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ABSTRACT

THE EFFECTS OF THE HISTONE CHAPERONE AND HISTONE MODIFICATIONS

ON NUCLEOSOME STRUCTURE

The nucleosome, composed of 147-bp DNA and a histone octamer, is the basic unit of
chromatin in eukaryotes, which is considered as a barrier for all DNA dependent
processes. Understanding how nucleosome structure is regulated provides new insights
into pivotal cellular processes. Histone modifications and histone chaperones have

potential roles in the regulation of nucleosome structure.

Here, | investigated the role of FACT in regulating nucleosome structure. FACT (FAcilitate
Chromatin Transcription) is a conserved histone chaperone that is essential for gene
transcription elongation. Our biochemical data show that FACT is not only a H2A-H2B
chaperone, but also a H3-H4 chaperone. By binding H3-H4, FACT facilitates tetrasome
assembly. In the presence of H2A-H2B, FACT facilitates H2A-H2B deposition onto
tetrasomes and hexasomes, and thus promotes nucleosome assembly. FACT is also able
to tether partial nucleosome components, composed of a histone hexamer and DNA, and
results in forming an unstable complex. Interaction with H2A-H2B is essential for FACT
binding to tetrasomal H3-H4. In order to hold a histone hexamer, FACT also stabilizes
dimer-tetramer interaction. Previous study shows that H2BK120ub facilitates FACT
function in gene transcription with the help of other transcription factors. Here, we show
that H2AK119ub and H2BK120ub have no effects on FACT-H2A-H2B interaction and

FACT assembly activity.



The role of select histone modifications in nucleosome structure was also determined in
this dissertation. Histone modifications selected in this work are located at the entry-exit
region of nucleosomal DNA. By using biochemical approaches, we find that H3Y41E
(mimic phosphorylation) and H3R45E (mimic phosphorylation) affect the shape of

nucleosome by facilitating nucleosomal ‘DNA breathing’.

Tao Wang

Department of Biochemistry and Molecular Biology
Colorado State University

Fort Collins, CO, 80523

Summer 2016
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CHAPTER 1

REVIEW OF LITERATURE

1.1 Nucleosome structure

DNA is the genetic material that is essential for life. Over two meters of DNA are organized
by tightly wrapping around a histone octamer to fit into the tiny cell nucleus. Histone
octamer consists of two copies of H2A-H2B heterodimers and one copy of a H3-H4
heterotetramer. Each histone contains a basic N-terminal tail, and a structured domain.
H2A also has a C-terminal tail (Figure 1.1) (Luger et al. 1997). The nucleosome, which is
comprised of 146-bp DNA and the histone octamer, is the basic unit of chromatin in
eukaryotes. In the presence of the linker histone H1, nucleosomes are further compacted
to a 30 nm fiber (Allan et al. 1980, Robinson and Rhodes 2006), which is considered as
the secondary structure of chromatin. However, it was claimed that no 30 nm fiber was
observed in human mitotic chromosomes (Nishino et al. 2012). Thus, the existence is still
controversial. The higher-order chromatin structure is formed by oligomerization of
nucleosome arrays (Figure 1.2) (Li and Reinberg 2011). Each nucleosome presents an
obstacle for various DNA dependent processes, such as gene transcription, DNA
replication and DNA damage repair (Fischle et al. 2003, Kulaeva et al. 2007, Leman and

Noguchi 2013, Price and D’Andrea 2013).

Nucleosome stability is very dynamic. Intermediate states of nucleosomes were
described over last decades (B6hm et al. 2011, Floer et al. 2010, Poirier et al. 2008,

Zhang et al. 2011). For example, DNA can highly frequently be unwrapped from histone
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Figure 1.1 Crystal structure of nucleosome. 146-bp DNA wraps around a histone
octamer, and forming a nucleosome. The histone octamer is comprised of two copies of
each histone, which are indicates in different colors. Left panel is front view of
nucleosome, while right panel is side view of nucleosome.
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Figure 1.2 Higher order chromatin structure. Nucleosome is considered as the basic
unit of chromatin in eukaryotes. With help of the linker histone H1, nucleosomes are
further compacted to a 30 nm fiber, which is the secondary structure of chromatin.
However, it was claimed that no 30 nm fiber was observed in human mitotic
chromosomes. Thus, the existence is still controversial. The higher-order chromatin
structure is formed by oligomerization of nucleosome arrays (Luger and Hansen 2005;
Nishino et al. 2012).



octamers in a process termed ‘DNA breathing’ (Poirier et al. 2008). Besides, ‘open state’
nucleosomes were determined by single molecule fluorescence resonance energy
transfer (FRET) (Bohm et al. 2011). It was discovered that H2A-H2B heterodimer could
disassociate from the H3-H4 heterotetramer before being released from nucleosomes.
Different forms of nucleosomes are in thermal equilibrium under physiologic conditions.
Several factors have potential effects on nucleosome stability, such as histone
posttranslational modifications (PTMs), histone chaperones, ATP-dependent chromatin
remodelers and histone variants (Andrews et al. 2010, Goldman et al. 2010, Howman

2000, Stoler et al. 1995).

1.2 The effects of Histone Posttranslational Modifications (PTMs) on nucleosome

structure

Histone PTMs have been described in the last century (Phillips 1963). Increasing
numbers of histone PTMs has been identified, such as acetylation, methylation,
phosphorylation and ubiquitination. It was suggested that histone PTMs affect chromatin
structure by direct or indirect mechanisms (Cosgrove et al. 2004). Decades ago, most
histone PTMs were identified at each core histone tail. It was proposed that serving as a
binding site for regulatory proteins is the major potential roles for histone PTMs from one
or more histone tails, and this concept was termed ‘histone code’ (Strahl and Allis 2000).
For example, Heterochromatin Protein 1 (HP1) containing chromodomain binds to
H3K9me3, which results in transcription repression (Bannister et al. 2001, Jacobs et al.
2001). Alternatively, histone PTMs may directly regulate chromatin structure. Indeed,
histone modifications may weaken the interactions between DNA and histone, histone

and histone, or histone and DNA-histone complexes (Brehove et al. 2015, Jgrgensen et
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al. 2013, Ramachandran et al. 2011). These histone modification sites likely locate at the
buried regions of nucleosomes. No much data shows histone PTMs at each core histone
tail dramatically affect nucleosome stability in a direct way. Most of histone PTMs selected

in this project are occurred at histone structural domain.

Acetylation of histones was described in 1963 (Phillips 1963). Acetylation of histones is
the introduction of an acetyl group to lysine residues (K), which is achieved by enzymes
containing “HAT” domain (histone acetyltransferase). Acetylation of histones neutralizes
the positive charges from the side chain of lysine residues and weakens the charge
dependent binding of histones to DNA, or adjacent histones. Decades ago, Bode and his
colleagues suggested that hyperacetylated histones increase nucleosomal DNA
accessibility, which facilitates protein binding to target DNA (Bode et al. 1983, Bode et al.
1980). Also, it was found that hyperacetylated histones change the shape of nucleosomes
(Bauer et al. 1994). However, at that time it was not determined which modification sites
are responsible for this phenomenon, due to the difficulty of synthesizing site-specific
acetylated lysine at structural regions of each core histone. Until 2009, the approach to
synthesize acetylated histone was developed by Dr. Chin and colleagues (Neumann et
al. 2009). By their approach, acetyl-tRNA synthesase (AckRS)/tRNAcua pair in response
to an amber codon. H3K56ac, located at the entry-exit region of nucleosomes, was
synthesized by this approach. It has been shown that H3K56ac facilitates nucleosomal
DNA breathing (Neumann et al. 2009). Additionally, nucleosomes with H3K56Q mutants
(mimic acetylated H3K56) are more sensitive to Micrococcal nuclease (MNase) than
nucleosomes with WT octamers (Masumoto et al. 2005), which indicates more ‘open’

chromatin structure. All these experimental results were consistent with the hypothesis



that histone PTMs throughout the entry and exit regions of nucleosomes facilitate DNA
unwrapping (Koopmans et al. 2007). Besides, Andrew and his colleagues found that
H3K56ac also makes the formation of tetrasome less favorable (Andrews et al. 2010).
The binding affinity of tetramer with H3K56ac to DNA is ~15 fold weaker compared to
tetramer with unmodified canonical histones (Andrews et al. 2010). Thus, H3K56ac
affects nucleosome stability by either facilitating DNA unwrapping or preventing

tetrasome formation.

Acetylation of H3K122 is another intensively studied modification site, which was
discovered in 2003 (Zhang et al. 2003). This residue locates at dyad axis of the
nucleosomes. Manohar and co-workers claimed that H3K122ac does not increase the
DNA accessibility by restriction enzyme kinetic studies (Manohar et al. 2009). Recently,
H3K122ac has been identified in human cells by mass spectrometry experiments
(Tropberger et al. 2013). It has been shown that H3K122ac stimulates gene transcription
in vitro by directly affecting nucleosomes structure (Molina-Serrano and Kirmizis 2013).
Indeed, H3K122ac promotes nucleosome disassembly by disrupting histone-DNA

interaction (Manohar et al. 2009, Simon et al. 2011).

Methylation of histones is the introduction of methyl group to lysine or arginine residues,
which is mediated by methyltransferase. Mono- (me), di- (me2) and tri-methylation (me3)
of lysine have been identified in vivo (Shepherd et al. 1971). For different degrees of
methylation, different biological functions have been reported (Lee et al. 2005, Simon et
al. 2007). However, no evidence exists to show that different degrees of methylation

directly affect chromatin structure by distinct mechanisms.



Methylation of histones affects chromatin structure by different mechanisms, compared
to histone acetylation. Although histone methylation conserves the positive charge of
lysine or arginine, it was suggested that histone methylation facilitates nucleosome
disassembly by arrangement of side chains of amino acids, which alters the surface of
nucleosomes (Zhou et al. 2007). For example, H3K42 locates at histone core domain,
which is involved in DNA-histone interactions. Recently, it was discovered that
H3R42me2 stimulates gene transcription in vitro transcription system (Casadio et al.
2013). Although its mechanism still needs to be elucidated, it was speculated that

H3R42me2 weakens the interactions between DNA and the histone octamer.

Additionally, histone methylation has direct effects on higher-order chromatin structure.
For example, trimethylation at H4K20 results in the enhancement of chromatin
condensation (Lu et al. 2008). It was suggested that histone methylation may severe as
a barrier for histone acetylation, which could weaken histone octamers interaction with
DNA (Cosgrove et al. 2004). In case of H3K64me3, H3K64 lies within histone structural
region and interacts with DNA. Tri-methylation of this residue is enriched in
heterochromatin (Daujat et al. 2009). This modification is a repressive mark for gene
transcription (Daujat et al. 2009). However, it is still unknown how H3K64me3 regulates
chromatin structure. Likely, methylation of H3K64 just simply prevents H3K64ac.
Moreover, the half-life of histone methylation is proximally equal to the half-live of histone
itself (Byvoet and Shepherd 1972). Thus, histone methylation may serve as a stable
obstacle for histone acetylation. In sum, the role of histone methylation in chromatin

structure is more complicated than that of histone acetylation.



Phosphorylation of histones is the introduction of a phosphate group to the side chain of
serine (S), threonine (T) or tyrosine (Y) residues, which is achieved by kinases. The
phosphate group imparts a negative charge at side chain of modified residue, which may
disturb DNA-histone interaction. Thus, it was suggested that histone phosphorylation
affects chromatin structure by the similar mechanisms as histone acetylation (Banerjee
and Chakravarti 2011). Mirsky and co-works found that phosphorylated histone has less
effect on blocking DNA accessibility than unphosphorylated one (Mirsky et al. 1972). This
result indicates that histone phosphorylation may have potential effects on chromatin
structure. H3Y41 phosphorylation was identified in human leukemic cells, which is
modified by Janus kinase 2 (JAK2) (Dawson et al. 2009). H3Y41 is positioned at the N-
terminal tail of H3. The side chain of H3Y41 is located in a minor groove of DNA, which
interacts with DNA. It was reported that this modification is associated with active
promoters (Dawson et al. 2012). The role of this modification at active promoters needs
to be elucidated. However, mutation of H3Y41 facilitates nucleosomal DNA unwrapping
(Ferreira et al. 2007), which indicates that phosphorylation of H3Y41 may have similar

effects on chromatin structure as H3K56ac.

Ubiquitination (ub) of histones is the introduction of a ubiquitin molecule to the side chain
of lysine residues, which is achieved by ubiquitin ligase (E3) in the presence of ubiquitin
activating enzyme (E1) and ubiquitin conjugating enzyme (E2) (Scheffner et al. 1995). To
date, several histone ubiquitination sites were identified. most of them are located at the
solvent-accessible surface of nucleosomes such as H2AK119 and H2BK123 in yeast
(H2BK120 in vertebrate) (Goldknopf et al. 1975, Shilatifard 2006, Thorne et al. 1987,

Zhang 2003). The ubiquitination of H2A was discovered in 1975, while H2Bub was



reported in 1980 (Goldknopf et al. 1975, West and Bonner 1980). In vitro chromatin
immunoprecipitation (ChlIP) data suggest that H2Aub is mainly related to satellite repeats,
while H2Bub is associated with active gene transcription (Minsky et al. 2008, Zhu et al.

2011). It indicates that H2Aub and H2Bub has different biological functions.

The first discovered E3 ubiquitin ligase related to H2AK119ub is RING1B, which is a
polycomb group protein (Wang et al. 2004). Subsequently, several E3 ubiquitin ligases
responsible for H2Aub have been identified, such as breast cancer type 1 and 2A-
HUB/hRUL138 (Chen et al. 2002, Zhou et al. 2008). Similarly, H2B-specific E3 ubiquitin
ligases have been discovered and characterized, such as Rad6 and RNF20 (Robzyk et
al. 2000). Besides, histone ubiquitination is a reversible reaction. H2A-specific
deubiquitination enzymes have also been identified, such as USP16, 2A-DUB and BAP1
(Joo et al. 2007, Nakagawa et al. 2008, Scheuermann et al. 2010). In contrast, Ubp8 and
Ubp1l0 are associated with H2B deubiquitination (Emre et al. 2005, Henry et al. 2003).
Ubp8 is a component of SAGA. Crystal structure of SAGE DUB module
(Ubp8/Sgf11/Susl1/Sgf73) with ubiquitinated nucleosome shows that DUB module mainly
interacts with H2A-H2B dimer. The catalytic domain in Ubp8 makes additional interactions

with H2B (Morgan et al. 2016).

Compared to the above mentioned histone modifications, ubiquitin is a relatively large
molecule, whose molecular weight is about 8.5 KDa (Goldstein et al. 1975). Thus, any
lysine residue in the solvent-inaccessible regions of nucleosomes is ubiquitinated, which
may lead to disrupt nucleosome structure. However, no experimental data exists to show
that histone ubiquitinations directly have an impact on nucleosome structure. Likely, these

modification sites only serve as a binding site for other regulatory proteins. Nevertheless,
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two histone ubiquitinations have potential roles in regulating chromatin structure (Batta et
al. 2011, Ikura et al. 2007). In yeast, H2BK123ub plays a role in nucleosome assembly.
Loss of this modification by deletion of Rad6 decreases the occupancies of nucleosomes
in genome-wide (Batta et al. 2011). H2AX is a histone H2A variant. It was suggested that
ubiquitination of H2AXK119 may promote nucleosome disassembly by decreasing the
binding affinity of modified histones to DNA (lkura et al. 2007). Another novel
ubiquitination site (H2BK34) is located at H2B N-terminal tail (Tweedie-Cullen et al. 2009).
It was suggested that H2BK34ub may directly affect the histone-DNA interactions, and
results in destabilizing nucleosome (Wu et al. 2011). Again, the precise role of these three

modified histones in chromatin structure still needs to be elucidated.

The difficulty to prepare an analogue of histone ubiquitination is the main obstacle to
establish the effects of histone ubiquitination on chromatin structure. Recently, H2BK34
with ubiquitinated analogue was successfully prepared by chemical-ligation method
(Siman et al. 2013). In addition, site-specific ubiquitinated histone mimics were also
synthesized by a straightforward crosslinking method (Long et al. 2014). H2AK119ub and

H2BK120ub were successfully synthesized by this approach.

1.3 The role of histone chaperone in regulating nucleosome structure

Originally, histone chaperone was discovered as a family of protein with acidic domain.
The main function of histone chaperones, proposed soon after their discovery, is to
prevent DNA-histone aggregation (Laskey et al. 1978). To date, histone chaperone refers
to a family of protein involved in nucleosome assembly or disassembly (Burgess and

Zhang 2013). Distinct histone chaperones have preference to bind either H2A-H2B or H3-

10



H4. For example, Asfl (Anti-Silencing Function protein 1) is a H3-H4 histone chaperone.
It binds H3-H4 dimer with 2.5 nM binding affinity (Donham et al. 2011). CAF1 (Chromatin
Assembly Factor 1) is an another compelling example. It binds to (H3-H4)2 tetramer with
similar affinity as Asfl (Winkler et al. 2012). In contrast, several histone chaperones bind
both H3-H4 and H2A-H2B. For instance, Napl (Nucleosome Assembly Protein 1) binds
both H3-H4 and H2A-H2B with similar affinity (Andrews et al. 2008). Similarly, FACT
(FAcilitates Chromatin Transcription) also binds both H2A-H2B and H3-H4 (Kemble et al.
2015, Kemble et al. 2013, Winkler et al. 2011). Mechanically, it is still not clear how some

histone chaperones prefer to binding H2A-H2B or H3-H4.

The nucleosome is assembled through multiple steps. The old idea was that nucleosome
assembly is started from one H3-H4 heterotetramer deposition onto DNA forming
tetrasome, and followed by two H2A-H2B heterodimers binding to tetrasome to form a
nucleosome (Figure 1.3) (Smith and Stillman 1991). It was suggested that H3-H4
heterotetramer was formed through H3-H3’ four helix-bundle (Arents and Moudrianakis
1995). They may separate into two H3-H4 heterodimers in the absence of DNA (Banks
and Gloss 2004). Thus, nucleosomes assembly may be initiated by the deposition of one
H3-H4 heterodimer onto DNA, followed by deposition of a second H3-H4 heterodimer
deposition to form tetrasome, finished by two H2A-H2B heterodimers binding to
tetrasome. Nucleosome disassembly may happen through the reverse pathway. Histone

chaperones play an important role in each step of nucleosome assembly/disassembly.

Firstly, nucleosome assembly starts from tetrasome assembly. Several histone
chaperones are involved in this process, such as Asfl, CAF1 and Rtt109 (Donham et al.
2011, Driscoll et al. 2007, Kadyrova et al. 2013). The crystal structure of Asfl1-(H3-H4)

11
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Figure 1.3 Nucleosomes assemble and disassemble through multiple-steps.
Nucleosome assembly is initiated with the deposition of one (H3-H4)2 heterotetramer
onto DNA forming a tetrasome, followed by two H2A-H2B heterodimers binding to
tetrasome to form a nucleosome. Intermediate states of nucleosome have been
uncovered, such as DNA breathing and ‘open state’. Nucleosome disassembly could be
accomplished in a reverse way (Polach and Widom 1995; Bohm et al. 2011).
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shows that Asfl binds a H3-H4 dimer through disrupting H3-H3' interaction (English et al.
2006). It has been reported that Asfl facilitates H3-H4 dimer deposition onto DNA via
preventing nonspecific histone-DNA interaction (Andrews et al. 2008). Additionally, Asfl
delivers H3-H4 dimer to Rtt109, and results in H3K56ac by Rtt109 (Driscoll et al. 2007).
Then, tetrasome is assembled with the help of CAF1. It was suggested that CAF1 is
involved in DNA replication-dependent nucleosome assembly (Stillman 1986, Stillman
and Gluzman 1985). Next, nucleosome assembly process is finished by the deposition of
H2A-H2B onto tetrasome and hexasome. Although several H2A-H2B chaperone has
been discovered, most of them is involved in H2A-H2B displacement. For example, Nap1l
is a H2A-H2B chaperone (Andrews et al. 2008). However, Nap1 does not facilitate H2A-
H2B deposition onto tetrasome or hexasome. Instead, biochemical studies show that
Napl disassembles nucleosome by removing H2A-H2B from nucleosome (Levchenko
and Jackson 2004). Thus, itis still not clear how H2A-H2B deposits onto tetrasome during

gene transcription and DNA replication.

1.4 FAcilitate Chromatin Transcription (FACT)

1.4.1 FACT is a conserved histone chaperone.

FACT is a heterodimer of Sptl6 (suppressor of Ty 16) and SSRP1 (structure-specific
recognition protein 1) in higher eukaryotes (Figure 1.4) (Orphanides et al. 1998). In yeast,
the SSRP1 subunit is separated into two subunits, Pob3 (Poll1-binding protein 3) and
Nph6 (HGM family protein) (Singer and Johnston 2004). Biophysical studies suggest that
FACT binds both H2A-H2B and H3-H4, which suggests FACT is not only a H2A-H2B

chaperon, but also a H3-H4 chaperone (Kemble et al. 2015, Tsunaka et al. 2016).

