of recombinant human H2A, H2B, H3 and
H4 were kindly provided by Robert Schneider. Cloning and PCR amplification
accuracy was verified by sequencing (MWG).

Histone extraction, RP-HPLC purification, cellular fractionation, MNase
digestion, sucrose gradient fractionation and salt stability experiments

Acid extraction of histones was done as previously described (3). Histones from
HEK?293 cells were separated by RP-HPLC as previously described (4). Fractions
were dried under vacuum and stored at -20°C.

Fractionation experiments were carried out as described previously (5) with minor
changes. Briefly, 2 x 107 cells were resuspended in 1 ml buffer A supplemented with
0.1% NP40, incubated for 10 min and collected by centrifugation. The pellet was
washed once with buffer A and incubated in buffer B for 30 min. The resulting
chromatin pellet was washed once with buffer B and resuspended in SDS loading
buffer (chromatin fraction). After sonification (Diagenode Bioruptor) and
denaturation, nucleic acids were degraded by benzonase (VWR) treatment. All
centrifugations were performed at 6.500 g for 5 min at 4°C except the final one
(20.000 g for 20 min at 4°C). The soluble fraction was obtained by combining the
supernatants of all centrifugations (incl. washing steps). Proteins were pelleted as
described (6) and resuspended in SDS loading buffer. Identical cell equivalents of
soluble and chromatin fractions were analyzed by immunoblotting.



For MNase digestion, chromatin was prepared from 5 x 10’ HK cells stably
expressing GFP-Z.2.2 as described above, resuspended in 500 pl EX100 (10 mM
HEPES pH 7.6, 100 mM NaCl, 1.5 mM MgCl,, 0.5 mM EGTA, 10 % (v/v) glycerol,
1 mM DTT, 1 x Roche protease inhibitors) and digested with 1.5 U MNase (Sigma)
for 20 min at 26°C. The reaction was stopped by addition of EGTA to a final
concentration of 10 mM and centrifuged (3.200 g for 20 min at 4°C). A gradient of
5%-35% sucrose in EX100 was prepared using a Gradient Master (Biocomp), 400 ul
of the supernatant after MNase digest were loaded on top and ultracentrifuged (30.000
rpm for 18 h at 4°C using a Beckmann SW41 rotor). Afterwards, 500 pul fractions
were manually taken from top and analyzed for DNA content after RNase A and
Proteinase K digest by agarose gel electrophoresis. Purity of mononucleosome
containing fractions was verified using DNA 1000 reagents (Agilent Technologies)
with the 2100 Bioanalyzer (Agilent Technologies). Pure mononucleosome fractions
were combined, concentrated by TCA precipitation and analyzed by immunoblot.

For salt stability assays (7), chromatin was prepared in the same manner as in
fractionation experiments. After washing with buffer B, chromatin was incubated
with incubation buffer (10 mM TrisHCI pH 7.5, 1 mM DTT, 1 mM EDTA, Ix
protease inhibitors (Roche Applied Science), 0.1% Triton X-100) containing different
salt concentrations ranging from 50 mM to 600 mM NaCl for 1 h at room
temperature. Chromatin was pelleted, solubilized in the same manner as in
fractionation experiments and analyzed by immunoblotting.

FRAP and exponential fitting

FRAP experiments were performed using an UltraVIEW VoX spinning disk
microscope system (PerkinElmer) equipped with a heated environmental chamber and
CO; perfusion as previously described (4) with the following changes. To determine
short-term recovery kinetics, 2D time series were recorded for 2 min to 1 h with time
intervals between 0.1 s and 1 min depending on the recovery kinetics of the construct.
For long-term recovery kinetics, image z-stacks were recorded with intervals between
I min and 5 min. The central 3-5 image planes were average projected for quantitative
evaluation. To correct for cell-to-cell differences in bleaching depth, the normalized
mean intensity values of the first postbleach values were linearly interpolated to
determine an estimated value for the time point t = 0. This value was subtracted from
all mean fluorescence values after previous double normalization to correct for
potential gain or loss of total fluorescence, e.g. by import and bleaching-by-
acquisition.

The normalized FRAP curves were further evaluated and quantified by a commonly
used fitting procedure (8): A sum of exponential time dependencies can be used to
describe the intensity I(t) of the fluorescence recovery.

[O)=1, (1= 4 %)

To discriminate at least two different species within our sample, we restricted our self
to the bi-exponential case, where 4, + 4, =1. Therefore the parameters o, o, and A
had to be determined from the individual recovery curves by a least-square
optimization algorithm. This was carried out automatically by a self-made python
(www.python.org) script, which applied the leastsq function from the scipy.optimize
package (www.scipy.org). Only curves with a reasonable set of resulting parameters
were taken into account for the final summary, wherein the exponents o are
transformed into their corresponding, more intuitive half-times of recovery.
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Most of the recovery data were described adequately by this bi-exponential
characteristic, manifested in a close approximation by the fitted curve. An evaluation
of the goodness of the fits was therefore not necessary. However, in some
experiments where GFP alone was expressed, a single exponential curve already
allowed a sufficiently close approximation. Applying the bi-exponential model to
these data sets leads to two almost identical exponentials, showing the invalidity of
the more complex model. This categorization allowed us therefore to distinguish
between two types of complexity: One type with only a single mobile species and on
the other hand the case, where at least two mobile species are apparent. Extension to
three mobile species did typically not result in significant improvement of the fits.

Stable isotope labeling with amino acids in cell culture (SILAC) and mass
spectrometry (MS) identification of H2A.Z-specific chaperone complexes

HeLa cells expressing GFP-Z.2.1 or GFP-Z.2.2 were SILAC labeled and nuclear
extracts were prepared as described before (9). Nuclear extracts were diluted in
incubation buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.25% NP40)
supplemented with complete protease inhibitors w/o EDTA (Roche) and 0.5 mM
DTT to a concentration of 1.5 pg/ul. 400 pul solution were incubated with GFP trap
(Chromotek) for 3 h at 4°C. Beads were washed 3 times with 1 ml incubation buffer,
combined and eluted by boiling in loading buffer. Samples were loaded on 1D
NuPAGE gels (Invitrogen), lanes cut into 8 slices, in gel digested with trypsin and
desalted by stage tipping. Mass spectrometry (MS) was performed on an LTQ
Orbitrap mass spectrometer as described before (10). Peptides were separated online
to the mass spectrometer by using an easy nano-LC system (Proxeon Biosystems)
with a 15-cm fused silica emitter with an inner diameter of 75 pm packed in house
with RP ReproSil-Pur C18-AQ 3 pum resin (Dr. Maisch). Peptides were eluted with a
segmented gradient from 5% to 60% B with a constant flow of 0.25 ml/min (solvent
B: 80% acetonitrile, 0.5% acetic acid) over 110 min.

The MS was operated in data dependent mode. A full scan MS (m/z 300 - 1650) was
acquired in the Orbitrap cell with a resolution of 60,000 at a theoretical m/z ratio of
400 after accumulation of 1,000,000 ions in the C-trap (maximum filling time of 1000
ms); the lock mass option was enabled to improve mass accuracy. The 5 most intense
ions from the preview survey scan were isolated (target value of 5,000 ions at a
maximum filling time of 150 ms) fragmented by collision-induced dissociation
(collision energy 35 %) and measured in the ion trap concurrently to full scan
acquisition in the Orbitrap. Precursor ion charge state screening was enabled, and all
unassigned charge states as well as singly charged peptides were rejected. The
dynamic exclusion list was set to a maximum of 500 entries with a maximum
retention period of 90 s and a relative mass window of 5 ppm.

Raw data were analyzed using the MaxQuant software suite (11) (version 1.2.2.7)
with the integrated Andromeda search engine (11) at default parameters using the IPI
human database version 3.68 concatenated with a database containing common
contaminants. For further analysis we removed contaminants and defined a ratio
cutoff of 4 (Z.2.1 pull-down) and 0.25 (Z.2.2 pull-down). A complete list of all
proteins identified is found in Supplementary Table S1.

EdU replication labeling, in situ extraction and fluorescence microscopy to assay
cell cycle dependent GFP-Z.2.2 chromatin incorporation



C127 cells were pulse labeled for 25 min with 10 uM 5-ethynyl-2'-deoxyuridine
(EdU, Baseclick) 48 h after transfection with GFP-Z.2.1 or -Z.2.2 plasmids, and
immediately subjected to in situ extraction or fixation. For in situ extraction, GFP-
7.2.2 transfected cells were washed with PBS and incubated 15 sec in
permeabilization buffer (0.1% Triton X-100, 150 mM NaCl in PBS). Thereafter, cells
were fixed for 10 min at room temperature with 2% formaldehyde (Sigma) in PBS
containing 0.1% Triton X-100. Cells expressing GFP-Z.2.1 were not in situ extracted
and were fixed with 2% formaldehyde in PBS for 10 min at room temperature. All
washing steps after fixation were performed with 0.02% Tween20 in PBS (PBST).
After permeabilization with 0.2% Triton X-100 in PBS for 10 min, cells were blocked
for at least 1 h in blocking buffer (2% BSA in PBST). Before EdU-detection, cells
were incubated 1 h with GFP-booster (Chromotek) diluted in blocking buffer.
Incorporated EAU was detected by incubating cells 30 min in 100 mM Tris-HCI pH 7,
4 mM CuSOy, 20 uM azide dye Alexa Fluor 594 (Invitrogen) and 50 mM sodium
ascorbate (adapted from (12)). Cells were counterstained with 200 ng/ml DAPI in
PBST for 10 min and mounted on microscope slides in Vectashield mounting medium
(Vector Laboratories).

Wide-field imaging was performed on a PersonalDV microscope system (Applied
Precision) equipped with a 60x/1.42 PlanApo oil objective (Olympus), CoolSNAP
ES2 interline CCD camera (Photometrics), Xenon illumination and appropriate filter
sets. Image stacks were recorded with a z-distance of 200 nm and subjected to a
constrained iterative deconvolution (enhanced ratio, 10 cycles, medium noise
filtering, SoftWoRX, 3.7. imaging software package, Applied Precision).

Expression and purification of recombinant human histone proteins in E.coli, in
vitro octamer and mononucleosome reconstitution and MNase digestion of
recombinant mononucleosomes

Histones were expressed, purified and assembled into octamers as described (13).
DNA for mononucleosome assembly was obtained from a pUC18 plasmid containing
25 repeats of the 601 nucleosome positioning sequence (14) kindly donated by
Daniela Rhodes. After Aval digestion, monomeric DNA was purified by gel
electrophoresis and electroeluted using the Elutrap system (Whatman). Assembly of
nucleosomes was performed by salt gradient deposition (13,15). For H2A and Z.2.1
nucleosomes, respective octamers and DNA were mixed in a 1:1 ratio; for Z.2.2
nucleosomes, Z.2.2-H2B dimers, (H3-H4), tetramers and DNA were mixed in a 2:1:1
ratio. Assembly of histones on DNA was evaluated by EMSA using 5% native PAGE
or native 1.5% agarose gels. Incubation of mononucleosomes for 1 h at 37°C (15) did
not change position as evaluated by 5% native PAGE (data not shown). To analyze
the histone content of nucleosomes after assembly, the corresponding band was
excised from native 1.1% agarose gels, nucleosomes were electroeluted using the
Elutrap system and protein content was analyzed by 18% SDS-PAGE after Benzonase
treatment by Coomassie staining or immunoblot.

Equal amounts of nucleosomes (1 pg) were digested with different amounts of MNase
(Sigma) for 10 min at 37 °C in MNase digest buffer (13.85 mM TrisHCI ph 7.5, 67
mM KCIL, 10.75% Glycerol, 1 mM DTT, 5 mM CacCl,). The reaction was stopped by
addition of nine volumes of 5 mM EGTA. DNA was deproteinized by
phenol/chloroform extraction, ethanol precipitated and analyzed using DNA 1000
reagents (Agilent Technologies) with the 2100 Bioanalyzer (Agilent Technologies).



Single molecule Forster resonance energy transfer (smFRET)
Single molecule burst analysis:
To gain information on salt dependent nucleosome stability single-molecule Forster
resonance energy transfer (smFRET) measurements of dual labeled nucleosomes
freely diffusing through the focal volume of a confocal microscope were performed.
To this end a dual labeled 159 bp DNA was prepared using dye-labeled primers
(IBA), a DNA template containing the 601 (14) sequence and six additional bases on
each side together with dNTPs (Finnzymes) and the Phusion DNA-polymerase
(Finnzymes) in a PCR reaction. Dye labels were at position 65 (donor dye, Tamra)
and position 20 on the reverse strand (acceptor dye, Alexa647). A mixture of this
labeled DNA and unlabeled DNA (molar ratio of 1:50) was used for
mononucleosome assembly (see above).
It 1s well known, that ultra-low concentrations of nucleosomes are prone to become
instable in typical experimental geometries (16). To minimize such effects
measurements were performed using a 1:250 mixture of double labeled to unlabeled
nucleosomes at a total concentration of 25 nM in commercially available TE buffer
(Sigma-Aldrich, pH 7.6) containing 10 mM DTT and 0 mM, 300 mM, 400 mM, 500
mM, 600 mM and 700 mM NaCl, respectively. The samples were incubated at the
respective salt concentration for 1 hour at 21°C before a drop of 20 ul was put onto
cover slips (Marienfeld) for data collection. The cover slips were cleaned with 2%
Hellmanex III (Hellma) and water prior to silanization for 15 min with 2% (3-
aminopropyl)triethoxysilane (Sigma-Aldrich) in Acetone, and coating with 40 mg/100
ul polyethylene glycol (mPEG-SVA MW 5000, Laysan Bio Inc.) in ddH,O for 1 h.
The confocal measurements were performed on a custom built experimental setup
using pulsed interleaved excitation (PIE) (17) with lasers at 532 nm (Pico-TA-
Picoquant, power before the objective 80uW) and 640 nm (LDH-D-C-640, Picoquant,
power before the objective 80 uW) at a repetition rate of 26.66 MHz. The
fluorescence was separated for polarization and color and detected on four avalanche-
photo-diodes (green channel AQRH-14, red channel AQR-16, Perkin Elmer). Photon
arrival times were recorded using four single-photon-counting-modules
(Becker&Hickl SPC-150) and data was processed using custom software written in
MATLAB (MathWorks). Since the anisotropy of the molecules was not of
importance for this study, photons of identical wavelength but different polarization
were merged into one detector channel. Data were collected for 10 min and the
collected photons were sorted into three different channels, namely donor detection
after direct excitation (green), acceptor detection after direct excitation (red) and
acceptor detection after donor excitation (fret). Labeled complexes diffusing through
the focal volume of the microscope resulted in bursts of detected photons. An all
photons burst search (APBS) was applied with the criteria of detecting at least 3
photons within 500 us with a total of at least 60 photons per burst (18). From the
photon bursts, the Stoichiometry (S§) and FRET Efficiency (E) were calculated
(including the predetermined correction factor) according to:

Eo GR Land S = GR+y*GG

GR+y*GG GR+y*GG+RR

Where GR are the red photons after green excitation, RR are the red photons after red
excitation, GG are the green photons after green excitation and y is a factor correcting
for the different efficiencies of the red and green detection channels (19). Multi-
molecular events were removed from the data as described below using 7DS < I and
IDS,eqpie < 0.6 for all complexes not showing molecular dynamics. Remaining




donor-only and acceptor-only bursts were removed using a stoichiometry threshold (S
=0.15-S=0.55).

Due to the chosen labeling positions on the nucleosome, closed nucleosomes have the
donor and acceptor dyes positioned adjacent to each other leading to a high FRET
state with an efficiency of ~80% while open or incomplete nucleosomes show a very
low FRET signal. The fraction of closed nucleosomes was quantified for each salt
concentration by analyzing how many of the detected fluorescence bursts have E >
40% (Supplementary Figure S6A). The data was normalized to the fraction of closed
molecules at 0 mM NacCl to allow for a comparison of the salt dependence for the
three investigated samples (H2A, Z.2.1, Z.2.2).

Removal of multi-molecular events

Nucleosomes are prone to become instable at low concentrations as well as when
interacting with surfaces. Thus in order to avoid artifacts the duration of the
experiment has to be minimized. To address this difficulty relatively high nucleosome
concentrations were used in the experiments to ensure that the occurrence of multi-
complex bursts is not negligible. For a homogeneous population with only a single
FRET species this is not a problem, however if several FRET states exist, multi-
molecule events of different species will alter the determined FRET values.
Moreover, impurities such as complexes labeled with only donor or acceptor observed
simultaneously with double-labeled complexes will also lead to changes in FRET
efficiencies. However, as two independently diffusing complexes do not enter and
exit the excitation volume exactly at the same time it is possible to differentiate these
multi-molecular events from single molecule events and to exclude them from further
analysis. Independently diffusing molecules involved in a multi-molecule event will
yield different values for the mean-macro-time (i.e. the time where 50% of the
respective photons have arrived) for all photons of a burst, as compared to that for the
photons of one color. We therefore calculated the characteristic Time-Deviation-
Signal (TDS) defined as

108 = (D, D
e))
where D, is the burst duration, 7 is the mean-macro-time, y is a factor correcting for

the different efficiencies of the red and green detection channels and P is the
proximity ratio given by the number of photons in the burst as P = GR/(GR+GG).

)+ Je = PY+ (D — D)+

T'total - T green

T'total - T fret

green

In eq. 1 we compute the TDS of the green and red channels simultaneously and adjust
the relative value to the percentage of photons detected. In addition, multi-molecule
events containing low (0%) FRET and donor only complexes (which cannot be found
using eq. 1) can also be determined using a PIE setup and defining:

TDSred—PIE = (D Dred) + T'tutal - Tred (2)

To demonstrate the capabilities of this analysis scheme a sample containing Z.2.1
nucleosomes (TE pH 7.6, 0 mM NaCl) as well as impurities of donor only and
acceptor only complexes was measured. In order to stress the discussed effects for
this control experiment, the concentration of labeled complexes was increased to
~150 pM. By using thresholds of 7DS < 1 and TDS,qspiz < 0.6 in the TDS parameter
space we are able to remove most of the observed trailing (i.e. events with high .S and
medium to low E) caused by multi-molecule events as well as photo-physics and
receive a distribution showing populations of distinct FRET efficiencies and
stoichiometries (Supplementary Figure S6B).

total
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The nucleus contains a plethora of different dynamic structures
involved in the regulation and catalysis of nucleic acid
metabolism and function. Over the past decades countless
factors, molecular structures, interactions and
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Nuclear structures and protein dynamics

"T'he by far largest molecules in the nucleus are the chromo-
somes that occupy discrete territories and are anchored at
the nuclear envelope [1°°,2]. The fact that most nuclear
processes occur or at least start at chromosomes makes them
the chief organizing factor in the nucleus. Proteins involved
in DNA replication, transcription and RNA processing
were found enriched in focal structures [3]. The variety
of nuclear structures illustrated in Figure 1 raises the
question of how these distinct structures are assembled
and maintained in the absence of subdividing membranes.

Fluorescence photobleaching experiments demonstrated a
surprisingly high mobility of proteins in the nucleus [4°°]

suggesting that the occurrence of discrete nuclear struc-
tures is the net result of association, dissociation and
diffusion events. These experiments also indicated that
distinct structures could be generated by stable binding as
well as rapid exchange of its components [5]. The combi-
nation of fluorescence photobleaching experiments with
kinetic modeling can in principle provide quantitative data
on intracellular binding properties [6]. The occurrence of
multiple and variable interactions with unknown numbers
of binding sites, however, make it difficult to mathemat-
ically dissect out individual mobility classes. Thus, despite
the present sophistication of the kinetic modeling [7] the
inherent limitations of these ensemble measurements call
for complementation by single molecule tracings as dis-
cussed below.

Temporal and spatial dimensions of nuclear
functions

One of the fundamental nuclear functions and the most
prominent and critical event during the cell cycle is the
precise duplication of the entire (epi)genetic information.
The challenges of DNA replication are easily summar-
ized. Roughly speaking, human cells need to replicate
about 6 billion (6 x 10%) base pairs in half a day, starting at
thousands of sites on 46 chromosomes, precisely copying
each and every base pair once and only once. The dis-
covery and biochemical characterization of the DNA
double helix and DNA polymerases outlined the basic
mechanism but could not explain the efficiency, precision
and coordination of cellular DNA replication [8]. Since
then an amazing complexity unfolded as countless new
factors were identified that contribute to the efficiency
and precision of DNA replication.

It is clear that DNA replication 7z vivo is more than just
the sum of all participating factors and especially the
overall coordination and precision is far from being repro-
ducible iz vitro. Already early fractionation experiments
indicated that newly synthesized DNA and most of the
replication activity was associated with higher order struc-
tures [9,10]. At the cellular level DNA replication can be
visualized by incorporation of modified nucleotides [11],
immunofluorescence staining of replication factors [12],
expression of fluorescent fusion proteins in living cells
[13] and appears highly organized in focal structures
(Figure 2). The subnuclear distribution of these foci
changes throughout the S-phase [13] in a pattern that
roughly corresponds to the underlying chromatin states
[14-18] and changes during differentiation [19,20].
Recent studies have addressed how DNA replication is
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Figure 1

Current Opinion in Cell Biology

The variety of nuclear structures and subcompartments. This colorful assembly shows a random collection of nuclear structures observed and studied
in our lab over the past years. All these distinct structures have in common that they are formed by dynamic assembly and disassembly processes in

the absence of organizing membranes.

activated within these foci and how the cell can cope with
replicative stress [21,22]. The sizes and numbers of these
foci, as obtained from light microscopy analysis, could not
be directly linked with numbers of replication units
measured 7z vitro in stretched DNA fibers. This and
other lines of evidence lead to the hypothesis that the

replication foci detected by light microscopy correspond
to spatially clustered DNA replication units [23°,24].
Recent studies employing super resolution light micro-
scopy methods, namely STED [25], 3D-SIM and SMI
microscopy [26], as well as electron microscopy [27]
provided first evidence to the existence of 4000-5000
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Figure 2
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DNA replication from atomic to cellular scale. This scheme illustrates the orders of magnitude from the level of the well-known crystal structures of key
components of DNA replication to the cellular level. The DNA double helix (gray) has a diameter of about two nanometers and the entire diploid
genome a combined length of about 2 m, all condensed into a nucleus with a diameter of 5-20 um. The homotrimeric PCNA ring (green, PDB ID:
1AXC), the central loading platform for DNA replication factors, has a diameter of about 8 nm while the microscopically discernable, cellular replication

foci and clusters are in the range from 100 to 2000 nm.

replication units of 125 nm average size at any given time
throughout S-phase (Figure 2). These types of studies
provide the basis for building and testing qualitative and
quantitative models of genome replication.

By way of explanation it is easy to implicate the higher
order structures present in living cells but it is hard if not
impossible to prove a functional role with the usual
methods. In this sense, mutational analysis of nuclear
proteins allowed mapping functional domains mediating
interactions with other factors involved in particular
nuclear functions. In the case of DNA replication, local
enrichment of factors involved not only in the DNA
synthesis process per se but also in cell cycle regulation
[28], DNA methylation [29], chromatin assembly [30] and
repair of DNA damage [31] was found. Several of these
factors were shown to accumulate at replication sites
during S-phase via a short peptide sequence mediating
binding to the DNA polymerase clamp PCNA [32] and
independent from the catalytic domain of the respective
enzymes. As PCNA forms homotrimers wrapping around
the DNA (Figure 2) with maximally three binding sites
for interacting factors sharing the same binding interface,
the question arises as to how all these interactions can
take place. Furthermore, it was unclear whether such
targeting sequences leading to local enrichment of
enzymes are required iz vivo for the function of the
enzymes in the particular nuclear process.

These questions were addressed by fluorescence photo-
bleaching/activation experiments in living cells. Several
enzymes including DNA ligase I, the flap endonuclease
Fenl and Dnmtl as well as mutants thereof were photo-
bleached simultaneously with PCNA and their relative
kinetics of recovery measured. Whereas PCNA did not
exchange over periods of several minutes, the enzymes
interacting with it were only transiently associated with
replication sites and their entire pools exchanged over
periods of a few seconds [33,34,35°]. This analysis
suggests that the processivity of DNA replication and
the coordination of the different enzymatic activities rely
on a stable core component loaded on DNA and transi-
ently interacting factors ensuring the temporal availability
of the shared binding site in the stable PCNA ring. This
type of kinetics involving the interplay of transient and
stable components was also observed in other nuclear
processes such as DNA repair [36]. Interestingly, mutat-
ing the PCNA interacting domain at least in the DNA
methyltransferase Dnmt1 did not prevent DNA methyl-
ation but lowered its efficiency [33]. Thus, local enrich-
ment of factors via protein—protein interactions increases
the efficiency of enzymatic reactions 7z vivo but does not
seem to be an absolute requirement for nuclear function.

Last but not least, also the time scale poses some chal-
lenges as the diffusion rate of the participating proteins,
the kinetics of their interactions and the incorporation of
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single nucleotides are much faster than the imaging rate
of regular light microscopy. As discussed below, single
molecule tracing offers exciting new insights into the
millisecond range but still misses out on contextual
information.

Dynamics and interactions of single
molecules in the nucleus

The visualization of cellular components by immuno-
fluorescence staining with antibodies, by 7z situ hybrid-
ization for detection of specific nuclei acids and with
fluorescently tagged proteins have uncovered a variety
of subnuclear compartments [3] as discussed above
(Figure 1).

Throughout the last decade systematic analysis of protein
dynamics mostly from fluorescence photobleaching/acti-
vation experiments [37] has changed our view of static
nuclear compartments and revealed new principles of
macromolecular complexes [38]. These types of analysis
though do not reveal the behavior of individual molecules
but rather describe the average behavior of molecular
ensembles. In biology important and meaningful infor-
mation is often lost in the averaging over large numbers of
molecules. As an example, the apparent exclusion of
multiple nuclear proteins from the nucleolus observed
in numerous fixed and living cell studies could be inter-
preted as lack of accessibility of this major nuclear com-
partment [39] for these proteins. /7 vitro measurements
with nucleoli isolated from Xenopus oocyte nuclei though
revealed a low-density structure permeable to molecules
such as dextrans [40°]. This apparent contradiction
prompted studies of the dynamic behavior of single
molecules in living cells.

The tracing of single molecules in cells [41] has been
limited by the low signal-to-noise ratio and the small
number of photons emitted by the available fluorophores.
On the one hand, total internal reflection (TIRF) micro-
scopy [42] gives the best signal-to-noise ratio but is only
applicable to structures such as the plasma membrane
within about 100 nm distance from the surface. On the
other hand, methods based on fluorescence fluctuation
such as fluorescence correlation microscopy [43] measure
the mobility of single molecules with very high temporal
resolution (in the microsecond range) but are restricted to
mobile species and to a femtoliter volume within the cell.
Direct tracing of single molecules inside cells albeit diffi-
cult has been made possible by the development of
improved, highly sensitive cameras. This allowed probing
to what extent nuclear structures limit the mobility and
access of individual proteins by tracing the mobility of
fluorescently labeled inert proteins (streptavidin and oval-
bumin; [44°,45]). Whereas steady state average distribution
(Figure 3, top panel) suggests exclusion of streptavidin
protein from the nucleolus, high-speed single molecule
tracing microscopy (Figure 3, bottom panel and Movie)

Figure 3
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Distribution and dynamics of nuclear proteins. Confocal fluorescence
microscopy analysis (top panel) suggests that the probe protein
streptavidin (NLS-SAv-Cy5) is, like many other nuclear proteins,
excluded from nucleoli which, due to their higher density, appear as dark
structures in the phase contrast (PC) image. Single molecule tracing
(bottom panel) provide an alternative explanation for this bulk steady-
state distribution. Snapshots of a high speed (191 Hz) time lapse
microscopy (full sequence in supplementary Movie) of single NLS-SAv-
Cy5 protein (red) molecules in and out of nucle(ol)ar (green)
subcompartments are shown. The corresponding movie shows
streptavidin molecules (NLS-SAv-Cy5) after microinjection into the
cytoplasm of C2C12 mouse myoblasts. Raw single molecule data are
displayed at the bottom and the same data processed using a 2-20 pixel
band pass filter. One pixel corresponds to 96 nm and the whole object
field shown is 12.2 pm x 12.2 um. Further details are described in [44].

clearly indicate that single average size proteins have
unrestricted access to the nucleolus and all nuclear sub-
compartments. Nonetheless, in-depth analysis of the
nuclear mobility of proteins uncovered transient trapping
on the order of tens of milliseconds. This trapping was
mostly pronounced at heterochromatin and least pro-
nounced within the nucleolus. General trapping of factors
in specific compartments modulates their local concen-
tration and may thus directly impact on enzymatic reaction
velocity and enhance their specificity [46].