13



447 606 933 1047

NTD DD MD CTD  Spt16
NTD/DD
MD IDD HMG CTD SSRP1
177 431 534 624 709

Figure 1.4 Structural alignment of hFACT. hFACT, containing multiple
functional domains, is comprised of two subunits (Spt16-SSRP1). Spt16-NTD
is an ‘aminopeptidase-like’ domain. Spt16MD is involved in the interaction with H3-
H4 tetramer. Recently, Spt16MD-AID-H3-H4 crystal structure has been solved.
Controversially, Spt16MD-H2A-H2B crystal structure has also been solved, which
indicates that Spt16MD interacts with H2A-H2B. The reason for these contradictions
is that Spt16MD-H2A-H2B crystal structure was solved by using a translational
fusion of Spt16MD with H2A-H2B, which may cause nonspecific interaction. In
agreement, crystal structure of Spt16CTD-H2A-H2B suggests that Spt16CTD
interacts with H2A-H2B dimer, which is essential for FACT activity. Additionally,
SSRP1 contains a HMG domain, which has DNA binding property (Kemble et al.
2015; Yang et al. 2016; Hondele et al. 2013; Winkler and Luger 2011; Tsunaka et al.
2016).
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It is still unknown if FACT have preference to binding H2A-H2B or H3-H4. The

consequence of these physical interactions are also unclear.

1.4.2 FACT contains multiple function domains.

From a structural viewpoint, FACT contains multiple function domains. Structural study of
the Sptl6 N-terminal domain (NTD) reveals an aminopeptidase-like domain, which is
composed of a N-terminal lobe and a C-terminal lobe (Figure 1.5) (Marciano and Huang
2016). It has been reported that the yeast and human Spt16 NTD bind H3-H4 with low
micromolar affinity (Hondele et al. 2013, Kemble et al. 2013). However, hSpt16 middle
domain (Jessulat et al.) also interacts with H3-H4. A recent crystal structure of the Sptl16
MD-(H3-H4) complex reveals that Spt16 MD binds a (H3-H4)2 tetramer at two separate
sites (Figure 1.6) (Tsunaka et al. 2016). One binding site involves the H4 L1 loop, which
is bound by DNA in the context of the nucleosome. The other binding site is located at
the H2A docking site at the surface of H3 (a3 helix)-H3’ (a2 helix)-H4’ (a1 helix). Spt16
C-terminal domain (CTD) interacts with H2A-H2B. Yeast Sptl6 CTD-(H2A-H2B) crystal
structure shows that Spt16 CTD mainly binds H2B, and weakly interacts with H2A (Figure
1.7) (Kemble et al. 2015). Similarly, it has been shown that hFACT ACTD (Spt16 ACTD)
impedes FACT-(H2A-H2B) interaction (Belotserkovskaya et al. 2003, Winkler et al. 2011).
Additionally, biochemical studies suggest that interaction of H2A-H2B does not preclude
FACT-(H3-H4) interaction (Kemble et al. 2015). Thus, it was speculated that FACT may
bind H2A-H2B and H3-H4 simultaneously. Since hFACT binds one H2A-H2B dimer, it
has been suggested that hFACT binds to a histone hexamer, composed of one (H3-H4)2

tetramer and one H2A-H2B dimer. Accordingly, a model has been proposed that yFACT
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Figure 1.5 Crystal structure of Spt16-NTD. Structural study of the human Spt16
N-terminal domain (NTD) reveals an aminopeptidase-like domain. In addition, Spt16-
NTD is composed of a N-terminal lobe and a C-terminal lobe (Marciano and Huang
2016).
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Figure 1.6 Crystal structure of Spt16MD-AID-(H3-H4). Spt16MD-AID was co-
crystallized with (H3-H4 )2 tetramer. From structural view, Spt16-MD interacts with
(H3-H4)2 tetramer at two separate sites. One binding site is located in the H4 L1
loop, the other one is located at the surface of H3-H3'-H4’, which interacts with
H2A-H2B in the context of a nucleosome (Tsunaka et al. 2016).
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Figure 1.7 Crystal structure of Spt16-CTD-(H2A-H2B). Spt16 (E967-Y972)
peptide was co-crystallized with H2A-H2B dimer. From structural view, Spt16-CTD
mainly interacts with H2B, with minor contacts with H2A (Kemble et al. 2015).
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may hold the components of nucleosome during gene transcription (Kemble et al. 2015).

As RNA pol Il goes through, FACT rapidly reassembles nucleosome.

Human SSRP1 contains a DNA binding domain, the HMG domain. An intrinsically
disordered domain (IDD) is located at the upstream of HMG domain. It has been shown
that phosphorylation in the IDD causes IDD binding to HMG, resulting in disrupting FACT-
DNA interaction (Tsunaka et al. 2009). Dephosphorylated FACT binds nucleosomal DNA
nonspecifically (Tsunaka et al. 2009). In order to prevent FACT-DNA nonspecific
interaction, phosphorylated FACT was utilized in most biochemical studies (Tsunaka et

al. 2016, Winkler et al. 2011).

1.4.3 The role of FACT in regulating nucleosome structure

FACT was discovered as a transcription elongation factor (Orphanides et al. 1998).
Biochemical studies suggest that FACT facilitates gene transcription by removing H2A-
H2B from nucleosome (Belotserkovskaya et al. 2003). Indeed, structural studies reveal
that FACT-(H2A-H2B) interaction is incompatible with nucleosomal DNA-(H2A-H2B)
interaction (Kemble et al. 2015). It has been shown that FACT removes H2A-H2B from
DNA (Winkler et al. 2011). Additionally, FACT-(H2A-H2B) interaction is essential for
overcoming nucleosome barrier during gene transcription (Hsieh et al. 2013). All these

evidence support the idea that FACT is a nucleosome disassembly factor.

However, genetic data suggest that FACT temperature-sensitive mutant decreases
nucleosome occupancy (Kaplan et al. 2003). FACT also reassembles nucleosomes
behind RNA polymerase Il. It was suggested that FACT maintains nucleosome structure

by redepositing H3-H4 (Jamai et al. 2009). Besides, incorporation of new H3 increases in
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the absence of Sptl6 (Voth et al. 2014), indicating that FACT facilitates tetrasome
reassembly. In this way, FACT may maintain histone modification patterns by re-
deposition of preexisting H3-H4. Similarly, FACT temperature-sensitive mutants
adversely affect nucleosome deposition, as shown by an in vivo Chromatin
Immunoprecipitation (ChlP) assay (Nguyen et al. 2013). These genetic studies support
the idea that FACT is a nucleosome assembly factor. However, the mechanism by which

it assembles nucleosomes needs to be elucidated.

Due to these contradicting data, the role of FACT in regulating nucleosome dynamics
needs further investigation. Perhaps, FACT is able to both assemble and disassemble
nucleosomes. According to genetic data, FACT may assemble nucleosomes by
facilitating tetrasome assembly (Nguyen et al. 2013). FACT disassembles nucleosome
by removing H2A-H2B. Several histone chaperones have both nucleosome assembly and
nucleosome disassembly activity. For example, Napl assembles nucleosome in vitro
(Fujii-Nakata et al. 1992). Nap 1 also enhances DNA accessibility by disassembling
nucleosome (Levchenko and Jackson 2004). Similarly, Napl binds both H2A-H2B and
H3-H4 as mentioned above. Assuming that FACT has both assembly and disassembly
activity, the question how FACT switches its assembly/disassembly activity still needs to

be addressed.

1.5 Linker Histones

Linker histone H1 (consisting of ~200 a.a.) is very abundant in the nucleus. Linker H1
histone is comprised of N-terminal tail, a globular domain and a highly basic C-terminal

tail. It has been shown that H1 plays an important role in chromatin compaction (Thoma
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et al. 1979). Biochemical study suggests that H1 histone binds to mononucleosome with
picomolar affinity (White et al. 2016). Partial C-terminal tail (97 to 121 a.a.) is essential

for H1 binding nucleosome linker DNA (Fang et al. 2011, White et al. 2016).

The question how H1 is removed from nucleosome still needs to be answered. Recently,
it has been reported that histone PTMs at H3 N-terminal tail decrease H1 occupancy on
nucleosome. Genetic data suggest that acetylation at H3 N-terminal tail precludes the
occupancy of H1 (Stutzer et al. 2016). Additionally, biochemical study suggests that SET
and hNapl physically interact with H1, and results in linker histone eviction from
chromatin (Zhang et al. 2015). Similarly, FACT also binds to H1 with ~35 nM affinity
(Kalashnikova et al. 2013). The binding site of FACT at H1 is still not clear. Moreover, the

role of FACT in H1-nucleosome interaction still needs to be elucidated.

1.6 Scope of this thesis

The work in this dissertation focuses on understanding how nucleosome structure is
regulated. Firstly, FACT-histone binding affinity was determined by fluorescence-based
plate assay. The stoichiometry of FACT-histones was measured by Analytical
UltraCentrifugation (AUC). Additionally, we attempted to determine if FACT could bind
H2A-H2B and H3-H4 simultaneously. Then, we asked how FACT regulates nucleosome
structure. By using high resolution electrophoretic mobility shift assay (EMSA), and AUC,

we determined that FACT does not disassemble properly folded nucleosomes.

Next, we investigated if FACT is a nucleosome assembly factor. An in vitro gel-based
nucleosome assembly assay and MNase digestion assay were applied. We dissected

which step of nucleosome assembly FACT is involved in. The role of FACT in gene
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transcription was also investigated by using a defined in vitro transcription system.
Fluorescence resonance energy transfer (FRET)-based competition plate assay was
applied, in order to test if H2AK119ub or H2BK123ub disrupts FACT-(H2A-H2B)
interaction. The contribution of mono-ubiquitination at either H2AK119 or H2BK120 in
FACT assembly/disassembly activity was investigated. Additionally, the effects of histone

ubiquitination on FACT activity during gene transcription were also determined.

We also determined how histone modifications regulate nucleosome structure. By using
size exclusion chromatography with multiple angle light scattering, small angle X-ray
scattering, restriction enzyme and MNase digestion assay, we were able to determine the
effect of selected histone modifications on nucleosome structure. Several histone
modifications were selected, due to their structural and biological importance. Since these
selected histone modifications are mainly located in DNA entry-exit region of the
nucleosome, we propose that these histone modifications facilitate DNA unwrapping from

the surface of histone octamer.
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CHAPTER 2

THE EFFECTS OF HISTONE CHAPERONE FACT ON NUCLEOSOME STRUCTURE

2.1 Summary

FACT was discovered as a transcription elongation factor, and plays an essential role in
many chromatin-related activities. hFACT, composed of Sptl6 and SSRP1, is a
conserved histone chaperone. Our biochemical studies suggest that FACT is a
nucleosome assembly factor that facilitates tetrasome assembly, as well as H2A-H2B
deposition onto the tetrasome and hexasome. We also find that FACT tethers partial
components of nucleosome via interaction with H2A-H2B and tetrasomal H3-H4, which
results in forming a homogenous complex. Compare to nucleosome, DNA in this complex
is less stably organized. FACT-H2A-H2B interaction and (H2A-H2B)-(H3-H4) interaction
are crucial for the ability of FACT to bind to these nucleosome components. This work
provides mechanistic insight into how FACT regulates nucleosome structure. All AUC-

FDS experiments in this chapter were designed by me, and performed by Daniel Krzizike.

2.2 Introduction

The histone octamer consists of two copies of H2A-H2B heterodimers and one copy of a
(H3-H4)2 heterotetramer. 146-bp of DNA are wrapped 1.65 times around a histone
octamer to form a nucleosome (Luger et al. 1997). Nucleosomes are considered to be
barriers for DNA dependent processes, such as replication, transcription and DNA repair

(Fischle et al. 2003, Kulaeva et al. 2007, Leman and Noguchi 2013, Price and D’Andrea
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2013, Unnikrishnan et al. 2010). Therefore, the regulation mechanisms of nucleosome

dynamics have received much attention during last decades.

Nucleosomes are assembled in multiple steps. It begins with the deposition of one H3-
H4 heterotetramer onto DNA forming a tetrasome, followed by two H2A-H2B
heterodimers binding to the tetrasome to form a nucleosome (Smith and Stillman 1991).
Nucleosome disassembly is likely accomplished in the reverse pathway. Several factors,
such as histone posttranslational modifications (PTMs), histone variants and histone
chaperones have a potential role in the regulation of nucleosome dynamics (Andrews et

al. 2010, Kadyrova et al. 2013, Venkatesh et al. 2012).

Histone chaperones are a family of proteins with an acidic domain, which bind to histones
with high affinity. Histone chaperones are involved in nucleosome assembly or
disassembly (Andrews et al. 2010, Eitoku et al. 2008, Huang et al. 2005, Kadyrova et al.
2013, Tyler et al. 1999). FACT (FAcilitates Chromatin Transcription) is a highly conserved
histone chaperone in eukaryotes. Human (h) FACT is a heterodimeric complex,
composed of Sptl6 and SSRP1 (Orphanides et al. 1999). hFACT binds H2A-H2B with
low nanomolar affinity (Winkler et al. 2011) and is thus widely considered as a H2A-H2B
chaperone. The acidic region of Sptl6 C-terminal domain (CTD) is essential for FACT-
H2A-H2B interaction (Kemble et al. 2015). Besides, electrophoretic mobility shift assays
(EMSA) suggest that yFACT binds to H2A-H2B and (H3-H4)2 tetramer with similar affinity
(~150 nM) (Kemble et al. 2015, Kemble et al. 2013). Several biochemical studies suggest
that the Sptl6 CTD is very important for FACT activity (Belotserkovskaya et al. 2003,
Kemble et al. 2015, Tsunaka et al. 2016). In contrast, our previous work shows that

hFACT binds to H3-H4 with ~700 nM affinity, and binds to H2A-H2B with ~30 nM affinity
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by using fluorescence-based plate assay (Winkler et al. 2011). This discrepancy
encouraged us to re-evaluate hFACT-H3-H4 binding affinity. The crystal structure of
hSptl6 middle domain (MD)-acidic domain (AID)-(H3-H4)2 shows that FACT-(H3-H4)2
interaction is incompatible with (H2A-H2B)-(H3-H4) and H3-H4-DNA interaction in the
context of nucleosome (Tsunaka et al. 2016). Together, this suggests that FACT is also
an H3-H4 chaperone. Since H2A-H2B and H3-H4 bind distinct regions on FACT, it is
possible that FACT tethers H2A-H2B and H3-H4 simultaneously. Indeed, it has been
shown that hFACT binds a histone hexamer, composed of one H2A-H2B dimer and (H3-

H4): tetramer (Tsunaka et al. 2016).

FACT was discovered as an essential transcription enlongation factor (Orphanides et al.
1998). How FACT stimulates gene transcription and regulates nucleosome structure still
needs to be addressed. Belotserkovskaya et al determined that FACT stimulates gene
transcription by using an in vitro assembled chromatin template with general transcription
factors. It was proposed that FACT displaces one or two H2A-H2B dimers from
nucleosomes during transcription (Belotserkovskaya et al. 2003). Histone mutations,
located in the interface between H2A-H2B dimer and (H3-H4)2 tetramer interface, reduce
the need for FACT to be fully active (McCullough et al. 2013). Taken together, this
suggests that FACT is a nucleosome disassembly factor. However, yFACT also
reassembles nucleosomes in the wake of RNA polymerase Il by an in vivo ChlIP assay
(Jamai et al. 2009). Similarly, genetic data show that incorporation of new H3 increases
in the absence of Sptl6 (Voth et al. 2014), which indicates that FACT is involved in
maintenance of preexisting tetrasome. FACT temperature-sensitive mutants impede

nucleosome deposition, as determined by an in vivo ChIP assay (Nguyen et al. 2013).
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These genetic studies support the idea that FACT is a nucleosome assembly factor.
Based on these contradicting data, it was proposed that FACT facilitates both
nucleosome disassembly and assembly by holding the components of nucleosome in a
ternary complex during transcription elongation, and reassembling nucleosomes as RNA
polymerase Il passes through (Jamai et al. 2009). Recently, Tsunaka and his colleagues
found that hFACT does not bind to well assembled nucleosome (Tsunaka et al. 2016).
In contrast, hFACT efficiently forms a complex with nucleosomes if these were
reconstituted with two DNA fragments (33/112-bp), which results in H2A-H2B
displacement. These two DNA fragments create two DNA blunt ends closed to N-terminal
tail of H2B. Accordingly, they proposed that FACT facilitates nucleosome disassembly
through interaction with H2A-H2B. However, it is still unknown if FACT is indeed able to
facilitate nucleosome assembly, and the exact role of FACT in nucleosome dynamics

requires further investigation.

Histone posttranslational modifications (PTMs) have potential roles in histone chaperone
activity. For example, nucleosomes with H3K36me3 facilitate FACT recruitment to the
actively transcribed chromatin template, which results in maintenance of nucleosome
integrity (Carvalho et al. 2013). Similarly, histone ubiquitination (ub) plays an important
role in gene transcription (Wu et al. 2014). Carey and colleagues have shown that
H2BK120 ubiquitination facilitates FACT function in transcription, in the presence of other
transcription factors such as p300, Mediator and SWI/SNF etc. (Pavri et al. 2006).
Transcription levels are significantly increased in an in vitro transcription system in the
presence of FACT. This suggests that histone ubiquitination has potential roles in the

regulation of FACT assembly/disassembly activity. It was proposed that H2BK120ub
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stimulates FACT function to remove H2A-H2B dimers in transcription elongation, which

promotes gene transcription (Pavri et al. 2006).

FACT per se is also a target for posttranslational modifications, which play an important
role in the regulation of its function. CK2 phosphorylates hFACT, and thus preventing
FACT DNA-binding activity (Li et al. 2005). Dephosphorylation of FACT restores its DNA
binding activity (Tsunaka et al. 2009). Dephosphorylated FACT interacts nonspecifically
with the nucleosome. Therefore, in this study we used phosphorylated FACT as done in

previous studies (Tsunaka et al. 2009).

Here, we reveal that hFACT binds to H3-H4 with ~13 nM affinity, which is similar to the
binding affinity of FACT-h(H2A-H2B) (~17 nM). We also provide direct evidence that
FACT binds a histone hexamer, which is comprised of one (H3-H4)2 tetramer and one
H2A-H2B dimer. FACT-H2A-H2B interaction facilitates FACT binding to H3-H4.
Additionally, the H2B-H4 interaction at H2A-H2B docking site closed to its base is crucial
for FACT interaction with a histone hexamer. This suggests that FACT promotes (H2A-
H2B)-(H3-H4) interaction. By binding all histones, FACT facilitates tetrasome assembly,
as well as H2A-H2B deposition onto tetrasome and hexasome, which results in
nucleosome assembly. Thus, FACT is a nucleosome assembly factor, consistent with
genetic data. In addition, mono-ubiquitination at either H2AK119 or H2BK120 does not

affect FACT-(H2A-H2B) interaction and FACT assembly activity.

Additionally, we find that FACT tethers components of the nucleosome via interaction with
H2A-H2B and tetrasomal H3-H4. Compared to nucleosome, DNA does not stably wrap

around histones. FACT-H2A-H2B interaction and dimer-tetramer interaction are
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indispensable for FACT binding nucleosome components. According to our biochemical
data, we propose that interaction with H2A-H2B facilitates FACT binding H3-H4 in the
context of tetrasome. Through interaction with tetrasomal H3-H4, FACT further promotes
the interaction between H2A-H2B and H3-H4. In this way, FACT is able to tether the
partial components of nucleosome, containing a histone hexamer and DNA. The current

work provides mechanistic insight into how FACT regulates nucleosome structure.

2.3 Material and Methods

2.3.1 Reagents

Recombinant histones used in this study were either from Xenopus laevis or Homo
sapiens. They were expressed and purified as described previously (Luger et al. 1999).
H4T71C mutant was used for H3-H4 Alexa 488 labeling, while H2BT112C was used for
H2A-H2B Atto 647N labeling. 147-bp or 207-bp ‘601" DNA was prepared as described
previously. Nucleosomes with 147-bp or 207-bp DNA were reconstituted by salt dialysis
(Dyer et al. 2004). H2AK119ub and H2BK120ub were prepared as previously described

(Long et al. 2014).

2.3.2 FACT expression and purification

The purification process of human FACT full length or FACT ACTD complexes was
adapted from previous work with minor changes (Winkler et al. 2011). FACT complexes
were purified over a 5 ml prepacked HisTrap HP column (GE Healthcare), followed by 5
ml prepacked HiTrap Q HP column (GE Healthcare). The final step was a Superdex 200

10/300 size exclusion column (GE Healthcare). FACT was stocked in 150 mM NacCl, 20
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mM Tris pH 8.0, 10% glycerol, 0.01% CHAPS, 0.01% octyl glucoside and 1 mM TCEP.

CHAPS and octyl glucoside were used to avoid nonspecific protein-protein interaction.

2.3.3 Fluorescence-based Microplate assay

To determine the binding affinity for FACT and histones, fluorescence-based plate assays
and fluorescence resonance energy transfer (FRET)-based competition assay were
performed in 150 mM NaCl, 20 mM Tris pH 8.0, 10% glycerol, 0.01% CHAPS, 0.01%
octyl glucoside and 1 mM TCEP. 384-well Sensoplate Plus microplates (Greiner Bio-One)
for fluorescence-based plate assay were prepared as published before (Winkler et al.
2011). Labeled Xenopus laevis or Homo sapiens histone was kept at 2 nM. hFACT
complex was titrated from 1 nM to 500 nM. The reaction mixture was incubated in a 384-
well microplate for 10 mins at room temperature, and then scanned by Typhoon 8600
variable mode fluorimager. Fluorescence signal was quantified by ImageQuant™. The
data was analyzed and fit by Graphpad Prism. To test if histone ubiquitination affects
FACT-(H2A-H2B) interaction, the FRET-based competition assay was conducted in the
same buffer as fluorescence-based plate assay. 100 nM Xenopus laevis H2A-H2B dimer
and 20 nM FACT concentration were mixed, and incubated for 10 mins at room
temperature. Homo sapiens WT H2A-H2B, H2AK119ub-H2B or H2A-H2BK120ub was
then titrated ranging from 1 nM to 3 uM. The reaction mixture was incubated in a 384-well
microplate for 10 mins at room temperature, and then scanned by Typhoon. Fluorescence
signal was quantified by ImageQuant™. The data was analyzed and fit with Graphpad

Prism.
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2.3.4 Sedimentation velocity analytical ultracentrifugation

To determine the stoichiometry of FACT-(H2A-H2B) complex, AUC was performed in 150
mM NacCl, 20 mM Tris pH 8.0 and 1 mM TCEP. 1.8 uM FACT was mixed with different
amounts of H2A-H2B. The reaction mixture was kept at room temperature for 10 mins.
The reaction mixture was spun at 30-35,000 rpm and 20 °C in a Beckman XL-A
ultracentrifuge. To determine if FACT binds nucleosome, 150 nM nucleosome was mixed
with 600 nM FACT, and incubated at room temperature for 10 mins. The reaction mixture
was spun in either An-50 Ti or An-60 Ti rotor at 32,000 rpm 20 °C in a Beckman XL-A
ultracentrifuge. All of AUC data was analyzed by UltraScan 3 version 2.0 and plotted by

using Graphpad Prism.

To determine if FACT binds a histone hexamer, Sedimentation Velocity Analytical
Ultracentrifugation (SV-AUC) experiments were performed using a Beckman Coulter
Optima XL-A analytical ultracentrifuge equipped with an Aviv fluorescence detection
system (FDS) using an An60Ti rotor (Beckman Coulter) with standard epon 2-channel
centerpiece cells. Samples were diluted to desired concentrations ranging from ~0.2 —
~0.5 OD (absorbance), or Alexa 488 labeled histones were set to either 100 or 200 nM
concentration (fluorescence). Sedimentation was then monitored using either the
absorbance optics (intensity mode at 280 nm) or fluorescence optics (emission 488,
excitation >505) at 20 °C using speeds of 40 or 45k rpm. Partial specific volumes of
sample were determined using UltraScan 3 version 2.0. Time invariant and radial
invariant noise were subtracted from the sedimentation velocity data by 2-dimensional-
spectrum analysis (2DSA) followed by genetic algorithm refinement and Monte Carlo

analysis (Brookes et al. 2010, Brookes and Demeler 2007, Demeler and Brookes 2008).
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Sedimentation coefficient distributions G(s) were obtained with enhanced van Holde-

Weischet analysis (Demeler and van Holde 2004).

Calculations were performed on the UltraScan LIMS cluster at the Bioinformatics Core
Facility at the University of Texas Health Science Center at San Antonio and the Lonestar
cluster at the Texas Advanced Computing Center supported by NSF Teragrid

Grant #MCB070038.

2.3.5 In vitro gel-based assembly/disassembly assay

To test if FACT disassembles nucleosome, FACT (5 nM to 5 uM) was titrated into
nucleosome previously assembled onto 147-bp DNA (10 nM). The reaction mixture was
incubated at room temperature for 1 hr. The reaction was performed in the same buffer

as mentioned above. Nucleosome was analyzed a 5% PAGE at 150 V, 4 °C for 60 mins.

To determine if FACT facilitates tetrasome assembly, FACT (15 nM to 240 nM) was
titrated into Xenopus laevis or Homo sapiens H3-H4 (30 nM), and incubated at room
temperature for 10 mins. DNA (30 nM) was added into the reaction mixture. The reaction
was performed in the same buffer as mentioned above. Tetrasome formation was

analyzed as mentioned above.

To determine if FACT facilitates H2A-H2B deposition onto tetrasome, Atto 647N labeled
H2A-H2B dimer (30 nM) was mixed with varying amounts of FACT, and incubated at
room temperature for 10 mins. 60 nM tetrasome was added into reaction mixture, and
incubated at room temperature for another 30 mins. The reaction was performed in the

same buffer as mentioned above. Products were analyzed as mentioned above.
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To determine if FACT facilitates H2A-H2B deposition onto hexasome, under-assembled
nucleosome was reconstituted with optimal ratio of H3-H4 to DNA and insufficient H2A-
H2B. Under-assembled nucleosome was analyzed on a 5% PAGE. FACT (10 nM to 1280
nM) was titrated into under-assembled nucleosome (20 nM). The reaction mixture was
incubated at room temperature for 1 hr. The reaction was performed in the same buffer
as mentioned above. The reaction products were analyzed on a 5% PAGE at 150V 4 °C

for 70 mins.

To investigate if histone ubiquitination affects FACT assembly activity, under-assembled
nucleosomes with ubiquitinated histones were reconstituted as WT under-assembled
nucleosome. FACT (30 nM to 1920 nM) was titrated into under-assembled WT or
modified nucleosome (20 nM). The reaction mixture was incubated at room temperature
for 1 hr. The reaction was performed in the same buffer as mentioned above. The reaction

products were analyzed as mentioned above.

To investigate if FACT facilitates nucleosome assembly, Alexa 488 labeled (H3-H4):
tetramer (250 nM) and Atto 647N labeled H2A-H2B dimer (500 nM) were mixed with or
without FACT (1 puM), incubated at room temperature for 10 mins. Then, 207-bp ‘601’
DNA (250 nM) was added into the reaction mixture, and incubated at room temperature
for another 30 mins. The reaction was performed in 150 mM NaCl, 20 mM Tris pH 8.0,
10% glycerol, 0.01% CHAPS, 0.01% octyl glucoside and 1 mM TCEP. The reaction

products were analyzed as mentioned above.

To determine if FACT assembles supershifted complexes with tetrasome with either 147

or 79-bp DNA, 850 nM FACT was mixing with an increasing amount of H2A-H2B (160 nM
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and 240 nM), and then 40 nM tetrasome with either 147 or 79-bp DNA was added into

reaction mixture. Complexes were analyzed as mentioned above.

2.3.6 Micrococcal nuclease digestion assay

To determine if histones are tightly wrapped by DNA in the supershifted complex, MNase
digestion assay was applied. 3.2 uM FACT was mixed with 200 nM (H3-H4). tetramer
and 400 nM H2A-H2B dimer, incubated at room temperature for 10 mins. 100 nM 147-bp
DNA was then added into the reaction mixture, and incubated at room temperature for
another 30 mins. The reaction was performed in 150 mM NaCl, 20 mM Tris pH 8.0, 10%
glycerol, 0.01% CHAPS, 0.01% octyl glucoside and 1 mM TCEP. Different amount of
MNase (1 U/ul, 2 U/pl, 4 U/ul) was mixed with the supershifted complexes. The reaction
mixtures were incubated at 37 °C for 10 mins. The reaction was quenched by adding 5 pl
0.5 M EDTA. 621-bp DNA was added into reaction mixture as a reference DNA. DNA
fragments were purified through MiniElute PCR Purification Kit (QIAGEN). The length of
DNA fragments was quantified by 2100 Bioanalyzer (Agilent), analyzed by 2100 Expert
software. To determine the stability of nucleosome assembled by FACT, MNase digestion
assay for nucleosome assembled by FACT was performed and analyzed as mentioned

above.

2.3.7 In vitro transcription assay

In vitro transcription assay was adapted from previous work (Kuryan et al. 2012). 141-bp
‘601’ DNA sequences, flanked by 50-bp polylinker DNA sequences and 20-bp DNA
sequences were joined to a single-stranded C tail as a binding site for RNA pol II.

Mononucleosomes were reconstituted onto this DNA fragment with Xenopus laevis
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histones by salt dialysis; special care was taken to reach the correct assembly rate. All
transcription reactions were performed in 25 mM HEPES pH 7.5, 10 mM MgClz, 2.5 mM
KCI, 10% Glycerol, 1 mM DTT, and 250 ng/pl BSA. Nucleosome concentration was kept
at 0.5 nM. FACT was titrated from 0.4 nM to 100 nM. Upon addition of NTPs and RNase
H, chromatin template was transcribed by RNA pol Il. The RNA transcripts are analyzed
on a 6.5% acrylamide sequencing gel. RSC and RNA pol Il were prepared as previously

described (Izban and Luse 1991).

2.4 Results

2.4.1 FACT binds to a histone hexamer composed of one H2A-H2B and one (H3-

H4) tetramer.

The binding affinity of hFACT for hH3-H4 was determined using a fluorescence-based
plate assay (Hieb et al. 2012). We found that hFACT binds hH3-H4 with an affinity of 13
nM (Figure 2.1A). This latter result is in disagreement with our previous work (Winkler et
al. 2011), possibly due to differences in the preparation of FACT. In the current work,
FACT was purified over an additional HisTrap Q HP column, in order to remove DNA
contamination. We speculate that DNA contamination in previous FACT prep may result
in nonspecific interactions between FACT and H3-H4. FRET-based competition assay
was used to measure the binding affinity of hFACT with hH2A-H2B. hFACT binds hH2A-
H2B with Kd=~17 nM affinity (Figure 2.1B). All these data support the idea that FACT is
not only a H2A-H2B chaperone, but also a H3-H4 chaperone. Mono-ubiquitination at
either H2AK119 or H2BK120 does not affect FACT-(H2A-H2B) interaction (Figure 2.1B).

The stoichiometry of the hFACT-H2A-H2B complex was determined by Analytical

34



Nommalized F.C. (%)

1004

804

60+

40-

204

i r
1 10

FACT (nM)

100

35

1000

- Xenopus laevis H3-H4
- Homo sapiens H3-H4
Xenopus laevis H2A-H2B



= 80

9

w 60

i

= 40- » WThum H2A-H2B

g = Hum H2AK119ub-H2B

z 204 — Hum H2A-H2BK120ub
0 L] il L] el B il
0.1 1 10 100 1000 10000

H2A-H2B (nM)

Figure 2.1. FACT binds to H3-H4 and H2A-H2B with similar affinity. (A) The binding
affinity of FACT-H3-H4 was determined by fluorescence-based plate assay. Xenopus
laevis and Homo sapiens H3-H4T71C were labeled with Alexa 488. Xenopus laevis H2A-
H2BT112C was labeled with Atto 647N. H3-H4 and H2A-H2B concentration were kept at
2 nM. FACT concentration ranged from 1 nM to 500 nM. The reaction was performed
under physiological salt condition (150 mM NaCl). The fluorescence signal is increased
as a result of direct interaction between FACT and H3-H4 or H2A-H2B. The experiment
was performed in three biological replicates. Each error bar represents standard
deviation (SD) of three biological replicates (B) The contribution of mono-ubiquitination
to FACT-H2A-H2B interaction was determined by FRET-based competition assay.
Xenopus laevis H2A-H2BT112C was labeled with Alexa 488, and FACT was labeled with
Atto 647N. Either WT or ubiquitinated human H2A-H2B were titrated from 1 nM to 3 uM.
The FRET signal decreases as a result of competitive binding of histones to FACT. Each
error bar represents SD of two biological replicates.
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Figure 2.2. FACT binds one H2A-H2B dimer, and forms aggregates with (H3-H4),

tetramer at higher concentration. FACT concentration was kept at 1.8 uM, and mixed
with histones at room temperature. H2A-H2B and FACT were pre-mixed at the indicated
ratios. FACT forms aggregation with H3-H4 immediately as FACT is mixed with H3-H4,
resulting in rapid loss of OD.
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Ultracentrifugation (AUC) (Figure 2.2). The sedimentation coefficient (Sizow)) of hFACT
alone is ~7.5. Addition of equimolar amounts of H2A-H2B increases the Sow) value of
FACT to ~8.5, indicative of FACT-H2A-H2B interaction. Adding twice the amount of H2A-
H2B does not further increase So,w)value of FACT-(H2A-H2B). The S(2o,w) value of H2A-
H2B is ~2.5 (Figure 2.3). This indicates that hFACT binds only one H2A-H2B dimer, which
is in agreement with previous results (Winkler et al. 2011). The MW of FACT alone
calculated Sow) by AUC is ~190 KDa, which is similar to its theoretical MW (201 KDa).
The MW of FACT-H2A-H2B complex calculated in the same way is 214 KDa (theoretical

MW is 228.9 KDa). We attempted to use this same approach to determine the

stoichiometry of FACT-(H3-H4). An equimolar amount of (H3-H4): tetramer (at a
concentration of 1.8 uM) was mixed with FACT. Surprisingly, FACT-(H3-H4)2 forms
aggregates upon mixing. 1.8 pM (H3-H4)2 was used in AUC experiment, which is 900-
fold higher than the concentration used in the fluorescence-based plate assay. Perhaps
the high concentration of H3-H4 causes nonspecific interactions with FACT, resulting in
aggregation. Indeed, it has been shown that the acidic domain in Sptl6 CTD interacts
with H3-H4 nonspecifically (Tsunaka et al. 2016). In addition, H3-H4 exists as tetrameric
state as H3-H4 concentration is high (>1 uM). As H3-H4 concentration is low (<50 nM),
H3-H4 mainly exists as a dimeric state (Winkler et al. 2012). Thus, in the previous
fluorescence-based plate assay H3-H4 exists as a dimer, while H3-H4 exists as a
tetramer in AUC experiment. Likely, FACT prefers to bind to H3-H4 dimer, not H3-H4

tetramer.

It has been established that H2A-H2B binds to a conserved peptide motif of Spt16-CTD,

while (H3-H4)2 tetramer interacts with hSpt16-M domain (Kemble et al. 2015, Tsunaka et
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al. 2016). We therefore asked if FACT can bind to H2A-H2B and H3-H4 simultaneously.
To explore this idea, analytical ultracentrifugation was performed with an Aviv
Fluorescence Detection System (AUC-FDS) to specifically monitor fluorescently labeled
H2A-H2B. Alexa 488 labeled H2A-H2B concentration was kept at relatively low
concentration (100 nM). FACT concentration was kept at 200 nM. The Seow) value of
H2A-H2B alone is about ~2.5, whereas the Sio,w) value of H2A-H2B increases to ~8.3 in
the presence of FACT, due to physical FACT-(H2A-H2B) interaction (Figure 2.3). This
result is consistent with the AUC absorption data shown in Fig. 2.2. Addition of the
fluorescence dye at H2B may affect S-value of H2A-H2B. To test if FACT binds to H2A-
H2B and H3-H4 simultaneously, 400 nM FACT was mixed with 400 nM H3-H4 and 100
nM Alexa 488 labeled H2A-H2B dimer. Sedimentation coefficient distribution contains two
species. One can be attributed to FACT-(H2A-H2B) complex (Seow)=~8.3). The Scow)
value of the other species is ~13.3, which we attribute to a FACT-(H3-H4)2-(H2A-H2B)
complex (Figure 2.3). We also attempted to determine the Sow) value of FACT-(H3-H4)
by AUC-FDS. Alexa 488 labeled H3-H4 (at 200 nM) was combined with 200 nM FACT.
Again, FACT and H3-H4 form fast-sedimenting aggregation, which causes loss of ~ 50%
of the fluorescence intensity signal (Figure 2.4). In presence of H2A-H2B, we were able
to regain this the lost signal. Furthermore, an Siow) value of FACT-(H3-H4)2-(H2A-H2B)
(S20w)=~13.8) was obtained by using fluorescently labeled H3-H4 (Figure 2.3). Likely,
H2A-H2B facilitates FACT interaction with H3-H4 by preventing nonspecific interaction
between FACT and H3-H4. We attempted to calculate the MW of FACT and hexamer
complex by AUC. However, the derived molecular weight is 499 KDa, which is much

larger than its theoretical MW 279 KDa expected for FACT-hexamer complex. This may
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Figure 2.3. FACT binds to a histone hexamer composed of one (H3-H4), tetramer

and one H2A-H2B dimer. AUC with Fluorescence Detection System (FDS; detection
at 488 nm) was performed for H2A-H2B only, FACT-(H2A-H2B) and FACT-(H3-H4),-

(H2A-H2B). 100 nM Alexa 488 labeled H2A-H2B was mixed with 200 nM FACT. In
presence of FACT, S(ZO,W) value of labeled H2A-H2B increased to ~8.3, due to FACT-

H2A-H2B complex formation. This result is consistent with AUC absorption data (Fig.
2.2). In order to determine if FACT binds H2A-H2B and H3-H4 simultaneously, 100 nM
Alexa 488 labeled H2A-H2B was mixed with 200 nM (H3-H4), tetramer and 400 nM

FACT. Addition of H3-H4 further increases the S, value of FACT-(H2A-H2B) from

~8.3 to ~13.3. This indicates that FACT binds H2A-H2B and H3-H4 simultaneously.
Mutant H3-H4 tetramer no longer capable of forming a four-helix bundle (H3L126A,
[130A and C110E), and thus are deficient in tetramer formation, was also analyzed.
Besides, the S-value of FACT-(H3-H4),-(H2A-H2B) was determined by using Alexa 488

labeled H3-H4.
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Figure 2.4. H2A-H2B prevents FACT from forming aggregates with H3-H4. We
attempted to determine the S ,,y, value of FACT-H3-H4 by using AUC-FDS. Even at
H3-H4 concentration around 200 nM, FACT still forms aggregation with H3-H4, which
causes ~50% signal loss. In presence of H2A-H2B, the lost signal is regained, which
suggests that H2A-H2B facilitates the formation of an ordered complex between FACT
and H3-H4. The error bars represent SD of two biological replicates.
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be due to the fact that partial specific volume (i.e. the volume that the solute occupies in
solution) is determined of f/f0 (gross shape and molecular weight). Partial specific volume
was determined by using UltraScan 3 version 2.0, which cannot be precisely estimated
for heterogeneous mixtures. Thus, MW of FACT-hexamer complex calculated by AUC is

not similar to its theoretical MW.

In the previous experiment, H3-H4 concentration was kept below 500 nM, and thus H3-
H4 exists as a mixture of H3-H4 dimer and (H3-H4): tetramer. It is thus possible that
FACT only binds one H3-H4 dimer and one H2A-H2B dimer simultaneously. In order to
rule out this possibility, H3 with three point mutations (L126A, 1130A, C110E) was used.
According to the crystal structure of Spt16-MD-AID-(H3-H4)2, these point mutations are
not located at the interface of FACT-(H3-H4)2 tetramer interaction. At 2 M NacCl, these
mutations prevent the formation of the (H3-H4). tetramer (data not shown); rather, H3-H4
forms a heterodimer. 400 nM FACT was mixed with 400 nM H3-H4 with the three point
mutations and 100 nM Alexa 488 labeled H2A-H2B. Addition of H3-H4 dimer mutant does
not increase Scow) value of the FACT-H2A-H2B (Figure 2.3). This indicates that FACT
does not tether H3-H4 dimer with H2A-H2B dimer simultaneously. In sum, FACT binds a

histone hexamer composed of one (H3-H4): tetramer and one H2A-H2B dimer.

Together, we found that FACT binds H2A-H2B and H3-H4 with similar affinity, mono-
ubiquitination at either H2A or H2B does not disrupt FACT-H2A-H2B interaction. In
addition, H2A-H2B facilitates FACT interaction with (H3-H4)2 tetramer, which results in
the formation of a FACT-histone hexamer complex, comprised of one (H3-H4):2 tetramer

and one H2A-H2B dimer.
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2.4.2 FACT per se does not either disassemble or bind to nucleosome in vitro.