Several recent studies use single particle tracking to study
the intranuclear dynamics as well as nuclear-cytoplasm
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transport of, for example, RNP particles [47-49]. The
larger size and slower mobility of these particles com-
bined with multiple labels per particle facilitate imaging
with good signal-to-noise ratio. Recent improvements in
sample illumination strategies [50], increase the signal-to-
noise ratio and facilitate direct tracing of single molecules,
their interactions and enzymatic reactions in living cells
with high spatial and temporal resolution in the range of
tens of nanometers and milliseconds.

Outlook

Currently cells are being studied at different size and
time scales. The recent development of super resolution
light microscopy methods [51] enables the study of cel-
lular structures at ever-increasing resolution far below the
classic Abbe diffraction limit approaching the range of
electron microscopy and X-ray crystallography (Figure 2).
The integration of structural information obtained with
different methods at different size scales has been
impressively demonstrated by fitting crystal structures
into cryo-electron microscopy density maps to assemble
a functional architecture of the complete multi-subunit
RNA polymerase I [52]. The rapidly increasing capabili-
ties of cryo-electron microscopy to resolve bigger com-
plexes at higher resolution facilitate the combination with
advanced light microscopy. Likewise, dramatic advances
in electron microscopic tomography recently enabled the
direct study of polyribosomes in human cells [53].

Correlative light and electron microscopy in combination
with electron microscopic tomography and super resolution
light microscopy have recently been used to elucidate
intermediate steps of abscission in dividing human cells
[54]. In addition to increased spatial resolution, the single
molecule light microscopy techniques discussed above
expand the time resolution down to the microsecond scale.

Besides the rapid development of advanced electron and
light microscopy technologies new reagents like chromo-
bodies that are ten times smaller than conventional anti-
bodies and detectable in living cells [54,55] as well as new
genetically encoded tags and contrasting approaches
[56°°] will further facilitate correlative microscopy and
thus the acquisition and integration of structural data over
several orders of magnitude.

Last but not least, as imaging data are produced at an
ever-increasing rate and volume around the world, at
different size and time scales, with different methods
and instruments, standardization becomes an essential
and urgent prerequisite to compare, integrate, model and
thus utilize this accumulating wealth of data [57].
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Abstract
NIPA (nuclear interaction partner of ALK) is an F-box-containing protein that defines a nuclear SCF-

NPA) which targets nuclear cyclin B1 for ubiquitination and proteasomal

type ubiquitin ligase (SCF
degradation, thereby contributing to the timing of mitotic entry. Here we show that NIPA is localized
to the nucleoplasmic site of the nuclear pore complex (NPC). Interestingly, we identified the
nucleoporin TPR as a scaffold protein, which forms a very stable interaction with NIPA at the NPC. The
C3HC zinc-finger motif located in the N-terminus of NIPA is responsible for the interaction with the
nucleoporin TPR and disruption of this domain leads to mislocalization of NIPA from the NPC to the
nuclear interior. Moreover, inactivation of TPR by RNAI results in destabilization and subsequent
degradation of NIPA. Based on the localization of the F-box protein at the inner site of the nuclear

pore, we propose an intriguing mechanism for cyclin B1 degradation, through formation of a “cyclin

trap” directly at the gate, targeting the substrate for ubiquitination just upon entry to the nucleus.

Introduction

Subcellular compartmentalization of the cell by membrane systems allows for the separation of
essential processes. As a result, the transport of material between those compartments is crucial to
maintain proper cellular functions. The passive and active nucleocytoplasmic transport through the
doublelipid bilayer of the nuclear envelope is regulated by the nuclear pore complexes (NPCs), large

multiprotein gateways composed of several copies of ~ 30 different nucleoporins (NUPs)"?.

NPC architecture is based on the octagonal symmetry with distinct, structured subunits: cytoplasmic
and nuclear coaxial rings placed on the periphery of outer and inner nuclear membrane, respectively;

the main translocation channel is formed of eight elongated structures termed spokes and connects
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both coaxial rings thereby also forming a spoke ring; peripheral NPC components, such as short,
cytoplasmic filaments emanating towards the cytoplasm and filaments forming the nuclear basket

converging into the distal ring 37

The nuclear basket, also called a “fish trap”, can facilitate
interactions between transport complexes and serves as a docking site during cargo translocation®*°.
The central architectural element of the nuclear basket is constituted by the translocated promoter
region (TPR), which is anchored to the NPC by NUP153'""2. TPR is a 267-kDa protein of a bipartite
structure: a large N-terminal domain forming a double coiled-coil and a nonhelical, highly acidic C-

13,14

terminal domain, not dominated by a particular type of secondary structure™™"". Besides its structural

role in the assembly of the nuclear basket, TPR has been shown to be involved in mRNA export

1819 35 well as spindle checkpoint

control™®, activation of the met oncogene'’, nuclear protein export
control®®* and ERK2 nucleo-cytoplasmic translocation®’, thus demonstrating multifunctional

properties of the NPC. Additionally, recent studies point towards the involvement of NPC components

23,24 6

in DNA damage repair’**, regulation of both transcription®?® and autophagy’’ as well as in
posttranslational modification with small ubiquitin-related modifier (SUMO) proteins®**°, suggesting a

prominent role for the nuclear periphery in cellular physiology.

We previously identified NIPA (nuclear interaction partner of anaplastic lymphoma kinase) as an F-
box-like protein, which together with SKP1/CUL1/ROC1 defines the SCFM™ complex as a family

31-34

member of the SCF-type ubiquitin ligases® . NIPA is responsible for the subcellular regulation of its

substrate, cyclin B1, in interphase, thereby contributing to the timing of mitotic entry®’. Cell cycle

NIPA complex is governed by the inhibitory phosphorylation of NIPA in

dependent inactivation of the SCF
late G, phase by the action of cyclinB1-CDK1 and ERK2 kinases****, leading to the disruption of E3-
ligase activity. Although the molecular mechanism of protein degradation that controls cell

proliferation is well known, many mechanistic questions still remain elusive®.

Here we show that NIPA is associated with the NPC by a direct interaction with the nucleoporin TPR.
We identify the zinc-finger motif within NIPA to be responsible for the binding to TPR and moreover
that disruption of this domain leads to the dissociation of NIPA from the NPC. We therefore propose
an intriguing mechanism for the regulation of cyclin B1 nuclear abundance by recruiting ubiquitin

ligase mediated degradation to the gates of the inner nuclear envelope.

Materials and methods

Plasmids, antibodies and immunological procedures.

Details of the construction of various plasmids are available from the authors upon request. The
plasmids for FLAG-NIPA-pcDNA3.1 wild type, zinc-finger mutant and nuclear localization signal (NLS)
mutant were kindly provided by C. v Klitzing. GFP-NIPA wild type and GFP-NIPA zinc-finger mutant
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were subcloned into pEGFP-C3 vector (Clontech). cDNA of NIPA was cloned into pcDNA-N-SF-TAP
(vector was kindly provided by M. Ueffing®’). pcDNA3.1-Fbx09, pcDNA3.1-Fbw2 and pcDNA3.1-Fbw11
plasmids were a generous gift provided by F. Bassermann. Vector encoding human pEGFP-TPR was
obtained from Addgene (Addgene plasmid 35024, P. Frosst'®). Plasmid transfections were performed
using TurboFect (Thermo Fisher) or Lipofectamin 2000 (Invitrogen) according to the manufacturer’s
instructions. Antibodies used in this study included mouse monoclonal antibodies from Sigma-Aldrich
(B-actin (AC-15); FLAG-M2), Santa Cruz (NIPA (B-10, sc-365058)), ActiveMotif (a-tubulin (5-B-1-2)) and
Abcam (NUP153 (QES5)); rabbit polyclonal and monoclonal antibodies from Sigma-Aldrich (ZC3HC1
(HPA024023)), Abcam (p-NIPA (ab63557)) and Cell Signaling (NUP98 (C37G10)); and goat polyclonal
antibodies from Santa Cruz (TPR (C-20); Lamin B (M-20)). All secondary antibodies used for
immunofluorescence were from Invitrogen (Anti-Rabbit I1gG, Alexa Fluor® 488; Anti-Rabbit I1gG, Alexa
Fluor® 594; Anti-Mouse IgG, Alexa Fluor® 594; Anti-Mouse IgG, Alexa Fluor® 488 and Anti-Goat IgG,
Alexa Fluor® 594). Extract preparation, immunoprecipitation and immunoblotting were performed as
previously described®?***. Nuclear fractionation was performed using Dounce homogenizer as

previously described™®.

Immunofluorescence staining and structured illumination microscopy.

Cells were grown to 80% confluence on high precision microscope cover glasses (Roth), fixed with
formaldehyde and permeablized with 0.5% Triton X-100 in PBS containing 0.02% Tween-20 (PBST).
After blocking (2% BSA in PBST) for 1 h), staining was carried out by incubation with the primary
antibodies (1 h at 1:200-1:500 dilutions in 2% BSA). Slides were then incubated with secondary
antibodies (typically 1:400 in 2% BSA), postfixed with formaldehyde and nuclei were counterstained
with DAPI (1 pug/ml in PBST). Finally, cover glasses were mounted onto microscope slides (SuperFrost®
PLUS) in VECTASHIELD® (Vector Laboratories). Confocal images were taken with an UltraVIEW VoX
spinning disc microscope (PerkinElmer) assembled to an Axio Observer D1 inverted stand (Zeiss) and

using a 63x/1.4 NA Plan-Apochromat oil immersion objective.

3D-SIM was performed on a DeltaVision OMX V3 (Applied Precision) system equipped with a
100x/1.40 NA PlanApo oil immersion objective (Olympus), Cascade Il: 512 EMCCD cameras

(Photometrics) and 405, 488 and 593 nm diode lasers as previously described®**.

Live cell microscopy, fluorescence loss in photobleaching and quantitative fluorescence recovery
after photobleaching analysis

Live cell imaging, fluorescence loss in photobleaching (FLIP) and fluorescence recovery after
photobleaching (FRAP) experiments were performed on an UltraVIEW VoX spinning disc microscope

(PerkinElmer) as described before*'. For acquisition the 488 nm laser line was set to 8-20%
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transmission and the exposure time was set to 200 ms. For bleaching the 488 nm laser line was set to

100% transmission.

In FLIP experiments a rectangular region in the nucleus of 5x5 um was repeatedly bleached. 2-4 cells
were bleached in parallel. After 2 initial prebleach frames with a time interval of 5 s, 21 bleach cycles
were performed. Each bleach cycle consisted of a bleaching event of ~500 ms followed by 2
postbleach frames with a time interval of 5s. To evaluate the data, the mean intensity of the
peripheral region, was determined over time. The outer border was determined using the “Auto
threshold” function and the inner border was determined by eroding the selected region 4 times.
Afterwards, the background intensity was subtracted from these results and the intensities relative to
the first postbleach frame were determined. The measurements were performed in Fiji** followed by

calculations in Excel.

In FRAP experiments a rectangular bleach region, covering approximately half of the nucleus, was
chosen. Like in the FLIP experiments 2-4 cells were bleached in parallel. In order to capture fast
kinetics (Fig. 1D) 10 prebleach frames with a time interval of 1 s were recorded, followed by a bleach
event of ~700-900 ms and 60 frames with a time interval of 1 s and further 4 frames with a time
interval of 1 min. For the detection of slow dynamic processes (Fig. 4D) z-stacks of 3 um with a step
size of 1 um were recorded every 2 min. After 2-12 prebleach frames, the points were subsequently

bleached manually, with a 10-15 s delay between bleaching and the first postbleach frame.

In long term imaging experiments a z-stack of 10.5 um with a step size of 1.5 pm was recorded every
10 min for about 30 h. To avoid photodamage of the cells the ATOF of the laser was set to low

transmission values of 8%.

siRNA

siRNAs were purchased from Eurofins and were used to transfect subconfluent HelLa or U20S cells
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. NIPA siRNA
corresponded to sense CAGAUUGAAUCGUCCAUGAed(TT)** and TPR SsiRNA to sense
GUAAUGAGCAGCAAGCCAGed(TT)®. A firefly luciferase siRNA served as a control.

Purification of NIPA interactors

HEK293T cells were transfected with an NIPA-tandem-Strep-single-FLAG-tagged (NIPA-SF-TAP)
construct as described previously*. Purification was performed as described®. The final eluate was
boiled in LDS buffer, and then separated on a NuPAGENovex 4-12% Bis-Tris Mini Gel. Gel lanes
containing separated immunocomplexes were cut into slices and in-gel trypsin digestion was

performed following standard protocols.
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LC-MS/MS and data analysis

Dried samples were dissolved in 0.1% formic acid (FA) prior to LC-MS/MS analysis. Nanoflow LC-
MS/MS was performed by coupling a nanolLC-Ultra (Eksigent, CA) to a LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, GER), using a 20mm x 75 um ReproSil-Pur C18 (Dr. Maisch,
GER) precolumn followed by a 400 mm x 50 um ReproSil-Pur C18 (Dr. Maisch, GER) analytical column.
Peptide mixtures were analyzed during a 110 min gradient from 0 to 40% B (0.1% FA in AcN). The

eluent was sprayed via emitter tips (New Objective) butt-connected to the analytical column.

The mass spectrometer was operated in data dependent mode, automatically switching between MS
and MS/MS. Full scan spectra (from m/z 350 — 1200) were acquired in the Orbitrap with a resolution
of 60 000 (at m/z 400) after accumulation to target value of 1E6. The 15 most intense ions at a
threshold above 5000 ion counts were selected for collision-induced fragmentation in the linear ion
trap (LTQ) at a normalized collision energy of 35%. Peak lists were extracted from MS data files using
Mascot Distiller v2.2.1 (Matrix Science, UK) and subsequently searched against the Human IPI
database version v3.68 using Carbamidomethyl cysteine as a fixed modification and Oxidation (M),
Phospho (ST) as variable modifications. Trypsin was specified as the proteolytic enzyme and up to two
missed cleavages were allowed. The mass tolerance of the precursor ion was set to 5ppm and for
fragmentations to 0.6 Da. Data interpretation was performed with Scaffold2, v3.3.0. Proteins were
filtered using a minimal protein identification probability of 99% and minimal peptide identification

probability of 95%.

Cell culture
Hela, U20S, primary NIPA-deficient MEFs* and HEK293T cells were cultivated in DMEM
supplemented with 10% FCS and penicillin/streptomycin or gentamycin in a humidified atmosphere of

5% CO, at 37°C.

Results

We previously characterized NIPA as an F-box containing protein, which is localized exclusively in the
nucleus, by using affinity-purified polyclonal murine NIPA antiserum®'. This antibody yielded a bright
immunofluorescent signal, staining the whole nuclear interior. Recently, more specific antibodies,
raised against human NIPA protein, have become commercially available (Sigma-Aldrich HPA024023
and Santa Cruz sc-365058) showing explicit staining of the nuclear periphery. As shown in Figure 1A
(and Supplementary Figure 1) these antibodies detect NIPA at the nuclear periphery. To gain more
insights into the precise localization of NIPA at the nuclear periphery, we performed super-resolution
imaging, with 3D-structured illumination microscopy (3D-SIM)®. With this imaging technique, we

analyzed the localization in respect to the nucleoporin NUP153 and a structural component of the
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nuclear lamina, LaminB*"*

. NIPA was found at the nuclear periphery in a region still stained by DAPI,
but rather below NUP153 and Lamin B, suggesting not the nuclear membrane localization but rather a

nuclear basket association (Fig. 1B).

Although immunostaining can reveal protein location in the steady state, it is not sufficient to provide
information about the dynamic localization®. To obtain a more detailed picture of the subcellular
localization and dynamics of NIPA, we generated a GFP-NIPA"" fusion protein and examined the
localization by a combination of fluorescence loss in photobleaching (FLIP) and fluorescence recovery

after photobleaching (FRAP) (Fig. 1 C, D).

In FLIP experiments, the molecules in a region within the cell are repeatedly photobleached by an
intense laser pulse. A decrease in intensity outside the bleached region allows for assessing the
mobility of a protein between intracellular compartments and for measuring the kinetics of
recruitment to the bleached region from various cellular areas®. When massively overexpressed, GFP-
NIPAYT shows a diffuse nuclear localization in contrast to the endogenous protein, which is localized at
the nuclear envelope (compare Fig. 1A and 1C middle panel). However, when GFP-NIPA"" levels were
low, a profound localization to the nuclear periphery was observed (Fig. 1C, lower panel). The
repeated bleaching in the small nuclear region resulted in almost complete loss of fluorescence inside
the nucleus, leaving a strong signal in the peripheral compartment. These results show that the NIPA
molecules at the nuclear envelope do not diffuse through the bleached area in the observed time
frame of two minutes, indicating that NIPA is bound stably at the nuclear envelope. In contrast to this,
the diffuse nuclear fraction of the protein when artificially high overexpressed is very mobile,
comparable to free diffusing GFP. Together these results indicate that NIPA is stably bound to the
nuclear periphery. In a complementary approach we used FRAP to further analyze the dynamics of
GFP-NIPA"". In FRAP experiments, the recovery of intensity in a bleached region is observed over
time. The faster the recovery, the more mobile the protein is. Like in the FLIP experiment, we could
observe a very fast recovery of the nuclear fraction of GFP-NIPA" in high expressing cells, comparable
to free GFP in the nucleus (Fig. 1D). However, in low expressing cells, we did not see a recovery at the
nuclear periphery even after five minutes. Full recovery takes up to one hour (Fig. 4D), confirming the

strong association of GFP-NIPA with the nuclear envelope.

Next, we wanted to determine if NIPA localization at the nuclear envelope changes during cell cycle
progression. Live imaging of cells expressing low GFP-NIPA"" was performed while the cell entered
and accomplished mitosis (Fig. 1E). The nuclear envelope is disassembled during mitosis in higher
eukaryotes and integral membrane proteins, such as lamin receptors or nuclear pore proteins, are

51,52

dispersed throughout the endoplasmic reticulum®“. NIPA shows a strong membrane co-localization

until the cell reaches mitosis, where the envelope localization disappeared, most probably around
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nuclear envelope breakdown (NEB) (Fig. 1E). At that time the cell entered prometaphase and NIPA
became soluble in the cytoplasm. Membrane localization reappeared around nuclear envelope
assembly, analogous to other NPC proteins™>. All these data suggest, that NIPA is strongly anchored to

the nuclear envelope.

A DAPI Tubulin N Merge

Prebleach 0s 30s 120 s Prebleach Postbleach 10s 5 min

GFP
GFP

GFP-NIPAWYT

low expression high expression
GFP-NIPAWYT

low expression high expression

0 20 40 60 70 80 100 120 [min]

Figure 1. NIPA is localized and stably bound to the nuclear envelope. All experiments were performed in Hela cells. (A)
Representative confocal image of a cell stained with antibodies against endogenous NIPA (green) and Tubulin (red). Nuclei
were counterstained with DAPI (blue). (B) 3D-SIM super-resolution images of cells stained with antibodies against
endogenous NIPA (green) and NUP153 or Lamin B (red). Nuclei were counterstained with DAPI (blue). Eight-fold
magnifications of the outlined regions are shown. (C) Representative FLIP experiment of GFP and GFP-NIPA" in high and low
expressing cells. A rectangular region of 5x5 um indicated by the dashed line was repeatedly bleached. (D) Representative
FRAP experiment of GFP and GFP-NIPA in high and low expressing cells. A rectangular region covering half of the nucleus
indicated by the dashed line was bleached once and the recovery in this area was observed over time. (E) Life cell imaging of
a representative GFP-NIPA transfected Hela cell undergoing mitotic division. Images in A, C-E were acquired at a confocal
spinning disc microscope and optical mid sections are shown in all images. Scale bars: 5 um and 1 pm (magnifications).
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In order to determine biologically relevant interactions of NIPA, we combined tandem affinity
purification (TAP) with mass spectrometric analyses. Table 1 shows a selected list of targets found in

our screen.

# of

Identified protein Accesion Nr Assigned izz:::;:
Spectra
Isoform 1 of Nuclear-interacting partner of ALK|C3HC zinc finger-like IPI00301421 55 kDa 477 58%
Nucleoprotein TPR|TPR/MLP1/MLP2-like protein IP100742682 | 267 kDa 316 30%
Isoform 1 of S-phase kinase-associated protein 1 IPIO0301364 | 19 kDa 15 15%
Isoform 1 of Cytoplasmic FMR1-interacting protein 1 IPI00644231 | 145 kDa 32 12%
Prohibitin-2 IP100027252 33 kDa 23 24%
Ubiquitin and ribosomal protein S27a precursor IPI00179330 18 kDa 21 30%

Table 1. Identification of NIPA interactors by mass spectrometry. HEK293T cells were transfected with a NIPA-tandem-
Strep-single FLAG-tagged (NIPA-SF-TAP) construct and after purification with Streptactin and FLAG resin, samples were
separated on an SDS-PAGE Gelelectrophoresis. Gel lanes were cut into slices and in-gel trypsin digestion was performed
followed by LC-MS/MS analysis. Table 1 represents proteins with the highest sequence coverage.

As a third score we identified S-phase kinase-associated protein 1 (SKP1), which together with NIPA
builds a functional SCF ligase. Interestingly, as a top scoring protein we also identified the nucleoporin
TPR with the highest sequence coverage. TPR is a structural element of the NPC constituting the
nuclear basket. Thus it’s high affinity to NIPA found in the proteomic analysis strongly suggests a co-
localization in this nuclear compartment. To further investigate the interaction between NIPA and
TPR, we performed immunoprecipitation assays (Fig. 2). As a control we overexpressed different F-box
proteins (FBPs) to eliminate the possibility that TPR was a “sticky” protein that bound non-specifically
to other proteins in vitro. We transfected FLAG-tagged NIPA, FBX0O9, FBW2 and FBW11 into HEK293T
cells and performed precipitations using anti-FLAG beads. NIPA was the only F-box protein (among
four tested) that co-immunoprecipitated with endogenous TPR (Fig. 2A). Additionally, after nuclear
fractionation, FLAG-tagged NIPA was efficiently immunoprecipitating TPR from the nuclear extracts
showing that the NIPA-TPR interaction takes place in the nucleus (Fig. 2B). Vice versa overexpressed
TPR was able to co-immunoprecipitate endogenous NIPA (Fig. 2C) confirming a specific interaction
between TPR and NIPA. Altogether, in agreement with the results of mass spectrometry,

immunoprecipitation experiments proof that NIPA specifically binds to the nucleoporin TPR.

NIPA was previously characterized as an F-box protein, containing an NLS domain for the nuclear
localization as well as a zinc-finger-like domain in the N-terminus as a potential substrate interaction
motif** (Fig. 3A). Following the identification of TPR as an interaction partner of NIPA, we were
interested to identify the exact TPR-binding region within NIPA. Therefore we generated FLAG-tagged

NIPA constructs by introducing point mutations into the characteristic motifs and performed co-
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immunoprecipitations against endogenous TPR (Fig. 3B). HEK293T cells were transfected with FLAG-
tagged NIPA: wild type (WT); zinc-finger mutant (AZnF) and nuclear localization signal mutant (ANLS)
along with an empty vector as a control and immunoprecipitation was performed using FLAG beads.
Consistent with previous results, FLAG-NIPA"" binds efficiently to TPR (Fig. 3B). Interestingly, a
mutation in the zinc-finger-like domain of NIPA resulted in complete abrogation of the binding to TPR,
showing substrate interaction abilities of the zinc-finger domain ** (Fig. 3B).

A B C
FLAG-FBPs NF TPR

NIPA Fbx09 Fbw2 Fbw11 EV NIPA END OVE

— a-TPR o= | a-TPR a-TPR

IP:TPR

- P E aNIPA
IPFLAG | | m— a -FLAG-NIPA
a-FLAG
c— — FBPs
- a-TPR

S N | o TPR

e WCE [ W | o-NIPA
|-— —_—— e — .—4| a-TPR
- | o FLAGNIPA E a -B-Actin
—
WCE CrmowT — a-FLAG
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Figure 2. NIPA protein interacts with TPR. (A) HEK293T cells were transfected with the indicated FLAG-tagged F-box proteins
(FBPs) and then immunoprecipitated (IP) with anti-FLAG beads. Immunocomplexes were probed with antibodies against
indicated proteins. (B) FLAG-tagged NIPA was overexpressed in HEK293T cells and cell fractionation was performed to obtain
nuclear fractions (NF). IP was performed using anti-FLAG beads, blotted and probed with anti-TPR antibody. Empty vector
(EV) was transfected as a control. (C) TPR was overexpressed (OVE) in HEK293T cells and together with endogenous (END)
protein immunoprecipitated with anti-TPR antibody. Co-immunoprecipitation with NIPA was detected in Western blot using
anti-NIPA antibody. WCE — whole cell extracts.

In order to determine whether binding to TPR via the zinc-finger domain is required for NIPA to
localize to the nuclear envelope we performed FLIP experiments using GFP-fusion proteins (Fig. 3C,
Fig. S2). Cells expressing GFP-NIPAYT, GFP-NIPA“" or GFP-NIPA" ™™ were repeatedly photobleached
in a central nuclear region, and images were taken in between. GFP-NIPA"" was localized at the
nuclear membrane after photobleaching (Fig. 3C upper panel). In contrast, photobleaching of the GFP-
NIPA*" protein resulted in the loss of fluorescence in the whole nucleus including the nuclear
envelope (Fig. 3C middle panel). This indicates that the zinc-finger domain is necessary for anchoring
NIPA to the NPC. Next we photobleached cells expressing the GFP-NIPA* ™™ mutant, to determine if a
functional SCF-complex is required for anchoring NIPA to the NPC. Bleaching experiments
demonstrated no requirement of a functional SCF complex, because the F-box mutant of NIPA, which
is unable to bind to the SKP1 subunit of the SCF, was still present at the nuclear envelope after

photobleaching (Fig. 3C, lower panel).
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Figure 3. Zinc-finger motif in NIPA is responsible for the binding to TPR at the NPC. (A) Domain structure of NIPA depicting
zinc-finger motif (ZnF), F-box motif and nuclear localization signal (NLS). (B) HEK293T cells were transfected with FLAG-tagged
NIPA constructs: NIPA wild type (WT), NIPA zinc-finger mutant (AZnF) and NIPA nuclear localization signal mutant (ANLS) and
empty vector (EV) as a control. Whole-cell extracts (WCE) were immunoprecipitated with anti-FLAG beads and the indicated
proteins were detected by immunoblotting. (C) Representative FLIP experiment of GFP-NIPAYT, GFP-NIPA*®™ mutant and
GFPNIPAY™®™ mutant in Hela cells performed at a spinning disc confocal microscope. A rectangular region indicated by the
dashed line was repeatedly bleached. Scale bar: 5 um. (D) Super-resolution 3D-SIM optical mid sections from Hela cells
transfected with GFP-NIPA"" or GFP-NIPA**™ mutant. The fixed cells were stained with antibodies against endogenous TPR

(red) and the GFP signal was enhanced using the GFP-booster (ChromoTek, green). Nuclei were counterstained with DAPI
(blue).

Finally we also applied super-resolution microscopy to study the importance of the zinc-finger domain
for NIPA localization at the NPC (Fig. 3D). We investigated GFP-NIPA"" and GFP-NIPA**™ mutant
protein in Hela cells. In agreement with previous findings, the wild type protein was located at the
NPC, co-localizing with TPR (Fig. 3D left panel), whereas the zinc-finger mutation resulted in
subnuclear mislocalization of the protein from the NPC (Fig. 3D right panel). Taken together, these
data strongly suggest that the zinc-finger domain encoded in the N-terminus of NIPA is responsible for

the interaction with the nucleoporin TPR and that this interaction localizes NIPA to the nuclear pore

complexes.