FACT was originally identified as a nucleosome disassembly factor. It was suggested that
FACT removes one or two H2A-H2B dimers from nucleosomes (Belotserkovskaya et al.
2003). This is actually a reasonable assumption in light of the high FACT-H2A-H2B
binding affinity. To test this hypothesis, an in vitro gel-based nucleosome disassembly
assay was performed. Excess amounts of FACT were mixed with nucleosomes
reconstituted onto a 147-bp DNA fragment by salt dialysis. Reaction products were
analyzed on a 5% PAGE, and visualized by SYBR gold staining and fluorescence (H2B)
(Figure 2.5A-B). The intensity of the nucleosome band remains constant as FACT is
titrated. Thus, FACT per se does not disassemble nucleosome. Additionally, no FACT-
nucleosome complexes were observed on the gel. The inability of FACT to bind fully
assembled nucleosomes was confirmed by AUC. The Seow) value of a mononucleosome
is about ~11. Addition of 4-fold excess of FACT does not alter the Seow) value of
mononucleosome (Figure 2.5C), indicating that FACT does not bind to the nucleosome.
According to sedimentation coefficient distribution, no sub-nucleosome complexes were
observed, confirming that FACT does not disassemble nucleosomes. This result is
consistent with previously published data (Tsunaka et al. 2016). However, it is not
consistent with our previous work (Winkler et al. 2011). It may be due to the fact that the
binding affinity of FACT-nucleosome was determined by fluorescence-based plate assay.
In the previous work, nucleosome with fluorescently labeled H2A-H2B was applied. The
binding event could be due to FACT interaction with free labeled H2A-H2B in the reaction

mixture.
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Figure 2.5. FACT does not disassemble or interact with properly assembled
nucleosomes. (A; B) Nucleosomes were reconstituted with 147-bp ‘601’ DNA and
histone octamer (fluorescently labeled on H2B) using salt dialysis. Nucleosome
concentration was kept at 10 nM. In absence of FACT, nucleosome is not disassembled
at room temperature (lane 2). As FACT is titrated (from 10 nM to 5 uM), the amount of
nucleosome remains constant (A) and (B), and no FACT-H2A-H2B complex was
observed (B). Nucleosomes were analyzed on a 5% PAGE, visualized by SYBR Gold (A)
and fluorescence (H2B) (B), and scanned by Typhoon. (C) In order to confirm that FACT
does not bind nucleosome, AUC was applied. Nucleosome (130 nM) was mixed with 520
nM FACT at room temperature for 30 mins. AUC was performed at 20 °C, spun at 35K
rom. The reaction was performed in 150 mM NaCl, 20 mM Tris pH 8.0, 1 mM TCEP.
Addition of FACT does not further increase S,y value of nucleosome, which implies

FACT does not bind to nucleosome. Based on the distribution of sedimentation
coefficient, no sub-nucleosomal complexes were observed.
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2.4.3 FACT is a robust tetrasome assembly factor, and facilitates H2A-H2B

deposition onto tetrasomes and hexasomes.

Having shown that FACT binds all histones, we next investigated whether FACT could
assemble nucleosomes. First, the role of FACT in tetrasome assembly was determined.
An in vitro gel-based tetrasome assembly assay was performed. FACT was mixed with
H3-H4, and then 147-bp ‘601’ DNA was added into the reaction mixture. The reaction
products were analyzed on a 5% PAGE, visualized by SYBR Gold staining (DNA
complexes) (Figure 2.6). In absence of FACT, only a small amount of H3-H4 bound to
DNA forms tetrasome (the slowest migrating band) (Figure 2.6 lane 3 and 9) (Flaus et al.
1996). In contrast, increasing amounts of tetrasome was assembled as FACT was titrated
(Figure 2.6 lane 4-8 and lane 10-14). No significant difference between Xenopus laevis

and Homo sapiens H3-H4 was observed.

Subsequently, we asked if FACT facilitates H2A-H2B deposition onto tetrasomes, by
employing an in vitro gel-based nucleosome assembly assay as above. Tetrasome was
reconstituted from 147-bp ‘601’ DNA and H3-H4 by salt dilution. H2A-H2B was mixed
with different amounts of FACT, and then tetrasome was added into the reaction mixture.
Products were analyzed on a 5% PAGE, visualized by SYBR Gold staining (DNA
complexes) (Figure 2.7). To some extent, H2A-H2B deposits onto tetrasome in absence
of FACT (Figure 2.7A-B lane 3). In contrast, fluorescence signal from hexasomal and
nucleosomal DNA and H2B is increased as FACT is titrated (Figure 2.7A-B, lanes 8-11).
This implies that FACT facilitates H2A-H2B to bind tetrasomes, thereby promoting the

assembly of both hexasomes and nucleosomes.
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Figure 2.6. FACT facilitates tetrasome formation. Tetrasome assembly assay was
performed with 147-bp ‘601’ DNA and Xenopus laevis or Homo sapiens H3-H4. DNA and
H3-H4 concentration were kept at 30 nM. FACT concentration was increased from 15 nM
to 240 nM. FACT was mixed with H3-H4, and incubated for 30 mins at room temperature.
Then, DNA was added into the reaction mixture, and incubated for another 30 mins at
room temperature. Tetrasomes were analyzed on a 5% PAGE, and visualized by SYBR
Gold (DNA complexes). The reaction was performed under physiological salt condition.
Both Xenopus laevis and Homo sapiens H3-H4 bind to DNA and form tetrasome under
physiological salt condition (lane 3 and 9). However, assembly efficiency is significantly
increased in the presence of FACT (lane 4 to 8 and lane 10 to 14), Tetrasome in lane 2
is pre-reconstituted with 147-bp ‘601’ DNA and Xenopus laevis tetramer by salt dialysis.
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Figure 2.7. FACT facilitates the deposition of H2A-H2B onto the tetrasome,
resulting in hexasome and nucleosome assembly. Salt-reconstituted tetrasome (lane
2) and Atto 647N labeled H2A-H2B were incubated with increasing amounts of FACT.
Tetrasome and H2A-H2B concentration were kept at 60 nM and 30 nM, respectively.
FACT (30 nM to 1920 nM) was incubated with H2A-H2B at RT for 30 mins, and then pre-
assembled tetrasome was added. Nucleosomes were analyzed on a 5% PAGE, and
visualized by SYBR Gold (DNA complexes; A), or fluorescence (H2B; B). H2A-H2B binds
to tetrasome under physiological salt condition (A, lane 3), but the amount of nucleosome
or hexasome band is increased with increasing amounts of FACT, whereas the signal of
tetrasomal DNA is decreased (A lane 8 to 11). Lane 2, 4 to 7 (A) are loading controls for
tetrasome, DNA-dimer complex, FACT-dimer complex, FACT-tetrasome complex and
nucleosome.
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We next wanted to investigate whether the hexasome is also a substrate for FACT-
mediated nucleosome assembly. Under-assembled nucleosomes were reconstituted by
mixing optimal amount of DNA and H3-H4, but insufficient H2A-H2B. In this way,
hexasomes were the major components in the solution. The hexasome is an intermediate
state between tetrasome and nucleosome. Thus, a reaction equilibrium is reached
between nucleosomes, hexasomes and tetrasomes. In other words, the reaction mixture
(Figure 2.8A-C, lane 2) may contain small amount of free H2A-H2B. In order to examine
if FACT facilitates the deposition of H2A-H2B onto hexasomes, under-assembled
nucleosome was mixed with increasing amounts of FACT. Nucleosomes, hexasomes and
tetrasomes were analyzed on a 5% PAGE, visualized by SYBR Gold (DNA complexes),
fluorescence (H4) or fluorescence (H2B) (Figure 2.8A-C). The amount of nucleosome,
tetrasome and hexasome was determined by ImageQuant™ (Figure 2.8D-F). As FACT is
titrated, the fluorescence signals from nucleosomal H4 is increased, while the signal from
tetrasomal H4 decreases (Figure 2.8D and E). In contrast, fluorescence signal from
hexasomal H2B increases, and then decreases during the FACT titration series (Figure
2.8F). This suggests that FACT facilitates the deposition of H2A-H2B dimer to form
nucleosomes from under-assembled nucleosomes. The role of mono-ubiquitination of
either H2A or H2B in FACT-mediated nucleosome assembly activity was also determined.
Although mono-ubiquitination at either H2AK119 or H2BK120 does not affect FACT-
(H2A-H2B) interaction (Figure 2.1B), we wanted to test whether these modifications affect
FACT nucleosome assembly activity. To address this question, under-assembled
nucleosome with either WT or modified histones was mixed with increasing amounts of

FACT. As FACT is titrated, the level of nucleosome with either H2AK119ub-H2B or
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Figure 2.8. FACT facilitates the deposition of H2A-H2B onto hexasome. A)
Under-assembled nucleosome (lane 3) was incubated with increasing amounts of
FACT, and assembly products were analyzed on a 5% PAGE. The gel was scanned
for fluorescence on a typhoon and visualized by SYBR Gold (DNA complexes; A),
fluorescence (H4; B), or fluorescence (H2B; C). The fluorescence signals from
nucleosomal H4 (D), tetrasomal H4 (E) and hexasomal H2B (F) were analyzed. The
gel shown in B was quantitated by ImageQuantTM. In the presence of FACT, the
fluorescence signal for nucleosomal H4 is significantly increased (D), whereas the
signal for tetrasomal H4 is decreased (E), All the bar graphs represent the average
from three biological replicates (error bars represent SEM). Lane 2 (A) is a loading
control for nucleosome.
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H2A-H2BK120ub are increased as well (Figure 2.9A-B). Thus, mono-ubiquitination at
either H2AK119 or H2BK120 does not have a positive or negative effect on FACT-

mediated nucleosome assembly activity.

We next investigated whether FACT assembles nucleosomes de novo, that is, from
histones and DNA. Increasing amounts of FACT was mixed with 50 nM (H3-H4): tetramer
and 100 nM H2A-H2B dimer, and then 25 nM DNA was added into the reaction mixture.
H3-H4 and H2A-H2B were fluorescently labeled with Alexa 488 and Atto 647N,
respectively. The reaction products were analyzed by 5% PAGE, and visualized by SYBR
Gold staining, fluorescence (H4) and fluorescence (H2B) (Figure 2.10). Under these
conditions, in absence of FACT, histones nonspecifically bind to DNA, and only a small
amount of nucleosome is formed (the fastest migrating band) (Figure 2.10A-C lane 2). In
contrast, an increasing amount of nucleosomes are assembled in presence of FACT
(Figure 2.10A-C lane 6-10). Additionally, we note two complexes with much higher
electrophoretic mobility in the presence of FACT. These two supershifted complexes

containing H3-H4, H2A-H2B and DNA will be further discussed below (Figure 2.10A-C).

To confirm that nucleosomes assembled by FACT have similar stability as nucleosome
reconstituted by salt dialysis, we compared their resistance towards micrococcal nuclease
(MNase) digestion. The pause sites for MNase are caused by histone-DNA interaction.
Nucleosome was assembled by 1 uM FACT with 250 nM (H3-H4)2 tetramer, 500 nM H2A-
H2B dimer and 250 nM 207-bp DNA. The supershifted complexes, as observed above,
contain flag-tagged FACT and were removed by anti-FLAG affinity purification, and the
flow through was collected for MNase digestion (Figure 2.11A). Nucleosomes

reconstituted by salt dialysis or assembled with or without FACT were mixed with
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Figure 2.9. H2AK119ub and H2BK120ub do not affect FACT assembly activity.
Under-assembled WT, H2AK119ub or H2BK120ub nucleosome were incubated with
increasing amounts of FACT (from 30 nM to 1920 nM), and analyzed on a 5% PAGE.
The gel was scanned by typhoon and visualized by SYBR Gold. FACT increases the
amount of unmodified nucleosomes (A and B; lane 3-7). Similarly, the level of
nucleosomes with either H2AK119ub or H2BK120ub are increased. Notably, hexasomes
containing either H2AK119ub or H2BK120ub are increased as well (A and B lane 10-14),
which suggests that monoubiquitination at either H2AK119 or H2BK120 does not affect
FACT assembly activity.
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Figure 2.10. FACT facilitates nucleosome assembly de novo. 147-bp ‘601’ DNA
concentration was kept at 25 nM. (H3-H4), and H2A-H2B concentration were kept at 50

nM and 100 nM, respectively. FACT was incubated with histones at RT for 10 mins, and
then DNA was added. The reaction mixture was incubated at RT for another 30 mins.
Nucleosomes and sub-nucleosome complexes were analyzed on a 5% PAGE, visualized
by SYBR Gold (DNA complexes) (A), H4 fluorescence (B), or H2B fluorescence (C). In
absence of FACT, low levels of interaction of histones with DNA were observed (lane 2).
In presence of FACT, nucleosome and hexasome are assembled (A, B and C, lane 6 to
10). It suggests that FACT assembles nucleosome and hexasome. Additionally, we
observed that two supershifted complexes (asterisked) are increased, as FACT s
titrated. These complexes contain H2A-H2B, H3-H4 and DNA, which will be discussed

later.
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increasing amounts of MNase (100, 200 and 400 U). The reaction mixture was incubated
at 37 °C for 10 mins. Protected DNA fragments were purified through MiniElute PCR
Purification Kit (QIAGEN), and analyzed by Bioanalyzer (Agilent) (Figure 2.11B).
Nucleosomes assembled by FACT with 400 U MNase exhibit an MNase pause site at
126-bp, very similar to what is observed for nucleosomes reconstituted by salt dialysis. In
contrast, histones added to DNA in absence of FACT do not cause a significant pausing
site at 126-bp, instead it causes a pause site at 98-bp (Table 2.1). Together, this data
suggests that nucleosome assembled by FACT has similar stability to nucleosome
reconstituted by salt dialysis. In sum, FACT has moderate nucleosome assembly activity
via facilitating tetrasome assembly, and H2A-H2B deposition onto tetrasome and
hexasome. Mono-ubiquitination at either H2AK119 or H2BK120 does not affect FACT

assembly activity.

2.4.4 FACT forms two supershifted complexes with tetrasome and H2A-H2B.

The supershifted complexes were observed in the previous nucleosome assembly assay,
which contain fluorescently labeled H4, fluorescence labeled H2B and DNA (Figure 2.10).
Next, we tested if FACT is able to assemble the similar complexes with tetrasome and
H2A-H2B. In order to address this question, tetrasome was reconstituted with 147 bp ‘601’
DNA and H3-H4 by salt dilution. 850 nM FACT was mixed with 60 or 120 nM H2A-H2B,
and then 40 nM tetrasome was added into the reaction mixture. The supershifted
complexes were analyzed on a 5% PAGE, visualized by SYBR Gold staining (DNA
complexes) (Figure 2.12). We noticed that FACT per se does not bind to tetrasome
(Figure 2.12 lane 4). However, in presence of H2A-H2B, FACT binds tetrasome efficiently,

and forms two supershifted complexes (Figure 2.12, lanes 5-6). It suggests that H2A-H2B
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Figure 2.11. Nucleosomes assembled by FACT have similar resistance towards
MNase as salt-reconstituted nucleosomes. 1 yM FACT was mixed with 250 nM H3-
H4 tetramer and 500 nM H2A-H2B dimer, and then 250 nM 207-bp ‘601’ DNA was added
into reaction mixture. The supershifted FACT-containing complex was removed by M2
resin, and the flow through (containing various assembly products not bound by FACT)
was collected for MNase digestion. Protected DNA fragments were quantified by
Bioanalyzer. Nucleosome assembled by FACT (green trace) has similar MNase pausing
site at 126-bp, compared to salt-reconstituted 207 nucleosome (red line). In contrast,
histones combined with DNA at low salt, and in the absence of FACT (blue line) does not
result in this typical digestion pattern.
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Table 2.1. FACT facilitates nucleosome and sub-nucleosomal particle assembly.
Recovery rate was calculated by total molarity of DNA fragments (400 U MNase) dividing
by the molarity of total input DNA (no MNase). Since input DNA for histone-DNA with or
without FACT mainly contains free DNA and sub-nucleosome particles (Fig 2.11), they
are rapidly digested by 400U MNase. Thus, low recovery rate was obtained for histone-

DNA with or without FACT.

207
. 207 DNA+Histone
Size (bp) Nucleosome
(MNase 400U) w/o FACT
(MNase 400U)
Molarity .
(nmol/l) Molarity (nmol/l)
98 0 16.4
106 0 0
115 0 0
126 34.7 0
139 6.9 0
Recovery Rate 74.7% 6.3%
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DNA+Histone w/
FACT
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Molarity (nmol/l)
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11.6
9.9
19.5
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facilitates FACT interaction with tetrasomes. We speculate that these two supershifted
complexes are assembled due to FACT tethering nucleosome components. Besides, we
did not observe that significant amount of supershifted complexes were assembled in the
H2A-H2B deposition assay (Figure 2.7), where we show that FACT facilitates H2A-H2B
deposition onto tetrasomes. Likely, it is due to the fact that more than 2-fold of H2A-H2B
were used in this assay, which may result in increasing amount of FACT-H2A-H2B
complex. Thus, FACT-H2A-H2B complex may be required for supershifted complexes

assembly (Figure 2.12).

To further confirm that the supershifted complexes assembled by tetrasome and H2A-
H2B also contain all histones, DNA and FACT, anti-FLAG tag affinity purification for FACT
was performed. Two supershifted complexes were assembled by FACT, H2A-H2B and
tetrasome, and purified through affinity chromatography. Supershifted complexes were
analyzed on a 5% PAGE, and visualized by SYBR gold staining, fluorescence (H4),
fluorescence (H2B) and overlay of H2B and H4 fluorescence (Figure 2.13). Nucleosomes
and sub-nucleosomal complexes were enriched in the flow through, while only the
supershifted complexes were eluted by FLAG peptide. We found that the complexes
assembled by tetrasome, H2A-H2B and FACT also contain all histones, as well as DNA,
and that these complexes are reasonably stable. In addition, the gel in Figure 2.13B and
C was quantified by using ImageQuantTL. We found that the ratio between (H3-H4)2
tetramer and (H2A-H2B) dimer in the lower complex is ~1.7, which is decreased to ~1.2
in the upper one. It indicates that the upper complex contains more H2A-H2B dimers than

the lower one. Again, the second H2A-H2B may bind to the free tetrasomal DNA.
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Figure 2.12. H2A-H2B facilitates FACT interaction with tetrasome, and forms two
supershifted complexes. FACT was mixed with increasing amounts of H2A-H2B (60
nM and 120 nM), then tetrasome was added. Supershifted complexes were analyzed on
a 5% PAGE, and visualized by SYBR Gold. FACT and tetrasome concentration were kept
at 800 nM and 40 nM, respectively. It was observed that FACT binds to tetrasome in the
presence of H2A-H2B, and forms two supershifted complexes (asterisks). The upper
supershifted complex is formed as H2A-H2B concentration is high.
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Figure 2.13. Supershifted complexes assembled by FACT, H2A-H2B and tetrasome
are also comprised of FACT, all four histones, and DNA. To confirm that supershifted
complexes assembled by tetrasomes, FACT and H2A-H2B also contain all histones and
DNA, FACT was mixed with H2A-H2B first, and then tetrasome was added into reaction
mixture. FLAG-tag affinity purification was performed. Alexa 488 labeled tetrasome
concentration is ~150 nM. FACT concentration is 1.3 yM, and Atto 647N labeled H2A-
H2B concentration is ~650 nM. Two supershifted complexes (indicated by an asterisk)
were enriched over M2 resin and analyzed by 5% PAGE, visualized by SYBR Gold or H4
(B) or H2B fluorescence (C). (D) is an overlay of 647 and 488 fluorescence.
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2.45 H2A-H2B bound FACT interacts with tetrasomal H3-H4, and forms a

supershifted complex.

Notably, only one supershifted (lower supershifted complex) is formed when the H2A-
H2B concentration is low in the above assay (Figure 2.12). As H2A-H2B is increased,
increasing amounts of the upper complex is formed (Figure 2.12 lane 6). Accordingly, we
hypothesize that the upper supershifted complex contains more H2A-H2B dimers than
the lower one. To test this idea, FACT was mixed with excess amount of H2A-H2B first,
and then tetrasomes were added into the reaction mixture. Complexes were analyzed on
a 5% PAGE, and visualized by SYBR Gold (DNA complexes) (Figure 2.14A). It was
observed that two supershifted complexes are assembled, as described above. As
predicted, the amount of lower supershifted complex is decreased, while the upper one
is increased as H2A-H2B is titrated. As H2A-H2B concentration is high (240 nM), all the
lower complexes are converted to the upper complexes (Figure 2.14A lane 4). It suggests
that the upper supershifted complex contains more H2A-H2B dimers. Since FACT only
binds a histone hexamer (one (H3-H4)2 tetramer and one H2A-H2B dimer), the other

complex may be formed due to the excess of H2A-H2B dimer binding to tetrasomal DNA.

To this end, tetrasome was reconstituted with a 79-bp DNA fragment, which does not
contain ~36-bp free DNA at each side of (H3-H4)2 tetramer but covers all protein-DNA
binding sites on the (H3-H4)2 tetramer. FACT-H2A-H2B and tetrasome, reconstituted on
either 147-bp DNA or 79-bp DNA were combined and analyzed on a 5% PAGE. Bands
were visualized by SYBR gold staining and fluorescence (H2B) (Figure 2.14B-C). We
found that only one supershifted complex is assembled with a tetrasome of 79-bp DNA,

while two complexes are formed with a tetrasome with a 147-bp DNA fragment as above

62



H2A-H2B

FACT
Tetrasome

bp

150

100

€ (06 (CEIeeEs

H Supershifted comp.2
Supershifted comp.1

.+ Nuc.

1 2 3 4
SYBR Gold Staining

63



147 Tetra+FACT
79 Tetra+FACT

147 Tetra.

&
H2A-H2B 2 H2A-H2B H2A-H2B H2A-H2B
o
bp M ] R el | el
u 147 supershifted comp. 2 M T ™™ 147 supershifted comp. 2
| @& , ‘ { 147 supershifted comp. 1 ( ‘ j 147 supershifted comp. 1
' ) &4 b4 79 supershifted comp. W ‘ 79 supershifted comp.
| FACT-H2A-H2B
| | 147 Tetra.
sUUU\
g u Uy
150 QUL - 147-bp DNA/79 Tetra.
100 o
-~ 79-bp DNA
50 S
1 2345678 910 11 1 23 45678 9 10 11
SYBR Gold H2B 647

Figure 2.14. H2A-H2B bound FACT interacts with tetrasomal H3-H4, and forms a
supershifted complex. (A) To determine if two supershifted complexes contain the same
level of H2A-H2B, FACT was mixed with an increasing amount of H2A-H2B (160 nM and
240 nM) before adding tetrasome. FACT and tetrasome concentration were kept at 850
nM and 40 nM, respectively. Complexes were analyzed on a 5% PAGE, and visualized
by SYBR Gold (A). As H2A-H2B is titrated, the intensity of the lower complex decreases,
while the upper band increases. As H2A-H2B concentration is high (240 nM), all the lower
complexes are converted to upper one. (B) and (C) In order to determine if free tetrasomal
DNA is required for the supershifted complex, supershifted complexes were assembled
by mixing tetrasomes reconstituted with either 79-bp or 147-bp DNA. Supershifted
complex is also formed with tetrasome with 79-bp DNA. In addition, as H2A-H2B is
titrated, supershifted complex 2 with147-bp DNA is assembled as expected, while only
one complex is assembled for tetrasome with 79-bp DNA.
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(Figure 2.14A). This confirms that FACT facilitates only one supershifted complex
assembly, which contains one (H3-H4)2 tetramer, one H2A-H2B dimer and DNA. This
result also indicates that free DNA in the tetrasome is not required for the lower
supershifted complex. It rules out the possibility that the supershifted complex is formed
by the interaction of FACT-bound H2A-H2B with free tetrasomal DNA. Besides, this assay
was performed at 150 mM NacCl, where histone H2A-H2B dimers and (H3-H4)2 tetramers
do not interact with each other. Thus, this indicates that the supershifted complex is not
formed through FACT bound H2A-H2B interaction with tetrasomal H3-H4. Instead, this

indicates that H2A-H2B bound FACT interacts with H3-H4 in the supershifted complex.

Together, our biochemical results show that two supershifted complexes contain different
stoichiometries of H2A-H2B and H3-H4 histones. The upper complex may be comprised
of two H2A-H2B dimers, one (H3-H4)2 tetramer and DNA, while the lower one only has
one H2A-H2B dimer, one (H3-H4): tetramer and DNA. Additionally, we reveal that the
supershifted complexes likely comprise interactions of H2A-H2B bound FACT with H3-

H4 in the context of tetrasome.

2.4.6 DNA in the supershifted complex does not tightly wrap around histones.

To test if DNA in the supershifted complexes is tightly wrapped around histones, MNase
digestion assay was applied. The supershifted complexes were assembled by histones
and FACT with a 147-bp ‘601’ DNA fragment. The complexes were enriched by using
anti-FLAG affinity purification and subjected to MNase digestion, as described above.
Digested products were analyzed on a 5% PAGE, and visualized by SYBR Gold staining

(Figure. 2.15A). Protected DNA fragments were purified through MiniElute PCR
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Figure 2.15. The supershifted complex is less resistant to MNase, compared to
nucleosome reconstituted in vitro. Control nucleosomes and M2-purified supershifted
complexes were mixed with different amount of MNase (100, 200 and 400 U), then
analyzed on a 5% PAGE (A). Protected DNA fragments were analyzed by Bioanalyzer
(B). It was shown that the nucleosome reconstituted by salt dialysis causes four
significant pausing site for MNase (147, 140, 128 and 121-bp), while supershifted
complexes have two main pausing sites for MNase (147 and 140-bp).

67



Table 2.2. FACT intermediate complex 1 with 147-bp DNAis less resistant to MNase,
compared to nucleosome. The recovery rate is calculated as in Table 2.1. Only 21.7%

of DNA was protected by 147-bp supershifted complexes, while 62.7% of DNA was
protected by 147 NCP.

Size (bp) Nucleosome Supershifted complex
P (MNase 400U) (MNase 400U)
Molarity (nmol/l) Molarity (nmol/l)

121 11.6 0

128 12.3 0

140 15.3 10.9

147 19.8 7.3
Recovery Rate 62.7% 21.7%
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Purification Kit (QIAGEN) and analyzed by Bioanalyzer (Agilent) (Figure 2.15B). We
found that nucleosomes reconstituted by salt dialysis exhibit three significant pausing
sites for MNase (147, 140 and 121-bp), while supershifted complex with 147-bp DNA has
two strong pause sites for MNase (147 and 140-bp) (Table 2.2). The MNase pause sites
for the supershifted complex may be caused by nucleosome contamination as shown in
Figure. 2.13. Regardless, the recovery rate of protected DNA is calculated. only ~22% for
the supershifted complexes is protected, while the recovery rate for nucleosome is 63%
(Table 2.2). This indicates that DNA in the supershifted complexes is likely less-stably

organized than DNA in the nucleosome.

Our results suggest that FACT holds the partial components of nucleosome (a histone
hexamer and DNA). Next, we asked if these supershifted complexes are homogenous in
size. The supershifted complexes are assembled by 1.3 uM FACT, ~650 nM H2A-H2B
and ~150 nM tetrasome with a 147-bp DNA fragment. The supershifted complexes were
enriched through anti-FLAG tag affinity purification, and analyzed on a 5% PAGE. Bands
were visualized by SYBR Gold staining (Figure 2.16A). Purified supershifted complexes
were utilized for AUC. We found that two supershifted complexes are very homogenous
with an Seo,w) value of about 18 (Figure 2.16B). Notably, two supershifted complexes are

not distinguished in this assay.

2.4.7 FACT-H2A-H2B interaction and dimer-tetramer interaction are essential for

the supershifted complex.

Having established that H2A-H2B facilitates FACT binding to tetrasomal H3-H4, we

wanted to establish that interactions of H2A-H2B with FACT are crucial for the formation
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Figure 2.16. The supershifted complexes are homogenous in size. Tetrasome was
kept at ~150 nM; FACT was 1.3 pM. Atto 647N labeled H2A-H2B concentration was ~650
nM. FACT was mixed with H2A-H2B before adding tetrasome. Supershifted complexes
were purified via M2 resin and analyzed on a 5% PAGE gel, visualized by SYBR Gold
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of the supershifted complex. To this end, FACT ACTD (Spt16 A933-1047 a.a.), previously
shown to be deficient for H2A-H2B binding, was expressed and purified as previously

described (Winkler et al. 2011). AUC-FDS confirmed that FACT ACTD does

not bind to H2A-H2B, since no change in S-value was observed upon mixing 100 nM
Alexa 488 labeled H2A-H2B with 200 nM FACT ACTD (Figure 2.17). It further confirms
that hSpt16-CTD is the only binding site for H2A-H2B, while hSSRP1 does not bind H2A-

H2B.

We next wanted to test whether FACT A CTD is capable of forming a supershifted
complex. Complexes were assembled as above and analyzed on a 5% PAGE, visualized
by SYBR Gold (DNA complexes), fluorescence (H4) and fluorescence (H2B) (Figure
2.18). FACT ACTD does not form any complex with histone and DNA. This suggests that
the ability of FACT to interact with H2A-H2B is essential for complex formation, in

agreement with published work (Tsunaka et al. 2016).

Next, we asked whether H2A-H2B and H3-H4 interaction is required for these
supershifted complexes. To this end, we employed histone mutations in H3151 (A) and
H4Y98 (H). In the context of a nucleosome, H4Y98 forms a hydrophobic contact with the
docking domain of H2B near its base, while H3I51 stabilizes the very end of the H2A
docking domain near the DNA exit region (Figure 2.19A). Of the two, H4Y98H has more
severe effects on the stability of dimer-tetramer interaction (Hsieh et al. 2013,
Ramachandran et al. 2011). Point of mutation of H4Y98 is lethal (Santisteban et al. 1997).
According to the crystal structure of the Spt16MD-AID with the (H3-H4)2 tetramer, H3151

and H4Y98H are not involved in FACT-(H3-H4)2 interaction (Tsunaka et al. 2016). We
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Figure 2.17. FACT AC does not bind to H2A-H2B. 100 nM Alexa 488 labeled H2A-H2B
was mixed with 200 nM FACT AC, and samples were subjected to AUC-FDS. The Sy,

value of H2A-H2B alone is ~2.5. Addition of FACT AC does not alter the S, value of
H2A-H2B, suggesting that FACT AC does not bind H2A-H2B dimer.
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Figure 2.18. FACT AC does not facilitate nucleosome and supershifted complexes
formation. 50 nM H3-H4 and 100 nM H2A-H2B mixed with FACT or FACT AC. 25 nM
DNA was added, and analyzed on a 5% PAGE, visualized by SYBR Gold, or by
fluorescence as indicated. FACT AC does not facilitate assembly of the supershifted
complexes, nor does it facilitate nucleosome assembly. FACT AC does not prevent
nonspecific binding between H2A-H2B and DNA (asterisk).
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Figure 2.19. H3I51A does not affect the formation of FACT-histone hexamer
complex, while H4Y98H is incapable of complex formation. (A) The position of H3151
and H4Y98 in the context of histone octamer are indicated in orange and magentas,
respectively. (B) 100 nM Alexa 488 labeled H2A-H2B was mixed with 200 nM H3-H4,
H3I51A-H4 or H3-H4Y98H, and subjected to AUC-FDS. H3I51A does not affect FACT-
histone hexamer complex formation, while H4Y98H abolishes the formation of FACT-
histone hexamer complex.
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first asked if these histone mutants affect FACT interaction with a histone hexamer in
absence of DNA. AUC-FDS (using fluorescently labeled H2A-H2B) was performed as
above. We found that H3I51A does not significantly affect FACT interaction with a histone
hexamer, while H4Y98H abolishes the formation of FACT-histone hexamer complexes
(Figure 2.19B). This indicates that the interaction between H2B and H4 is essential for
FACT holding a histone hexamer. In other words, H2A-H2B interacts with H3-H4 in the
FACT-histone hexamer complex. Since H2A-H2B dimers and (H3-H4)2 tetramers do not
interact with each other at 150 mM NacCl, this suggests that FACT promotes H2A-H2B
and H3-H4 interaction in a ternary complex. Next, we tested if the H2A-H2B and H3-H4
interaction is required for the formation of supershifted complex. The supershifted
complex was assembled from wild type or mutant histones. The supershifted complexes
were analyzed on a 5% PAGE, and visualized by SYBR gold staining (Figure 2.20). It
was observed that both H3I51A and H4Y98H impedes the formation of supershifted
complexes (Figure 2.20 lane 3 and 4). Thus, H2A-H2B and H3-H4 interaction are also
required for these supershifted complexes. Surprisingly, we found that H3I51A does not
significantly affect FACT binding histone hexamer, whereas it affects the supershifted
complexes assembly. To sum up, we show that FACT binding H2A-H2B and (H2A-H2B)-
(H3-H4) interaction are required for the supershifted complex. Additionally, FACT

promotes (H2A-H2B)-(H3- H4) interactions in order to hold a histone hexamer.

2.4.8 FACT has only moderate effects on gene transcription.

Having shown that FACT forms a homogenous complex with histones and DNA, we
subsequently determined the role of FACT in regulating gene transcription elongation by
using a simplified in vitro transcription system (Kuryan et al. 2012). In previously published
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Figure 2.20 H2A-H2B interacts with H3-H4 in the supershifted complexes. 147-bp
‘601’ DNA concentration was kept at 25 nM. H3-H4, H3151A-H4 or H3-H4Y98H tetramer
and H2A-H2B dimer concentration were kept at 50 nM and 100 nM, respectively. 400 nM
FACT was incubated with histones at RT for 10 mins, and then DNA was added. The
reaction mixture was incubated at RT for another 30 mins. The supershifted complexes
were analyzed on a 5% PAGE, and visualized by SYBR Gold. H3I51A or H4Y98H
negatively affects the formation of supershifted complexes (asterisk).
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work, it has been shown that FACT does not facilitate gene transcription (Kuryan et al.

2012). Here, we wanted to see if FACT affects RNA pol Il pausing sites.

To this end, the 147-bp ‘601’ DNA were flanked by 100-bp polylinker DNA sequences
and 27-bp DNA sequences (Figure 2.21B). Mononucleosome was reconstituted with
Xenopus laevis histones using salt dialysis (Figure 2.21A). Nucleosome concentration
was kept at 5 nM, and FACT was titrated. Upon addition of NTPs and RNase H, the
chromatin template was transcribed by RNA pol Il. The RNA transcripts were analyzed
on a 6.5% acrylamide sequencing gel (Figure 2.21C). FACT on its own only has moderate
effects on gene transcription, whereas FACT stimulates transcription in presence of the
ATP-dependent chromatin remodeler RSC. Notably, two RNA pol Il pausing sites were
observed in the presence of FACT, which are caused by H2A-H2B-DNA (~86-bp) and
H3-H4-DNA interaction (~105-bp). Since FACT does not remove these pausing sites,
FACT does not remove H2A-H2B and H3-H4 from nucleosomes. The amount of transcript
indicative of these two pause sites are increased along with increased full length
transcripts. This implies that histones remain at the same position after the passage of
RNA pol Il. We speculate that FACT facilitates RNA pol Il progression through
nucleosomes by transiently breaking the DNA-histone interactions. It was suggested that
strong histone-DNA interactions, such as H3-H4-DNA around nucleosome dyad and two
H2A-H2B-DNA interactions at the edge of nucleosome, affect RNA pol Il passage through
nucleosome (Hall et al. 2009). No RNA pol Il pausing sites are observed around
nucleosome dyad and promoter-distal dimer-DNA interaction regions. This indicates that
FACT may disrupt these histone-DNA interactions, and thus stimulating full length

transcripts. Notably, as FACT concentration is increased, the full length transcription
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Figure 2.21. The role of FACT in transcription elongation. A) Nucleosomes were
reconstituted on the transcription template (B), and analyzed by native PAGE. C) The
transcription output is analyzed on a 6.5% acrylamide sequencing gel. In the absence of

RSC, two transcription pause sites are observed. The 1 pause site is due to the 1% dimer

at front of RNA pol Il. The 2" pause site is specific for FACT. In the presence of RSC and
FACT, all pause sites are removed. FACT per se slightly stimulates gene transcription. In
the presence of RSC, the amount of full length transcript increases, but decreases at
higher FACT concentration. Compared to FACT with RSC, Nap1 with RSC results in more
transcripts. This experiment was performed by H. Scherman at the Protein
Expression/Purification Facility at CSU.
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levels do not continually increase, which is in the line with previous results (Kuryan et al.

2012, Orphanides et al. 1999).

Next, we set out to investigate the role of histone ubiquitination in FACT function during
transcription elongation by using the same transcription system. Mononucleosomes were
reconstituted onto the transcription template as described above, using octamers
containing either H2AK119ub or H2BK120ub (Figure 2.22A), and the transcription
reaction was performed as described above. We notice that the results are similar to
those obtained for unmodified nucleosomes in Figure 2.21C. In contrast, either
H2AK119ub or H2BK120ub facilitates FACT activity in transcription elongation in the
absence of RSC (Figure 2.22B). We noticed that nucleosomes with H2AK119ub have
slightly increased amounts of transcripts than nucleosome with H2BK120ub. In the
presence of RSC, the similar level of full length transcript is obtained for WT, H2AK119ub
and H2BK120ub nucleosome. It indicates that histone ubiquitination per se does not
affect FACT activity in gene transcription. However, this experiment was done only once,

and will be repeated.

2.5 Discussion

FACT plays important roles in gene transcription, DNA replication and DNA repair (Keller
and Lu 2002, Schlesinger and Formosa 2000, Wittmeyer and Formosa 1997). Our in vitro
results provide mechanistic insight into how hFACT regulates nucleosome structure. We
found that FACT, in absence of other factors, does not bind to mononucleosome or
disassemble nucleosomes. This is likely due to the fact that its binding sites on histones

are buried by either nucleosomal DNA or other histones in the context of the nucleosome

82



217
201
190
180

160

147

123

110

920

76

67

17 /777

' DNA (0.1 nM)

H2AK119ub H2BK120ub

DNA
Nucleosome
DNA
Nucleosome

300
b DNA

T TEWN
i

O W
zl

200

100 ~
1 2 3 1 2 3
WT H2AK119ub H2BK120ub
l RSCI I RSC I ' RSC |
FACT f FACT 1 FACT r FACT 1 FACT I EACT 1
Q O 8
., 2 2 20 2 20 £ 2 20 2 20 + y 220 2 20 M

FL transcript
- - ’
.

I
|
}
a
§

-

83



“owTr
@ H2AK119ub

H2BK120ub

g.L .Ll[l

Nuc. only RSC FACT (2 nM) FACT(20nM)  RSC+FACT (2nM) RSC+FACT (20nM)

Figure 2.22. The role of histone ubiquitination in FACT function during
transcription elongation. A) Nucleosomes were reconstituted with Homo sapiens
ubiquitinated histones. Nucleosomes were analyzed on a 5% PAGE gel. B) The
transcription output was analyzed on a 6.5% acrylamide sequencing gel. In the absence
of RSC, two transcription pause sites were observed as in Fig. 2.21. C) Full length
transcription products in (B) were quantified. In the absence of RSC, both H2AK119ub
and H2BK120ub slightly stimulate FACT-dependent generation of full length transcript.
In the presence of RSC, H2AK119ub and H2BK120ub do not affect FACT function.
Similar level of full length transcript is obtained for WT, H2AK119ub and H2BK120ub
nucleosomes. This experiment was also performed by H. Scherman at the Protein
Expression/Purification Facility at CSU.
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(Tsunaka et al. 2016). Thus, FACT does not initialize nucleosome disassembly on its own.
Instead, our data suggest that FACT tethers partial components of nucleosome, and thus
forming an unstable complex. In addition, we show that FACT is a nucleosome assembly
factor. The role of histone ubiquitination in FACT-(H2A-H2B) interaction, FACT assembly

activity, and gene transcription was also investigated.

FACT holds one (H3-H4)» tetramer and one H2A-H2B dimer simultaneously.