The role of TPR as an architectural element of the NPC was reported previously'!. However, in another
report the scaffolding abilities of TPR have been controversially discussed'’. Therefore, we aimed to

assess whether TPR is required for anchoring NIPA to the NPC. In order to determine the ability of TPR
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to tether NIPA to the NPC, we suppressed TPR synthesis by synthetic siRNA in Hela cells (Fig. 4A). As
shown by western blot analysis, the level of TPR was specifically reduced after 72 h of treatment with
siRNA with immunofluorescence. Interestingly, down-regulation of TPR at the same time leads to
degradation of NIPA, whereas transient down-regulation of NIPA by siRNA treatment had no clear

effect on TPR expression (Fig. 4A). These data indicate that TPR is required for the stability of NIPA.
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Figure 4. TPR constitutes the essential anchoring element for NIPA localization at the NPC. (A) Hela cells were transfected
with siRNA and subjected to immunoblotting with the indicated antibodies after 72 h. (B) U20S cells were treated with
siRNAs (NIPA and TPR) for 48 h and stained with antibodies against endogenous NIPA (red) or TPR (green). Nuclei were
counterstained with DAPI (blue). Scale bar: 5 um. (C) Different mouse embryonic fibroblasts (MEFs) cell lines derived from
NIPA deficient (-/-) or NIPA wild type (+/+) mice were subjected to immunoblot analyses and probed with indicated
antibodies. (D) Representative FRAP experiment in GFP-NIPAYT or GFP-TPR expressing Hela cells. A rectangular region
covering half of the nucleus indicated by the dashed line was bleached once and the recovery in this area was observed over
time with spinning disk confocal microscopy. Scale bar: 5 um.

We next analyzed down-regulation of NIPA and TPR by siRNA for their nuclear envelope localization.
As seen in Figure 4B, cells treated with TPR siRNA showed partial depletion of TPR which lead to
severe down-regulation of NIPA from the whole nuclear compartment. In contrast, knockdown of
NIPA with siRNA did not alter the localization of the TPR staining at the nuclear periphery (Fig. 4B).
Furthermore, results from different immortalized MEF cell lines, obtained from NIPA wild type and
knockout mice, showed similar TPR levels in cells lacking NIPA expression when compared to the wild

type (Fig. 4C). Hence, TPR downregulation alters the distribution of NIPA in the nucleus and is
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therefore crucial for its proper nuclear localization and stability, whereas NIPA depletion has no visible

effect on TPR expression or localization.

To further investigate the anchoring abilities of TPR towards NIPA, we compared protein mobility
using the method FRAP. We employed FRAP analysis to test the nuclear kinetics of the GFP-tagged
NIPA and TPR by bleaching the fluorescence in half of the nucleus with a high-power laser and tracking
the rate of nuclear membrane recovery over two hours. The recovery of GFP-TPR at the nuclear
envelope was slower than that of GFP-NIPA, denoting slower TPR protein dynamics, thereby
suggesting a stronger association with the nuclear envelope in comparison to NIPA (Fig. 4D). In
summary, these results strongly indicate that TPR acts as a scaffold protein targeting NIPA to its stable

binding site at the NPC.

Discussion

Post-translational modifications are fundamental controlling mechanisms responsible for intracellular
signaling pathways. Ubiquitin-mediated proteasomal degradation of proteins plays an important role
among them, since it was shown to be crucial for the control of cellular events like cell-cycle
progression>’. Due to their ability of substrate recognition, F-box proteins play the main role in

NIPA “in which the

ubiquitin-mediated proteolysis. We previously characterized a new SCF-E3 ligase SCF
nuclear F-box protein NIPA is responsible for targeting cyclin B1 for degradation in interphase, thereby

contributing to the timing of mitotic entry®".

In this study, we have analyzed the localization of NIPA in more detail and were able to show that
NIPA is not only part of the nuclear envelope but is mainly localized to the nucleoplasmic face of the
NPC. We found that the localization of NIPA to the NPC is mediated by its binding to the nucleoporin
TPR at the nuclear basket. A previous study pointed out the controversial role of TPR as an
architectural element of the NPC™. Although it was revealed that TPR is tethered to the NPC by the
interaction with NUP153, the question whether TPR itself acts as a scaffold onto which other NPC
components need to be assembled still remained elusive. Here we show that TPR is the anchoring
protein for NIPA and that this strong interaction is essential for the proper localization of NIPA to the
NPC. Silencing of TPR by synthetic siRNA resulted in destabilization of NIPA and it subsequent
degradation, confirming the role of TPR as a scaffolding protein. We also identified the zinc-finger
motif in NIPA as being responsible for the binding to TPR and showed that disruption of this domain
leads to mislocalization of NIPA from the nuclear pore. In contrast, mutation of the F-box domain did
not affect the localization, indicating that a functional SCF complex is not necessary for the association
with the NPC. These findings implicate that NIPA is a nuclear pore associated protein and suggest a

functional relevance for its localization.
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Previous reports by others have shown that TPR is both a substrate and a scaffold for activated ERKs*.
It was reported that phosphorylation of TPR by ERK stabilizes their interaction what in consequence
positions ERK2 for the phosphorylation of further potential substrates at the NPC. In addition, ERK-TPR
interaction regulates the translocation of activated ERK2%. Moreover, Kosako et al. demonstrated that
ERK is a physiological nucleoporin kinase and suggested a role for TPR in ERK-mediated
phosphorylation at the nuclear pore®. Interestingly, our recent study revealed NIPA as an exclusive

NIPA activity35. Hence, we

substrate of ERK2 and that this phosphorylation leads to disruption of the SCF
hypothesize the existence of a scaffold located at the NPC, constituted by the filaments of TPR, which
allows for positioning of both, the kinase and the substrate, in close proximity. In this model, ERK2
may require a platform constituted by TPR to efficiently phosphorylate NIPA at the NPC. We observed
lack of a phosphorylation in the SDS-PAGE when NIPA was overexpressed in cells with mutated zinc-
finger motif, supporting our assumption (data not shown). Zinc-finger mutation abrogates the binding

to TPR, leading to mislocalization of the protein to the nuclear interior (Fig. 3). As a result, it is

conceivable that ERK2 cannot phosphorylate NIPA due to the loss of its anchoring site at the NPC.

Spatial control of the proteolysis is emerging as an important regulator of mitotic transitions™.
Anaphase promoting complex/cyclosome (APC/C) could serve as an example of controlled protein
degradation in space and time. It has been proposed that the Cdc20-APC/C complex, associated with
the mitotic spindle, targets cyclin B for degradation in the early phase of mitotic exit therefore
activating the Cdh1-APC/C complex further to target cyclin B for destruction throughout the cell,
leading to mitotic exit>’. Other regulatory mechanisms exist which rely on the compartmentalization
of the protein turnover. For instance, ER-associated protein degradation (ERAD) is an ubiquitin-
proteasome based system responsible for the degradation of membrane and luminal proteins of the

endoplasmic reticulum, and E3 ligases participating in this process are localized to the ER/nuclear

58,59 28,29,60
' e\

envelope™”. Also SUMO proteases were recently connected with the filaments of the NPC
these evidence argue for the growing importance of the spatial control of protein degradation,

restricting the recognition of substrates and functional proteolysis to specific cellular compartments.

Although at this moment, we can only speculate about the exact function that NIPA may have at the
NPC, our findings, which revealed NIPA localization at the nuclear pore, are especially relevant with
respect to the ubiquitin proteasome system. This study provides additional evidence on the specific
localization of an E3 ligase, which could predestinate its function according to the substrate of NIPA —
cyclin B1. Therefore we propose a model, complementing our previous observations®’, in which NIPA
guards the genome integrity by controlling cyclin B1 abundance in space and time (outlined in Figure
5). Consistently, NIPA localizes to the nucleoplasmic site of the NPC by the interaction with TPR and is
able to transfer ubiquitin directly on cyclin B1 when it crosses the nuclear barrier prematurely in

interphase. Such a model suggests the formation of a “cyclin trap” directly at the gate, targeting cyclin
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B1 for degradation just upon entry to the nucleus (Fig. 5A). At the G,/M phase of the cell cycle, NIPA is

phosphorylated, what leads to dissociation of the SCF"™

, allowing for accumulation of cyclin B1 and
subsequent mitotic entry (Fig. 5B). Thus, according to our model, the NPC localization of NIPA could be

essential for the spatial control of cyclin B1.

nuclear

[

accumulation

> @
proteasomal o »

NIPA NIPA

Figure 5. Theoretical model of SCF™ ~ activity in the regard to its nuclear localization. The model postulates that the SCF
complex is a gate guardian of the genome integrity by promoting degradation of cyclin B1 during interphase. (A) Cyclin B1
enters the nucleus through the NPC (1), is directly ubiquitinated (2) and headed for the proteasomal degradation (3). (B) In
the G,/M phase NIPA is phospohrylated (2), leading to the dissociation of the ScrM'PA complex and its subsequent
inactivation. Cyclin B1 can accumulate in the nucleus (3) triggering the G, — M transition.

Recently, Niepel et al. reported that Mlpl and MIp2, the yeast homologues of TPR, are major NPC
basket components and showed that these proteins constitute a dynamic interactome, together with
Esclp and the proteasome®. This finding, which connects the proteasome to the vicinity of the
nuclear pore, is a fascinating endorsement of our model suggesting that the whole protein
degradation machinery might be organized at the same, specialized subcellular compartment — the
nuclear pore complex. In this regard, TPR could function as a scaffold for NIPA, its regulatory kinase
ERK2 as well as the proteasome within this model: upon translocation of cyclin B1 to the nucleus, NIPA
directly transfers ubiquitin on the substrate, targeting it for immediate proteasomal degradation in
situ and ERK2 directly controls NIPA during the cell cycle phases. Thus, our model provides an
explanation for a tight and highly efficient guardian against the premature mitotic entry, maintaining

genome integrity.
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In summary, we have further characterized the previously identified F-box-containing protein NIPA as
a novel nuclear pore associated protein and proposed that the specific localization of NIPA to the NPC

may have a potential implication in the spatial control of cyclin B1 during mammalian cell cycle.
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Supplementary figures
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Supplementary Figure 1. Nuclear localization of NIPA detected with antibodies. The experiment was performed in Hela
cells. (A) Representative confocal image of cells stained with antibodies from Santa Cruz and Sigma-Aldrich against
endogenous NIPA (red). Nuclei were counterstained with DAPI (blue). Images were acquired at a confocal spinning disc
microscope and optical mid sections are shown. Scale bar: 5 um.
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Supplementary Figure 2. Quantification of FLIP experiments shown in Figure 3C. Background corrected intensities of the
peripheral region of the nucleus relative to the first postbleach image of GFP—NIPAWT(que) and GFP-NIPA"™™" (orange).
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ABSTRACT

Epigenetic regulation of gene expression involves,
besides DNA and histone modifications, the
relative positioning of DNA sequences within the
nucleus. To trace specific DNA sequences in living
cells, we used programmable sequence-specific
DNA binding of designer transcription activator-
like effectors (dATALEs). We designed a recombinant
dTALE (msTALE) with variable repeat domains to
specifically bind a 19-bp target sequence of major
satellite DNA. The msTALE was fused with green
fluorescent protein (GFP) and stably expressed in
mouse embryonic stem cells. Hybridization with
a major satellite probe (3D-fluorescent in situ
hybridization) and co-staining for known cellular
structures confirmed in vivo binding of the GFP-
msTALE to major satellite DNA present at nuclear
chromocenters. Dual tracing of major satellite DNA
and the replication machinery throughout S-phase
showed co-localization during mid to late S-phase,
directly demonstrating the late replication timing of
major satellite DNA. Fluorescence bleaching experi-
ments indicated a relatively stable but still dynamic
binding, with mean residence times in the range of
minutes. Fluorescently labeled dTALEs open new
perspectives to target and trace DNA sequences
and to monitor dynamic changes in subnuclear pos-
itioning as well as interactions with functional
nuclear structures during cell cycle progression
and cellular differentiation.

INTRODUCTION

Covalent DNA and histone modifications play a key role
in epigenetic gene regulation and have been intensively
investigated over the past decades. While there is no
doubt that higher order chromatin structures and
nuclear genome organization also play important roles,
they are far less amenable to systematic analysis due to
their transient and fragile nature that can only be studied
in the cellular context.

Multicolor fluorescent in situ hybridization (FISH)
enabled the simultaneous visualization of multiple DNA
sequences in fixed cells and indicated the territorial organ-
ization of all chromosomes in interphase nuclei (1). In
general, the subnuclear distribution of chromosomal
segments within the nucleus and with respect to chromo-
some territories seems to correlate with their gene density
and transcriptional activity (2-4). Besides these general
principles of genome organization, there is by now good
evidence for spatial (re-)organization of the genome during
differentiation (5). These changes in genome organization
during cellular differentiation might be caused by changes
in transcriptional activity, DNA and histone modifications
as well as altered proteome composition. For example,
the dramatic genome reorganization during myogenesis
was linked to the expression of methylcytosine binding
proteins (6). Likewise, developmental expression patterns
of the nuclear envelope proteins Lamin A/C (LamA/C)
and the Lamin B receptor (LBR) control peripheral
tethering of facultative heterochromatin and gene expres-
sion patterns (7). To what extent and in which cases the
relative nuclear position of genes is cause or consequence
of transcriptional activity remains to be clarified.
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One challenge in addressing these basic questions is the
temporal resolution, as changes in genome organization
might be fast and transient. To study the dynamics of
chromosomal loci, Lac operator repeats were inserted and
traced with Lac repressor green fluorescent protein (GFP)
fusion proteins (8). With this genetic tag, rapid movements
of a DNA chromosome region were observed in response
to gene activation (9,10). However, this method is limited
to artificially inserted bacterial DNA sequences and thus
not applicable to native endogenous DNA sequences.
Alternatively, chromosome dynamics in general can be
monitored with histone GFP fusions (11), but with this
approach, specific DNA sequences cannot be distinguished.

A well-established technology to create recombinant
specific DNA binding modules is based on the Cys,His,
zinc finger (ZF) domains and their 3-bp DNA recognition
code (12—-14). These domains can be combined to polydac-
tyl zinc finger proteins (PZF) that bind user-defined DNA
target sequences. PZF have been used for tracing and
manipulating specific DNA sequences in vivo (15,16) as
well as for gene activation and genome engineering
(17-21). Nevertheless, PFZ target choice is biased
toward GC-rich sequences, and fusion of individual ZF
modules can influence their individual binding specificity,
making the generation of PZF for a desired sequence a
laborious and cost-intensive process (22).

However, in the past years, a new technology has emerged
that overcomes several of the limitations associated with the
use of PZF as artificial DNA binding domains.
Transcription activator-like effector proteins (TALEs)
from the plant pathogen genus Xanthomonas contain a
DNA binding domain that can be adjusted to bind any
desired target sequence with high specificity (23-27). The
central TALE DNA binding domain is composed of
tandem arranged 33-35 amino acid repeats, with each
repeat binding to one base. The base preference of the indi-
vidual repeats is specified by amino acids 12 and 13, referred
to as repeat variable diresidues (RVDs) (28,29). This
straightforward correlation between RVD and bound
nucleotide allows the fast and efficient generation of DNA
binding modules for any user-defined target sequence leading
to a broad application of designer TALEs (dTALEs) in
genome engineering and as artificial transcription factors
(23-27,30-32).

Here we describe the application of dTALEs as a tool
for targeting and tracing of repetitive DNA sequences in
living cells. We show that dTALEs can be used to visualize
the dynamics of major satellite repeats in mouse embry-
onic stem cells (ESCs) throughout the cell cycle and to
characterize their in vivo binding kinetics.

MATERIALS AND METHODS
Plasmid construction

H2B C-terminally fused to monomeric red fluorescent
protein (H2B-mRFP) was described previously (33). The
coding sequences of Cbxl (NM_007622.3) and Cbx 5
(NM_007626.3) were amplified by polymerase chain
reaction from pGST-Cbxl (34) and wild-type El4
cDNA (35), respectively, placed under the control of the

cytomegalovirus (CMYV) promoter, and fused with mRFP
by replacing the ligase I cDNA in the pPCMV-mRFP-ligase
I plasmid described previously (36). TALE genes were
cloned in pEXPR IBA3 (IBA, Goéttingen) by Bsal cut-
ligation (enhanced GFP (eGFP), TALE N/C-terminal
regions) and Bpil cut-ligation (TALE DNA binding
domain), respectively. Therefore, the Bpil restriction site
of pEXPR IBA3 was removed by site-directed mutagen-
esis using primers P1 and P2. Furthermore, the 3 Bsal
overlap of the multiple cloning site was changed from
GCGC to AAGG by site-directed mutagenesis using
primers P3 and P4. ¢GFP (27), TALE N- and C-
terminal regions were amplified with primers P5 and Po,
P7 and P8, and P9 and P10, respectively. Thereby Bsal
restriction sites and appropriate overlaps were added and
the parts were subsequently assembled in pEXPR IBA3 by
Bsal cut-ligation resulting in pEXPR IBA3 eGFP TALE
N/C. The DNA binding domain was assembled as
described in (24) and cloned via Bpil cut-ligation into
the pre-assembled pEXPR IBA3 eGFP TALE N/C to
generate the GFP-msTALE.

P1 pEXPR-IBA3 Bpil* F
GGATTGGGAAGATAATAGCAGGCATGC

P2 pEXPR-IBA3 Bpil* R
GCATGCCTGCTATTATCTTCCCAATCC

P3 pEXPR-IBA3 Bsal GCGC-AAGG F
CCATGGTCTCAAAGGTTGGAGCCACCCGC

P4 pEXPR-IBA3 Bsal GCGC-AAGG R
GCGGGTGGCTCCAACCTTTGAGACCATGG

P5 GFP F

TTTGGTCTCTAATGGTGAGCAAG

P6 GFP R

GTCTCAGGTGAAATCGCCCAT

P7 AvrBs3 N-term Bsal F
TTTGGTCTCTCACCATGGATCCCATTCGTTCGCG
CAC

P8 AvrBs3 N-term Bsal ATAA R
AAAGGTCTCATTATGGGAAGACCGCGTAAGGT
TCAGG

P9 AvrBs3 C-term Bsal ATAA F
TTTGGTCTCTATAAGGGAAGACGGCGCTGGAG
P10 AvrBs3 C-term (till BamHI) Bsal AAGG R
TTTGGTCTCCCTTAGGATCCGGGAGGCCGCCCC

Cell culture, transfection and fluorescence-activated
cell sorting

HEK 293T cells were cultured and transfected as described
before (27). J1 ESCs (37) were maintained on gelatin-
coated dishes in Dulbecco’s modified Eagle’s medium
supplemented with 16% fetal bovine serum (Biochrom),
0.1 mM B-mercaptoethanol (Invitrogen), 2mM r-glutam-
ine, 1 x MEM non-essential amino acids, 100 U/ml penicil-
lin, 100 pg/ml streptomycin (PAA Laboratories GmbH),
1000 U/ml recombinant mouse LIF (Millipore), 1uM
PD032591 and 3 uM CHIR99021 [Axon Medchem, (38)].
Transfections in ESCs were performed using Lipofectamin
2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Fluorescence-activated cell sorting (FACS) was
performed with an FACS Aria IT (Becton Dickinson).
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Generation of transgenic cell lines

ESCs stably carrying the GFP-msTALE construct were
generated by transfecting wt J1 ESCs (37) followed by
G418 antibiotic selection (750 ug/ml) and repeated
sorting for eGFP expression. To obtain clonal transgenic
cell lines, single cell sorting was performed. Single cell
clones were analyzed by high content imaging using the
Operetta  system  (PerkinElmer).  4/,6-diamidino-2-
phenylindole (DAPI) and eGFP fusion proteins were
excited, and the emission was recorded using standard
filter sets and 200 ms exposure. For each well, nine differ-
ent fields were imaged and analyzed with the Harmony
analysis software. Double transgenic cell lines were
generated by transfecting the stable GFP-msTALE cell
line with mRFP-PCNA and H2B-mRFP followed by
repeated sorting for eGFP and RFP expression.

Immunoprecipitation and western blot

Immunoprecipitation was performed as described before
(39). One p100 of HEK293T cells transiently transfected
with the GFP-msTALE fusion protein or stable GFP-
msTALE ESCs, respectively, was harvested and lysed.
GFP fusions were pulled down using the GFP-Trap (40)
(Chromotek) and subjected to western blotting using
a mouse monoclonal anti-GFP antibody (Roche,
11814460001). For comparison of protein levels, stable
GFP-msTALE ESCs were lysed in  Radio-
Immunoprecipitation Assay (RIPA) buffer. Lysate from
750000 cells was subjected to western blotting using a
mouse monoclonal anti-GFP (Roche, 11814460001),
rabbit polyclonal anti-CBX1 (Abcam, abl10478) and
rabbit polyclonal anti-CENPB (Abcam, ab25743).

Immunofluorescence staining and microscopy

Immunostaining and 3D-FISH were performed as
described previously (41). Briefly, cells cultured on cover-
slips were fixed with 4% paraformaldehyde for 10 min,
washed with PBST (PBS, 0.01% Tween20) and
permeabilized with 0.5% Triton X-100. Both primary
and secondary antibodies were diluted in blocking
solution (PBST, 4% bovine serum albumin). Coverslips
with cells were incubated with primary and secondary
antibody solutions in dark humid chambers for 1-2h at
room temperature; washings after primary and secondary
antibodies were done with PBST. For immuno-FISH,
both primary (anti-GFP) and secondary antibodies were
applied first; subsequently, cells were postfixed with 4%
paraformaldehyde and pre-treated for hybridization.
Hybridization was carried out for 2 days at 37°C;
posthybridization washings included 2 x Saline Sodium
Citrate (SSC) at 37°C and 0.1 x SSC at 61°C (41). The
probe for major satellite repeats was generated by poly-
merase chain reaction using mouse Cotl DNA (primers:
5-GCG AGA AAA CTG AAA ATC AC and 5-TCA
AGT CGT CAA GTG GAT @), labeled with Cy3-
dUTP by nick-translation, and dissolved in hybridization
mixture (50% formamide, 10% dextran sulfate, 1 x SSC)
at a concentration of 10-20 ng/ul. For nuclear DNA coun-
terstaining, DAPI was added to the secondary antibody
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solution to the final concentration 2pg/ml. Coverslips
were mounted in antifade medium (Vectashield, Vector
Laboratories) and sealed with colorless nail polish.

Following primary antibodies were used: anti-GFP
(Roche, 11814460001), anti-lamin Bl (Santa Cruz
Biotechnology, sc-6217), anti-nucleophosmin (B23,
Sigma-Aldrich, B0556), anti-kinetochores (Euroimmun
AG, CA 1611-0101) and anti-H4K20me3 (Abcam,
ab9053). The secondary antibodies were anti-rabbit
conjugated to DyLight fluorophore 594 (Jackson
ImmunoResearch, 711-505-152), anti-mouse conjugated
to Alexa 488 and 555 (Invitrogen, A21202 and A31570),
anti-goat conjugated to Cy3 (Jackson ImmunoResearch,
706-166-148) or Alexa 647 (Invitrogen, A21447) and anti-
human conjugated to Cy3 (Jackson ImmunoResearch,
309-165-003). Single optical sections or stacks of optical
sections were collected using a Leica TCS SP5 confocal
microscope equipped with Plan Apo 63x/1.4 NA oil im-
mersion objective and lasers with excitation lines 405, 488,
561 and 633 nm. Dedicated plug-ins in ImageJ program
were used to compensate for axial chromatic shift between
fluorochromes in confocal stacks, to create RGB images/
stacks and to arrange them into galleries (42,43).

Live cell microscopy, fluorescence loss in photobleaching
and quantitative fluorescence recovery after
photobleaching analysis

Live cell imaging, fluorescence loss in photobleaching
(FLIP) and fluorescence recovery after photobleaching
(FRAP) experiments were performed on an UltraVIEW
VoX spinning disc microscope (PerkinElmer) as described
before (44). Photobleaching was performed using two iter-
ations with the acousto-optic tunable filter (AOTF) of the
488 nm laser line set to 100% transmission. For acquisi-
tion of FRAP or FLIP experiments, the 488 nm laser line
was set to 20% transmission.

In FRAP experiments, a circular bleach region of
2.5 x 2.5um, covering one chromocenter (CC) per cell,
was chosen. After 20 prebleach frames with a time
interval of 200ms, CCs in five cells were bleached
(~650ms). Then 150 postbleach frames were recorded
with a time interval of 200 ms followed by 800 postbleach
frames with a time interval of 500 ms. The mean intensity
of this circular region was measured over time. Data cor-
rection, double normalization and calculation of the half
time recovery (f;,,) and the mobile fraction (MF) were
performed as described before (45). The outline of the
nucleus for the evaluation was determined using images
obtained with bright field illumination. The results of
14 cells were averaged.

In FLIP experiments, approximately half of the cell was
bleached in a rectangular region. Like in the FRAP experi-
ments, multiple cells were bleached in parallel. After initial
five prebleach frames with a time interval of 4s, 40 bleach
cycles were performed. Each bleach cycle consisted of a
bleaching event of ~700ms followed by 10 time frames
with a time interval of 4s. In each frame, a z-stack of
7 um with a step size of 1 um was recorded to check for
axial drift. To evaluate the data, the mean intensity of a
circular region of 20 x 20 pixel was determined over time.
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The region covered either a CC in the unbleached half of a
cell, in which the other half was repeatedly bleached [Figure
3B (1)], or in a neighboring unbleached cell [Figure 3B (2)].
Afterward, the background was subtracted from these
results. The measurements were performed in Fiji (46)
followed by calculations in Excel.

In long-term imaging experiments, a z-stack of
10.8-14.4 um with a step size of 1.2um was recorded
every 15min for ~20h. To avoid photodamage of the
cells, the AOTF of the laser was set to low transmission
values of 6-10%.

RESULTS AND DISCUSSION

Generation of a GFP-msTALE highlighting major
satellite DNA in mouse cells

To test whether dTALEs are suitable to trace DNA se-
quences in vivo, we generated an N-terminal GFP fusion
construct directed against the 19-bp sequence 5°-TGGCG
AGAAAACTGAAAAT-3’ of the murine major satellite
repeat sequence using a golden-gate cloning-based
approach (Supplementary Figure S1) (24). The 234-bp
units of the major satellite repeat are present in 1000—
10000 copies per chromosome located in the centromeric
periphery (47). Major satellite repeats constitute the major
part of mouse CCs. These heterochromatin regions are
clustered centromeres of acrocentric chromosomes
located at the nuclear periphery and around the nucleoli
(Figure 1A) (48). The distinct subnuclear localization and
high copy number of major satellite repeats constitute an
ideal model system to test the applicability of dTALEs for
in vivo tracing of DNA sequences.