Here, we show that FACT binds a histone hexamer, composed of one (H3-H4)2 tetramer
and one H2A-H2B dimer. In addition, we found that H4Y98H, through disrupting H2B-H4
interaction, impedes FACT binding a histone hexamer. This indicates that the interaction
between H2A-H2B and H3-H4 (presumably similar to what is observed in the nucleosome)
is required for FACT binding all histones together. Since histones alone do not interact
with each other at physiological ionic strength, FACT facilitates H2A-H2B interaction with
H3-H4. How does FACT promote H2A-H2B and H3-H4 interaction? We propose that
FACT binds the H2B N-terminal tail via Spt16-CTD as shown in previous work (Tsunaka
et al. 2016), and then folds over at the top of H2B-H4 interface to interact with the distal
H2A docking site at the surface of (H3-H3’-H4’) and the proximal H4 L1 loop (Figure 2.23).
In this way, FACT might be able to tie up H2A-H2B and H3-H4, and stabilize H2A-H2B
and H3-H4 interactions. In other words, FACT works as ‘DNA’ and holds both H2A-H2B
and H3-H4 to form a compact complex. Sedimentation coefficient is positively related with
molecular weight and negatively related to frictional coefficient, this model also explains

why FACT-histone hexamer complex has much larger S-value than FACT-H2A-H2B.
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Figure 2.23. A model for FACT interaction with a histone hexamer. For structural
review, Spt16-CTD binds H2B N-terminal tail. Spt16-MDy,, 4.5 binds the H2A docking site

at the surface of H3-H3'-H4’, while Spt16-MD_, -, interacts with H4 L1 loop. Based on

our AUC data, we propose that Spt16-CTD binds H2B first, and then FACT folds over at
the top of H2B-H4 interface interacting with H3-H3’-H4’ and H4 L1 loop. FACT works as
‘cane’ to lock H2A-H2B with H3-H4.
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Mechanistic insight into how FACT enhances the global accessibility of nucleosomal

DNA

At lower transcription rates, hexasomes or tetrasomes could survive after passage of
RNA pol Il (Dion et al. 2007, Jamai et al. 2007, Thiriet and Hayes 2005). Tetrasome only
could cause strong pause sites for RNA pol Il (Bondarenko et al. 2006). How does RNA
pol Il overcome this obstacle without depletion of H3-H4? Likely, H3-H4-DNA interactions
need to be transiently disrupted and re-formed during gene transcription. Here, we have
shown that FACT tethers a histone hexamer to form a homogenous supershifted complex
with DNA. In this way, DNA is less-stably organized compared to nucleosomal DNA. This
may due to the fact that FACT-(H2A-H2B) and FACT-(H3-H4) interaction is at least partly
incompatible with nucleosomal DNA-histone interaction. It is consistent with the idea that
FACT ‘reorganizes nucleosomes’ (Xin et al. 2009). In agreement, hFACT holds partial
components of nucleosome as a result of FACT removing H2A-H2B from nucleosome,
which was reconstituted with two DNA fragments (33/112-bp) (Tsunaka et al. 2016).
Similarly, yFACT enhances restriction enzyme digestion rate for nucleosomal DNA (Xin
et al. 2009). Our results provide mechanistic insight into how FACT reorganizes
nucleosome via tethering partial nucleosome components, which in turn suggests how
FACT facilitates gene transcription. Indeed, FACT stimulates gene transcription in an in
vitro transcription system. No pausing sites are caused by H3-H4-DNA interaction around
nucleosome dyad, which was identified as the strongest histone-DNA interaction in
nucleosome (Hall et al. 2009). This is consistent with our idea that FACT is able to

enhance the global accessibility of nucleosomal DNA.
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FACT-(H2A-H2B) and (H2A-H2B)-(H3-H4) interaction are essential for the formation of
the ternary complex. On the other hand, we show that FACT binding H2A-H2B forms a
supershifted complex with a tetrasome with 79-bp DNA. It suggests that free DNA in
tetrasome is not required for the supershifted complex. H2A-H2B does not interact with
H3-H4 in absence of DNA or histone chaperones at 150 mM NacCl. Thus, FACT also
interacts with H3-H4 in the supershifted complex. Together, this suggests that interaction
with H2A-H2B facilitates FACT binding H3-H4 in the context of tetrasome. Subsequently,
FACT promotes H2A-H2B and H3-H4 interaction, and in turn facilitates the recruitment of

H2A-H2B to tetrasome, resulting in the assembly of the supershifted complex.

FACT maintains chromatin integrity

We report that FACT also has nucleosome assembly activity in vitro, through facilitating
tetrasome assembly, as well as H2A-H2B deposition onto tetrasomes and hexasomes.
This is consistent with the finding that in yeast, histone turnover rates are enhanced as
FACT activity is compromised (Jamai et al. 2009). How does FACT facilitate H2A-H2B
deposition onto tetrasome? Likely, FACT facilitates H2A-H2B deposition by assembling
the supershifted complex, where FACT promotes H2A-H2B interaction with tetrasomal
H3-H4. Alternatively, FACT may facilitate H2A-H2B deposition by preventing nonspecific

H2A-H2B-DNA interaction.

Additionally, we also show that Spt16-CTD is essential for FACT tethering nucleosome
components. The contribution of other functional domains of FACT in FACT
assembly/disassembly activity is still unknown. For example, the role of HMG domain in

SSRP1 may affect FACT activity. Phosphorylated FACT was used in this study, which

88



prevents FACT-DNA binding. However, it is possible that the DNA binding property of

FACT could facilitate its assembly activity.

We determined the role of histone ubiquitination in FACT assembly activity. FRET-based
competition assay was performed to test if mono-ubiquitination disrupts FACT-(H2A-H2B).
Since H2AK119ub and H2BK120ub are not located at the known interface of FACT-(H2A-
H2B) (Kemble et al. 2015), we found that mono-ubiquitination does not affect FACT-(H2A-
H2B) interaction as expected. Subsequently, we asked if mono-ubiquitination affects
FACT-mediated nucleosome assembly activity. Our data suggest that mono-
ubiquitination at either H2AK119 or H2BK120 does not alter FACT assembly activity. Also,
H2AK119ub and H2BK120ub do not affect FACT function in gene transcription. However,
it has been shown hFACT more efficiently stimulates gene transcription in the presence
of H2BK120ub in vitro transcription assay (Pavri et al. 2006). The discrepancy may be
caused by different experimental designs. In the previous work, the contribution of
H2BK120ub in FACT activity during transcription elongation was determined in the
presence of several transcription factors, such as p300, PARP-1 and mediator. Likely,

H2BK120ub with help of other transcription factors regulates FACT function.

How is FACT function in nucleosome structure regulated?

Our data suggest that FACT not only assembles nucleosome, but enhances the
accessibility of nucleosomal DNA. It indicates that FACT regulates nucleosome structure
through multiple mechanisms (Figure 2.24). However, it is still unclear how FACT activity
is regulated. We speculate that FACT activity is regulated by histone turnover rate. As

H2A-H2B dynamics is low, FACT mainly facilitates H2A-H2B dimer deposition onto tetrasome
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and hexasome, and thus facilitating nucleosome assembly, dictating its nucleosome
assembly function. As H2A-H2B dynamics is high, FACT-H2A-H2B complexes are
enriched, which results in the formation of the supershifted complex with tetrasome.

Hexasome may be assembled as FACT disassociated from the supershifted complex.

FACT function may be also regulated by post translational modifications. It has been
shown that FACT interacts with PARP-1, and activation of PARP-1 results in the
poly(ADP-ribosyl)ation of hFACT (Huang et al. 2006). Given the highly charged nature of
the modification, poly(ADP-ribosyl)ation may increase FACT-histone interaction, which
may affect FACT assembly activity. On the other hand, FACT function may be also
regulated by histone PTMs. It has been shown that histone PTMs have effects on the
recruitment of FACT (Carvalho et al. 2013). Histone PTMs may also affect FACT
interaction with histones, and results in altering FACT assembly function. Additionally,
histone PTMs also have an effect on nucleosome structure. Histone PTMs destabilizing
nucleosome may facilitate FACT recruitment to nucleosomes. In sum, many factors have
potential roles in the regulation of FACT activity. FACT is a chromatin regulator with

distinct role in chromatin structure under different DNA-dependent cellular processes.
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CHAPTER 3
THE EFFECTS OF HISTONE MODIFICATION ON NUCLEOSOME STRUCTURE

(RESULTS RELATED TO H3Y41E AND H3T45E HAVE BEEN PUBLISHED)

Brehove, M., T. Wang (Joint author), J. North, Y. Luo, S. J. Dreher, J. C. Shimko, J. J. Ottesen, K. Luger

and M. G. Poirier (2015). "Histone Core Phosphorylation Regulates DNA Accessibility." J Biol Chem.

3.1 Summary

Histone posttranslational modifications (PTMs) have been described in the last century.
Increasing numbers of histone PTMs have been identified, such as acetylation (ac),
methylation (me), phosphorylation (phos) and ubiquitination (ub). Decades ago, most
histone PTMs were identified in the core histone tails. Histone PTMs affect chromatin
structure by multiple mechanisms. It was proposed that serving as a binding site for
regulatory proteins is the major potential roles for histone PTMs from one or more histone
tails, namely ‘histone code’. Alternatively, histone PTMs may directly regulate chromatin
structure. These histone modification sites are likely located in the buried regions of
nucleosomes. Highlighted in this study is how select histone PTMs directly affect

chromatin structure.

Histone PTMs selected for this project are located in the histone structural domains, such
as H3Y41phos, H3T45phos, H3R42me2 and H2BK34ub. These modifications have no
effects on histone octamer refolding and nucleosome reconstitution. By doing Small Angle
X-ray Scattering (SAXS) and restriction enzyme digestion assay, we were able to show

that histone PTM mimics occurring at DNA entry-exit region of nucleosome facilitate ‘DNA
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breathing’. Additionally, our preliminary data suggest that ubiquitination at H2BK34 does

not affect histone-DNA interaction.

3.2 Introduction

An increasing numbers of histone PTMs have been well studied. Various histone PTMs
are associated with the regulation of many DNA dependent processes, such as gene
transcription and replication (Chen et al. 2008, Strahl and Allis 2000, Williams et al. 2008).
It has been proposed that histone PTMs affect chromatin structure by direct or indirect
mechanisms (Cosgrove et al. 2004). Histone PTMs may weaken the interactions between
DNA and histone, histone and histone, or histone and DNA-histone complexes.
Alternatively, modifications may serve as a binding sites for those ATP-dependent
chromatin remodelers or histone chaperones that contain chromo- or bromo-domain to

“read” these marks.

Histone PTMs occurring at distinct nucleosome structural regions have different potential
effects on nucleosome stability (Manohar et al. 2009). The distinct regions of
nucleosomes were defined as described (Luger et al. 1997). The entry-exit regions of
nucleosomal DNA is organized by parts of the N-terminal tail of H3, which interacts with
nucleosomal DNA, and throughout the first alpha helix of H3. The dyad region of
nucleosomes refers to the central axis of symmetry through the nucleosome. It was
proposed that histone PTMs throughout the entry and exit regions of nucleosomes
facilitate DNA unwrapping from histone octamers, and that histone PTMs around the
nucleosome dyad facilitate nucleosome disassembly (Manohar et al. 2009). This idea

was supported by a large body of experimental evidence.
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Here, our study is focused on how PTMs in the histone core regions affect nucleosome
structure. Histone PTMs selected for this purpose are H3Y4lphos, H3R42me2,
H3T45phos and H2BK34ub (Figure 3.1A). These modifications are selected based on
their structural and biological function importance. H3Y41, H3R42 and H3T45 are located
at H3 aN helix, while H2BK34 is located at H2B N-terminal tail (Figure 3.1 B-E). Residues
in H3 aN helix make important interactions with nucleosomal DNA. It has been shown
that mutations at H3 aN helix significantly increases nucleosome sliding (Ferreira et al.
2007). Thus, we propose that H3Y4l1lphos, H3R42me2 and H3T45phos facilitate

nucleosomal DNA breathing.

H3Y41 phosphorylation was identified in human leukemic cells, and is added by the Janus
kinase 2 (JAK2) (Dawson et al. 2009). It has been shown that H3Y41phos has a potential
role in gene transcription (Dawson et al. 2012). Dawson and colleagues showed that
H3Y41phos prevents heterochromatin protein 1a from binding to chromatin (Dawson et
al. 2009), and it was suggested that H3Y41phos prevents heterochromatin formation. On
the other hand, H3Y41phos may facilitate chromatin decompaction. All these evidence
suggests that H3Y41phos plays an important role in DNA dependent processes. From a
structural review, H3Y41 is positioned at the N-terminal tail of H3 and points into the minor
groove of the last turn of nucleosomal DNA (Figure 3.1B). Histone PTMs occurring at this
position may affect DNA wrapping around histones. Specially, phosphorylation occurring
at this residue will introduce a negative charge to its side chain, which may disrupt

histone-DNA interaction.

H3R42 is a lysine in yeast, but it is arginine in most higher eukaryotes. H3R42, located at

the N-terminal tail of H3, is also involved in histone-DNA interaction (Figure 3.1C). Some
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evidence showed that point mutation of this residue to alanine in yeast can cause cells to
grow slowly and alter gene transcription (Hyland et al. 2011). Besides, H3R42 is
methylated by CARM1 (coactivator-associated arginine methyltransferase 1). CARM1
binds to P160 coactivators and facilitates the transcription by nuclear receptors (Lee et
al. 2005). Recently, it has been reported that H3R42me2 facilitates gene transcription in
an in vitro transcription system (Casadio et al. 2013). Although its mechanism still needs
to be elucidated, it was speculated that H3R42me2 disturbs the interactions between

DNA and the histone octamer.

H3T45 is phosphorylated by S phase regulatory kinase Cdc7-Dbdf4 (Baker et al. 2010).
H3T45phos is associated with apoptosis. H3T45phos is also linked to DNA replication.
Depletion of this modification causes replication defects (Baker et al. 2010). Again, due
to the lack of biochemical experimental data, the mechanism of how H3T45phos
regulates nucleosome structure is still unclear. H3T45 is located at the H3 aN helix, which
points directly at the DNA phosphate backbone, which organizes the last turn of DNA
(Figure 3.1D). Compared to H3Y41phos, H3T45phos may have similar effects on DNA-

histone interaction.

H2BK34 ubiquitination was modified by Male Specific Lethal 1 (MSL1), together with
MSL2 (Wu et al. 2011). This modification directly regulates gene transcription by
facilitating RNA pol Il processivity (Wu et al. 2014). From structural review, H2BK34 is
located in the H2B N-terminal tail that emerges from two gyres of the nucleosomal DNA
superhelix (Figure 3.1E). Since H2BK34 is buried by nucleosomal DNA, H2BK34 may be
not accessible in the context of nucleosome. However, it has been shown that this

residue can be modified in the context of nucleosome (Wu et al. 2011). Since H2A-H2B-
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Figure 3.1. Selected potential modification sites (H3Y41, H3R42, H3T45 or H2BK34)
are involved in DNA-histone interaction. (A) Overview of the position of selected
potential modification sites. Zoom-in view of H3Y41 (B), H3R42 (C), H3T45 (D) or
H2BK34 (E) in the context of the nucleosome is indicated by an arrow.
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DNA interaction impedes passage of RNA pol Il through nucleosomes, histone
modifications disrupting this interaction may facilitate gene transcription. This encourages

us to investigate if this modification affects nucleosome structure.

Mutagenesis was used to synthesize mimic modification or break the histone-DNA
interaction. For example, threonine or tyrosine was mutated to glutamic acid for mimicking
phosphorylation (H3Y41E and H3T45E) (Brehove et al. 2015). Arginine was mutated to
alanine to block hydrogen bond potential (H3R42A) (Hyland et al. 2011). We reveal that
these histone mutants do not affect histone octamer formation. Also, they have no effects
on nucleosome reconstitution. SAXS was applied to check if these histone mutants cause
a change in shape of mono-nucleosome. According to SAXS data, we claim that H3R42A,
H3T45E and H3Y41E alter mononucleosome shape by affecting histone-DNA interaction,
shown by an increased Dmax (maximum interatomic distance) and Rg (Radius of gyration)
of nucleosome with these histone mutants. Additionally, we observed that ionic strength
also has an effect on nucleosome structure. At 50 mM KCI, nucleosome with the
increased Dmax and Rg indicates that nucleosomal DNA may unwrap from histones. This
interpretation was confirmed by enzyme digestion assay. We found that H3T45E
significantly facilitates DNA unwrapping from histone octamer, while H3Y41E slightly
does. This result was further supported by Micrococcal nuclease (MNase) digestion assay.
Our data suggest a potential mechanism for how H3Y41phos prevents heterochromatin
formation and how H3T45phos plays a role in DNA replication. These conclusions are
consistent with previous results (Simon et al. 2011). Since H2BK34 emerges from two

gyres of the nucleosomal DNA superhelix, the introduction of mono-ubiquitin (~8.5 KDa)
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at this position may significantly disrupt DNA-histone interaction. However, our MNase

digestion data suggest H2BK34ub does not enhance nucleosomal DNA breathing.

3.3 Material and Methods

3.3.1 DNA and histone octamer preparation

147-bp ‘601" DNA and 207-bp ‘601" DNA containing nucleosome positioning sequence
were prepared as previously described (Dyer et al. 2004). Similarly, histone octamers
with WT histone, histone mutants or histone modification were refolded as published

before (Dyer et al. 2004).

3.3.2 Nucleosome reconstitution

Nucleosomes were reconstituted by salt dialysis as previously described (Dyer et al.
2004). Nucleosomes used for SAXS and restriction enzyme digestion assay were
reconstituted with 147-bp ‘601’ DNA and recombinant Xenopus laevis histones, named
147 NCP. Nucleosomes used in MNase digestion assay were reconstituted with 207-bp

‘601" DNA and recombinant Xenopus laevis histones.

3.3.3 Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-

MALS)

Superdex 200 HR 10/30 column (24 ml total volume, GE Healthcare) was run in-line with
the MALS instrument (Wyatt technologies). The flow rate was 0.3 ml/min. 100 pl of
nucleosomes at 0.3 mg/ml was injected in a buffer containing 20 mM Tris pH 7.5, 1 mM
EDTA pH 8.0, 1 mM TCEP. The same samples were used in SAXS at 0 mM or 50 mM
KCI. The molecular weight for each sample was calculated using the ASTRA software
(Wyatt technologies).
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3.3.4 Small Angle X-ray Scattering

All SAXS data was collected at the SIBYLS beam line (12.3.1) at the Advanced Light
Source (ALS, Berkeley). Nucleosomes were either stocked in reference buffer (20 mM
Tris pH 7.5, 1 mM EDTA, 1 mM DTT) or reference buffer with 50mM KCI to investigate
the effect of ionic strength on nucleosome structure. In order to optimize the data quality
and minimize radiation damage, exposure series of 0.5, 1, 2, 6 s were performed. Data
were processed by PRIMUS (Konarev et al. 2003). The radius of gyration (Rg) was
calculated based on low angle data from a Guinier plot (Guinier et al., 1955). The
dimension of nucleosomes was estimated by GNOM (Svergun et al. 1987). Ten random
molecular envelopes were constructed for each nucleosome by DAMMIN (Svergun and
Koch 2003). They were superimposed by DAMSUP (Kozin and Svergun 2001). The
average of these 10 random models was calculated by DAMAVER (Konarev et al. 2003).
The averaged model was filtered by damfilt. A convex shell of all models were built and

visualized as before (Yang et al. 2011).

3.3.5 Restriction enzyme digestion assay

Nucleosomes with canonical histone or histone mutants were assembled with 207-bp
‘601’ DNA. Hpall was used in this assay. The position of the Hpall is shown in Figure
3.7A. 207-bp ‘601’ DNA was used as a positive control. Nucleosomes were stocked in
TSC buffer (20 mM Tris pH7.5, 1 mM EDTA, 1 mM DTT, 50 mM KCI). Nucleosomes and
207-bp ‘601" DNA concentration were kept constant at 50 nM. The reaction was
performed in 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT, 50 mM KCI and 1X NEBuffer

1. Reaction time points selected were 0, 5, 10, 20, 30, 60 mins. Reactions were quenched
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by termination buffer (40 mM EDTA, 0.2% SDS, 1 mg/ml proteinase K) at room
temperature for 30 mins. The quality of reaction was analyzed on a 4% agarose gel.

Agarose gels were stained by SYBR gold, and scanned by typhoon.

3.3.6 Micrococcal nuclease digestion assay

Nucleosomes reconstituted with 207-bp DNA that contained a centrally located 147-bp
‘601’ nucleosome positioning sequence were subjected to MNase digestion studies.
MNase reactions were performed by combining 30 pl nucleosome (20 ng/ul) or DNA (20
ng/ul) into 2.5 pl BSA (10 mg/ml), 25 ul 10X MNase buffer (NEB), 2 ul (200 U/ul) MNase,
and ddH20 to bring up the total reaction volume to 250 pl. 60 pl reaction mixture was
collected at different reaction time points. The reaction was quenched by 5 ul 0.5 M EDTA
pH 8.0 and stored on ice. 4.2 ul 10% SDS and 1 pl proteinase K (20 mg/ml) were added
into each reaction mixture, and incubated at 55°C for 30min. DNA was isolated by Phenol-
Chloroform extraction. The DNA quantity and length following a MNase digestion of
nucleosomes with canonical H3, H3Y41E or H3T45E was analyzed on a 6% native PAGE.
The relative mobility (Rf) of each DNA ladder band and MNase digestion product was
measured with ImageQuantTL. The Rf and length of each DNA ladder band was

correlated and used to calculate the length of each band observed in the MNase reactions.

3.4 Results

3.4.1 Selected histone mutants have no effects on histone octamer stability.
Histone PTMs located at each tail have been substantially investigated. Most of these
histone PTMs regulate nucleosome structure through recruitment of chromatin

remodelers or histone chaperones (Carvalho et al. 2013, Fischle et al. 2003, Larschan et
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al. 2007). In this study, two potential phosphorylation sites (H3Y41 and H3T45) and one
potential methylation site (H3R42) were selected. The role of these selected histone PTM

mimics in nucleosome structure is investigated.

First, we asked if selected histone mutants affect histone octamer formation. To address
this question, histone octamers with selected histone mutants were refolded as described
above, and purified by size exclusion column. By doing High Performance Liquid
Chromatography (HPLC), we were able to distinguish among histone octamer, H2A-H2B
dimer, (H3-H4)2 tetramer and protein aggregation. In this way, we could determine if
histone octamers are refolded. The chromatographic results show that none of the
selected histone mutants has an impact on octamer refolding. As expected, histone
octamer with variant mutants was eluted at the same volume as WT histone octamer.
Then, the quality and composition of histone octamers were analyzed on a 15% SDS gel,
and visualized by coomassie staining. Molecular weight of H2B is similar to H2A (~12
KDa), results in their same mobility on a 15% SDS gel. Thus, only three bands attribution
to H3, H2A/H2B and H4 were observed on the gel (Figure 3.2). H3Y41E, H3R42A or
H3T45E does not significantly alter the mobility of H3 on the gel (Figure 3.2A, B and C).

In sum, selected histone mutants do not affect histone octamer formation.

3.4.2 Nucleosome reconstitution with histone mutants

Subsequently, we asked if selected histone mutants may have an impact on nucleosome
stability. Phosphorylation at H3Y41 or H3T45 introduces a negative charge to the side
chain of each residue. It is possible that H3Y41E or H3T45E disrupts histone-DNA

interaction, and thus destabilizing nucleosome. In contrast, di-methylation at H3R42
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Figure 3.2. H3Y41E, H3R42A or H3T45E does not affect histone octamer integrity.
Histone octamers refolded with H3Y41E (A), H3R42A (B) or H3T45E (C) were analyzed
on a 15% SDS gel, and visualized by coomassie staining. We found selected histone
mutants do not affect the integrity of histone octamer.
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preserves the positive charge at its side chain. However, the introduction of methyl group
at its side chain may sterically disrupt DNA-histone interaction. Accordingly, we proposed

that these selected histone PTM mimics facilitate DNA unwrapping from histone.

To determine if these selected histone mutants affect nucleosome integrity, nucleosomes
with canonical octamer or octamer with different histone mutants were reconstituted by
salt dialysis. We used a 147-bp ‘601’ nucleosome positioning DNA sequence.
Nucleosomes were analyzed on a 5% PAGE, and visualized by EtBr staining (Figure 3.3).

Our data suggest that all selected histone mutants could form nucleosomes.

To further confirm that nucleosomes with histone mutants have a full stoichiometry of
histones, Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS)
was applied. Nucleosomes were reconstituted with 147-bp ‘601’ DNA and WT or mutant
histones. 100 pl of 0.3 mg/ml nucleosome was loaded into SEC-MALS. The light
scattering profiles for nucleosomes containing either WT histone or histone mutants were
overlaid (Figure 3.4). Two peaks were observed in the light scattering profiles for all
nucleosomes. One peak is attributed to nucleosome. The other one is observed in all the
samples, even in the buffer control. It may be due to some contamination in the buffer.
The calculated MW for different nucleosomes is indicated by arrows. The calculated MW
for WT nucleosome with 147-bp DNA is 201 KDa. In contrast, the observed MW of
nucleosomes with histone mutants is very closed to 201 KDa. Additionally, the flat dotted
line over each nucleosome peak is a strong indication for the monodisperse of
nucleosomes. In sum, our results suggest that selected histone mutants do not affect

nucleosome integrity.
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Figure 3.3. H3Y41E, H3R42A or H3T45E does not affect nucleosome reconstitution.
Nucleosome with H3Y41E, H3R42A or H3T45E was reconstituted by salt dialysis. The
quality of nucleosome was analyzed on a 5% PAGE, and visualized by EtBr staining. We
found selected histone mutants do not affect nucleosome reconstitution.
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Figure 3.4. The integrity of nucleosome with WT histone and histone mutants was
analyzed by SEC-MALS. SEC-MALS profiles for nucleosomes were overlaid. Left y-axis
is calculated molar mass, while right y-axis is refractive index. Two peaks were observed
in the light scattering profiles for all nucleosomes. One peak is attributed to nucleosome,
the other one is attributed to some contamination in the buffer. The calculated MW for
different nucleosomes was indicated. The flat dotted line indicates the monodisperse of
nucleosomes. This figure has been published.
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3.4.3 H3Y41E, H3T45E and H3R42A affect the shape of mono-nucleosome.

We determined if the shape of nucleosome is affected by selected histone mutants. Small
Angle X-ray scattering (SAXS) was used to check the shape of mononucleosome. With
a calculated Dmax and Rg for nucleosomes, the information about nucleosome shape
could be obtained as published before (Yang et al. 2011). To determine the size of
molecule, low angle data from a Guinier plot was used to determine the radius of gyration
(Rg) (Guinier et al., 1955). The dimension of nucleosomes was estimated by GNOM
(Svergun et al.,, 1992). In order to visualize the conformational change of each
nucleosome, ten molecular envelopes were constructed for each nucleosome by
DAMMIN (Svergun et al., 1999). They were superimposed by DAMSUP (Kozin et al.,
2001). The average of these 10 random models was calculated by DAMAVER (Volkov et
al., 2003). The averaged model was filtered by damfilt. A convex shell of all models were

built and visualized as before.

In order to investigate if ionic strength has an effect on nucleosome stability, SAXS
experiment was performed at either 0 or 50 mM KCI. Increased ionic strength changes
the shape of molecular envelop for all selected nucleosomes (Figure 3.5). Also, calculated
Dmax and Rg for nucleosome at 50 mM KCI is much larger than nucleosomes at 0 mM
KCI. For example, Dmax of WT nucleosome at 0 mM KCl is 118 A, while Dmax is increased
to 135 A at 50 mM KCI (Table 3.1 and 3.2). It indicates that increased ionic strength may

facilitate DNA unwrapping from histones.

Next, we asked if histone mutants have an effect on nucleosome stability. The overall

scattering curve is very similar between WT nucleosome and nucleosome with histone
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Figure 3.5. The molecular envelop for nucleosomes contains either WT H3 or H3
mutants. Ab initio was calculated for nucleosomes at 0 mM KCI (A) or 50 mM (B). The
shell was superimposed onto the crystal structure of the nucleosome (PDB:1AQl).
Increased ionic strength (0 mM to 50 mM KCI) caused significant shape change of
molecular envelop. Under same ionic strength, overall shape of the molecular envelop
for different nucleosomes is very similar. Slight difference was observed between WT
nucleosome and nucleosome with histone mutants. This figure has been published.
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Table 3.1. SAXS analysis of nucleosomes with WT H3, H3Y41E, H3R42A or H3T45E at O

mM KCI
Sample name Radius of gyration (Rg) (A) Dmax (A)
WT nuc. 42.2 118
H3Y41E nuc. 43.3 125
H3R42A nuc. 42 1 118
H3T45E nuc. 42 .4 119
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Table 3.2. SAXS analysis of nucleosomes with WT H3, H3Y41E, H3R42A or
H3T45E at 50 mM KCI

Sample name Radius of gyration (Rg) (A) Dmax (A)
WT nuc. 442 135
H3Y41E nuc. 449 140
H3R42A nuc. 442 160
H3T45E nuc. 445 160
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mutants. However, the region indicated by arrow has slight difference between WT
nucleosomes and nucleosome with mutants at both salt concentrations (0 mM and 50
mM KCI) (Figure 3.6 A and B). It suggests that selected histone mutants alter the shape
of nucleosome (Figure 3.5). At 0 mM KCI, WT nucleosome and nucleosome with histone
mutants have similar calculated Dmax. In contrast, nucleosomes with H3R42A and
H3T45E have much larger Dmax, while nucleosomes with H3Y41E has slightly larger Dmax
than Dmax of WT nucleosomes at 50 mM KCI (Table 3.2). For example, at 50 mM KCI,
calculated Dmax of WT nucleosome is 135 A, while calculated Dmax for nucleosomes with
H3R42A or H3T45E is 160 A. Together, we revealed that both ionic strength and selected

histone mutants may affect nucleosomal DNA interaction with histones.

3.4.4 Histone mutants (H3Y41E and H3T45E) enhance DNA accessibility.

Our SAXS data suggest that histone mutants affect nucleosome stability. To further
confirm this result, restriction enzyme digestion assay was applied. This assay was used
to investigate if histone mutants facilitate nucleosomal DNA breathing (Moyle-Heyrman

et al., 2011).

Nucleosomes with canonical histone or histone mutants were assembled with 207-bp
‘601’ DNA. Hpall was utilized in this assay. The recognition site of Hpall was 34-bp from
one end of 207-bp DNA, which is protected by H3 aN helix (Figure 3.7A). This recognition
site is not accessible in the context of nucleosome. Assuming histone mutants increase
nucleosomal DNA breathing, then Hpall could rapidly cleave nucleosomal DNA at its
recognition, results in two DNA fragments (34 and 173-bp). The reaction mixtures were

incubated at 30 “C. The reaction was quenched at different time points (0, 5, 10, 20, 30
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Figure 3.5. Overview of scattering curve for nucleosome with WT histone or
histone mutants. The scattering profiles for nucleosomes with WT or histone mutants at
0 mM KCI (A) or 50 mM KCI (B) were overlapped. Notably, the shape of scattering curve
between WT nucleosome and nucleosome with different histone mutants is very similar.
Only slight difference was observed. It indicates that histone mutants alter the shape of
mononucleosome. This phenomenon is not dependent on ionic strength.
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Figure 3.7. H3T45E facilitates ‘DNA breathing’, while H3Y41E slightly affects
nucleosomes stability. (A) The restriction enzyme (Hpall) recognition site is indicated in
the context of nucleosome. (B) and (C) The quality of Hapll digestion for nucleosomes
with canonical H3, H3Y41E or H3T45E was analyzed on a 4% agarose gel. The gel was
visualized by SYBR Gold staining and scanned by typhoon. The reaction was performed
at 50 mM salt. Time points were 0, 5, 10, 20, 30, 60 mins. Nucleosome concentration was
kept at 50 nM, and mixed with 1000 U/ml Hapll. (D) Quantitative analysis of the digestion
reaction resolved in the gel (B) and (C). Fraction of protected full length DNA=
P1/(P1+P2). The intensity of each band was measured with 1D gel analysis function of
ImageQuantTL software. The same reaction was done three times. The same trend was
maintained.
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and 60 mins). The digested DNA fragment was analyzed on a 4% agarose gel (Figure
3.7B-C). The gel was visualized by SYBR Gold staining. The gel was quantified by
ImageQuantTL. The fraction of full length DNA was plotted as a function of digestion time
(Figure 3.7D). Free DNA was rapidly digested in the presence of Hpall. Two DNA
fragments (34 and 173-bp) were observed as expected. In contrast, nucleosome with
canonical histones was resistant to Hpall, due to DNA-histone interaction. After 60 mins
digestion reaction, only a small amount of nucleosomal DNA was digested. Compared to
WT nucleosome, nucleosome with H3Y41E is slightly more sensitive to Hpall. In contrast,
nucleosome with H3T45E was the most sensitive to Hpall. After 10 mins reaction time,
~20% H3T45E nucleosomal DNA was digested. Thus, both H3Y41E and H3T45E
facilitate nucleosomal DNA breathing. The experiment was done in three biological

replicates. The trend was conserved.

3.4.5 Micrococcal nuclease digestion assay for WT, H3Y41lE and H3T45E

nucleosome.

Our restriction enzyme digestion data suggest that both H3Y41E and H3T45E facilitate
nucleosomal DNA unwrapping from histones. To further confirm that selected histone
mutants promote DNA unwrapping from histones, MNase digestion assay was performed.
MNase cleaves linker DNA, but pauses due to histone-DNA interaction, and thus protects
~150-bp DNA fragment. Assuming that selected histone mutants cause transient
unwrapping of DNA from the histone octamer surface, less nucleosomal DNA will be
protected. 207 nucleosome was subjected to MNase digestion. 30 ul nucleosome
containing either WT and histone mutants (20 ng/ul) or 207-bp free DNA (20 ng/ul) was
mixed with MNase (400 U). The reaction mixtures were incubated at 37 °C for 10 mins.
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The reaction was quenched by EDTA. The protected DNA fragments were analyzed on
a 6% PAGE (Figure 3.8A). The gel was visualized by SYBR Gold staining and scanned
by typhoon. The gel was quantified by ImageQuantTL. The length of protected DNA was
plotted as a function of digestion reaction time (Figure 3.8B). In WT nucleosomes, a single
165-bp band was observed after 60 seconds of digestion reaction. ~140-bp DNA fragment
was observed after 120 seconds of digestion reaction. It is due to the nucleosome
boundaries. In contrast, nucleosome containing either H3Y41E or H3T45E does not
cause MNase pausing sites, and thus no ~150-bp DNA fragment was observed. Instead,
a shorter DNA fragment was observed after 60 seconds digestion reaction. ~120-bp DNA
fragment was only observed for nucleosome with either H3Y41E or H3T45E after 120
seconds digestion reaction (Fig 3.8A-B). Again, it indicates that H3Y41E and H3T45E

facilitate DNA unwrapping from the surface of histone octamer.

Together, MNase digestion data are consistent with the results obtained from SAXS and
restriction enzyme digestion assay. All the evidence supports our hypothesis that histone
modifications from entry-exit region of nucleosome have effects on nucleosomal DNA

breathing.

3.4.6 H2BK34ub does not affect either histone octamer refolding or nucleosome

reconstitution.

We show that selected histone modification mimics from entry-exit nucleosome region
facilitates nucleosomal DNA breathing. Next, we asked if histone modifications from H2B
N-terminal tail have similar effects on nucleosome stability. H2BK34ub was selected to

test this hypothesis.
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Figure 3.8. Micrococcal nuclease (MNase) digestion of WT, H3Y41E or H3T45E
nucleosomes. (A). Nucleosomes with 207-bp ‘601’ DNA and histone octamer containing
either WT H3, H3Y41E or H3T45E were digested with MNase. The digestions were
quenched at 0, 60 and 120 s. Proteinase K was added into the reaction mixture. The
length of protected DNA fragment was then analyzed on a 6 % polyacrylamide gel. The
gel was visualized by SYBR Gold staining and scanned by typhoon. (B). The length of
protected DNA fragment is presented as a function of digestion time. The migration
distance of each band (A) was measured with 1D gel analysis function of ImageQuantTL
software. This figure has been published.
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Firstly, we attempted to test if H2BK34ub affects histone octamer refolding and
nucleosome reconstitution. Histone octamer was refolded as mentioned above. The
quality and composition of histone octamers were analyzed on a 15% SDS gel, and
visualized by coomassie staining (Figure 3.9). Four bands attribution to H2A, H2BK34ub,
H3 and H4 were observed on the gel, because mono-ubiquitination at H2BK34
significantly changes the mobility of H2B. The molecular weight of H2BK34ub is about 22
KDa. Next, we asked if H2BK34ub affects nucleosome reconstitution. Nucleosomes with
H2BK34ub were reconstituted as mentioned above. Nucleosomes were analyzed on a 5%
PAGE, and visualized by EtBr staining (Figure 3.10). H2BK34ub significantly alters the
mobility of mononucleosome, likely due to the mono-ubiquitin molecule. In sum,

H2BK34ub does not affect either octamer formation or nucleosome reconstitution.

3.4.7 Micrococcal digestion assay for H2BK34ub nucleosome

Having shown that H2BK34ub does not affect the integrity of histone octamer and
nucleosome reconstitution, subsequently, we investigated if H2BK34ub facilitates
transient nucleosomal DNA unwrapping. MNase digestion assay was performed as above.
Nucleosomes with H2BK34ub and 147-bp ‘601" DNA were subjected to MNase digestion
assay. The protected DNA fragments were analyzed on an 8% PAGE, and visualized by
EtBr. staining (Figure 3.11). Similarly, we observed that free DNA was totally digested
after 30 seconds digestion reaction. In contrast, DNA in WT nucleosome is slightly
digested after 120 seconds digestion reaction. Compared to WT nucleosome,
nucleosome with H2BK34ub has similar MNase digestion pattern. It indicates that
H2BK34ub nucleosome behaves similarly as WT nucleosome in the MNase digestion

assay. MW of mono-ubiquitin molecule is ~8.5 KDa. H2BK34 is located at H2B N-terminal
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Figure 3.9. H2BK34ub does not affect histone octamer integrity. Histone octamer
refolded with H2BK34ub was analyzed on a 15% SDS gel, and visualized by coomassie
staining. We found selected histone modification does not affect the integrity of histone

octamer.

125



"H2BK34ub Nuc.

H2BK34ub Nuc.
WT Nuc.

1 2 3
5% PAGE (EtBr)

Figure 3.10. H2BK34ub does not affect nucleosome reconstitution. Nucleosome
with H2BK34ub was reconstituted by salt dialysis. The quality of nucleosome was
analyzed on a 5% PAGE, and visualized by EtBr staining. We found selected H2BK34ub
does not affect nucleosome reconstitution. However, we notice that H2BK34ub
significantly changes the mobility of mono-nucleosome. It may be due to the introduction

of mono-ubiquitin molecule to nucleosome.
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Figure 3.11. Micrococcal nuclease digestion of H2BK34ub nucleosome.
Nucleosome was reconstituted with 147-bp and histone octamer with H2BK34ub. MNase
digestion assay was performed as above. The length of protected DNA fragment was
analyzed on an 8% PAGE. The gel was visualized by SYGR Gold staining. Interestingly,
nucleosome with H2BK34ub has similar MNase digestion pattern as WT nucleosome. It
indicates that H2BK34 does not affect nucleosomal DNA breathing.
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tail between two nucleosomal DNA strands. Surprisingly, the introduction of mono-

ubiquitin at H2BK34 does not affect DNA breathing.

3.5 Discussion

Histone PTMs play an important role in nucleosome structure (Lu et al. 2008, Luebben et
al. 2010, Potoyan and Papoian 2012). Decades ago, Bode and his colleagues suggested
that hyperacetylated histones increased nucleosomal DNA accessibility, which facilitated
protein binding to target DNA (Bode et al. 1983). This is the first evidence to support
histone modifications disrupt DNA-histone interaction. Similarly, nucleosomes with
hyperacetylated histones has different the hydroxyl radical footprinting, compared with
nucleosomes with unmodified histones (Bauer et al. 1994). It indicates that DNA-histone
interaction patterns were changed due to the hyperacetylated histones. All these
evidence suggest that histone modifications have effects on histone-DNA interaction in
nucleosomes. In this chapter, we selected several potential histone modification sites
(H3Y41, H3R42 and H3T45) from nucleosomal entry-exit region and one site from H2B
N-terminal tail (H2BK34). The effects of three histone modification mimics and one
histone modification on nucleosome integrity and stability have been investigated. Our
biochemical studies suggest that selected histone mutants or histone modification does
not affect the integrity of the histone octamer and nucleosome. Since these histone
mutants are located at the surface of histone octamer, we do not expect they have effects

on histone octamer or nucleosome assembly.

This result was subsequently confirmed by SEC-MALS. Based on the light scattering

profile, we found the observed MW of nucleosomes with histone mutants is similar to the
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calculated MW of WT nucleosomes, a strong indication that selected histone mutants do

not affect the integrity of nucleosome.

To explore this idea that selected histone mutants affect histone-DNA interactions, SAXS
was applied. According to SAXS data, ionic strength affects the mononucleosome
structure. For example, at 50 mM KCI, Dmax of WT nucleosomes is much larger than Dmax
of WT nucleosome at 0 mM KCI. Additionally, we found that Dmax of nucleosomes with
H3R42A or H3T45E (mimic phosphorylation) is much larger than that of WT nucleosome
at 50 mM KCI. Intuitively, we proposed that selected histone mutants affect

mononucleosome stability via facilitating DNA unwrapping from histone octamer.

Our hypothesis was supported by restriction enzyme (Hpall) digestion assay. At 50 mM
KCI, the protected DNA fractions for H3Y41E nucleosomes is slightly less than that for
WT nucleosomes, and more than that for H3T45E nucleosomes. Less nucleosomal DNA
is protected due to highly frequent and short-lived conformation change of nucleosomes.

This result was consistent with our SAXS data.

To further confirm that selected histone mutants have effects on nucleosomal ‘DNA
breathing’, MNase digestion assay was applied. We observed that ~150-bp protected
DNA fragment was observed for WT nucleosome after 120 seconds digestion reaction,
due to histone-DNA interaction at the edge of mononucleosome. In contrast, shorter
nucleosomal DNA (~120-bp) in either H3Y41E or H3T45 nucleosome was protected after
120 seconds digestion reaction. It indicates that selected histone mutants facilitate
transient DNA unwrapping from the surface of histone octamer. The same MNase

digestion assay was performed to nucleosome with H2BK34ub and 147-bp DNA.
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Surprisingly, we found that H2BK34ub does not affect nucleosome stability, as defined
by this assay. Nucleosome with H2BK34ub has similar MNase digestion pattern as WT

nucleosome.

In sum, our biochemical data suggest that selected histone modification mimics affect
nucleosome stability via facilitating DNA breathing. Histone modifications regulate
nucleosome structure in a network (Brehove et al. 2015). Our future plan is to combine
different histone modifications to investigate if different combination patterns have distinct

effects on nucleosome structure.
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CHAPTER 4

SUMMARY AND FUTURE DIRECTIONS

My dissertation focuses on how histone chaperone (FACT) regulates nucleosome
structure. FACT was discovered as a transcription factor that facilitates gene transcription
(Belotserkovskaya and Reinberg 2004). Here, we revealed that hFACT binds hH2A-H2B
and hH3-H4 with similar affinity. It indicates that FACT is not only a H2A-H2B chaperone,

but also a H3-H4 chaperone.