Using the dTALE directed against the major satellite
repeat (GFP-msTALE), we generated a stable mouse ESC
line by antibiotic selection followed by repeated FACS
sorting. After single cell sorting, we established a clone
that exhibited correct protein size of the GFP-msTALE
compared with a transient transfection in HEK293T cells
(Figure 1B). The cell line expressed relatively low levels of
the GFP-msTALE compared with the endogenous hetero-
chromatin-associated protein Cbx1 and the kinetochore
binding protein CenpB (Supplementary Figure S2). To
address the specificity of the TALE binding to the major
satellite repeats, we performed fluorescence in situ hybridiza-
tion on 3D-preserved cells (3D-FISH) (Figure 1C). Using a
directly labeled probe directed against the major satellites
combined with immunostaining, we observed strict co-local-
ization of the GFP-msTALE with the major satellite foci. To
further characterize the stable ESC line, the subnuclear lo-
calization of the GFP-msTALE in relation to several makers
of nuclear structures was assessed. In interphase cells, the
GFP signal exhibited a focal pattern co-localizing with
DAPI-stained CCs as well as with trimethylated histone 4
lysine 20 (H4K20me3), a marker for constitutive heterochro-
matin highly enriched in major satellite repeats (46) (Figure
1D, upper panel). Furthermore, we found that kinetochores
are localized in the periphery of the GFP foci consistent with
the expected relative organization of CCs (Figure 1D,
middle panel). Immunolabeling against nucleophosmin
(B23), a marker enriched in nucleoli and lamin BI,

revealed that the GFP foci localize around the nucleoli
and in the nuclear periphery (Figure 1D, lower panel). For
direct comparison, we transiently expressed two heterochro-
matin proteins (RFP-Cbx1 and RFP-Cbx5, also known as
heterochromatin protein 1 beta and alpha), which co-
localized with the GFP-msTALE at CCs (Supplementary
Figure S3A and B) until G2 phase, when binding of both
Cbx1 and Cbx5 is abolished (49). Taken together, these data
demonstrate that the GFP-msTALE correctly highlights the
localization of the major satellite DNA in vivo.

The GFP-msTALE enables DNA sequence tracing during
the cell cycle in vivo

After establishing the correct localization of the GFP-
msTALE, we analyzed its behavior during cell cycle pro-
gression. We generated double transgenic cell lines also
expressing H2B-RFP (Supplementary Figure S3C) to visu-
alize whole chromatin in combination with GFP-
msTALE-bound CCs. To distinguish the different phases
of DNA replication, we stably transfected the GFP-
msTALE ESC line with the S-phase marker RFP-PCNA
(50) and acquired time series over 20 h demonstrating the
suitability of the approach for live cell imaging. We
observed progression throughout S-phase with the GFP-
msTALE exhibiting the typical focal pattern expected for
major satellite DNA (Figure 2A, Supplementary
Movie S1). Importantly, the GFP-msTALE was located
at mid to late S-phase replication foci, correlating well
with the replication of CCs (45,50) (Figure 2A and B).
Next, we analyzed the localization of the GFP-msTALE
through mitosis. Although the dTALE still localized to
chromosomes until mid prophase, it largely dissociated
in mid to late prophase and reassociated in early telophase
(Figure 2C). Residual binding in metaphase was visible on
contrast enhancement and with higher expression levels
(Supplementary Figure S3). It should be noted that
while this work was under review, a smaller TALE con-
struct targeting another major satellite repeat sequence
was described that exhibited more stable DNA binding
throughout mitosis (51). These results indicate that the
chromatin condensation during mitosis might affect
binding of the dTALE to its target sequences, an obser-
vation in line with the hypothesis that chromatin environ-
ment can influence dTALE binding and activity (27,52).

Analysis of in vivo protein dynamics reveals a strong but
dynamic association of the GFP-msTALE with CCs

The observation that the dTALE is not associated with
condensed chromosomes during mitosis prompted us to
investigate the in vivo DNA binding kinetics of the
GFP-msTALE in more detail. To quantify the binding
dynamics of the GFP-dTALE in living cells, we performed
FRAP and FLIP experiments. Both methods were used in
a complementary approach (53,54), with intensity meas-
urements focusing on single CCs, the prominent binding
sites of the GFP-msTALE. For the FRAP experiment,
we bleached a small circular region including one CC
and quantified the recovery in this region over time
(Figure 3A and C). The faster the recovery, the more tran-
sient is the binding dynamics. In contrast, for the FLIP
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Figure 1. Localization of the GFP-msTALE to major satellite repeats in mouse pericentromeric heterochromatin. (A, top) Schematic representation
of an acrocentric mouse chromosome with telomeres (black), major satellites (green), minor satellites (white) and the long arm of the chromosome
(light gray). Overview of a nucleus showing multiple heterochromatin centers (CC, green), where the major satellite DNA is clustered. CCs localize
next to the nuclear periphery and the nucleoli (dark gray, N) and are surrounded by less condensed chromatin (light gray). (A, bottom) Schematic
representation of the GFP-msTALE aligned to its binding site within the major satellite repeats (black arrows). The dTALE is composed of an N-
terminal domain (NTD), a C-terminal domain (CTD) bearing nuclear localization signals (NLS) and a central repeat domain. DNA target recog-
nition is mediated by the RVDs within each TALE repeat (blue, purple, yellow and red ellipses for RVDs binding to the bases G, A, T and C,
respectively, single letter code for amino acids and nucleotide bases). A representative repeat sequence with RVDs (purple) is shown below as close-
up (single letter code for amino acids). The complete sequence is shown in Supplementary Figure S1. Note that the msTALE is lacking the C-
terminal activation domain. For visualization and immunoprecipitation, the dTALE is N-terminally fused to GFP. (B) GFP-Trap pull-down from
HEK?293T cells transiently transfected with the GFP-msTALE construct (transient) and a J1 ESC clone stably expressing the GFP-msTALE (stable).
Immunodetection by an anti-GFP antibody. (C) 3D-immuno-FISH on stable GFP-msTALE ESCs with probe directed against major satellite repeats
(ms-FISH). Because the GFP signal is strongly reduced by 3D-FISH procedure, an anti-GFP antibody was used to visualize GFP-msTALE
localization. Note strict co-localization of the GFP signal (green) and the FISH probe (red). Nuclei were counterstained with DAPI (blue).

(continued)
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Figure 2. Cell cycle-dependent distribution of GFP-msTALE. (A) Live cell imaging of replicating stable GFP-msTALE cell line (green) stably
transfected with RFP-PCNA (magenta). (B) Single confocal sections of fixed and RFP-PCNA co-transfected GFP-msTALE stable cell line
(green) during DNA replication. DNA is visualized by DAPI (magenta). (C) Single confocal sections of fixed GFP-msTALE cell line (green)
during mitosis. DNA is visualized by DAPI (magenta). Scale bars: 5pm.

Figure 1. Continued

Arrowhead points at one of the CCs. (D) Immunostaining of ESCs stably expressing the GFP-msTALE (green). Upper panel, antibodies against
heterochromatin (anti-H4K20me3, red) mark GFP-positive CCs. Middle panel, human antiserum binding to kinetochores reveals kinetochore
clusters (red) at the surface of CCs. Lower panel, CCs marked with GFP-msTALE show a characteristic intranuclear localization abutting
nuclear periphery or adjacent to the nucleoli (both shown in red). Nuclei were counterstained with DAPI (blue). Arrowheads mark one of the
CCs in each exemplified nucleus. All images are single optical confocal sections. Scale bars: C, Sum; D, 2 um.
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Figure 3. Comparative analysis of the dynamics of GFP, GFP-msTALE and PZF:GFP by FRAP and FLIP. Continuous lines indicate the intensity
measurement areas, whereas dashed lines indicate the bleached regions. The arrowheads point to the intensity measurement areas in the postbleach
time points. These regions are magnified by a factor of four in the lower panel of (B). Scale bars: Sum (upper panel) and 1 um (lower panel, (B)). (A)
Representative FRAP experiment for GFP, the stable GFP-msTALE cell line and PZF:GFP. A circular region (dashed line) with a diameter of
2.5um was bleached. (B) Representative FLIP experiment of the GFP-msTALE. A rectangular region indicated by the dashed line was repeatedly
bleached. CCs in the unbleached half of the bleached cell (1) and in an unbleached reference cell (2) are highlighted. (C) Quantitative evaluation of
FRAP experiments (average of 12-14 cells) comparing GFP-msTALE, PZF:GFP and GFP. Error bars represent standard deviation. (D)
Representative background corrected, absolute intensities of two CCs in a bleached cell (1, blue line) and an unbleached reference cell (2, red
line) illustrated in (B).
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experiment we bleached half of the nucleus repeatedly and
quantified the intensity of a CC in the unbleached half
(Figure 3B and D). On protein dissociation from the
binding site in the unbleached region and diffusion into
the bleached region, a reduction of signal intensity in the
unbleached half of the nucleus can be observed. The faster
the signal decreases, the more transient is the binding
dynamics. Thus, the binding dynamics of GFP-dTALEs
can be analyzed without inducing damage at these sites by
photobleaching. As the bleached regions and the
measured region are separate from each other, this
approach also takes into account the mobility between
different compartments (55,56).

In our quantitative FRAP experiments with the GFP-
msTALE, we observed a gradual slow increase in intensity
over 7min (Figure 3C). Even after this time, an immobile,
not yet recovered fraction of ~20% was still detectable,
indicating a strong binding of the dTALE to the major
satellites. Unlike freely diffusing proteins such as GFP
(44), no fast initial recovery of GFP-msTALE was
detected in the bleached area (Figure 3A). Also the
signal intensity outside CCs was rather low, indicating
that most of the GFP-msTALE was bound to chromo-
somes. The stable interaction of GFP-msTALE with
major satellites DNA seen in the FRAP experiments
becomes directly evident from the complementary FLIP
experiments. Even on repeated bleaching, GFP-msTALE
fluorescence was detectable at the unbleached CCs within
the same nucleus for up to 20min (Figure 3D, line 1).
Notably, reference measurement of CCs in the adjacent
cell (Figure 3D, line 2) revealed a continuous loss of fluor-
escence (~50% over 20 min) because of image acquisition
with these microscope settings, so that the actual dissoci-
ation of GFP-msTALE from CCs (Figure 3D, line 1) is
even slightly slower. For comparison, we tested the ZF-
based PZF:GFP binding to the major satellite repeats (15)
and obtained a fast initial recovery together with a 10
times lower half time recovery value in FRAP experiments
as well as a faster loss of fluorescence in FLIP experiments
(Figure 3A and C and Supplementary Figure 4B) exhibit-
ing less stable binding than the TALE construct.

In vitro studies revealed that dTALEs have K, values in
the low nanomolar to high picomolar range (27,57),
indicating a strong binding affinity of dTALEs to DNA.
Our in vivo binding studies demonstrate that dTALEs also
strongly bind their target DNA sequence in a chromatin
context, but not in a static mode, and reveal a rather
dynamic interplay with chromatin. The depletion of
GFP-msTALE from highly condensed chromatin during
mitosis could be due to conformational changes of the
DNA substrate weakening the binding or preventing
rebinding that shifts the dynamic equilibrium toward the
unbound state. This is consistent with the recent observa-
tion that condensation may affect binding and access of
nuclear proteins to chromatin (33).

In summary, we could show that dTALEs can be en-
gineered to bind and highlight repetitive DNA sequences
in vivo. With the example of a dTALE designed to target
the major satellite repeats in mouse cells, we showed that
fluorescent dTALEs are suitable for live cell imaging of
specific DNA sequences throughout the cell cycle.

Moreover, we found that dTALEs can detect changes in
chromatin condensation and that a dynamic interplay
between dTALE and chromatin exists. In this study, we
targeted repetitive DNA sequences; with more sensitive
detection as used in single molecule tracing setups, even-
tually single copy genes might also become traceable.

Fluorescently labeled dTALEs open new perspectives
to trace specific endogenous DNA sequences at high
temporal and spatial resolution in living cells. Strict
sequence dependent localization, higher affinity and easy
assembly of dTALESs give this method an advantage over
previous techniques based on overexpression of chromatin
binding factors or ZF arrays in tracing and targeting of
specific DNA sequences in living cells. This novel applica-
tion of dTALEs will help to identify and elucidate cell
cycle and development-specific changes in genome organ-
ization and chromatin dynamics.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplementary Figure 1: Nucleotide and amino acid sequence of the GFP-msTALE.
The entire open reading frame of the fusion protein is shown: GFP is highlighted in green,
repeat divariable residues (RVD) within each TALE repeat are highlighted in blue, purple,
yellow and red for RVDs binding to the bases G, A, T and C, respectively. Single letter code
is used for amino acids and nucleotide bases.

Supplementary Movie 1: Cell-cycle dependent distribution of GFP-msTALE. Live cell
imaging of replicating stable GFP-msTALE cell line (green) cotransfected with RFP-PCNA
(magenta).

Supplementary Figure 2: Expression of the stably integrated GFP-msTALE construct is
relatively low compared to endogenous protein levels of major satellite associated
proteins. Western blot showing protein levels of the GFP-msTALE, CenpB and Cbx1 in the
stable GFP-msTALE ES cell line.

Supplementary Figure 3: Live cell imaging of GFP-msTALE together with chromatin
associated proteins (A) Live cell imaging of replicating stable GFP-msTALE cell line (green)
cotransfected with RFP-Cbx1 (magenta). (B) Live cell imaging of replicating stable GFP-
msTALE cell line (green) cotransfected with RFP-Cbx5 (magenta). (C) Live cell imaging of
replicating stable GFP-msTALE cell line (green) stably transfected with H2B-RFP (magenta).

Arrowheads point towards one representative chromocenter. Scale bars: 5 um.

Supplementary Figure 4: Comparative analysis of the dynamics of the GFP-msTALE ,
the PZF:GFP and GFP. (A) Representative FLIP experiments of the stable GFP-msTALE cell
line and PZF:GFP (FLIP of the GFP-msTALE taken from Figure 3B for direct comparison). A
rectangular region indicated by the dashed line was repeatedly bleached. Chromocenters in
the unbleached half of the bleached cell (1) and in an unbleached reference cell (2) are
highlighted. Continuous lines indicate the intensity measurement areas, whereas dashed
lines indicate the bleached regions. Arrowheads point to the intensity measurement areas in
the postbleach time points. These regions are magnified by a factor of four in the lower
panels for both stable GFP-msTALE ESC line and the PZF:GFP. Scale bars: 5 ym (upper
panels), 1 um (lower panels). (B) Kinetic properties of GFP, GFP-msTALE and PZF:GFP
analyzed by FRAP. N indicates the number of analyzed cells, MF the mobile fraction and t,,

the half time of recovery. Mean values * standard deviation are listed.
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Controlling The Mobility Of Oligonucleotides In The

Nanochannels Of Mesoporous Silica

Timo Lebold, Axel Schlossbauer, Katrin Schneider, Lothar Schermelleh,

Heinrich Leonhardt, Thomas Bein,* and Christoph Bréuchle*

Oligonucleotides used in gene therapy and silencing are fragile compounds
that degrade easily in biological environments. Porous biocompatible carrier
particles may provide a useful strategy to deliver these therapeutics to their
target sites. Development of appropriate delivery vehicles, however, requires
a better understanding of the oligonucleotide-host interactions and the oli-
gonucleotide dynamics inside carrier particles. We investigated template-free
SBA-15 type mesoporous silica particles and report their loading character-
istics with siRNA depending on the surface functionalization of their porous
network. We show that the siRNA uptake capability of the particles can be
controlled by the composition of the functional groups. Fluorescence recovery
after photobleaching measurements revealed size-dependent mobility of
siRNA and double-stranded DNA oligonucleotides within the functionalized
silica particles and provided evidence for the stability of the oligonucleotides
inside the pores. Hence, our study demonstrates the potential of mesoporous

site within the cell. In gene therapy, for
example, the DNA needs to be transported
into the cell nucleus, either actively or
indirectly due to the disassembly of the
nuclear envelope during mitosis, whereas
siRNAs used in post-transcriptional gene-
silencing only need to be delivered to the
cytosol.I3l Consequently, very different
target sites need to be addressed to achieve
a safe and efficient delivery of the fragile
oligonucleotides.[*¢l

Mesoporous silica, including the M41S
materials introduced by the Mobil com-
pany”®# or Santa Barbara Amorphous
(SBA) type materials,®'% represents a
versatile class of porous nanomaterials.
These materials break the long-standing

silica particles as a means for alternative gene delivery in nanomedicine.

1. Introduction

Within the last decade gene therapy, gene silencing and RNA
interference (RNAi) methods have attracted increasing interest.
However, the fragile oligonucleotides utilized in gene therapy
and RNA interference are easily degraded and therefore
require robust delivery strategies in order to reach their target
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pore size constraint of zeolites by offering
pore sizes ranging from about 2-30 nm.
Moreover, their specifications such as pore
diameter, surface properties, and topolo-
gies can be tailor-made according to individual requirements.
Various applications for mesoporous silica materials have been
suggested, such as molecular sieves,'!) catalysis,!'?l chromatog-
raphy, " stabilization of conducting nanoscale wires*16 and
novel drug-delivery systems.[17-2]

Recently, the potential of mesoporous silica nanoparticles
with a diameter of about 100 nm for the delivery of siRNA into
mammalian cells was highlighted.”®l In the present study we
utilized SBA-15 type mesoporous silica particles with nanom-
eter-sized template-free pores to carry potential gene therapeu-
tics inside their porous network. By varying the chemical nature
of the organic pore functionalizations, the loading behavior of
the particles with siRNA can be tuned. We used fluorescence
recovery after photobleaching (FRAP)-2l to investigate the
dynamics of siRNA and short double-stranded DNA sequences
inside the particles. Moreover, we show that the observed
double-stranded oligonucleotides remain intact inside the car-
rier particles.

2. Results and Discussion

Four different modifications of SBA-15 materials were syn-
thesized: (i) unfunctionalized (UN), functionalized with
(i) 10 mol% cyanopropyl (CP), (iii) 8 mol% aminopropyl +
2 mol% cyanopropyl (APCP), and (iv) 5 mol% aminopropyl +
5 mol% phenyl (APPh). Prior to the loading experiments, the
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organic template was extracted from the SBA-15 materials (i-iv)
and the template free materials resulted as white solid powders
(for details see Materials and Methods).

Scanning electron microscopy (SEM) microscopy images of
the SBA-15 materials revealed spherically shaped micrometer-
sized particles that show a clear tendency to aggregate inde-
pendent of their functionality. Moreover, in all samples fused
aggregates can be observed that consist of two or more indi-
vidual spherical particles (Figure 1a).

Figure 1b displays a schematic of an SBA-15 particle and
cross-sections through a pore for the differently functionalized
particles.

Nitrogen sorption isotherms of the different samples con-
firmed the porosity of the materials (Figure 1c). Accordingly, all
synthesized SBA-15 materials contain a porous network that is
accessible from the outside. Furthermore, the introduction of
organic functionalizations leads to a reduction of the mean pore
size by 0.7-1.7 nm compared to an unfunctionalized sample as
seen by the resulting pore size distributions (Figure 1d, see also
below).

One-dimensional X-ray diffractograms of the different synthe-
sized SBA-15 materials indicate the mesoporous nature of the
particles (Figure le). The XRD data further show that the intro-
duction of functional groups leads to an increase in the 26 value
and thus to a reduction of the pore-to-pore distance compared to
unfunctionalized SBA-15 (see Supporting Information (SI)).

The utilized oligonucleotides (siRNA and dsDNA) were
labeled with a green (ATTO532) and a red excitable (ATTO647N)
fluorescent dye at the 3" and 5" ends of the opposite strands,
respectively (Figure 1f). With the dye pair being located on the
same side of the double-strand, its stability can be tested through
Forster Resonance Energy Transfer (FRET): upon excitation with
green light, energy transfer will take place from the red emitting
ATTO532 (donor) to the ATTO647N (acceptor) dye and its far-
red fluorescence can be monitored. Since FRET is only effective
within a distance of both dyes of about 2-10 nm, a denatured
oligonucleotide does not yield a FRET signal (see SI).

Table 1 summarizes the data extracted from nitrogen sorp-
tion and XRD measurements. The term “pore-to-pore dis-
tance” used in combination with XRD data is not identical to
the term “pore size” used for discussing nitrogen sorption data,
since with X-ray diffractometry only the distance between the
different layers (one center of a pore to the center of the adja-
cent pore) can be calculated and no direct conclusion about
the wall thickness can be drawn (see SI). In contrast, nitrogen
sorption methods directly yield the pore sizes. Both techniques
clearly show that the introduction of functional groups leads
to a reduction of the pore dimensions. With a reduction of the
mean pore size from 8.9 nm (UN) to 7.8 nm (APPh), the pore-
to-pore distance also shrinks from 13.5 nm (UN) to 10.7 nm
(APPh). The differences in the BET surface areas result from
the co-condensation of TEOS with the different functionalized
organo-silanes, all having a specific influence on the condensa-
tion of the silica backbone and on the remaining pore volume.
This behavior has already been reported in other articles, espe-
cially for aminopropyltriethoxysilane.?*-2

Figure 2 shows images obtained with confocal laser scanning
microscopy of the four differently functionalized SBA-15 mate-
rials suspended inside the buffered labeled-siRNA solution.
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Figure 1. Characterization of the SBA-15 particles and utilized oligonu-
cleotides. a) Scanning electron microscopy images of unfunctionalized
(UN), cyanopropyl-functionalized (CP), aminopropyl/cyanopropyl-func-
tionalized (APCP) and aminopropyl/phenyl-functionalized (APPh) SBA-15
particles. The synthesized particles are micrometer-sized, spherically
shaped and tend to aggregate. b) Schematic of an SBA-15 particle and
cross-sections through a pore for the differently functionalized particles.
c) Nitrogen sorption isotherms of UN (black rectangles), CP (purple dia-
monds, 200 cm3/g offset), APCP (blue triangles, 400 cm?/g offset) and
APPh (red dots, 600 cm?/g offset). d) Pore size distribution for UN (black
rectangles), CP (purple diamonds), APCP (blue triangles) and APPh (red
dots). e) 1D XRD diffractograms for UN (black), APPh (red), CP (purple),
and APCP (blue) SBA-15 particles. The introduction of functional groups
results in a higher 20 value and thus a smaller pore-to-pore distance.
f) Schematic of an ATTO532 and ATTO647N labeled oligonucleotide
double-strand. 20 bp siRNA as well as 20, 60, and 90 bp dsDNA sequences
were loaded into the SBA-15 particles. The dye labels are situated on the
same side of the opposite strands and thus allow for testing oligonucle-
otide stability by Férster resonance energy transfer (FRET).
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Table 1. Nitrogen sorption and 1D-X-ray diffractometry (XRD) data. The
mean pore size, the BET surfacel*’! and the mean pore volume were
calculated from nitrogen sorption data. Additionally, the pore-to-pore
distances obtained from X-ray diffractograms are listed (see SI).

Nitrogen sorption XRD

Mean pore size BET surface Mean pore Pore-to-pore

[nm] [m%g™] volume [cm3g™"]  distance [nm]
UN 8.9 700 1.80 13.5
CcpP 8.2 580 1.27 11.0
APCP 7.2 815 1.33 111
APPh 7.8 680 133 10.7

The several micrometer-large mesoporous particles are seen as
spherically shaped objects that occasionally aggregate. In con-
focal mid-sections of APPh particles the siRNA fluorescence
can be clearly detected inside the particle indicating that the
particles were successfully loaded with siRNA (Figure 2a). Since
the confinement of the pore and the specific interaction with
different functional groups can influence the extinction coeffi-
cient of the dye label significantly, only the relative amounts of
siRNA incorporated inside the particles are evaluated here. For
example, in APCP particles only about 75% of the amount of
siRNA detected inside the APPh particles is observed indicated
by a lower signal-to-noise ratio (Figure 2b). The observed varia-
tions in the fluorescence intensities cannot be simply due to a

fluorescence intensity (a.u.)

Spm

Figure 2. Loading characteristics of functionalized mesoporous SBA-15
particles. Confocal mid-sections of SBA-15 particles dissolved in a buff-
ered solution containing fluorescently labeled siRNA and particles func-
tionalized with a) aminopropyl and phenyl (APPh), b) aminopropyl and
cyanopropyl (APCP), c) cyanopropyl (CP), or d) unfunctionalized par-
ticles (UN). The images were acquired by exciting the ATTO532 label
and detecting the ATTO647N FRET fluorescence signal, thus only stable
siRNA can be seen. While fluorescence of the labeled siRNA can be
detected inside the APPh and APCP particles, CP and UN particles remain
unloaded. Only weak fluorescence in the surrounding solution can be
detected. The length and intensity scale bars apply to all panels (a—d).
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different quenching or enhancement of the fluorophore bright-
ness through the different functional groups in the samples,
since the free label dyes do not show significant fluorescence
intensity fluctuations inside the four different samples (data
not shown). Consequently, the observed variations must result
from a different amount of incorporated siRNA. In contrast, CP
and UN particles do not take up detectable amounts of siRNA
(Figure 2c and d), even though the nitrogen sorption data of
Table 1 clearly show that all four particle types are accessible
and open to an exchange with the surrounding environment.
With the utilized confocal microscopy setup concentrations of
siRNA down to about 1078 molL™! in solution can be detected.

The pore sizes calculated from nitrogen sorption of the dif-
ferent samples range from 7.2 nm (APCP), 7.8 nm (APPh),
8.2 nm (CP) to 8.9 nm (UN) (see Table 1). However, the overall
loading behavior cannot be explained by a simple pore-size
effect. The pore sizes of the CP and UN SBA-15 materials are
even slightly larger than those with functionalizations that do
allow siRNA incorporation. We thus attribute the observed
behavior to an unfavorable interaction of the particle surfaces
with the negatively charged siRNA. All investigated SBA-15
materials possess hydroxyl groups on their surface that may be
partially deprotonated. These (deprotonated) hydroxyl groups
and the cyanopropyl groups seem to repel the siRNA because
of their negative charge density. In contrast, the aminopropyl-
functionality attached to the pore walls of the APCP and APPh
particles seems to favor siRNA uptake, which may result from
hydrogen bonding between the negatively charged siRNA and
the (protonated) amino groups. Taking these considerations
into account, the increased loading capacity of APPh silica par-
ticles compared to the APCP particles could also result from the
electrostatic repulsion between the negatively charged siRNA
and the cyanopropyl-groups. Additionally, recent work from
Mellaerts et al.33l demonstrates that variations in the electro-
static interactions between a guest molecule, such as the drug
itraconazole, and the pore walls, e.g., by adapting the water con-
tent inside the pores, lead to a different drug release rate and
thus also different drug dynamics inside the SBA-15 network.
A comparison with purely aminopropyl-functionalized SBA-15
particles was not possible, as the corresponding synthesis
solution did not yield a mesoporous powder but an undefined
gelated structure.

Notably, the successful loading of APPh and APCP par-
ticles was detected by the FRET signal of closely positioned
ATTO532 and ATTO647N fluorophores. This clearly indicates
that the siRNAs were present as double-stranded hybrid mole-
cules, which is essential within the therapeutic context of gene
silencing by RNA interference. Control measurements under
denaturing conditions show a complete loss of FRET signal
(see SI). No significant loss of siRNA fluorescence inside the
APPh and APCP particles was observed within 48 h, demon-
strating long-term stability of siRNAs inside the particles as
well as inside the surrounding buffered solution.

The above results provide evidence that aminopropyl-con-
taining functionalities favor siRNA uptake into the mesoporous
materials. We next aimed to characterize the mobility of oligo-
nucleotides inside functionalized SBA-15 particles. We there-
fore applied fluorescence recovery after photobleaching (FRAP)
and kinetic modeling to determine the diffusion constants of
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Figure 3. FRAP recovery curves and mean diffusion coefficients for the different oligonucleotides inside the functionalized SBA-15 particles. a) Recovery
kinetics of the 20 bp siRNA molecules inside APCP functionalized particles (green) and inside APPh functionalized particles (black). b) APPh func-
tionalized particles loaded with 20 bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black). ¢, d) Results of the kinetic modeling with diffusion coef-
ficients (Df,,s,) and (Dy,,,) determined for the two mobile populations in each sample. c) siRNA inside APCP particles (green) and inside APPh particles
(black). d) APPh particles loaded with 20 bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black). The error bars indicate standard deviation (a, b)

and standard error (c, d).

(i) the 20 bp siRNA oligonucleotides inside APPh and APCP
particles and (ii) DNA double-strands of different length (20, 60
and 90 bp) inside APPh particles. The utilized double-stranded
labeled oligonucleotides have an estimated length of about
7 nm (20 bp), 21 nm (60 bp) and 31 nm (90 bp). All sequences
were randomly chosen, however, it was ascertained that they
do not form large hairpins or bubbles that might additionally
affect diffusion. The measurements started 3 h after incubation
of the particles with the oligonucleotide solution and DNA sta-
bility was again confirmed through FRET.

For FRAP experiments small circular regions of interest
(ROIs) were bleached by a high intensity laser beam to result
in a bleach spot with a diameter of about 2 pm. The bleaching
sites were randomly chosen inside the particle, either centrally
or closer to the edges. Fluorescence recovery was observed for
10 —15 min. Mean curves were calculated for the siRNA and the
DNA sequences in the differently functionalized particles by
averaging the recovery kinetics of at least 10 bleach spots each
(Figure 3a, b).

We first measured the mobility of siRNA inside APCP
and APPh particles (Figure 3a) and found significantly faster
recovery kinetics of siRNAs inside the cyanopropyl-containing
particles despite of their smaller pore size (see Table 1). As dis-
cussed for Figure 2 this may be due to an increased repulsive
interaction between the siRNA and the cyanopropyl groups
compared to the phenyl groups. A similar slowdown of the dif-
fusing species upon insertion of phenyl groups was observed

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in a recent study.? It is important to note that the apparent
standard deviations displayed in Figure 3a and b do not reflect
the error in determining the mean fluorescence intensity,
but originate from the inherent heterogeneity of the different
mesoporous particles. Such heterogeneities are typical for these
mesoporous silica materials due to the existence of adsorption
sites, dead ends and structural defects.l3>3% The effective dia-
meter of the circular bleaching ROI in the FRAP experiments
was about 2 um. Heterogeneities occurring within this length-
scale might account for some of the variability of recovery
kinetics observed for different bleaching sites. Detailed diffu-
sion studies of molecules in mesoporous hosts have demon-
strated that heterogeneities due to structural variations indeed
occur on such a length-scale.”

Figure 3b displays mean recovery curves for the 20 bp (red),
60 bp (blue) and 90 bp (black) dsDNA sequences diffusing
inside APPh SBA-15 particles. The results clearly demonstrate
a size-dependent decrease of dsDNA mobility. In neither case
full recovery was observed, indicating a distinct immobile frac-
tion of molecules present inside the particles.*% It is important
to note that bleaching only implies that the fluorescent label
attached to the DNA gets irreversibly inactivated and thus the
DNA becomes invisible. However, the dsDNA is still present
and, due to its immobility, may block the adsorption sites
inside the particle, preventing new fluorescent oligonucleotides
from diffusing to these sites. In contrast, bleached mobile DNA
molecules should be able to diffuse out of the particle. The data

Adv. Funct. Mater. 2011, XX, 1-7
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shown in Figure 3b clearly indicate that the fraction of immo-
bile molecules increases significantly with increasing length of
the DNA double-strand. This could be explained by stronger
adsorption of longer dsDNA inside the porous network due to
an increased negative charge.

Next, the mean fluorescence recovery curves were fitted to
a diffusion model in order to extract diffusion coefficients and
thereby quantify the mobility of the oligonucleotides inside the
mesoporous particles. In order to describe the data adequately a
model assuming two different diffusion coefficients was neces-
sary (see exemplary data in the Supporting Information). The
utilized model for the fluorescence recovery curve f(t) is given

in Equation 1.
= es s () () o (2]

+6( exp( Lszow)[ ( S S T X

D fast 2D g5y D fast
(oo (=) [ (252) ¢ ( =)
- foast + 0 [stlow ) fom(t ]

(1)
with tp =w?/4D and thus the two diffusion coefficients
(Dfast) and (Dyjoy). The superposition parameter 6 indicates
the relative contributions of the two populations. The values
of ¢ (bleached fraction) and  (full width at half maximum
of the bleach spot) were extracted from the experimental data
(for details of the modeling see Supporting Information). Mod-
eling the mean fluorescence recovery curves of Figure 3a and b
according to Eq. 1 yielded the two mean diffusion coefficients
(Dfasi) and (Dypoy) for the mobile populations in each sample
(see Figure 3c and d). The mean diffusion coefficients obtained
from siRNA inside APCP particles (green) and inside APPh par-
ticles (black) are displayed in Figure 3c, whereas the data for 20
bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black) dif
fusing inside APPh particles are displayed in Figure 3d. The cal-
culated values of (D) and (Djon) are listed in Table 2. The
recovery kinetics of the 90 bp double-stranded DNA are too slow
to be fitted accurately by the utilized model. Thus, only an upper
limit for the mean diffusion coefficients could be determined.
The mean diffusion coefficient of the faster diffusing popula-
tion (D) can be attributed to oligonucleotide molecules dif-
fusing inside the mesoporous channels of the SBA-15 particles.
The determined diffusion coefficients (see
Table 2) lie within the range of those known
for diffusion dynamics of organic molecules
such as dyes or drugs inside mesoporous

the highly charged oligonucleotides with the channel walls that
could influence the diffusion coefficients would not be included
in this case.
Regarding the second slow diffusing population, it was previ-
ously shown that the presence of binding sites can be detected as
n “effective diffusion coefficient”.* This effective diffusion thus
refers to a slowing down of the initially unhindered diffusion due
to binding events. However, this would not necessarily explain a
distinct second population, but a general decrease in the observed
mean diffusion coefficient. Interestingly, ( D,;,,,) does not show a
clear trend for the different samples in contrast to (D). If the
oligonucleotides degraded, resulting in the presence of shorter
labeled fragments, one would expect to find fragments with
higher dynamics compared to the intact double-strands. We
thus attribute the observation of a slow diffusion coefficient not
to the existence of a distinct second slow diffusing population,
but rather to a manifestation of the inherent heterogeneity of the
samples resulting in a variation of the diffusion coefficients.l

3. Conclusion

In conclusion, this study shows that the loading behavior of
oligonucleotides into SBA-15 particles critically depends on the
surface functionalization. Unfunctionalized and cyanopropyl-
functionalized SBA-15 could not be loaded with siRNA. We
attribute this behavior to an unfavorable repulsive interaction
of the negatively charged siRNA with the negative charge den-
sity of these functional groups. However, when adjusting the
surface polarity of the particles by coating the channels with
aminopropyl groups, the repulsive interactions get reduced,
further hydrogen bonding sites and favorable Coulombic
interactions are introduced and thus the particles become
accessible for siRNA and can be loaded. Moreover, the SBA-15
particles could be loaded with DNA double-strands, ranging
from 20 up to a double-strand sequence of 90 bp in length.
The stretched-out 90 bp oligonucleotide double-strands have a
length of about 31 nm including the labels. This is a striking
observation, since the pore sizes of the mesoporous silica
samples only range from about 7-9 nm. The fact that fairly
long DNA sequences can be loaded into mesoporous silica

Table 2. Calculated mean diffusion coefficients for the fast and slow diffusing populations
(tstandard error of the mean).

materials, which is in the range of hundreds
to thousands nm?/s,3+3641 and slightly above

APPh APCP
[nm?/s] [nm?/s]

those found for intraparticle diffusion in zeo-  siRNA
lites.*?l The siRNA is significantly slower in
the phenyl-containing particles and the DNA
diffusion slows down with increasing double-
strand length. A quantitative model for the
relationship between the mean diffusion coef-
ficients (Dy,y) and the length of the dsDNA
is beyond the scope of this publication. The
real situation could only be approximated by
the Stokes—Finstein equation!!! for an ellip-
soid moving lengthwise inside the pore.?l
However, effects such as the interaction of

20 bp DNA

60 bp DNA

90 bp DNA

(Dfm):SJ %102+ 1.7 % 102 (Dfas,) =3.4%1703+5.9 % 102

(Dstow) =3.7 %102 + 1.2 # 102 (Dsjow) =1.8 %102+ 4.9 % 10!

(Dpst) g9 4107413+ 102
(Dyjow) =1.1% 102 +1.7 % 10! —
(Dpust) =46 102 + 1.6 %102
(Dyjow) =1.3 %102+ 2.6 + 10! _
(Drast) < 1.9 102 +9.1 % 10"
(

Do) <8.9% 10" + 1.4 % 10" —

Adv. Funct. Mater. 2011, XX, 1-7

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 5

didvd 1Ind



-
™}
s
a
-l
wl
=
4

6  wileyonlinelibrary.com

Makeis

opens up numerous potential applications in drug-delivery.
Importantly, for all oligonucleotide sequences studied here,
their stability inside the mesoporous materials could be
proven by FRET. Our study also demonstrates that the diffu-
sion dynamics of siRNA inside the template-extracted particles
could be tuned through adding functional groups. The experi-
ments show that the diffusion dynamics of the DNA critically
depend on their length and that long DNA sequences show a
higher tendency to get immobilized at adsorption sites inside
the porous network.

Understanding the principles that govern oligonucleotide
dynamics inside the channels of mesoporous silica is of great
importance for the design of successful drug carriers with con-
trolled retarded release of a drug over a prolonged period of
time. Thus, our study shows that mesoporous silica materials
are a versatile platform for siRNA delivery and that they enable
alternative strategies for gene therapy.

4. Experimental Section

Preparation of Template-Free SBA-15 Particles: The large-pore SBA-15
spherical particles were synthesized following a procedure generally
introduced by Katiyar et al.’ and later used by Schlossbauer et al.l*l for
producing mesoporous silica spheres as a matrix for biofunctionalization.
The surfactant Pluronic P123 (3.0 g, poly(ethylene oxide),o-poly(propylene
oxide)o-poly(ethylene oxide),q) was dissolved in hydrochloric acid
(60 mL, 1.5 molL™"). Cetyltrimethyl ammonium bromide (CTAB, 0.6 g)
was used as a co-surfactant in combination with 1,3,5-trimethylbenzene
(TMB, 0.3 g) as a swelling agent to increase the pore diameter. CTAB
and TMB were mixed with 25 mL of distilled water. After combining
the aqueous solution with the acidic solution, ethanol (pure, 20 mL)
was added under stirring. Subsequently, tetraethyl orthosilicate (TEOS,
10 mL) was added dropwise. The resulting mixture was stirred vigorously
(500 rpm) at 35 °C for 45 min before being transferred into an autoclave
(Parr Instrument Company) for hydrothermal treatment at 75 °C for
12 hours under static conditions. Subsequently, the mixture was treated
at 125 °C for 12 h. The resulting white powder was filtered out, washed
with distilled water (100 mL) and ethanol (pure, 100 mL) and dried at
60 °C for another 12 h. For the synthesis of functionalized silica particles,
a certain molar fraction (up to 10 mol%) of the silica source (TEOS)
was replaced with a functionalized silica source. The functionalized silica
precursors were: H,NC3HgSi(OC,Hs)3 for aminopropyl-, CgHsSi(OC,Hs);
for phenyl- and CNC3HSi(OC,Hs); for cyanopropyl-functionalization.
Four different modifications of SBA-15 materials were synthesized:
(i) unfunctionalized (UN), functionalized with (ii) 10 mol% cyanopropyl
(CP), (iii) 8 mol% aminopropyl + 2 mol% cyanopropyl (APCP), and
(iv) 5 mol% aminopropyl + 5 mol% phenyl (APPh).

Extraction of the organic template from the SBA-15 materials was
performed by heating 1 g of the white powder twice under reflux at
90 °C for 30 min in 100 mL of a solution containing concentrated
hydrochloric acid (10 mL) and ethanol (90 mL). The SBA-15 material
was separated by filtration and washed with ethanol (100 mL) after each
extraction step. The template-extracted samples were obtained as white
solid powders.

Particle Characterization: The four different SBA-15 samples were
characterized with scanning electron microscopy (SEM), nitrogen
sorption and 1D X-ray diffractometry. SEM micrographs were recorded
on a JEOL JSM-6500F scanning electron microscope. Nitrogen sorption
measurements were performed on a Quantachrome Nova 4000e
instrument. The structure of the SBA-15 powders was determined
by using a Scintag XDS 2000 powder diffractometer in 6/6 Bragg-
Brentano scattering geometry. From the obtained X-ray diffractograms
the pore-to-pore distances were calculated (for details see Supporting
Information).

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Particle Loading with siRNA: First, the loading behavior of the
particles with siRNA was examined. For this purpose, the differently
functionalized SBA-15 powders obtained after surfactant removal were
dissolved in PBS buffer (pH = 7.4) and labeled siRNA (20 bp) was
added at a concentration of 10 molL™ to each of the different SBA-15
samples. Then the samples were incubated for 3 h at room temperature
in order to give the siRNA sufficient time to access the particles (control
experiments showed that no increase of siRNA-dye-fluorescence could be
observed inside the SBA-15 particles after that time). The particles were
then microscopically investigated in a sample chamber immersed in the
buffered siRNA solution. The following double-labelled siRNA double-
strand was used: 5* GGA CUC CAG UGG UAA UCU AC ATTO647N 3’; 3’
CCU GAG GUC ACC AUU AGA UG ATTO532 5’ (IBA GmbH, Géttingen,
Germany). The double-strand sequence was randomly chosen.

Microscopy Setup: The different oligonucleotide SBA-15 samples
were measured on a LSM510 confocal laser scanning microscope
(Carl Zeiss AG) as follows: only the green fluorescent dye label was
excited with a He-Ne-laser emitting at 543 nm through a 40x/1.3 NA
oil-immersion objective (Zeiss Plan Neofluar) The fluorescence was
filtered by a beamsplitter (HFT, UV/488/543/633) in combination with a
long-pass filter (LP 650) in order to detect the FRET fluorescence signal
from the red fluorescent dye label. The FRET signal was detected with a
photomultiplier.

Fluorescence Recovery after Photobleaching (FRAP) Measurements: The
utilized confocal setup is identical to the setup introduced above with
the following additional settings for the FRAP measurements: integration
time per frame: 983 ms/frame; a new frame was recorded every
4 s; 10 scans before bleaching; circular bleaching region of 10 pixels in
diameter. The bleaching sites were chosen randomly amongst different
particles and also within the particle (either centrally or closer to the
edges). For each sample at least 10 bleaching spots were analyzed.
Individual recovery curves were extracted for each bleaching event
and then averaged. The method of data evaluation in order to obtain
fluorescence recovery curves is explained in detail in the Supporting
Information.

DNA Sequences for FRAP Measurements: The following DNA double-
strand sequences were used: 5° GGA CGC CAG GGG GAA GCG AC
ATTO647N 3’; 3' CCT GCG GTC CCC CTT CGC TG ATTO532 5’ for the
20bp DNA, 5" GGA CGC CAG GGG GAA GCG ACG GAC GCC AGG
ATTO532 3’; 3" CCT GCG GTC CCC CTT CGC TGC CTG CGG TCC
ATTO647N 5’ for the 30 bp DNA, 5" GGA CGC CAG GGG GAA GCG
ACG GAC GCC AGG CTG ATT TGA AGC TTA TGA CTT ATT GGA CCT
ATTO532 3’; 3’ CCT GCG GTC CCC CTT CGC CTC CTG CGG TCC GAC
TAA ACT TCG AAT ACT GAA TAA CCT GGA ATTO647N 5’ for the 60 bp
DNA and 5" GGA CGC CAG GGG GAA GCG ACG GAC GCC AGG CTG
ATT TGA AGC TTA TGA CTT ATT GGA CCT ATC TCT GAC ATA TTA TAC
TAG GCT GTG TTT ATTO532 3’; 3' CCT GCG GTC CCC CTT CGC TGC
CTG CGG TCC GAC TAA ACT TCG AAT ACT GAA TAA CCT GGA TAG
AGA CTG TAT AAT ATG ATC CGA CAC AAA ATTO647N 5’ for the 90 bp
DNA (IBA GmbH, Géttingen, Germany). The procedures for loading the
SBA-15 particles were identical to those for siRNA.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Calculation of pore-to-pore distances from X-ray diffractograms
From the obtained X-ray diffractograms first the 26-values of the signals were

determined. The pore-to-pore distances, a,-values, can then be calculated as follows:

Figure S1. Schematic of a hexagonal pore topology. The characteristic parameters
d and the pore-to-pore distance ay, which can be calculated from the 26-values

obtained by X-ray diffractometry, are depicted.

Forster resonance energy transfer (FRET) as indicator for oligonucleotide
stability

The suitability of the FRET signal as an indicator for siRNA stability is demonstrated in
control measurement where siRNA was degraded through decreased pH (Figure S2).
Only the ATTO 532 dye label was excited at 543 nm and both dye labels ATTO 532
and ATTO 647N were detected simultaneously. Dual-labeled siRNA excited by the
green laser light shows emission in the far-red range due to FRET to the acceptor dye
ATTO 647N but no emission of the donor ATTO 532 in the yellow range in a buffered
solution at pH 7 (Figure S2a). In contrast, after induced denaturation by addition of
hydrochloric acid, the FRET signal in the far-red detection range disappears while

yellow emission of the ATTO 532 dye reappears (Figure S2b).
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Figure S2. Forster resonance energy transfer (FRET) as an indicator for
oligonucleotide stability. Dual-labeled siRNA inside aminopropyl- (5 mol %) and
phenyl- (5 mol %) (APPh) functionalized SBA-15 particles. Fluorescence signal of
ATTO 532 donor and ATTO 647N acceptor dye at pH 7 (a) and at pH 1 (b). After
decreasing the pH the FRET signal of the acceptor dye disappears completely while
the donor fluorescence is recovered indicating degradation of siRNA by denaturation.

The intensity scale bar applies to all panels.

Quantitative evaluation of FRAP data

Evaluation of FRAP time series (see Movie 1) was performed with ImageJ" and
automated processing by a set of self-developed macros. The imported image series
was first converted to 8-bit and Gauss-filtered (2 pixel radius). Datasets with lateral drift
of particles during recording were corrected by image registration using the StackReg
plug-in of Imaged. Next, for all images of the time series mean fluorescence intensities
were extracted from three regions of interest (ROIs): the bleached region (B), the total
particle area (T') and a background ROI outside the particles. The bleached region was

defined as follows: the intensity of a cross-section through the spherical bleached
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regions was measured in the first postbleach frame, yielding a roughly Gaussian
shaped fluorescence intensity profile. Then, the full width at half maximum (FWHM, w)
was determined from that bleached profile after normalization to the prebleach frame.
This parameter w was used as the radius of the circular bleached region B and was
implemented in the subsequent modeling of the data.

From the raw fluorescence intensity data of T and B the fluorescence background was
subtracted. The resulting postbleach values were multiplied by Tyostpieacs/T: to correct
for the possible superimposed gain or loss of total fluorescence during postbleach
acquisition by import and bleaching-by-acquisition. To correct for particle-to-particle
differences in bleaching depth, a value ¢ was subtracted from all mean fluorescence
values such that the starting mean fluorescence intensity for all curves was equalized
to an arbitrarily chosen value 0.4. Accordingly the bleached fraction ¢ for kinetic
modeling (see below) was set to 0.6. The corrected values for T and B were
normalized to the respective means of the last 5 prebleach values. In order to correct
for a loss of fluorescence by the bleach pulse, the values for B were divided by values
for T. The displayed mean fluorescence recovery curves can then be obtained by

averaging at least 10 individual recovery curves.

Movie 1
FRAP series of dual-labeled siRNA loaded aminopropyl- and phenyl- (5 + 5 mol %)
(APPh) functionalized SBA-15 particles.



Kinetic modeling of FRAP data

In order to extract diffusion coefficients from the recovery curve and thereby quantifying
the molecular mobility, a certain diffusion model has to be assumed. The model used in
this work has been introduced by Axelrod et al'? and further elaborated by
Soumpasis®! and McNally.™ In the following paragraph the model will be described in
brief.

We consider the photobleaching event as a simple irreversible first-order reaction with
the rate al(r), where «a is the rate constant and I(r) the bleaching intensity at a certain
position r. The concentration of unbleached fluorophore C(r,t) at a position r at time t

is given by

dC(r,t)
dt

= —al(r)C(r,t) (1)

due to the bleaching at this position.

So far, no diffusion is assumed. After bleaching with an intense light pulse for a time
interval T, which needs to be short compared to the characteristic diffusion times, the
concentration profile of the fluorophore at the beginning of the recovery phase (t = 0) is

given by

C(r,0) = Coexp [—aTI(r)] (S2)
with the initial homogeneous fluorophore concentration Cy. Eq. S2 is the solution to the
differential Eq. S1. For simplicity, the “amount” of bleaching induced in time T is
expressed by a parameter K

K = aTI(0) (S3)

Assuming a Gaussian laser intensity profile, I(r) can be written as

2 —2r?
I(r) = (ﬂ) exp <w_r2> (S4)

Tw? G

with wsthe half-width at e =2 height and Pythe total laser power.



However, when a distinct small region of interest is bleached, the approximation of the
laser intensity in the form of a circular disc profile describes the real situation better.

For such a profile I(r) is given by

Py
e rsw

I(r)y={ ™ (S9)
0 r>w

where w is the radius of the disc.

While Eq. S4 and Eq. S5 determine the geometry of the laser profile, Eq. S2
determines the bleaching behavior of the fluorophores with a certain bleaching rate
al(r).

The differential equation for a lateral transport of a single species of fluorophores

through diffusion with a diffusion coefficient D is

ac(r,t
0D _ pyzcer, v (s6)
ot
This description omits any active transport or flow. The fluorescence observed at time

t = Ois given by

q

Fe(t) = (Z) f 1(r)Cx (1, )d2r (S7)

where Ck(r,t) is the solution of Eq. 6 for the K-dependent initial condition given in Eq.
S2. The parameter q is the product of all quantum yields and A is the attenuation factor
of the beam used for the observation of fluorescence recovery. Fluorescence recovery

curves can be displayed conveniently in the following notation, called the fractional
form fi (t)

[Fx (t) — Fx(0)]
[Fi () — Fx (0)]

fr(®) = (S8)

According to Soumpasis® for uniform circular beams this fractional recovery curve can

be modified to a simple closed form



= (22 o2 1, (2

where |, and |, are modified Bessel functions and
Tp = w?/4D (S10)

for diffusion in two dimensions. In this form the fractional recovery curve is independent
of the bleaching parameter K. This recovery model describes the data assuming one

population and hence one diffusion coefficient D. McNally™!

adapted this fractional
recovery curve, taking into account fractional bleaching, i.e. only part of the molecules
are bleached, which is closer to the real situation.

o= 1-vssen(ELE) ] e

where ¢ is the bleached fraction. This model can then be fitted to the data set, i.e., the
fluorescence recovery curve f(t). The model of Eq. S11 requires the parameters ¢
and the w (see Eq. S10) that result from the evaluation of the experimental data.

For two diffusing populations Eq. S11 becomes

o= 1-soun(Z2) () 1(22)
+0 ((;b exp <_2ZD2> [|0 <21;D2> + 14 <21;D2>] .
— pexp <_2ZD’> [lo (2?1) +1y (2?1)])

= fp,(®) + G[sz(t) - fD1(t)]

with the two diffusion coefficients D; and D,. The superposition parameter 6 controls

the relative contributions of the two populations.

One versus two diffusing populations

In Figure S3 an exemplary recovery curve of siRNA diffusing inside an aminopropyl-
and cyanopropyl-functionalized particle (black spots) is shown. Fitting the data using a
model according to Eq. S11 assuming only one diffusing population (blue line) is not

sufficient. In contrast, a model according to Eq. S12 assuming two mobile populations



(red line) can fit the data much better. A further increase of diffusion coefficients in the

model does not significantly improve the quality of the fit. This data set shown in Figure

S3 is typical and consequently all FRAP data sets were fitted using the model of Eq.

S12 with two diffusion coefficients.

Relative fluorescence intensity / a.u.

04% I 1 L 1
0 200 400 600 800 1000 1200

Time /s

Figure S3. Data modeling with one and two diffusing populations. A typical

fluorescence recovery curve (black spots) from siRNA inside an aminopropyl- (8 mol

%) and cyanopropyl- (2 mol %) (APCP) functionalized SBA-15 particle. The data were

fitted to a model according to Eq. S11 assuming only one diffusing population (blue

line) and a model according to Eq. S12 assuming two diffusing populations (red line).

The blue line does not fit the data adequately.
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Abstract

Background

The binding behaviour of molecules in the nuclei of living cells can be studied through the analysis of im-
ages from fluorescence recovery after photobleaching (FRAP) experiments. However, there is still a lack of
methodology for the statistical evaluation of FRAP data, especially for the joint analysis of multiple dynamic
images.

Results

We propose a mixed-effects model approach based on local compartment models. We use a hierarchical
Bayesian nonlinear model with mixed-effect priors in order to obtain joint parameter estimates for all cell
nuclei as well as to account for the heterogeneity of the nuclei population. We apply our method to a series
of FRAP experiments of DNA methyltransferase 1 tagged to green fluorescent protein expressed in a somatic
mouse cell line and compare the results to the application of three different fixed-effects models to the same
series of FRAP experiments.

Conclusion

With the proposed mixed-effects model, the off-rates of the interactions the molecules of interest are involved
in, and the variances of the random effects, which are associated with the particular cell nuclei, can be esti-
mated with small variance. The proposed model is superior to and more robust than the tested models without
random effects for all considered data situations. Therefore our model can be used for the joint analysis of

data from FRAP experiments on various similar cell nuclei.
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1 Introduction

Fluorescence recovery after photobleaching (FRAP) is an imaging technique to investigate the binding
behaviour of molecules inside organisms, cells or cellular sub-compartments in vivo [1-3]. To analyse, for
example, the dynamic properties of proteins of interest within the cell nucleus, the proteins are genetically
tagged to a fluorescent protein (e.g. GFP) and expressed in cells of interest. A part of the molecules in
the cell nucleus is bleached by a focused laser beam and the recovery in the bleached part of the nucleus is
observed by capturing images of the nucleus in predefined time intervals [4]. Typically, such analyses are
done on a couple of similar nuclei and the resulting rate estimators are summarized afterwards. However,
the results often differ between nuclei, as the experiments are prone to random noise caused by cell-to-cell
variation or the cellular status. To this end, we propose to analyse all nuclei together and account for
the variance between nuclei by using mixed-effects models.

To date, for the analvsis of data from FRAP experiments for the same molecule on multiple similar
cell nuclei with a mathematical model, either the data of each recovery curve is analysed separately, and
the results for all cell nuclei are regarded together (e. g. [5]), or the data of the different cell nuclei are
pooled, averaged and then analysed (e. g. [4]). In the second case, the recovery curves of the cell nuclei
are averaged to obtain a smooth curve that can then be analysed by the same mathematical model that
is usually used for the analysis of one recovery curve. It is, however, vital, that only data of comparable
fluorescent intensities are averaged [1].

Random effects are frequently used in linear models for longitudinal data. They account for the
fact that subjects are sampled randomly from a heterogeneous population [6]. Typically random effects
are combined with fixed effects, i. e. , the usual effects in a linear model, resulting into mixed-effects
models. Mixed-effects models are used in many applications including agriculture, pharmacokinetics,
and geophysics [6], as well as clinical trials [7]. In mixed-effects models, the relationships between a
response variable and covariates, which are grouped by one or several factors, are described [6]. In our
approach, fixed effects are parameters that are associated with the recovery curves of all cell nuelei, while
random effects are parameters associated with the recovery curves of the individual cell nuclei.

The aim of a FRAP experiment is to infer the binding behaviour of the unbleached molecules in the
cell nucleus from their speed of movement. Because the bleached and unbleached molecules are assumed
to behave identically, we can infer from that the binding behaviour of all — bleached and unbleached —
molecules of interest in the cell nucleus. See [8] for more information on FRAP experiments. In this paper
we concentrate on half-nucleus FRAP (as opposed to circle FRAP or strip FRAP [1,9]), which should
cover representative [ractions of heterogeneously distributed binding sites in all cell cycle stages [5]. An
example for such data is given in Fig. 1. In the first post-bleach image (second image from left, after
0.15s) it is apparent that one half of the cell nucleus has been bleached. The recovery of fluorescence in
this half can be tracked over time in the subsequent images.

We propose a Bayesian nonlinear regression with mixed-effect priors for the simultaneous analysis of
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all recovery curves resulting from a series of FRAP experiments. In the methods section, we first present
the compartment model and the differential equations associated with it. In order to demonstrate the
potential of integrating mixed-effects into a nonlinear regression model in a Bayesian framework, we base
our approach on a simplified kinetic model to get an analytical solution to the differential equations. Then,
the regression model, which is based on the solution to the differential equations, is introduced together
with the prior distributions for its parameters and the parameter estimation procedure. Thereafter,
the data used in our analyses is described. In the subsequent section, we present the results from the
application of the proposed model to a series of FRAP experiments of GFP-Dnmt1 expressed in a somatic

mouse cell line. The paper ends with a discussion of the proposed approach.