FACT is highly conserved in eukaryotes (Orphanides et al. 1999). yFACT binds two H2A-
H2B dimers via two acidic domains in ySptl6 and Pob3, while hFACT only binds one
H2A-H2B dimer via acidic domain in hSptl6 (Kemble et al. 2015, Winkler et al. 2011).
Two acidic domains in ySpt16 and Pob3 are conserved in hFACT, which encourages us
to re-evaluate the stoichiometry of hFACT with H2A-H2B dimer. Our AUC data suggest
that hFACT may only bind one H2A-H2B dimer. The reason for this discrepancy is not
clear. However, it has been shown that Pob3 F512 is indispensable for Pob3 interaction
with H2A-H2B (Kemble et al. 2015). Single-point mutation of this residue totally abolishes
Pob3-H2A-H2B interaction. This residue is not conserved in hSSRP1, although the acidic
domain is conversed, which may result in hFACT binding one H2A-H2B dimer. The
stoichiometry of hFACT-(H3-H4) was also determined by AUC. However, hFACT-(H3-H4)
forms aggregates, which may be due to nonspecific interaction between Spt16-CTD and
H3-H4. Additionally, it was suggested that FACT has the potential to bind H2A-H2B and
H3-H4 simultaneously (Kemble et al. 2015, Tsunaka et al. 2016). By using AUC-FDS, we
show that hFACT binds a histone hexamer composed of one H2A-H2B dimer and one
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(H3-H4)2 tetramer. This result also implies that H2A-H2B dimer facilitates FACT

interaction with (H3-H4)2 tetramer.

FACT-histones interaction has been well characterized. However, the exact role of FACT
in nucleosome structure is still unknown. By using an in vitro gel-based nucleosome
disassembly assay, we show that FACT per se does not disassemble nucleosomes. Also,
FACT does not bind to mononucleosome. This interpretation is confirmed by AUC data.
It indicates that FACT is not a nucleosome disassembly factor. This result is also
consistent with crystal structure of Sptl6-CTD-H2A-H2B and Sptl6MD-AID-H3-H4,
which suggests that FACT binding site at histones are blocked by either DNA or histones
in the context of nucleosome (Kemble et al. 2015, Tsunaka et al. 2016). Similarly, it has
been shown that FACT efficiently facilitates RNA pol Il overcoming H3-H4-DNA
interaction, but not H2A-H2B-DNA interaction (Bondarenko et al. 2006). In agreement,
our in vitro transcription data suggest that FACT does not facilitate RNA pol Il progression
through the pause sites caused by H2A-H2B-DNA interaction and H3-H4-DNA interaction.

All these evidence suggest that FACT does not initialize nucleosome disassembly.

Next, we investigated if FACT facilitates nucleosome assembly. By using an in vitro gel-
based nucleosome assembly assay, we were able to dissect which step of nucleosome
assembly FACT is involved in. We found that FACT is a robust tetrasome assembly factor.
Besides, FACT also facilitates H2A-H2B deposition onto tetrasome and hexasome, and
thus assembles nucleosomes. This hypothesis is confirmed by MNase digestion assay.
However, the mechanism of how FACT facilitates tetrasome assembly and H2A-H2B

deposition is still unknown. Since FACT prevents nonspecific H2A-H2B-DNA interaction,
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we speculate that FACT facilitates H2A-H2B deposition by preventing nonspecific

histone-DNA interactions.

Our data suggest that FACT is a nucleosome assembly factor, which is very consistent
with genetic data from several labs. However, this does not explain how FACT facilitates
gene transcription. It has been proposed that FACT could increase the global accessibility
of nucleosomal DNA by tethering nucleosome components together (Kemble et al. 2015,
Kulaeva et al. 2013, Rhoades et al. 2004, Ruone et al. 2003). However, no direct evidence
supports this model. Here, we observed that H2A-H2B dimer facilitates FACT interaction
with tetrasomal H3-H4, and forms a supershifted complex, which is comprised of a
histone hexamer, DNA and FACT. Compared to nucleosome, DNA does not tightly wrap
around histones in the supershifted complex. All these results suggest that FACT is able
to form an unstable histone-DNA complex by tethering partial components of

nucleosomes.

Histone mutant (H4Y98H) disrupting dimer-tetramer interaction does not only affect FACT
holding nucleosome components, but also impedes FACT binding a histone hexamer.
This result implies that H2A-H2B interacts with H3-H4 as FACT binding a histone
hexamer. Since H2A-H2B only does not bind to H3-H4 under physiological salt condition,
FACT facilitates H2A-H2B and H3-H4 interaction. Intuitively, we propose that FACT
interacts with H2A-H2B first, and subsequently folds over the H2B-H4 interface, and
results in interaction with distal H2A docking site at the surface of H3-H3’-H4’ and
proximal H4 L1 loop. In this way, FACT is able to stabilize dimer-tetramer interactions,
and also prevents the second H2A-H2B dimer binding to the hexamer by blocking the

H2A docking site. This model suggests that FACT disrupts H3-H4-DNA interactions
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around the nucleosome dyad, which is in the line with previous results (Hsieh et al. 2010,
Ujvari et al. 2008). This model is also supported by our MNase digestion assay, which
implies that DNA in the supershifted complex is not tightly wrapped around histones.
Compared to hFACT, yFACT is able to bind to nucleosome via an independent subunit
(Nph6), which is a member of HMGB family (Stillman 2010). It has been shown that
yFACT binds to nucleosome, and resulting nucleosomes are highly sensitive to

endonucleases (Formosa et al. 2001, Ruone et al. 2003, Takahata et al. 2009).

Together, our results provide mechanistic insight into how FACT regulates nucleosome
structure. FACT maintains nucleosome structure by facilitating tetrasome assembly and
deposition of H2A-H2B onto tetrasomes or hexasomes. Meanwhile, FACT also has
potential to tether nucleosome components, and thus forming an unstable complex. In
order to hold nucleosome components, FACT needs to bind to free H2A-H2B first, and
then interact with tetrasomal H3-H4. This suggests that interaction of H2A-H2B is the
‘trigger’ for FACT holding nucleosome components. It may explain why interaction of

H2A-H2B is crucial for FACT activity (Belotserkovskaya et al. 2003).

However, it is still not clear how histones interact with DNA in this supershifted complex.
Point mutation at H3 aN helix disrupting dimer-tetramer interaction impedes FACT
tethering nucleosome components. It indicates that H3 aN helix may interact with DNA in

the supershifted complex, as it does in the nucleosome (Luger et al. 1997).

In chapter 2, we also investigate how FACT activity is regulated. Previous studies suggest
that H2BK120ub facilitates FACT function during transcription (Pavri et al. 2006), and we

therefore investigated the contribution of mono-ubiquitination at either H2A or H2B in
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FACT-H2A-H2B interaction and FACT assembly activity was determined in vitro. Our data
suggest that mono-ubiquitination at H2A or H2B does not affect either FACT-H2A-H2B

interaction or FACT assembly activity.

Finally, the role of FACT in gene transcription was investigated. We found that FACT per
se slightly stimulates gene transcription. In the presence of FACT, we observed two RNA
pol Il pausing sites, which are caused by H2A-H2B-DNA interaction (~86-bp) and H3-H4-
DNA interaction (~105-bp). This indicates that FACT does not facilitate RNA pol I
overcoming these nucleosome barriers. Again, this result implies that FACT per se does
not initialize nucleosome disassembly. However, the presence of these pause sites does
not decrease the amount of full length transcripts. Instead, full length transcripts are
increased moderately along with increased amount of these two pause sites, which
suggests that FACT slightly facilitates gene transcription. Also, increased amount at two
pausing sites indicates that histones remain at the same position on DNA, which supports
the idea that FACT does not completely displace all core histones. How does FACT
facilitate gene transcription without displaces all core histones? We propose that FACT
may transiently disrupt several histone-DNA interactions. It was suggested that three
strong histone-DNA interaction regions impede RNA pol Il progression efficiency
(Bondarenko et al. 2006). Two of them are due to two H2A-H2B dimers interaction with
nucleosomal DNA closed to the edge of nucleosome, one is attributed to H3-H4-DNA
interaction around the nucleosomal dyad. Notably, we did not observe any pol Il pausing
sites around nucleosome dyad or distal H2A-H2B-DNA interaction region in the presence
of FACT. Thus, these pausing sites may be removed by FACT. Perhaps, FACT tethers

nucleosome components as RNA pol Il approaches and reassembles nucleosome after
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passage of pol Il. In this way, FACT could facilitate RNA pol Il activity without the depletion
of histones. Again, mono-ubiquitination at H2A or H2B does not affect FACT function in

gene transcription either.

Future effort should be put into understanding the mechanism how FACT assembles
nucleosomes. The contribution of each domain of FACT in its assembly activity should
be investigated. Additionally, it is still not clear how FACT is recruited to gene coding
regions. Possibly, histone modifications are involved in the recruitment of FACT by
facilitating FACT-histone interaction. Accordingly, we intend to investigate if histone
modifications affect FACT-histone interaction. Similarly, the role of different histone
variants in FACT activity should also be investigated. To follow up on the idea that the H3
aN helix may interact with DNA in the FACT assembled supershifted complex, point
mutations disrupting histone-DNA interactions at this region will be selected to test this
hypothesis. We also intend to obtain high resolution structural information of the FACT
assembled supershifted complex. Our plan is to assemble the supershifted complex by
using tetrasome with 79-bp DNA. The supershifted complex will be purified via affinity
chromatography, and then subjected to cryo-electron microscopy or crystallization. We
will test whether FACT-assembled supershifted complex is able to facilitate gene

transcription.

The second part of my dissertation focused on how histone PTMs affect nucleosome
structure. We selected several potential histone modification sites. Most of them (H3Y41,
H3R42 and H3T45) are located at the entry-exit region of nucleosome, while one
(H2BK34) is located at H2B N-terminal tail. H3Y41 and H3T45 are two potential
phosphorylation sites, while H3R42 is a potential methylation site. Histone modifications
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occurring at these sites play an important role in DNA replication and gene transcription
(Baker et al. 2010, Dawson et al. 2009, Hyland et al. 2011). Our biochemical data suggest
that selected histone PTM mimics affect the shape of mononucleosome. We proposed
that these histone PTM mimics facilitate DNA unwrapping from histone octamer. This
hypothesis was supported by restriction enzyme and MNase digestion assay. H3T45E
significantly facilitates DNA unwrapping from the surface of histone octamer, while
H3Y41E slightly facilitates ‘DNA breathing’. These results support the hypothesis that
histone modifications from the nucleosome entry-exit region affect DNA-histone
interaction. Subsequently, we tested if histone modifications from H2B N-terminal tail also
have effects on DNA-histone interactions. H2BK34ub was selected to test this hypothesis.
Our biochemical data suggest that mono-ubiquitination at H2BK34 does not facilitate DNA
unwrapping from histone octamer. In order to obtain more structural information, we
attempted to solve the crystal structure of nucleosomes with H2BK34ub. Unfortunately,

no crystals were grown under the condition we tested.

Only several forms of histone modifications have been highlighted in this dissertation.
Countless other histone modifications at many different residues in the histones have
been discovered, such as sumoylation, ADP-ribosylation and glycosylation (Kelly and
Hart 1989, Shiio and Eisenman 2003, Ueda et al. 1975). All these histone modifications
may have effects on nucleosome stability. For example, ADP-ribosylation introduces two
negative charges to the side chain of modified residues, which may disrupt the histone-
DNA interactions in a similar way to phosphorylation. Besides, the size of ADP-ribose is
proximally equal to 5 amino acids. Thus, ADP-ribosylation of histones may have more

dramatic effects on chromatin structure than phosphorylation of histones. Indeed, it has
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been shown that chromatin with ADP-ribosylated histones is more sensitive to MNase
than unmodified chromatin, which indicates an ‘open’ chromatin structure (Perez-
Lamigueiro and Alvarez-Gonzalez 2004). Overall, considerable effort has been invested
into investigating the biological role of histone PTMs. However, many questions still need
to be answered: why do some histone modifications coexist? Do they affect nucleosome
stability cooperatively? How are histone modifications inherited? In order to address these
guestions, the effects of different histone PTM combinations on nucleosome stability or
higher order chromatin structure should be tested. Also, histone PTMs from different
regions of nucleosome should be tested to see how histone PTMs regulate nucleosome

structure.
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APPENDIX |

THE ROLE OF FACT AND NAP1 IN REGULATING H1 DYNAMICS

[.1 Summary

Linker histone H1 facilitates chromatin compaction via physical interaction with the
nucleosome, thereby serving as a barrier for the accessibility of genetic information.
Putative linker H1 histone chaperones have been identified, such as Napl and FACT.
However, the direct role of FACT and Nap1l in H1 dynamics is still not clear. Here, we find
that both Napl and FACT bind H1 with low nanomolar affinity. Napl binds globular
domain of H1, while FACT binds to C-terminal tail of H1. Our biochemical data suggest

that neither Napl or FACT removes H1 from nucleosome in vitro.

[.2 Introduction

Linker H1 histone is composed of short N-terminal domain (~20 a.a.), a globular domain
(~80 a.a.) and a long highly basic C-terminal tail (~100 a.a.). Linker H1 histone binds
nucleosome with picomolar affinity, resulting in chromatin compaction (White et al. 2016).
It has been shown that H1 occupancy is negatively associated with active transcription
(Izzo et al. 2013). This indicates that removing linker histone is pivotal for DNA dependent
processes. However, the question of how H1 is removed from nucleosome still needs to
be addressed. Our previous work reported that FACT binds to H1 with ~35 nM affinity
(Kalashnikova et al. 2013). However, it is still unknown if FACT regulates H1 dynamics.
Similarly, hNapl also physically interact with H1 in vitro, and resulting in displacing H1

from chromatin in the presence of other factors, such as activators and p300 in an in vitro
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transcription system (Zhang et al. 2015). Thus, the direct role of Napl in H1 dynamics

still needs to be elucidated.

Here, we reveal that hFACT binds to H1 with ~40 nM affinity, while hFACT binds H2A-
H2B and H3-H4 with affinity ~15 nM. We find that FACT interaction with partial C-terminal
tail of H1 (97-121 a.a.), that is also crucial for H1 binding nucleosome linker DNA. It
indicates that FACT may play an important role in H1 displacement from nucleosome.
However, our biochemical data suggest that FACT is unable to remove H1 from
mononucleosome. Compared to FACT, Napl binds to H1 with ~5 nM affinity. The C-
terminal tail is not required for this interaction. Similarly, Napl does not remove H1 from
nucleosome. This indicates that other factors might be required in vivo that weaken the

interaction between linker histone and the nucleosome.

|.3 Material and Methods

[.3.1 Reagents

Recombinant histones were expressed and purified as described previously (Luger et al.
1999). Fluorescence labeled linker H1 histone was prepared as described previously
(White et al. 2016). Nucleosomes with 207-bp DNA were reconstituted by salt dialysis
(Dyer et al. 2004). FACT was prepared as mentioned above, while Napl was prepared

as published (McBryant et al. 2003).

1.3.2 Fluorescence-based plated assay

Fluorescence-based plate assay was performed in 150 mM NaCl, 20 mM Tris pH 7.0,

0.01% CHAPS, 0.01% NP40 and 1 mM TCEP. Fluorescence microplate was prepared
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as published before (Winkler et al. 2011). Fluorescence labeled Mouse linker H1 histone
were kept at 1 nM. hFACT or yNapl was titrated from 1 nM to 500 nM. The reaction
mixture was incubated in a 384-well microplate for 10 mins at room temperature, and then
scanned by Typhoon 8600 variable mode fluorimager. Fluorescence signal was

guantified by ImageQuant™. The data was analyzed and fit by Graphpad Prism.

1.3.3 In vitro gel-based assay

To determine if FACT or Napl removes H1 from nucleosome, 100 nM 207 nucleosome
was mixed with 50 nM H1 first, and then either FACT or Napl (50 nM to 1.6 uM) was

added into the reaction mixture. Nucleosome-H1 complex was analyzed on a 5% PAGE.

|.4 Results

I.4.1 The C-terminal tail of H1 is required for FACT-H1 interaction, but not for Nap1-

H1 interaction.

The binding affinity of hFACT or yNap1l for linker H1 histone was determined using a
fluorescence-based plate assay (Figure I.1 and 1.2). We reveal that hLFACT binds H1 with
an affinity of 40 nM (Table 1.1). This result is consistent with our previous work
(Kalashnikova et al. 2013). In contrast, Napl binds to H1 with an affinity of ~3 nM (Table
1.1). Next, we wanted to test which region of H1 is required for FACT or Napl-H1
interaction. Since H1 C-terminal tail plays an important role in H1-nucleosome interaction,
we asked if FACT or Nap1 binds this region, which may indicate their potential role in H1
dynamics. Two H1 truncations (A98-193 a.a. or A122-193 a.a.) were studied. FACT or
Nap1l binding affinity for each H1 construct was determined as above (Figure 1.1 and 1.2).
Notably, we find that H1 C-terminal tail is not required for Napl-H1 interaction, but is
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Figure I.1. The partial H1-CTD is crucial for FACT-H1 interaction. The binding affinity
of FACT with different H1 construction was determined by fluorescence-based plate
assay. H1 was labeled with Oregon Green. The concentration was kept at 1 nM. FACT
was titrated from 1 nM to 500 nM. The reaction was performed under physiological salt
condition (150 mM NaCl). Fluorescence signal is increased as a result of direct interaction
between FACT and H1 . or H1 , ,,,. The binding affinity of FACT with H1 , o, was

determined by the same approach. We found that FACT does not interact with H1 , o,. It

indicates that the partial C-terminal region (98 a.a.-121 a.a.) is essential for FACT
interaction with H1. Each error bar represents SD of two biological replicates.
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Figure 1.2. H1-CTD is not required for Nap1-H1 interaction. The binding affinity of
Nap1 with different H1 construction was determined as above. We found that Nap1 binds
to all the H1 construction we designed. It indicates that C-terminal tail of H1 is not required
for Nap1 interaction with H1. Each error bar represents SD of two biological replicates.



Table .1 Summary for FACT-H1 and Nap1-H1 binding affinity

Protein

FACT-H1 ¢
FACT-H1 454
FACT-H1 ;o7
Nap1-H1 ¢
Nap1-H1 442

Nap‘l -H1 1-a7

Ky

39.961+6.34

16.36+6.78

No binding

3.12+0.5

6.97+1.62

4.11£1.04

R2

0.96

0.88

0.91

0.93

0.88
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crucial for the FACT-HL1 interaction. Specifically, the region between amino acids 93-121

is essential for FACT interaction with H1.

1.4.2 Neither FACT or Napl removes H1 from nucleosome.

In order to test if FACT or Nap1 facilitates H1 eviction from nucleosome, an in vitro gel-
based assay was applied. 207 nucleosome was mixed with H1 first, and then either FACT
or Napl was added. The complexes were analyzed on a 5% PAGE, and visualized by
EtBr. staining or fluorescence (H1) (Figure 1.3). As FACT or Napl is titrated, the amount
of nucleosome-H1 complexes remains the same (Figure 1.3 A-D lane 7-10), and neither
FACT-H1 or Nap1-H1 complex was observed on the gel (Figure 1.3 B and D lane 7-10).

This indicates that either FACT or Nap1 does not remove H1 from nucleosome on its own.

|.5 Discussion

Linker H1 histone plays an important role in the accessibility of nucleosomal DNA. Thus,
understanding how H1 dynamics is regulated is crucial to understand DNA dependent
cellular processes. Here, we report that Napl and FACT bind to H1 with low nanomolar
affinity. Additionally, we find that the C-terminal tail is essential for FACT-H1 interaction,
but not for Nap1-H1 interaction. Subsequently, we investigated the role of FACT or Napl
in H1 dynamics. Our biochemical data suggest that neither FACT nor Nap1l affects H1-
nucleosome interaction. This is inconsistent with previous work (Zhang et al. 2015). It was
suggested that hNapl is able to facilitate H1 eviction from chromatin. This discrepancy
may be due to different experimental condition. In previous work, hNapl removal of H1
may be due to the presence of p300, which results in histone acetylation. Indeed, it has

been shown that acetylation of H3 N-terminal tail reduces the occupancy of H1 on
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Figure 1.3. Neither FACT or Nap1 removes H1 from nucleosome. To determine if
FACT or Nap1 removes H1 from nucleosome, 100 nM 207 nucleosome was mixed with
50 nM H1 first, and then FACT or Nap1 (50 nM to 1.6 uM) was added into the reaction
mixture. Nucleosome-H1 complex was analyzed on a 5% PAGE, and visualized by EtBr
(A and C) and fluorescence (B and D). staining and fluorescence (H1). It was observed
that H1 is not removed as FACT or Nap1 is titrated. Similarly, no FACT or Nap1-H1
complexes were observed either (B and D lane7-10).
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nucleosome (Stutzer et al. 2016). In the future, we intend to test if histone chaperones
work cooperatively to displace H1 from chromatin. Also, we plan to test if histone
modifications occurring at core histones facilitate histone chaperone function in regulation

of H1 dynamics.
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