2 Methods
2.1 FRAP experiments

In this paper, we use FRAP data sets of GFP-tagged DNA methyltransferase 1 (GFP-Dnmtl) expressed
in mouse C2C12 myoblast cells [5], which were obtained from multiple cell nuclei and can therefore be
utilized to illustrate how our nonlinear regression model can be used to fit all available data at once. DNA
methylation at position 5 of cytosines within CpG dinocleotide sequences is an important biochemical
process for the stable epigenetic gene silencing in vertebrates [10,11]. The maintenance methyltransferase
Dnmtl reestablishes methylation of hemi-methylated CpG sites generated during DNA replication in S
phase and thus ensures propagation of genomic methylation pattern over many cell divisions.

In order to study the cell cycle dependent binding behaviour of wild type Dnmtl, we analysed data
from cells in different cell cycle stages as identified by the nuclear distribution pattern of GFP-Dnmt1 [5]:
12 cells with diffuse nuclear distribution (mostly G1 phase and possibly also late G2 phase), 26 cells in
early S phase with Dnmt1 association at early replication foci, and 11 cells in late S phase with Dnmt1
associating with late replicating heterochromatin clusters. For each cell, the concentration of unbleached
GFP-Dnmtl in the bleached half of the cell nucleus was documented every 0.15 seconds up to 779 times
after the bleaching. For the cells with diffuse nuclear distribution, the concentration was measured 778
times for 10 cells. For the two remaining cells with diffuse nuclear distribution, 390 and 480 measurements,
respectively, were available. 778 measurements were available for 24 cells in early S phase. For the other
two cells in early S phase, 774 and 754 measurements, respectively, were available. For the cells in late
S phase, 779 measurements were available for 11 cells, whereas 777 measurements were available for the
twelfth cell. The original FRAP data has been normalized by a triple normalization procedure, see [5,12].

The major part of the FRAP data analysed in this paper has previously been published and analysed
[5]. The goal of the experiment was to identify the contribution of two different kinds of interactions
Dnmtl is involved in in different cell eyele phases. The interactions can be attributed to two subdomains
of Dnmt1, first, the proliferating cell nuclear antigen (PCNA)-binding domain (PBD) [5,13], and second,

the targeting sequence {TS) domain, which targets Dnmtl to the replication sites in S phase [5]. [5] use
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the term “mobility classes” instead of the term “binding partners,” because all interactions with similar
on- and off-rates can not be distinguished [14], and, hence, build one mobility class (MC). Moreover,

processes like anomalous diffusion, which are not related to binding, can also be represented by a MC.

2.2 Nonlinear recovery model

The movement of a molecule of interest in a cell nucleus is influenced by diffusion and by interactions,
including binding reactions, the molecule is involved in [15-18]. It is possible to model this process by
using the full reaction-diffusion equations [1,19,20]. As we strive for an analytical solution of the equations
describing the movement of the molecule of interest, we use a simplification of the full reaction-diffusion
equations. Usually, one of the following three simplifications is employed: the pure-diffusion scenario, the
effective diffusion scenario or the reaction dominant scenario [1]. A pure-diffusion dominant scenario [1]
is present, when most of the fluorescent molecules are free and interactions can be ignored. An effective
diffusion seenario [1,9, 20, 21] occurs “when the reaction process is much faster than diffusion” [1]. A
reaction dominant scenario is present, when diffusion is very fast compared to the timescale of the image
acquisition and to the reaction process [1].

The interactions Dnmtl is involved in are described by on- and off-rates. In [5], where a correction
value for diffusion was used, it was found, that in S phase, Dnmtl is involved in interactions with
relatively small off-rates, which means in the case of binding reactions, that the molecules of interest
have a relatively long residence time (~10-20s) at their binding sites. We have no sufficient information
about the magnitude of the on-rate. For these reasons and because we aim to have an analytical solution
to the ordinary differential equations describing the movement of Dnmtl in order to be able to integrate
mixed-effects into the regression model, we assume a reaction dominant scenario for our data.

In a reaction dominant FRAP scenario, diffusion is very fast in comparison to reaction processes and
the time scale of the FRAP measurement [22-24] and the recovery curve in the bleached part of the cell
nucleus can be modeled using a nonlinear regression model [1].

Here, we regard cases with two or three MCs [5]. In all considered cell eycle phases, a MC with a very
long residence time compared to the time of image acquisition, is indicated [5]. For this MC we estimate
only one parameter, and it is later also referred to as “immobile fraction”. In cells with diffuse localization
and in early S phase, one additional MC has been identified. For the late S phase, two additional MCs
with different off-rates were found.

The binding sites to which the molecules of interest bind are assumed to be part of large complexes,
which are relatively immobile on the time scale of the FRAP measurement and the molecular movement
[1,19]. A compartment model with two or three compartments (Fig. 2; the immobile fraction is ignored
in this representation) is used to describe the change of the concentration of unbleached molecules in
the bleached part of the cell mucleus. A similar procedure based on the reaction equation of a binding

interaction was proposed by [1].
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The on- and off-rates of the binding reaction are denoted by b{"* and bz”, k=0,.., K. As stated
in [1], bg™* is actually a pseudo-on-rate. It is the product of the actual on-rate 5™ and the concentration
of vacant bindings sites belonging to MC k. It is constant during the entire recovery process, because we
assume that the biological system is in equilibrium before the bleaching and because bleaching does not
affect the number of vacant binding sites [1].

Let f(t) = [Free](t) denote the concentration of the free molecules and ay(t) = [Bound;|(t) the
concentration of the bound molecules in MC £ at time ¢. We can describe the change of the concentration

of the free and bound molecules based on the compartment model by the two differential equations

K

S0 =3 (< 10+ B () + DV 1), 1

with V? the Laplacian operator and Dy the diffusion coefficient for free proteins, and

d
() = B 1) — b (), (2)

The molecules in the cell nucleus are in equilibrium before the bleaching. In a diffusion-uncoupled
FRAP scenario, the free molecules are moreover assumed to be in equilibrium again immediately after

the bleaching. Therefore f(t) = f.;, a constant, and equation (2) can be written as

d .
Tt = b oy = b ak (1), (3)

Moreover, we do not have to model the change of the concentration of the free molecules, it suffices to
model the change of concentration of the bound molecules, which means that equation (1) can be ignored.

With boundary condition a;(0) = 0, which means that at time ¢ = 0 (the time of the bleaching) the
concentration of unbleached bound molecules in MC k& in the bleached area equals zero, the solution of

equation (3) is

bzn* fﬁq br}:n* fﬁq off
ap(t) = bsz - bsz exp(—b."'t). (4)

As the system is in equilibrium before bleaching we have % f(t) =0, %ak(tj = 0 and constant steady-state

intensities feq, ay cq. Together with equation (3) we get

bin* feq
Gk,eq - boff 3 (5)
k

and can therefore write equation (4) as
ap(t) = apeq(l —exp(—b2771)). (6)

The observed value during FRAP recovery is the total fluorescence intensity in the bleached area. It
can be described by the sum of the bound and the free unbleached molecules plus an error. The sum of

the bound and the free unbleached molecules is denoted by total(t):
K
total(t) = feg+ Y ar(t) (7)
k=0
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For our analysis, in each cell nucleus, the fluorescence intensity has been averaged over the bleached
part of the cell nucleus. Therefore, in our analysis, f., is the average of the intensity of the free fluorescent
molecules in the bleached half, and ay(¢) is the average of the intensity of the bound fluorescent molecules

in the bleached part of the nucleus. With equation (6) we can then write

K
total(t) = fog + > aneq(1 —exp(=57/71)). (8)
k=0

With f., Eff 0 @k,eq = 1, which holds because the concentration of the unbleached molecules has

been normalized to one, we arrive at

K

total(t) = 1= ageqexp(=b//t). (9)
k=0

2.3 Bayesian nonlinear mixed-effects model
In order to analyse all recovery curves from all nuclei simultaneously, we use a hierarchical Bayesian

model (HBM). Such models consist of three levels:
1) Data model, here derived from the nonlinear model described above,

2) Prior model, here a mixed-effects model in order to account for the heterogeneity in the nuclei

population,

3) Hyper prior model, prior assumptions on all unknown parameters in level 2).

2.3.1 Data model
The total observed concentration of unbleached molecules in the bleached part of the cell nucleus of cell

J at time ¢;; is denoted by C({;;). We assume Gaussian noise for the observations
C(Lt'j) g N((.of.al((.;j),ag). (10)

The true concentration of unbleached molecules is modeled by the nonlinear model

K

total(t;;) =1 — Zakj exp(—bﬁgft), (11)
k—0

similar to the recovery model in (9).

2.3.2 Prior model
In a Bayesian framework prior probability density functions (pdf) have to be defined for all unknown

parameters, Here, for the parameters az; and ij: ! , we use a mixed-effect decomposition of the form

aj = ak + ong, bYET = exp(fi + drs) = explfi) - explg), (12)

with bzf f = exp( fr) and ,8;? = exp(¢p;). So each of these parameters is split into a fixed effect, which

represents a joint parameter for all recovery curves of all cell nuclei, and a random effect representing
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a curve-specific parameter. The prior for the parameter b;gf incorporates moreover the knowledge that
transfer rates must be non-negative [25].

For the fixed effects, uniform priors of the form
plag) = p(b!7) x constant (13)

are used. These prior distributions are uninformative, what means that they do not contain any relevant
information.
As prior distributions for the nuclei-specific random effects, we use multivariate Gaussian distributions

and a multivariate log-normal distribution, respectively, which are given by

akj ~ f\“r(O, Tik), :Bz:{f ~ LN(O*T;,;:J‘J')’ (14)

where Tgk and *r;o +; are unknown variance parameters.
ke

2.3.3 Hyper priors
Additional prior pdfs have to be defined for all other unknown parameters. As prior distributions for the

unknown variance parameters, inverse Gamma distributions, which are given by
2 2 )
'Tak NIG(Ck::dk)) Tﬁ}jff NIG(ER:QFCJ: (LSJ

are used. The inverse Gamma distribution is known as a conjugate prior for the normal distribution.
By using uninformative priors for the parameters a; and bg”, we ensure that as much variance as
possible is covered by the fixed effects. Only the variability that is not covered by the fixed effects is
captured by the random effects. The definition of the hyperpriors with prudently chosen parameters on
the variances of the parameters ay; and ,6’,2; / leads to a shrinkage of the random effects, so that they do
not cover variance explained by the fixed effects [25].
If K =1, which means that there is one MC in addition to the immobile fraction, we have to choose

the parameters for the three inverse Gamma distributions
A 2 -
72, ~ 1G(co,do), 72, ~ 1G(er,dy), Ty ~ IG(er,g1). (16)

For the diffuse and the early S phase, we choose the parameters ¢y = ¢; — e, = 1, dy = dy = 1072, and

a1 = 104,
When K = 2, which means that there exist two MCs in addition to the immobile fraction, we have

the inverse Gamma distributions

72~ 1G(eco,dp), T2, ~ 1G(ey,dy), Tg?” ~ TG ey, q1), (17)
72~ 1G(eg, dy), ngff ~ 1G(ea, g2). (18)

Here, the chosen parameters are ¢y = ¢ = €1 = ¢ = €9 = Lodg = dy = dy = 1073, g1 = 107, and

go = 107%. By choosing the first parameter of the inverse Gamma distribution to be 1 and the second
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parameter to be considerably smaller than 1, we perform shrinkage of the variances of the random effects.
The smaller the second parameter is with respect to 1, the stronger is the shrinkage of the variance of the
corresponding random effect, and, hence, the more variance is covered by the corresponding fixed effect.
We choose the parameters of the inverse Gamma distributions so that the mixing of the sampling paths
of the fixed effects is adequate.

As prior for the variance o2 of the noise term €;5, we define an inverse Gamma distribution, which is

a conjugate prior for the Normal distribution: o ~ IG/(a,b). We use the parameters a = b = 1.

2.3.4 Posterior distribution and MCMC inference
In the Bayesian framework, all conclusions are drawn form the posterior distribution. The posterior pdf
can be computed via Bayes’ theorem [26]:
__flo)w(9)

[ flyl@)m(8)dp’

with f(y|@) the pdf of the data distribution defined in {10) and «(#) the product of the prior distributions.

p(0ly) (19)

A Markov chain Monte Carlo (MCMC)-algorithm with Gibbs- and Metropolis-Hastings{ MH)-update
steps is applied to obtain samples from the full conditional distributions of the parameters of the nonlinear
regression model, which can be derived from the posterior distribution. Therefore, in each iteration of
the algorithm, a random sample from the conditional posterior distribution (given all other parameters
and the data) is drawn for each parameter. The full conditional distributions of all parameters that are
drawn in Gibbs steps can be found in the electronic appendix.

The parameters ap and oy, are drawn in Gaussian Gibbs steps, because their full conditional dis-

2

tributions are Gaussian distributions, from which one can sample directly. For the parameters o, Tchw

and ’r;;f +» Gamma Gibbs steps are used, because the full conditional distributions of the parameters
are Inverse Gamma distributions. The parameters bzf ! and ,6’;; /" are drawn in MH-steps with random
walk proposals, because their full conditional distributions are not standard distributions. For the MC
which is present in all considered cell cycle phases and has a very long residence time compared to the
time of image acquisition (k = 0), the parameters bgf T and 58; I are close to zero. Therefore, we set
bgf f = ,(38:{ I — 0 and estimate only the parameter ap for this immobile fraction [5,8,13].

The acceptance rate of the MH-algorithms was tuned to 30-60 %. For the diffuse phase (K = 1), we
used 30,000 iterations after a burn-in phase of 20,000 iterations. 90,000 iterations were used for the early
S phase (K = 1) and the late S phase {K = 2) after a burn-in phase of 10,000 iterations. The number
of burn-in iterations was determined by visual inspection of the sampling paths. Point estimates for the
parameters were obtained via the median of the sample for each parameter together with 95%-credible
intervals.

To evaluate the model fit, we compared the mixed-effects model — which was fitted to the whole of

the data resulting from the FRAP experiments — to
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(I) a model without random effects fitted to the whole of the data,
(II) a model without random effects fitted to the individual recovery curves,

(III) a model without random effects fitted to the averaged recovery curves (all recovery curves of the

same phase were averaged).

For each of these three scenarios, we fitted the following fixed-effects model to the data of each cell
cycle phase:
K
Clt:) =1 =3 apexp(=by/ 1) + e, e; ~ N(0,07). (20)
k=0
In scenario I, we used 5,000 iterations for the diffuse and the early S phase. For the more complex model

for the late S phase, 9,000 iterations after a burn-in of 7,000 iterations were used. In the second scenario,
we used 1,000 iterations after a burn-in of 500 for the diffuse and late S phase, respectively. For the
early S phase, 1,000 iterations after burn-in of 600 iterations were used. In scenario IlI, for the diffuse
and the early S phase 1,000 iterations and for the late S phase, 1,300 iterations after a burn-in of 200
iterations were done. The Deviance Information Criterion (DIC) served as a measure of the model fit for
the comparison of the mixed-effects model to the fixed-effects models [ and 1I. We did not compare the
mixed-effects model and fixed-effects model 111 on the basis of the DIC, because these two models were
fit to different kinds of data. The fixed-effects model III in contrast to the mixed-effects model was not
fitted to the whole of all recovery curves but to the averaged recovery curve per phase. The DIC can be
calculated by the deviance of the medians 1)(6,,.q4) plus two times the effective number of parameters
pp [27):

DIC = D(nea) + 2pp.

The deviance is a measure of the fit of a model and is caleulated by
D0y = =2[(a),

where [(#) is the log-likelihood. The effective number of parameters is a measure of the complexity of

the model. It is the median deviance minus the deviance of the medians and is calculated by
pp = median(D(0)) — D(Opca)-

The effective number of parameters is high for models with a high effective model complexity. When
comparing two models on the basis of their DIC, the model with the lower DIC is to be favoured.

All software was written in the programming languages R [28] and C.

3 Results
3.1 Mixed-effects model

By using the Bayesian regression model with mixed-effect priors we gain common parameter estimates
for all cell nuclei through the estimation of the fixed effects, as well as curve specific parameter estimates

through the estimation of the random effects, and estimates for the variances of the random effects.
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In Fig. 3, for each phase (diffuse, early S and late S phase), the estimated joint recovery curve for all
cell nuclei is shown together with the normalized data. The joint recovery curve is computed using the
posterior medians of the MCMC-samples of the fixed effects.

The random effects take into account the variability resulting from the joint analysis of data of multiple
cell nuclei, which is not covered by the fixed effects. In Fig. 4, the estimated joint recovery curve for all
cell nuclei (black, solid line) is shown together with the cell nuclei-specific curves (coloured, dashed lines),
which are computed using the posterior medians of the MCMC-samples of the curve-specific random
effects.

The posterior median of the fixed parameters a; and bzf f together with 95%-credible intervals can
be found in Table 1. All parameters could be estimated with small variance. For the diffuse phase, the
posterior median of the fixed effect of the off-rate is denoted by b‘ff F and equals 0.162 (0.153,0.176). For
the early S phase, b?f ! equals 0.093 (0.087,0.098). In the presence of binding, the off-rate is the rate of
the unbinding reaction where a protein is unsoldered from its binding site [8]. However, in the diffuse
phase, the off-rate can not be interpreted in the same way. In both cases, we assumed that there is only
one MC in addition to the immobile fraction (K = 1), based on [5]. The difference in the fixed-effect
part of the off-rate (b‘ff f ) for the diffuse and the early S phase is in compliance with the finding of two
different kinds of MCs in the diffuse and the early S phase [5]. For the late S phase, we assumed that
there are two distinctive MCs in addition to the immobile fraction (K = 2) [5]. The posterior medians
of the fixed effect of the off-rates are b2/ — 0.227 (0.193,0.287) and b3/ — 0.044 (0.042,0.047), which is
in compliance with the finding that the protein Dnmtl is involved in two distinctive interactions in the
late S phase [5].

As it is of essential interest how much variance is captured by the random effects, point estimates
for the random effects plus 95%-credible intervals were calculated and can be found in Table 2. For all
three phases, the largest variability is contained in the random effects of the off-rate, followed by the
variability in the random effects of the parameter a;; and of the parameter as; (only late S phase). The
least variability is contained in the random effects of the parameter ap;, which can be interpreted as
immobile fraction. Each of the credible intervals in Tables 1 and 2 embodies the true parameter with
a probability of 95%. To quantify how much the fixed effects vary between the cells we additionally
computed confidence intervals that are based on the estimated variances of the random effects. Hence,
confidence intervals for the fixed effects ap and fi were calculated by employing the variances of the

P e 2 s 2 .
random effects 75, and 77,;;:

B
. 2 2
72 72 - Taoff . Tgots
g — R ~ L%k — e Lf - Lk
ap — 21 a2 Jak+ 2o o S =212 sfet 210 )
n n n 1

where @, is the median of a; and fg is the median of fi. In order to gain the confidence interval for the
parameter bzf S = exp(fr), we applied the exponential function to the limits of the confidence interval for

. The confidence intervals for all three reviewed cell cycle phases are shown in Fig. 5.
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3.2 Comparison between the mixed-effects model and the fixed-effects models

Table 3 provides the posterior medians of the fixed effects aj and bzf f together with 95%-credible intervals
for fixed-effects model 1, where regression model (20} was fitted to the whole of the data resulting from
the FRAP experiments. In Table 4, the posterior medians of the fixed effects a; and b;f f together with
95%-credible intervals for fixed-effects model 111, where regression model (20) was fitted to the averaged
recovery curves, are shown. Table 5 provides the posterior medians of the fixed effects a and bg”
together with 95%-credible intervals for fixed-effects model TI, where regression model {20} was fitted to
the individual recovery curves of all cell nuclei. All three tables provide the mentioned point estimates
and credible intervals for each cell eyele phase under review. Table 6 contains the DIC, the effective
number of parameters (pp) and the deviance of the medians (D{(6,,.q)) for the proposed mixed-effects
model and the fixed-effects models I and IT introduced in section 2.3.4. In Fig. 6, the point estimates and
the 95%-credible intervals for the mixed-effects model and fixed-effects models [ and II are displayed.

Regarding the point estimates in Table 3, one sees that the point estimates for the fixed effects provided
by fixed-effects model T are biased compared to the estimates provided by the mixed-effects model (Table
1). Fig. 6 and the comparison of Table 3 with Table 1 reveal that the 95%-credible intervals for the fixed
parameters resulting from fitting fixed-effeets model 1 to the whole of the data are considerably smaller
than the credible intervals for the fixed parameters resulting from fitting the proposed mixed-effects model
to the whole of the data. Therefore, it could be erroneously concluded that the estimation of the fixed
parameters is more exact by using the fixed-effects model I than by using the proposed mixed-effects
model. But for all three cell cycle phases (diffuse, early S and late S phase), when comparing the DIC
of the mixed-effects model to the DIC of fixed-effects model I, it is obvious that the DIC is considerably
lower for the mixed-effects model. The clearest result can be found for the late S phase, where the DIC
of the mixed-effects model is almost two times lower than the DIC of fixed-effects model 1. This means,
that the proposed mixed-effects model provides a much better model fit than the fixed-effects model 1
and is thus superior to fixed-effects model I for all three cell cycle phases.

Regarding the point estimates resulting from fitting fixed-effects model II to the individual recovery
curves (Table 5), we observe that most of them are biased with respect to the point estimates resulting
from fitting the proposed mixed-effects model to the whole of the data (Table 1). When comparing the
DIC of the mixed-effects model to the DIC of fixed-effeets model 11, it can be seen that the DIC of the
mixed-effects model is lower than the DIC of fixed-effects model 11 for the diffuse and late S phase. For
the early S phase, the DIC of fixed-effects model II is lower than the DIC of the mixed-effects model.
But overall, the DIC is of the same magnitude for both models.

Fig. 6 reveals that most of the credible intervals for the fixed effects aj, and bzf ! resulting from fitting
fixed-effects model 11l to the averaged recovery curves for the fixed effects a; and bif f (Table 4) are
broader or of approximately the same size as the corresponding credible intervals resulting from the

proposed mixed-effects model {Table 1). Only for the fixed effect ap, it is converse. This is due to the
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difference in the number of data points between the two models. Therefore the estimation of the fixed
effects is more exact when using the proposed mixed-effects model. Moreover, we are of the opinion that
averaging the recovery curves induces a loss of information because not all available data is used and the
variability contained in the data is not appropriately quantified, which is why we favour the proposed
mixed-effects model over fixed-effects model III.

Overall, we conclude that the mixed-effects model is superior to the fixed-effects models I-111, because
it adequately reflects the heterogeneity of the data caused by cell-to-cell variability through the estimation
of the variances of the random effects. The heterogeneity of the data is also taken into account by fixed-
effects model I, which gives point estimates of the fixed effects for each curve per cell cycle phase.
However, estimating the variance through a mixed-effects model is the more appropriate and comfortable
way to quantify the cell-to-cell variability. Moreover, the proposed mixed-effects model is more robust

because it uses more information than the fixed-effects models I-111.

4 Discussion

Our objective was an approach with which data from FRAP experiments on various similar cell nuclei
can be analysed simultaneously. Therefore the model has to take into account the variability contained
in the data, which is due to the simultaneous consideration of several cell nuclei.

Using the proposed Bayesian nonlinear regression model with mixed-effect priors, we are able to do a
joint analysis of the recovery curves of all available cell nuclei per cell cyele phase. So all available data
resulting from different FRAP experiments can be used for the estimation of the parameters of interest
and no data is ignored. Hence, a distinct benefit of the proposed model is that we fit only one model
to the whole of the data arising from all available cell nuclei, which is more comfortable than fitting one
model per cell nucleus and analysing the results afterwards and is also faster regarding the computation
time. Curve-specific effects are taken into account by the use of random effects, which are, however,
shrunk towards zero, so that most variability in the data is captured by the fixed effects. The variability
of the parameters of interest can however be quantified through the estimation of the variance of the
random effects. Consequently, by using the proposed model, we gain knowledge about the imprecision in
the population of cell nuclei.

Algorithms for nonlinear model fitting have consistency problems by specifying starting values and
have convergence issues. Therefore, the model is typically fitted several times using a grid of starting
values or random starting values, and the best model is determined using an information criterion like
Akaikes information criterion (AIC) or Bayesian information criterion (BIC). This results in a high
computational burden. Using a Bayesian approach, the algorithm is guaranteed to converge. The resulting
parameter estimates are not dependent on any starting values. Moreover, the regression model is very
flexible. Mixed-effect priors on the nonlinear parameters could be incorporated easily into the nonlinear

regression, which is a novel approach. In addition, the proposed technique allows to analyse all data at
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once, hence reducing computation time. For our data, the whole analysis of all data took 13 minutes
(diffuse phase), 56 minutes (early S phase), and 69 minutes (late S phase), respectively.

In our approach, the number of MCs for the molecule and the cell cycle phase is a fixed parameter
that was adopted from a previous study using a refined compartmental approach [5].

We can conclude, that the mixed-effects model fits the data considerably better than all considered
models without random effects for all three cell cycle phases. With the mixed-effects model, we get more
accurate parameter estimates than with the fixed-effects models and additionally gain precious insight
into the imprecision in the population of cell nuclei in the different cell eyele phases.

With the proposed mixed-effects model, estimates of the ofl-rates of the interactions the molecules of
interest are involved in, and of the variances of the random effects are attained. Therefore the model is
useful for the analysis of data from FRAP experiments on various similar cell nuclei. With that model,
it is no longer necessary to analyse each recovery curve belonging to an experiment on one cell nucleus
separately and summarize the results afterwards, or to pool and average the data of experiments on
multiple similar cell nuclei to be able to analyse it. The data of FRAP experiments on different cell
nuclei can rather be analysed simultaneously by one single model.

The main goal of this study is to show that the proposed technique can be used for the joint analysis
of the data of many cells at once. This is a novel approach in the field of FRAP analysis. Although we
use a simplified kinetic model here, the approach can easily he adapted to other FRAP experiments and

any kinetic model for such FRAP experiments.
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Figures
Figure 1

Fluorescence recovery after photobleaching one half of the nucleus of a mouse C2C12 cell
expressing GFP-Dnmtl in late S phase. Images of a cell nucleus in a FRAP experiment: In
the prebleach image, the complete cell nucleus is visible because all molecules are fluorescent. In the
first postbleach image (acquired after 0.15 seconds), it is obvious that one half of the nucleus has been
bleached. The subsequent images show the recovery of the fluorescence in the nucleus after 5, 10, 20 and

50 seconds.

Figure 2

(A) Compartment model with two compartments and (B) compartment model with three
compartments. In a compartment model with two compartments, the molecules ean be either free or
bound. Exchange between the compartment of the free and the compartment of the bound molecules
occurs with rates b{"* and bff /. In a compartment model with three compartments, the molecules can
be either free or bound in one of two discriminable binding states. Exchange between the compartment
of the free molecules and the compartments of the bound molecules oceurs with rates by and '/ and

b3+ and b5/ | respectively.

Figure 3

Normalized data together with estimated joint recovery curve. The estimated joint recovery
curves for all cell nuclei using the posterior medians of the MCMC-samples of the fixed effects are shown
together with the normalized data for all three reviewed cell cycle phases — (A) diffuse, (B) early S, (C)

late S phase.

Figure 4

Estimated joint recovery curve together with cell nuclei-specific recovery curves. The cell
nuclei-specific recovery curves using the posterior medians of the MCMC-samples of the random effects
for all three reviewed cell cycle phases — (A) diffuse, (B) early S, (C) late S phase — are shown together

with the estimated joint recovery curve.

Figure 5

Confidence intervals for the fixed effects of the mixed-effects model. The confidence inter-
vals which are computed based on the estimated variances of the random effects for the fixed effects
@y, a1, ag, b‘ff I and bgf ! resulting from fitting the mixed-effects model to the whole of the data are shown

for all three reviewed cell cyele phases.
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Figure 6

Point estimates and 95%-credible intervals for the fixed effects of the mixed-effects model
and fixed-effects models I and II. The posterior medians of the fixed effects together with 95%-

credible intervals are shown for the proposed mixed-effects model and fixed-effects models I and II for all

three reviewed cell cycle phases.
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Tables
Table 1
phase number of ao a1 a2 b7 b7
recovery cuves
diffuse 12 0.005 0.830 0.162
(-0.001,0.011) | (0.813,0.848) (0.153,0.176)
carly S 75 0.030 0.816 0.003
{0.022,0.037) | (0.796,0.834) (0.087,0.008)
Tate S 11 0013 0.304 0.567 0.227 0.044
(0.004,0.027) | (0.264,0.349) | (0.515,0.603) | (0.193,0.287) | (0.042,0.047)
Table 1: Mixed-effects model: Fixed effects - median plus 95% credible interval
Table 2
2 2 2] 2 2
phase number of Tao Tay Tearn T Ty
recovery cuves
diffuse 12 0.0001 0.0000 0.0106
(0.0000,0.0002) | (0.0004,0.0022) (0.0052,0.0273)
carly S 75 0.0004 0.0020 0.048%
(0.0002,0.0007) | (0.0012,0.0036) (0.0291,0.0882)
Tates i1 0.0003 0.0050 0.0053 0.0667 0.0423
(0.0001,0.0008) | (0.0023,0.0133) | (0.0024,0.0137) | (0.0274,0.1967) | (0.0205,0.1063)
Table 2: Mixed-effects model: Random effects - median plus 95% credible interval
Table 3
phase number of ag ai as b‘f‘r" bg“
recovery cuves
diffuse 12 0.005 0,820 0.150
(0.005,0.006) | (0.824,0.833) (0.158,0.161)
carly S 75 0.032 0.800 0.086
(0.031,0.033) | (0.805,0.813) {0.085,0.087)
Tate S 1 0.015 0.317 0.544 0.201 0.042
(0.014,0.017) | (0.209,0.335) | (0.526,0.564) | (0.184,0.223) | (0.041,0.043)
Table 3: Fixed-effects model 1 (fitted to the whole of the data): Fixed effects - median plus 95% credible
interval
Table 4
phase number of g ai as b‘l’f" bg”
recovery cuves
diffuse 1 0.005 0.826 0.158
(0.001,0.000) | (0.795,0.861) (0.148,0.169)
carly S T 0.032 0,808 0.086
(0.027,0.087) | (0.783,0.834) (0.082,0.001)
Tate S T 0.016 0.318 0542 0.105 0.042
(0.008,0.023) | {0.254,0.304) | (0.464,0.600) | (0.138,0.281) | (0.037,0.046)

Table 4: Fixed-effects model 111 (fitted to the averaged recovery curves): Fixed effects - median plus 95%

credible interval
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Table 5
phase number of ag ay ag bf” b;”
recovery cuves

diffuse 12 0.004 0.823 0.154
[-0.009,0.020] | [0.796,0.887] [0.141,0.196]

early S 26 0.034 0.823 0.087
[-0.003,0.083] | [0.726,0.893] [0.056,0.144]

late S 11 0.016 0.283 0.582 0.245 0.044
[-0.024,0.043] | [0.194,0.369] | [0.406,0.716] | [0.145,0.350] | [0.030,0.060]

Table 5: Fixed-effects model II (fitted to the individual recovery curves): Fixed effects - median [min,max]

Table 6

Mixed-effects model Fixed-effects model | Fixed-effects model 11
D(emed) PD Dic D(emed) PD DIc D(emed) PD nic
diffuse | -53392.85 99.79 | -53193.28 | -45393.74 | 4.35 | -45385.03 | -55236.87 | 1120.68 -52995.51
early 8 | -115018.90 | 115.19 | -114788.50 | -T3488.93 | 2.64 | -73483.65 | -119244.20 | 1208.51 | -116827.20
late S -60660.14 | 250.06 | -60160.02 | -34218.34 | 4.69 | -34208.96 -60946.83 | 2137.32 | -56672.18

Table 6: Deviance of the medians (D (8peq)), effective number of parameters (pp) and DIC of the mixed-effects
model and fixed-effects models I and II

Figures

Figure 1
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Figure 3
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Figure 6

I i —

0.100

0.075

£0050

0.025

0.000

mixed-effects fixed—efacts | fixed-efects Il
model

diffuse phase
075

0.50 ..
025 ..
0.00 ..

ixed-effects fixed-effects | fixed-effects Il
model

late S phase

.. - 0.75
. 0.50

.. a

.. 025 ..
X 0.00

ixed-effects fixed-effacts | fixed-effects IIl
model

late S ihase p—-

a

mixed-effects fixed-effects | fixed-efrects Il mixed-affects fixed-effacts | fixed-efiects Il
model model

I E—— I ——

diffuse i
ll 0.2 ll 02 0.2 ll
’ ll ’ ’ ll

‘ ll | | ll |
0.0 0.0 0.0 0.0

03 03

mixed-effects fixed-effects | fixed-effects Ii| mixed-effects fixed-effects | fixed-effects Il mixed-effects fixed-effects | fixed-effects Il mixed-effects fixed-effects | fixed-effects Ii|
model model model model

199



Feilke et al.
Bayesian simultaneous analysis of multiple FRAP images with mixed-effect priors
Appendix - Full conditional distributions
For K =1,2, k=1,2:
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Discussion

3. Discussion

Although Dnmt1l has been studied for over 25 years (Bestor et al., 1988), the detailed regulation of
maintenance DNA methylation still remains to be elucidated. Especially the cell cycle dependency of
the regulatory interactions increases the complexity considerably. In order to gain new insights into
the regulation of DNA maintenance methylation, we set out to dissect the cell cycle-dependent
dynamics of Dnmt1. Our approach of combining FRAP with kinetic modeling enabled us to get
guantitative insights into the binding processes. Furthermore, FRAP and related methods enabled us
to analyze the dynamics of the factors Uhrfl, Uhrf2 and the histone variant H2A.Z. Emphasizing the
methodological aspect of this work, we also developed new strategies to label DNA sequences in living
cells, characterized nanoparticles as vectors for nucleic acids and detected new interactions of the cell

cycle regulator NIPA.
3.1 Spatio-temporal dynamics of epigenetic factors

3.1.1 Cell cycle-dependent localization and Kinetics of Dnmt1
In order to dissect the cell cycle-dependent regulation of Dnmt1, we obtained detailed temporal and
spatial information using FRAP in combination with kinetic modeling as well as 3D-SIM super-
resolution microscopy (Schneider et al., 2013). By analyzing GFP-Dnmt1 mutants, we showed that
both the PBD- and the TS domain-mediated interactions are necessary and sufficient for the
localization and the dynamics of Dnmtl in S phase. In early S phase, binding of the PBD to PCNA
predominates. In late S phase, we observe a shift towards the TS domain-mediated binding to
constitutive heterochromatin (Figure 10). Based on our customized kinetic model that will be
discussed in 3.2.2, we estimated the mean residence time (T,.) describing the average binding time of
the PBD and the TS domain to their targets. The T,.; was about 10 s for the PBD and about 22 s for the
TS domain. The short T, indicate transient interactions, which are in the range of the binding
behavior of many nuclear proteins (Phair and Misteli, 2000, Phair et al., 2004b). Transient interactions
facilitate the fast reaction of nuclear processes to external and internal signals. Based on our
measurements, we propose a two-loading-platform model, in which PCNA and constitutive
heterochromatin function as relatively immobile platforms during S phase. Furthermore, the
interaction of the TS domain with constitutive heterochromatin is stronger than the interaction of the
PBD with PCNA. If the specific heterochromatic marks, the TS domain binds to, are in close proximity
to replication sites, Dnmt1 binding is shifted towards heterochromatin, a situation mainly
encountered in late S phase and presumably in G2. In early S phase, these heterochromatic sites are
sparse, not accessible or distant to replications sites and therefore the interaction with PCNA is
dominating. Besides specific binding partners, modifications changing the conformation of Dnmt1

might also be involved in the switch observed between early and late S phase. Several modifications of
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Dnmtl have been reported, such as acetylation, ubiquitination, phosphorylation, methylation and
sumoylation (Du et al., 2010, Lee and Muller, 2009, Esteve et al., 2011), but their cell cycle-dependent
appearance has to be further investigated. Furthermore, it is still uncertain, whether DNA methylation
takes place on unpacked DNA or on DNA wrapped around nucleosomes. In vitro and in vivo studies
give indications that Dnmts methylate mainly unpacked DNA, but to some extend Dnmt1 also seems
to be capable of methylating specific sequences in nucleosomes (Felle et al., 2011a, Okuwaki and
Verreault, 2004). The latter might function as a mechanism in G2 ensuring complete maintenance of
methylation, if the process of maintenance methylation is much slower compared to replication and
not enough Dnmt1 molecules can be recruited to unpacked DNA. Slow DNA methylation would result
in hemimethylated sites in G2, which could explain the association of Dnmtl with constitutive

heterochromatin, which is CpG rich and replicates late, in this phase (Easwaran et al., 2004).

PBD TS
Dnmt1 BC catalyfic domain_ ()
replication foci - early S replication foci - late S
22s
Heterochromatin

10s * 10s ~25%
PCNA
oY s SRV - 3

o = 6—%

e CcG
&5 * 53 *
postreplicative euchromatin postreplicative pHC
mC and H3K9me3 sparse mC and H3K9me3 dense

Figure 10: Two-loading-platform model for Dnmt1 in S phase. Dnmt1 binds via the PBD to PCNA and via the TS domain to
constitutive heterochromatin. In early S phase, the interaction with PCNA is dominating. In late S phase, the specific
heterochromatic marks, the TS domain binds to are present in close proximity to replications sites. This leads to a stronger TS

domain-mediated interaction that dominates the Dnmt1 dynamics in late S phase.

Moreover, we identified another MC for Dnmt1 with a mean residence time of about 10 s present in
all analyzed stages, including G1/late G2, when the Dnmt1 localization is diffusely distributed in the
nucleus. This MC even persists in Dnmt1 mutants, where several regions are affected. In addition to
mutations in the PBD and the TS domain, neither mutations in the ZnF (Frauer et al., 2011) nor N-
terminal truncations (unpublished data; bachelor’s thesis Anna Ulraum) resulted in faster kinetics in
G1/late G2. Although we cannot exclude a specific, S phase independent interaction with for example
chromatin, we attribute this fraction to anomalous diffusion in the nucleus. The common

phenomenon of anomalous diffusion is further described and discussed in 3.2.3.
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In addition to the temporal information, we analyzed the spatial distribution of Dnmt1 wild type
(Dnmt1%"), a TS domain mutant and a PBD mutant in late S phase. Using super-resolution microscopy,
we found that the Dnmt1"" localization is extended towards constitutive heterochromatin outside
replication foci, if the PBD is mutated (GFP-Dnmt1%***). Interestingly, only a part of the chromocenter
is covered. Based on pulse-chase experiments with the replication marker EdU, we hypothesize that
the regions GFP-Dnmt1%'°*® binds to consist of postreplicative heterochromatin containing the direct
binding partner of the TS domain. The identity of this binding partner is still controversial and further
discussed in 3.1.2. In addition, these results could point to a competition between the PBD mediated
binding to PCNA and the TS domain mediated binding to postreplicative heterochromatin. This could
explain the enrichment of Dnmt1 at constitutive heterochromatin in G2, when the replication of DNA
is completed. PCNA would then be distributed diffusely in the nucleus and the TS domain could recruit

a larger fraction of Dnmt1 molecules to constitutive heterochromatin.

An interesting question is how the interactions of the PBD and the TS domain influence the catalytic
activity of Dnmt1. We obtained first insights into this question by performing a trapping assay, in
which Dnmt1 is covalently bound to 5-aza-dC (see 1.4.2) (Schermelleh et al., 2005). The results
confirmed that the PBD is not essential, but enhances the probability for the covalent complex
formation by approximately a factor of two (Schermelleh et al., 2007). If a central part of the TS

A7), trapping is still possible in vivo, but the kinetics are considerably

domain is removed (GFP-Dnmt1
decreased. This finding is in accordance with the fact that a radioactive assay revealed that the methyl
group is still transferred to DNA in vitro (PhD thesis, Qin, 2011). However, this mutant cannot rescue
methylation in Dnmt1 knockout ESCs indicating that the functional TS domain is essential for the

TS seems to

maintenance of methylation in vivo (PhD thesis, Qin, 2011). Taken together, GFP-Dnmt1
be incapable of significantly restoring and maintaining methylation levels over several cell cycles in

vivo due to its slow catalytic reaction kinetics.

3.1.2 Dynamic regulation of Dnmt1 by cofactors
Although we demonstrated that the TS domain is required for the correct localization and kinetics of
Dnmtlin S phase, the direct heterochromatic interaction partner of the TS domain remains unknown.
Most likely the interaction partner is Uhrfl, however, it is still debated, whether it is the direct
interaction partner of Dnmt1. It has been reported that in vitro Dnmtl and Uhrfl interact via the TS
domain (Frauer and Leonhardt, 2011, Bashtrykov et al., 2013, Achour et al., 2008, Felle et al., 2011b),
but controversial in vivo data about the localization of Uhrfl during the cell cycle exist. If Uhrfl
mediates the targeting of Dnmtl to hemimethylated DNA via its SRA domain, one would expect Uhrfl
at replication foci in early S phase. However, most publications describe only the association of Uhrfl
with heterochromatin, and they often do not mention, whether this association takes place

throughout the cell cycle or only in a specific phase (Rothbart et al., 2013, Nishiyama et al., 2013). In
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late S phase, Uhrfl associates with PCNA or other replication markers, when constitutive
heterochromatin is replicated, but it is unclear, if Uhrfl associates with also PCNA in early S phase and
if Uhrfl is diffuse or associated with constitutive heterochromatin in G1 and G2. In some cases, Uhrfl
colocalization with PCNA in early S phase has been described using an anti-Uhrf1 antibody (Uemura et
al., 2000) or a GFP fusion protein (Bostick et al., 2007). We observed that GFP-Uhrfl and Uhrf1-GFP
associate with chromocenters throughout the cell cycle (unpublished data; master’s thesis Veronica
Solis) and similar results have been published using antibodies (Citterio et al., 2004, Papait et al.,
2007). In some publications that claim colocalization of Uhrfl with PCNA, the early S phase stage is not
shown (Sharif et al., 2007). Therefore, it is still not clear, whether Uhrfl targets Dnmt1 to
hemimethylated sites in early S phase. Trapping experiments that covalently bind Dnmt1 to 5-aza-dC
revealed that Dnmt1 is covalently bound to DNA in early S phase, strongly indicating the presence of
methylated sites in early replicating euchromatic DNA (Schermelleh et al., 2007, Schneider et al.,
2013). If Dnmt1 binds via the TS domain to Uhrfl at hemimethylated sites in early S phase, we would

ATS

expect different kinetics and localization of GFP-Dnmt1*™ compared to GFP-Dnmt1*' in early S phase.

AT with replications sites in early S phase and

Indeed, we observe a reduced association of GFP-Dnmt1
a change in the kinetics compared to GFP-Dnmt1", but we cannot resolve a distinct TS domain
mediated MC in early S phase with our model. Based on our results, we cannot definitely answer,
whether the TS mediated interaction of Dnmt1 with constitutive heterochromatin is directly
dependent on Uhrfl. Uhrf1 knockout studies are only of limited informative value, because the low

methylation levels in Uhrf1 knockout cells (Sharif et al., 2007) could by itself already explain the almost

diffuse localization of Dnmt1 in late S phase in these cells (Bostick et al., 2007).

Uhrfl cannot only bind to hemimethylated DNA, but also to H3K9me3 (Bostick et al., 2007, Rottach et
al., 2010, Rothbart et al., 2012). The function of H3K9me3 binding is still unclear, but it might act as a
double safety mechanism to ensure methylation at heterochromatin and to protect euchromatic
regions from inappropriate methylation. We were able to demonstrate that binding of H3K9me3
peptides further increases the specificity of Uhrfl for hemimethylated DNA in vitro (Pichler et al.,
2011). Vice versa, the affinity for H3K9me3 is enhanced by binding of hemimethylated DNA. In the
literature, contradictory data about the question, whether the TTD or the PHD mediates the binding to
H3K9me3 are present (Rottach et al., 2010, Karagianni et al., 2008). In recent publications, there is
more and more evidence that the PHD has a general affinity for H3 or a specific affinity for unmodified
H3R2 and that the TTD harbors the specificity for H3K9me3 (Rothbart et al., 2013, Xie et al., 2012,
Cheng et al., 2013, Rajakumara et al., 2011, Wang et al., 2011, Pichler et al., 2011). In conclusion,
coordinated action of both domains seems to be required for H3K9me3 binding. Due to contradictory
data, it is still unclear, whether the interaction of Uhrfl with H3K9me3 is essential for DNA

methylation or not. Both scenarios have been reported (Rothbart et al., 2012, Liu et al., 2013a).
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Differential analysis of methylated late replicating heterochromatic and early replicating euchromatic

DNA might give new insights into the necessity of Uhrfl histone binding for maintenance methylation.

Despite the similarity in the overall-domain structure between Uhrfl and Uhrf2, Uhrf2 cannot restore
the low methylation levels in Uhrf1 knockout ESCs (Pichler et al., 2011). Furthermore, we found that
Uhrf2 alone has no preference for hemimethylated DNA, but binding of Uhrf2 to H3K9me3 modified
peptides induces a preference. Similar to Uhrfl the affinity of Uhrf2 for H3K9me3 is enhanced by
binding to hemimethylated DNA. Until now, no data from an Uhrf2 knockout have been published that
would give important information about its function. Nevertheless, we and other groups have
demonstrated that Uhrfl levels are high in ESCs and low in somatic cells (Hopfner et al., 2000, Fujimori
et al., 1998), whereas Uhrf2 possesses an opposite expression pattern (Pichler et al., 2011). This
opposite expression pattern has also been observed during embryoid body differentiation, hinting at
different roles of Uhrfl and Uhrf2 during differentiation and development. We hypothesized that
Uhrf2 might have a tight control function in differentiated cells, whereas Uhrf1l is less stringent,
allowing more plasticity in undifferentiated ESCs. Furthermore, it was shown that Uhrf2 binds strongly
to 5hmC and that overexpression leads to increased 5hmC, 5fC and 5caC levels by Tet-mediated
oxidation (Spruijt et al., 2013). These results could point to a role of Uhrf2 in DNA demethylation,
supporting the hypothesis of Uhrf2 as a control protein in somatic cells possibly assisting in the
removal of misplaced methylation marks. Further experiments have to be performed to analyze the

distinct roles of Uhrfl and Uhrf2 in DNA methylation and demethylation.

Recently, a new publication proposes a way, how Uhrfl could indirectly target Dnmt1 to
hemimethylated DNA sites. The authors have shown that the RING-finger type E3 ligase Uhrfl
ubiquitinates H3 on lysine 23 (H3K23ub) (Nishiyama et al., 2013). This new modification is bound by
Dnmt1 via the TS domain (Nishiyama et al., 2013). The Uhrfl RING mutant, which is defective in H3K23
ubiquitination, fails to mediate the rescue of DNA methylation levels in Uhrf1 knockout cells and its
overexpression leads to a diffuse Dnmt1 localization. As the H3K23ub modification seems to be
replication-dependent, it is tempting to speculate that this modification occurs only on postreplicative
chromatin and might be the link for S phase-dependent targeting of Dnmt1 to heterochromatin. These
results are summarized in a stepwise loading model consisting of three steps (Figure 11). (1) Uhrfl
binds to hemimethylated DNA via the SRA domain in close proximity to H3K9me3 recognized by the
TTD and the PHD and ubiquitinates H3K23 via the RING domain. (2) Dnmt1 is enriched at replication
sites by binding to PCNA. (3) Dnmt1 binds to H3K23ub via the TS domain as a requirement for
methylation of the hemimethylated site. In addition, there might be still undetected modifications or

binding partners that mediate the binding of the TS domain to heterochromatin.
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Uhrf1

Dnmt1

Figure 11: Stepwise loading model at hemimethylated DNA. (1) Uhrf1 binds to hemimethylated DNA via the SRA domain
and to H3K9me3 via the TTD and PHD, leading to ubiquitination of H3K23 by the RING domain. (2) Interaction with PCNA
enriches Dnmt1 at replication foci. (3) Dnmt1 binds to H3K23ub via the TS domain, followed by methylation of the
hemimethylated CpG site. Only domains mediating the illustrated interactions are depicted. Closed and open lollipops

indicate methylated and non-methylated CpG sites, respectively.

Another layer of complexity is added by the fact that the TS domain alone fused to GFP binds with
very high affinity to constitutive heterochromatin throughout the cell cycle (Easwaran et al., 2004;
diploma thesis Daniela Meilinger; master's thesis Veronica Solis). Only in early to mid S phase, the TS
domain is less enriched at heterochromatin and a rather diffusely distributed fraction can be found in
the nucleoplasm (data not shown, diploma thesis Daniela Meilinger). The potential of the TS domain
to bind replication independent to constitutive heterochromatin has to be masked in the full length
Dnmt1 protein, because we usually do not observe Dnmt1 association with heterochromatin in G1 or
late G2 phase. This is in accordance with the structure of Dnmt1, in which the TS domain is inserted
into the DNA-binding pocket of the catalytic domain (Takeshita et al., 2011). One hypothesis is that a
conformation change upon binding to a specific signal like H3K23ub flips the TS domain out of the
catalytic pocket, resulting in tight binding of Dnmt1 to its substrate, stabilizing the catalytic reaction of
Dnmtl. The signal bound by the TS domain could be identical with the signal leading to the release of
the TS domain from the catalytic pocket like H3K23ub or the TS domain could then bind another
substrate, for instance, another histone modification like H3K9me3, methylated DNA or Uhrf1.
Confocal imaging can be used to exclude potential interacting molecules, if they are not colocalizing
with the TS domain. Therefore, it will be interesting to see the distribution of the new histone mark

H3K23ub during the cell cycle.

A histone modification could be involved in the release of Dnmtl from heterochromatin in late G2.
Phosphorylation of H3S10 in late G2 by the Aurora B kinase leads to the dissociation of HP1 from

H3K9me3 at constitutive heterochromatin (Mateescu et al., 2004, Hirota et al., 2005) and could serve
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as a mechanism to remove Uhrfl or Dnmt1 from heterochromatic sites. The association of Uhrfl with
H3K9me3 is independent of H3510 phosphorylation (Rothbart et al., 2012). However, Dnmt1 might
directly bind to H3K9me3 and could be released upon H3510 phosphorylation (Patricia Wolf, data not
shown). This would explain why Dnmt1 is lost from constitutive heterochromatin in late G2 (Easwaran
et al., 2004). Furthermore, there is evidence that knockdown of Dnmt1 leads to reduced H3S510
phosphorylation (Monier et al., 2007), possibly caused by changes in the local chromatin environment

due to local demethylation.

DNA methylation is not only orchestrated by targeting Dnmt1 to the correct sites, but also by
regulating its abundance and activity. Besides the already mentioned ubiquitination by Uhrfl and
deubiquitination by Usp7 (1.2.1), inhibition of Dnmt1 by non-coding RNAs has been recently
demonstrated (Di Ruscio et al., 2013). Accordingly, long non-coding RNAs, produced during
transcription, inhibit Dnmt1 activity at these loci, thereby keeping actively transcribed regions
unmethylated. Furthermore, the potential of active DNA demethylation by Tet proteins has added a
new layer of regulatory potential to the field of DNA methylation (Pastor et al., 2013). Besides the
pathways illustrated in the introduction (see 1.2), dehydroxymethylation of 5hmC to 5C directly by
Dnmt3a and Dnmt3b has been reported in vitro (Chen et al., 2012). If the direct conversion of 5hmC to
5C by Dnmts occurred in vivo, this would open a large regulatory potential as Dnmt3a and Dnmt3b
could immediately methylate the newly generated 5C sites back to 5mC. In cooperation with Tet
proteins and Dnmt1 they would be able to regulate DNA methylation via numerous pathways in a very

dynamic fashion.

3.1.3 Connection between DNA methylation and histone variants
DNA methylation might not only be connected to histone modifications, but also to histone variants. It
has been reported that the incorporation of H2A.Z and DNA methylation are mutually exclusive in
plants, indicating that H2A.Z protects DNA from methylation or vice versa (Zilberman et al., 2008). This
mechanism seems to be conserved and has also been identified in mammals (Conerly et al., 2010).
Moreover, inhibition of Dnmts by 5-aza-dC leads to incorporation of H2A.Z into chromatin and is
essential for gene activation after 5-aza-dC treatment (Yang et al., 2012). The described results
demonstrate the importance of histone variants as epigenetic regulators and hint at a connection with

DNA methylation.

One way how histone variants may influence epigenetics is via changing nucleosome stability. It was
very interesting to see that a splice variant of H2A.Z is present in human cells with highest levels in
brain tissue (Bonisch et al., 2012). In contrast to H2A.Z, the splice variant of the isoform H2A.Z.2,
termed H2A.Z.2.2, can affect nucleosome stability. In FRAP experiments we could attribute around

78% of the H2A.Z.2.2 molecules to a fast recovering fraction, whereas about 82% of the previously
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characterized H2A.Z.2.1 molecules recovered slowly, pointing to an enhanced exchange of the splice
variant in chromatin. Furthermore, we demonstrated that a specific sequence in the C-terminal part is
necessary for the fast kinetic exchange of H2A.Z.2.2 by weakening the interaction with H3. Like H2A.Z,
H2A.Z.2.2 interacts with the Tip60 and SRCAP chaperone complexes (Bonisch et al., 2012). This
establishes an interesting link to Dnmt1, as Tip60 has been shown to regulate Dnmt1 levels by
activating Uhrfl-dependent proteasomal degradation of Dnmtl (Du et al., 2010). One could speculate
that the incorporation of the active mark H2A.Z in chromatin constitutes a safety mechanism that
degrades Dnmt1 at actively transcribed sites. Further experiments have to be performed in order to
investigate this potential connection and the specific function of the splice variant H2A.Z.2.2. It will be
interesting to analyze the functions of histone variants during development and disease, especially in

connection to other epigenetic processes like DNA methylation.

3.2 Visualizing the invisible
For all complex nuclear processes, it is of fundamental importance to understand them not only in
vitro, but also in an in vivo situation. Advanced microscopy in combination with fluorescent proteins
like GFP offers a variety of techniques that enables us to gain deep insights into epigenetic regulation
in vivo. New or improved ways of delivery, labeling or quantification of results can further help us to

address biological questions about nuclear dynamics.

A great advantage of the photobleaching method FLIP (see 1.4.2) is the exposure of regions, where the
proteins strongly binds to, if the binding sites have been masked by a large diffuse mobile fraction. For
instance, by bleaching the mobile fraction, we revealed that the protein NIPA binds strongly to the
nuclear periphery. Before, the localization of the protein has only been described as nuclear
(Bassermann et al., 2005). NIPA is a mammalian ubiquitin E3 ligase that ubiquitinates cyclinB1
(Bassermann et al., 2005). At the G2/M transition, NIPA is inactivated by phosphorylation and cyclinB1
accumulates, allowing mitotic entry. Our data demonstrate that GFP-NIPA needs several hours to
recover in a FRAP experiment at the nuclear periphery in contrast to the diffuse fraction in the
nucleoplasm that recovers in the range of seconds. A functional role of the nuclear fraction cannot be
excluded, however, antibody staining showed that this fraction is rather small for the endogenous
protein and might be an overexpression artifact of the exogenous construct. Detection of hidden
patterns of protein localization can reveal colocalization with other proteins that has been masked
before and give therefore new functional insights. In this context, the localization of NIPA at the
nuclear envelope has led the attention to in vitro data indicating the nucleoporin translated promoter
region (TPR) as an interaction partner. Using in vivo FRAP and FLIP experiments in combination with in
vitro coimmunoprecipitation experiments, we demonstrated that the ZnF domain of NIPA is mediating
the interaction to TPR. The extracellular signal-regulated kinase (ERK2) phosphorylates NIPA at the
G2/M transition (Illert et al., 2012) and interestingly it has been reported that ERK2 is also able to
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phosphorylate the protein TPR, leading to a stabilization of their interaction (Vomastek et al., 2008).
The same study hinted at a role of TPR in modulating the translocation of ERK2 into the nucleus.
Furthermore, it has been shown that protein degradation can be linked to specific cellular
compartments like the endoplasmic reticulum (ER) in a process called ER-associated degradation
(ERAD) (Christianson and Ye, 2014). Based on our results, we hypothesize that NIPA could act as a
“cyclin trap” at the nuclear pore complex by degrading its target cyclinB1 upon premature entry into
the nucleus in interphase. Further studies will give important insights into the functional role of the

cell cycle regulator NIPA at the nuclear envelope.

3.2.1 Limitations of photobleaching methods
The majority of today’s imaging methods are based on fluorescent labels. This has the great advantage
of multiplexing several molecules labeled with different colors combined with a very high contrast. For
in vivo imaging approaches, usually fluorescent proteins are utilized. Besides GFP, a large variety of
proteins with excitation and emission maxima in different wavelengths are available (Crivat and
Taraska, 2012). The attachment of these large fluorescent proteins (about 30 kDa) can, however,
change the properties of the tagged proteins. Therefore, immunofluorescent control experiments
confirming the localization of the protein are required. If the location of the endogenous protein is
different, methods based on fluorescent tags cannot be applied. For instance, the localization of Uhrfl
is still ambiguous as described in 3.1.2 and is probably influenced by the GFP-tag. Furthermore,
experiments involving irreversible bleaching of labeled molecules might introducing phototoxic effects
and thus damage the living cells. The influence of DNA damage on FRAP data has been only
superficially investigated, because it has been assumed that no effects arise in the short period of
acquisition. However, recruitment of Dnmtl to damage sites has been already recorded in a time
period as short as two minutes (Mortusewicz et al., 2005) and the period of image acquisition after
bleaching can be extended to multiple hours (Bonisch et al., 2012). In addition, it has been reported
that scattering of light could even induce photodamage in neighboring cells (Dobrucki et al., 2007). In
our experiments we did not detect damaging effects in the desired observation times. However, it is

very hard to exclude hidden effects that might influence the kinetics.

Besides the potential effects of cellular damage, cell movement is a known problem of photobleaching
experiments (Goldman and Spector, 2005, Trembecka et al., 2010). The combination of image
registration and a minimal total region of interest (ROI) have improved the evaluation, but only a
perfect image registration gives absolutely reliable results. Especially half nucleus FRAP is challenging,
because the loss of fluorescence is interpreted by the image registration algorithms as a strong
movement of the cell and the registration of the last prebleach and the first postbleach images was
not possible. Bleaching of a specific line or circle circumvents this problem, because the outline of the

nucleus is always visible, but the averaged signal to noise ratio decreases due to the smaller area of
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the bleached region. Moreover, the nuclear positioning of the small bleach regions influences the
results, especially when placed at the boundary of the compartment (Mai et al., 2013). Furthermore,
half nucleus FRAP is beneficial, if the localization is heterogeneous and the different compartments
are too small to be selectively bleached. This is, for example, the case for the very small replication
foci, Dnmt1 binds to in early S phase. Another effect that needs to be avoided is axial drift, which is
often caused by temperature fluctuations. Therefore, a stable temperature outside and inside the
incubator is recommended. In long-term FLIP or FRAP experiments, the imaging of z-stacks over time

helps to detect and to compensate for axial drift (Bonisch et al., 2012).

The photoswitching properties of the fluorophore are often neglected in photobleaching experiments.
Upon excitation some molecules are transformed to non-fluorescent dark states (Dickson et al., 1997).
In this state, bleaching of the molecules is very likely. However, a small fraction of the GFP molecules
can revert from this state in a process called photoswitching (Bourgeois et al., 2012). The size of this
fraction is influenced by the excitation intensity, which is changing between acquisition and bleaching,
whereupon the size of this fraction is changing. Hence, after bleaching, a part of the molecules
switches back to the fluorescent state, which is noticeable as a small recovery of the average
fluorescence in the whole nucleus after bleaching. Photoswitching was like bleaching by acquisition
corrected to a large extent in the FRAP evaluation procedure. Recently, specialized corrections have
been developed and should be implemented into the standard evaluation (Mueller et al., 2012). All in
all, a lot of improvements have been made to increase the reproducibility of FRAP results by refining

the evaluation for a more robust outcome of FRAP experiments.

3.2.2 Dependence of the model choice on the scientific question
The quantification of the results of a FRAP experiment is critical to provide objective parameters
describing the curves. Usually, the FRAP curve is described by a mathematical equation with specific
fixed and variable parameters. The process of finding the variable parameters of the equation that
describe the curve optimally is referred to as fitting. Besides fitting the curve with simple exponential
equations, several mathematical models are available consisting of sets of equations based on physical
laws. The mathematical models include diffusion models, diffusion-reaction models and
compartmental models (Figure 12). Choosing the appropriate fitting procedure out of the existing pool
is not trivial and can lead to inaccurate results (Mueller et al., 2008). Kinetic models often depend on a
specific geometry of the bleached region and the FRAP approach needs to be adjusted accordingly.
Furthermore, the choice depends on the homogeneity of the dynamic populations. Often, the proteins
do not only interact with one, but with multiple interaction partners. If the interactions are
characterized by distinct association rates (k,,) and dissociation rates (k.z), they can be separated in
the fit. However, if ko, and kg values of interactions are too similar, they cannot be separated.

Therefore, we are using the term mobility class (MC) to describe a dynamic subpopulation. Moreover,
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a MC must not necessarily describe an interaction, but could also arise, for instance, from atypical
diffusion like anomalous diffusion. The reciprocal of k4 is the T, indicating the average binding time

of the protein, if a single interaction is characterized.

sum of exponentials diffusion model reaction-diffusion model compartmetal model

output: — sum of exponentials
relative values

—> diffusion model

FRAP / no interaction
AN

results ;
output: / predicted
abolute multiple interactions —, compartmental model

parameters predicted
\ interactions /
predicted

\ one interaction . reaction-diffusion model
predicted

Figure 12: Choosing the appropriate model for the quantitative evaluation of FRAP experiments. (A) FRAP curves can be
fitted with an exponential equation or a sum of exponential equations. The resulting t;,, and MF are dependent on the size
and geometry of the bleached region and can only be compared to equivalent experiments. The other models are based on
physical laws and allow the quantification of diffusion coefficients and/or association and dissociation coefficients (k,n/ko),
as depicted. (B) Flowchart representing the decision path leading to the choice of the appropriate model. If the number of
interactions cannot be predicted, the results of different models need to be compared.

Sum of exponentials

The simplest equation to fit the corrected and normalized FRAP curve is an exponential equation
(Phair et al., 2004a). From the exponent of the solution that yields the best fit, the half time recovery
(t1/2) can be calculated. If the curve does not approximate 1 during the recorded timeframe, the
mobile fraction (MF) should be extracted as a second parameter. However, this value is dependent on
the time the recovery has been recorded. Most FRAP curves extracted from nuclear proteins contain
more than one MC and have therefore to be fitted with a sum of exponential equations (Phair et al.,
2004b). This will result in multiple t;,and a segmentation of the total populations into separate
fractions. The decision of how many populations are present is not trivial and has to be carefully
assessed (see 3.2.3). Using this method, proteins with different kinetic populations can be compared
with each other. This has been applied before to study the number of kinetically distinct populations
of the RNA polymerase Il (Darzacq et al., 2007). We have fitted data with the sum of exponentials to

analyze of kinetic populations of the canonical H2A.Z and a splice variant H2A.Z.2.2 (Bonisch et al.,
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2012). H2A.Z and its splice variant contain different fractions of highly mobile and rather immobile
proteins. The FRAP experiments revealed large differences between the relative amount of
nucleosomal incorporation of the different constructs (see 3.1.3). However, the resulting parameters
are not absolute values, but describe the protein in the chosen setup relative to other proteins and

can only be used for a comparative analysis.

Diffusion model

Whenever absolute values like diffusion coefficients or association or dissociation rates (Dy, kon, Koff)
are required, special mathematical models have to be applied that are based on physical principles.
The resulting parameters are protein specific and in principle independent of the setup. The models
have to be tailored to the experimental approach or vice versa. One of the most frequently used
models is the diffusion model. This requires data from a FRAP experiment with a specific geometry of
the bleached region in order to determine the diffusion coefficient. Usually, the geometries include
spot, spot array, rectangle or line bleaching (Hagen et al., 2009, Kang et al., 2012, van Royen et al.,
2009, Xiong et al., 2014), but by subdividing the nucleus in squared regions, the diffusion coefficient
can even be extracted from half nucleus FRAP (Beaudouin et al., 2006). In the last decades,
sophisticated models have been developed, including a range of parameters like the bleach profile,
nuclear 3D geometry or bleach duration (van Royen et al., 2009, Mazza et al., 2007, Braga et al., 2004).
The more measurable parameters are taken into account the more realistic the results should be. We
have applied spot FRAP in combination with a diffusion model for the analysis of the diffusion of
oligonucleotides in nanoparticles (Lebold et al., 2012). Based on the assumption that the diffusion rate
of the nucleotides inside the particles is correlated with the diffusion of nucleotides into the particles,
we found interesting differences. The diffusion is dependent on the functionalizations of the particles
as well as on the length of the oligonucleotides (see 3.2.4). Interestingly, we identified a second
diffusion rate, which was rather independent of oligonucleotide length and particle functionalization.
The nature of the second population is unclear, but one explanation would be that at least two types
of diffusion are present. Studies using particle tracking give a much more detailed picture on the
random walks of the molecules and allow the differentiation of a large number of diffusion types.
Particle tracking has been applied to single dye molecules in nanoparticles (Kirstein et al., 2007).
Analyzing the mean square displacement over time revealed indeed different types of structured and
unstructured diffusion. A mixture of these different subclasses could lead to the second class, we

observed.

Reaction-diffusion model
Even more complexity is generated in reaction-diffusion models that introduces one MC to the
diffusion model (Sprague et al., 2004). The mobility class is described by k,, and kg and the

corresponding fractions of free and bound protein are determined, adding at least three more
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parameters to the model. As most nuclear proteins diffuse and have at least one specific interaction
partner, reaction-diffusion models are widely used in order to quantify FRAP-based molecular kinetics.
Examples include RNA, transcription factors or HP1 (Braga et al., 2007, Sprague et al., 2004, Muller et
al., 2009). However, extension of these models to two or more MCs is mathematically very

complicated and in general not used for data obtained by FRAP experiments.

Compartmental model

If more than one interaction has to be quantified, a different type of model has to be applied. The only
solution so far is a compartmental model that comes with the disadvantage of neglecting diffusion.
This means that it is only applicable to proteins that diffuse so fast that all free proteins of the whole
nucleus are bleached by the time of the first postbleach image is recorded. In contrast, binding has to
be so strong that no proteins unbind during the short time between bleaching and recording the first
postbleach image. Although compartmental models have been applied for a range of proteins (Phair
et al., 2004b), most of them do not provide the necessary prerequisites. Hence, ignoring diffusion can
lead to an incorrect estimation of binding time (Sprague et al., 2006). In order to address this problem,
we have implemented a size-dependent correction factor for diffusion in the compartmental model
used for half nucleus FRAP (Schneider et al., 2013). In our approach, GFP-multimers were analyzed in
order to approximate the diffusion of proteins of different sizes in the nucleus. Besides the apparent
advantage, the measurement of the correction factor is also error prone, because not only the
molecular size, but also the shape of the control protein has to resemble the protein of interest in
order to estimate diffusion correctly. Furthermore, the factor kg is only a correction factor and does

not give information about the diffusion coefficient.

Often more than one model is applicable to the dataset, which generates the possibility to compare
them with each other. For example, a protein with one MC should give the same kg with a reaction
diffusion model and with a compartmental model. First comparisons have revealed significant
differences between the k,, and ks values of the glucocorticoid receptor obtained with different
bleach geometries in connection with different models (Mueller et al., 2008). By comparing the
approaches, the errors were identified and the resulting improved model was applied to other
transcription factors. So far no gold standard has been established for the quantification of FRAP
experiments. This would be a major benefit as results obtained with different experimental

parameters and different quantifications could be easily compared.

3.2.3 Limitations of the FRAP-based kinetic modeling
All the mathematical models try to reproduce reality, but have to be always a simplified version.
Therefore, the user has to keep in mind the known limitations of these methods. All the described

fitting options have the problem of potential overfitting (Mai et al., 2011). The more variable
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parameters are included in a model, the closer the fit will be to the curve. Especially models with
multiple MCs harbor a variety of parameters. Therefore, parameters have to be approximated and
fixed in order to gain valuable results. In our approach, we have quantified the fraction of bleached
molecules and fixed the k. value of the MC with the slowest mobility (Schneider et al., 2013).
Assuming that the slowest MC represents the catalytic reaction of Dnmtl, we based our estimations
on in vitro data that have reported a dissociation rate of about 0.005 s, which is equivalent to a mean
residence time of 200 s (Song et al., 2011). After fixing the parameters, it has to be tested, whether a
model with less MCs would give similar results compared to a model with more MCs. The model with
the smallest numbers of parameters should always be preferred. The determination of the number of
MCs is referred to as model choice, because different models for the various numbers of MCs exist.
We have established specific model choice rules in order to choose the appropriate number of MCs
for GFP-Dnmt1 in each cell cycle stage. The application of standard model choice criteria like the
Akaike information criterion (Akaike, 1973) was not successful as the differences between the quality
of the fits were too small. In order to obtain robust results, we wanted to find a way to model
parameters that fit multiple cells instead of fitting individual cells and averaging the results. Therefore,
we have included mixed-effects into a nonlinear regression model in a Bayesian framework (see 2.8).
In order to assess this approach, the equations were based on a simplified compartmental model that
neglects diffusion, but allows an analytical solution of the differential equations. The proposed mixed-
effects model provides a much better fit than the fixed-effects model | and is thus more robust. This
indicates that implementation of mixed-effects in more complex models can improve the robustness

of the results.

Another limitation is the focus of FRAP models on the k.4 Changes in the k,, value influence the
protein dynamics in the cell. For instance, a protein that binds with high affinity and specificity to its
target, but stays associated only for a short time might give very similar kinetics as a protein that
diffuses very slowly through the cell (Figure 13). In both cases, the FRAP curves can look very similar.
The phenomenon that proteins that bind with high affinity to their targets and therefore diffuse only
very short distances until the next binding site is present has been described as diffusion-coupled
FRAP recovery (Sprague and McNally, 2005). As this diffusion-coupled recovery is often not corrected,
the T, values present an upper limit of the real value, because short times of diffusion might have
interrupted this estimated binding time (Mueller et al., 2008). There are ways to detect diffusion-
coupled recovery (Beaudouin et al., 2006), however, the ability to discriminate between those two

cases is still limited.

A third limitation is that most models only account for normal Brownian diffusion. However, there is
increasing evidence that diffusion in the nucleus is anomalous (Bancaud et al., 2009, Wachsmuth et

al., 2000). This means that the root mean square displacement is not directly proportional to time. The
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reasons are suspected in the crowded environment leading to hindrance of diffusion by obstacles or
corralling in labyrinth-like environments (Sokolov, 2012, Saxton, 2001). A model for anomalous
diffusion in point FRAP experiments have been developed recently (Daddysman and Fecko, 2013). The
authors reported that diffusion in Hela nuclei is anomalous and that GFP seems to diffuse according to

normal diffusion in chromatin free regions in polytene drosophila nuclei.

large k. and k_. no specific interaction

intensity

time large D, small D,

Figure 13: Intermixing of diffusion and binding in FRAP. Very similar FRAP curves can be explained by different kinetic
properties of the molecules. Either, molecules that diffuse very fast and have large k,, and ko4 values (red) or molecules that
diffuse very slow and have no specific interaction (blue) could result in the illustrated kinetics.

In order to overcome these limitations in the future, cross validation of the results not only with other
models, but also with other techniques using fluorescently labeled proteins in living cells should be
conducted. The techniques include FCS and SPT. Both methods can be applied to extract diffusion
coefficients and residence times. Recently, point FRAP and FCS have even been combined in one setup
in order to gain comparable results with both methods (Im et al., 2013). In this way the cross
validation is performed in one single experiment. Another approach has used data obtained with SPT
in order to choose the correct model for FRAP and FCS analysis (Mazza et al., 2012). Here, all three
methods were used to validate the results. With this approach they were able to detect and solve
discrepancies in residence time and the fraction of bound protein. FCS is mainly used to determine
diffusion rates of proteins, but with fluorescence cross correlation spectroscopy (FCCS) binding
kinetics can be specifically determined between two differently labeled proteins and their diffusion
coefficients can be directly compared (Schwille et al., 1997). This has the advantage that the binding
partner is known, whereas in FRAP experiments this can only be indirectly determined by mutational
analysis. Advantages of SPT and FCS are the drastic reduced phototoxic effect compared to FRAP as
bleaching is not necessary. However, FRAP provides a much more global picture of dynamics inside a

cell.

3.2.4 Application of complementary methods
Besides photobleaching methods, several other tools in fluorescence microscopy enable us to obtain
detailed information about spatial and temporal regulation of molecules. Labeling proteins in in vivo
experiments is commonly used, but DNA sequences have been so far mainly labeled in in vitro FISH

experiments. We have applied dTALEs to visualize major satellite (ms) repetitive DNA sequences in the
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nucleus in living cells (msTALE) (Thanisch et al., 2013). This enabled us to follow the movement of
these repetitive sequences during the cell cycle or even differentiation. Instead, fluorescently tagged
proteins like HP1 or MBDs have been used to visualize methylated sequences in vivo. Disadvantages
are that heterochromatin-binding proteins might be specifically regulated in the cell. For instance, HP1
is displaced from chromatin by H3510 phosphorylation in G2 (Hirota et al., 2005). We showed that our
msTALE is still bound in G2, even when HP1 is diffusively localized in the nucleus. Recently, two more
publications have also demonstrated the application of dTALEs to label repetitive DNA sequences
(Miyanari et al., 2013, Ma et al., 2013). They demonstrated that also repetitive sequences like
telomeres or minor satellites can be labeled. Furthermore, application of the bacterial CRISPR/Cas
system, which is like the TAL effectors adaptable for site-specific genome engineering, even allowed
the detection of single loci (Chen et al., 2013). Our analysis of the binding dynamics by FRAP revealed
that the msTALE binds much stronger to DNA than a polydactyl Zn Finger (PZF:GFP) construct directed
against a similar sequence (Lindhout et al., 2007). As it has been reported that the localization of DNA
influences the transcriptional activity of the corresponding sequences (Reddy et al., 2008), the strong
binding of the msTALE could be exploited to manipulate chromatic regions. It has been shown in
zygotes that fusion of the nuclear envelope protein emerin to a polydactyl Zn Finger, binding to major
satellite sequences, tethers pericentromeric heterochromatin to the nuclear periphery (Jachowicz et
al., 2013). The authors found that their manipulation lead to defective silencing of pericentromeric

heterochromatin and impaired development of the embryos.

The application of FRAP also gave valuable results for the characterization of other tools. We have
used this method to learn about the diffusion of oligonucleotides in nanoparticles. The nanoparticles
might be versatile vehicles to enable transport of proteins in single cells or whole tissues. We
demonstrated that unfunctionalized and cyanopropyl-functionalized particles cannot be loaded with
oligonucleotides (Lebold et al., 2012). Addition of aminopropyl or a combination of aminopropyl and
phenyl groups enabled loading of the particles with siRNA. Furthermore it is possible to load fairly long
oligonucleotides of 90 base pairs of DNA into the particles. Further fine-tuning of the
functionalizations of the particles could result in vectors with different properties, like fast or slow
release of nucleic acids, for different purposes. These findings are valuable when it comes to using the

nanoparticles as carriers of therapeutics.

Besides labeling and delivery also high resolution spatial information is very valuable. Using super-
resolution 3D-SIM microscopy, we analyzed not only in detail the association of Dnmt1 to
chromocenters in late S phase, but also the detailed localization of NIPA at the nuclear envelope. We
demonstrated that the latter is localized slightly inside the nuclear lamina and the nucleoporin
Nup153, but on the same level as its interaction partner TPR. Increasing resolution is also gained with

other methods like STED or localization microscopy (PALM, dSTORM). However, these methods lack
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the increased z-resolution of 3D-SIM and only a maximum of two labels can be multiplexed
(Schermelleh et al., 2010). However, they are being further developed and for localization microscopy

first setups have reported an axial resolution of up to 20 nm (Xu et al., 2012).

3.3 Outlook

Besides our new findings and developments, many new ideas and questions are arising. We have
shown that FRAP is a very powerful tool to study the nuclear dynamics in vivo. Therefore, further
developments of this technique are still of great interest. Especially the combination with new
technical innovations can extend the applicability of this method. Automation of not only the
evaluation, but also the acquisition of imaging data has been further developed. Both, automated
detection of cellular features and automated imaging at multiple positions have been demonstrated
and the latter is already implicated in many commercial microscopy systems (Held et al., 2010, Conrad
and Gerlich, 2010, Edelstein et al., 2010). Recently, these techniques have been combined, enabling
automated FRAP on a confocal microscope (Conrad et al., 2011). A low resolution image is acquired in
a defined region and immediately analyzed by the software Micropilot (Figure 14). If a cell in this
image fulfills the preset requirements, a FRAP experiment with the selected cell is automatically
started and recorded. Then, the scanning process is continued by acquisition of further low resolution
images in the predefined area. The great advantage of performing experiments with a long recovery
time without the need of intermediate user interactions allows the performance of FRAP experiments
overnight. RNAI screens using automated confocal imaging have been successfully performed in the
past (Neumann et al., 2010). Using Micropilot, FRAP-based screens can be run, gaining information
about the localization and the kinetics of the proteins at the same time. Automatic FRAP experiments
produce large datasets and generate the requirement for efficient data handling and processing. The
macros for FRAP evaluation that have been developed in this thesis, could be further automatized and

extended by adding quality criteria to automatically detect factors like z-drift.

Move stage within a defined area  Low resolution image Micropilot computational analysis

- L8

FRAP experiment

_ AN

Figure 14: Automatic FRAP experiment. In order to detect cells fulfilling preset requirements, a low resolution image is
acquired in a defined area. The image is analyzed by the software Micropilot. If a suitable cell is detected (red outline), a
FRAP experiment is started. When the FRAP experiment is finished or If no suitable cell can be detected, the stage is moved
and the next low resolution image in the defined area is acquired. The procedure will be repeated until the defined area has
been scanned.

Furthermore, the evaluation at a single cell level could be enhanced by measuring the recovery in

every pixel. Plotting the results in form of a heat map in the nucleus enhances the spatial resolution of
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Discussion

FRAP and diffusion-coupled kinetics in the nucleus could be illustrated. Usually the presence of
diffusion-coupled kinetics is tested in an approach, in which the nucleus is segmented into stripes and
differences in the kinetics are analyzed in respect to the distance to the bleach border (Beaudouin et
al., 2006). In order to gain more resolution in FRAP experiments, one could also think of implementing
a scanning system for bleaching in the widefield path of 3D-SIM microscopes that are fast enough for
super-resolution live cell imaging (Shao et al., 2011). The fusion of both methods would allow maps of

protein dynamics in relation to a marker protein with very high resolution.

Not only technical issues need to be addressed. Due to recent findings, new questions emerged
regarding epigenetics and especially Dnmtl. Recently, mutations in Dnmt1 have been linked to the
diseases hereditary sensory and autonomic neuropathy type 1 (HSAN1) and autosomal dominant
cerebellar ataxia, deafness and narcolepsy (ADCA-DN) (Winkelmann et al., 2012, Klein et al., 2011).
Interestingly, all mutations were located in the TS domain. It will be interesting to apply our
knowledge about Dnmt1 in order to unravel how Dnmtl is mechanistically linked to this disease.
Furthermore, discoveries about the influence of factors like RNA on Dnmt1 regulation have been
made. They revealed that non-coding RNAs block Dnmt1-mediated methylation at a large number of
gene loci (Di Ruscio et al., 2013). Using deep sequencing of RNA, DNA methylation in combination with
proteomics, global information about the regulation of DNA methylation will be unraveled that is not
anymore limited to single loci. Most importantly, the discovery of Tet proteins and their DNA
modifications hmC, fC and caC has opened a new field of questions concerning the role and regulation

of epigenetic marks that need to be addressed.

In the future highly sophisticated techniques will be more and more important in order to understand
biological questions. The interconnection of biological research and technology will help us to
understand the dynamic regulation of epigenetic mechanisms in living cells, leading to further insights

into the functional role of epigenetics during development and disease.
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4.2 Abbreviations
3D-SIM: three-dimensional space structured illumination microscopy
5caC: 5-carboxcytosin
5fC: 5-formylcytosin
5hmC: 5-hydroxymethylcytosin
5hmU: 5-hydroxyuracil
5mC: 5-methylcytosin
Ac: acetylation
ADCA-DN: autosomal dominant cerebellar ataxia, deafness and narcolepsy
AID: activation induced cytidine deaminase
APOBEC: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like
BAH: bromo adjacent homology
BBD: bar body deficient
BER: base excision repair
BrdU: bromodeoxyuridine
CpG: cytosine-phosphatidyl-guanine
Da: dalton
Dy : diffusion coefficient
DMAP1: Dnmtl-associated protein 1
Dnmt: DNA methyltransferase
dTALE: designer transcription activator-like effector
EdU: ethynyldeoxyuridine
ER: endoplasmic reticulum
ERAD: ER-associated degradation
ERK2: extracellular signal-regulated kinase
ESC: embryonic stem cell
Fab: fragment antigen-binding
FCCS: fluorescence cross correlation spectroscopy
FCS: fluorescence correlation spectroscopy
FLIM: fluorescence lifetime imaging microscopy
FLIP: fluorescence loss in photobleaching
FRAP: fluorescence recovery after photobleaching
FRET: Forster resonance energy transfer
GFP: green fluorescent protein
HDAC: histone deacetylase

HSAN1: hereditary sensory and autonomic neuropathy type 1
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ko : dissociation rate

kon: association rate

MBD: methyl-CpG-binding domain

MBP: methyl-CpG-binding protein

MC: mobility class

Me: methylation

MEF: mobile fraction

ms: major satellite

NIPA: nuclear interaction partner of anaplastic lymphoma kinase
NLS: nuclear localization signal

NuA4: nucleosomal acetyltransferase of H4
p400: E1A-binding protein p400

PALM: photoactivated localization microscopy
PBD: PCNA binding domain

PBHD: polybromo homology domain

PCNA: proliferating cell nuclear antigen

PHD: plant homeodomain

PZF: polydactyl zinc finger

RFC: replication factor C

RFP: red fluorescent protein

RICS: raster scan image correlation spectroscopy
RING: really interesting new gene

ROI: region of interest

RVD: repeat-variable-diresidue

s: second

SAM: S-adenosyl-L-methionine

SET: Suv39, Enhancer-of-zeste, Trithorax

SPR: surface plasmon resonance

SPT: single particle tracking

SRA: SET and RING associated

SRCAP: Snf2-Related CREBBP activator protein
STED: stimulated emission depletion

STORM: direct stochastic optical reconstruction microscopy
Suv: suppressor of Variegation

ti/,: half time recovery

TDG: thymine-DNA glycosylase
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Tet: ten-eleven- translocation

Tip60: Tat-interactive protein 60

TIRF: total internal reflection fluorescence
TPR: translated promoter region

T,.s: mean residence time

TS: targeting sequence

TTD: tandem tudor domain

Ub: ubiquitination

Ubc9: ubiquitin carrier protein

Ubl: ubiquitin-like

Uhrf: ubiquitin-like, containing PHD and RING finger domains
wt: wild type

ZnF: zinc finger
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