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Résumé

Comme pour tous les autres processus en lien avec I’ADN, la structure de la chromatine
lors de la transcription est dans un état de perpétuel changement. Ainsi, elle est ouverte
pour permettre 1’acceés a I’ADN, pour ensuite se replier correctement. La dynamique de la
structure chromatinienne est régulée finement par de multiples mécanismes qui agissent
ensemble afin de rendre le processus hautement efficace. Ces mécanismes comprennent les
modifications post-traductionelles des histones, le remodelage de la chromatine par les
remodeleurs ~ ATP-dépendants,  D’incorporation des  variants  d’histones et
I’assemblage/désassemblage des nucléosomes par les chaperons d’histones. En plus de ces
activités, il y a un certain nombre de composantes non-reliées aux histones qui sont
directement impliquées dans les modulations de la conformation de la chromatine associées
a la transcription. Chez la levure, un de ces facteurs est la protéine HMG-like Spt2p,
démontrée précédemment comme étant directement impliquée dans le réassemblage des
nucléosomes dans le sillon de ’ARN polymérase Il en déplacement le long du segment
d’ADN transcrit. Dans la présente étude, nous démontrons que Spt2p est phosphorylée
directement par la caséine kinase II (CKII) et que cette modification inhibe sa liaison a la
chromatine. Nos résultats indiquent que la CKII altere ’interaction de Spt2p avec le
chaperon d’histone Spt6p. Nous avons aussi trouvé que la phosphorylation directe de Spt6p
par la CKII stimule I’association de ce facteur avec un autre partenaire, Iwslp. Cette
association est absolument nécessaire pour le repliement correct des nucléosomes durant
I’¢longation. De plus, cette régulation positive du complexe Sptop/Iwslp par la CKII
module directement 1’association de ce complexe avec la méthyltransférase de H3K36,
Set2p. Finalement, nous avons montré que la phosphorylation de Spt6p par la CKII est
essentielle a I’inhibition des promoteurs cryptiques et des erreurs de transcription. Dans
I’ensemble, nos résultats suggeérent un nouveau mécanisme par lequel la CKII contrdle le
repliement correct de la structure de la chromatine dans les régions codantes en modulant
les interactions du chaperon d’histone essentiel Sptop avec ses partenaires Spt2p, Iwslp et

Set2p.
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Abstract

Like any other DNA-related process, chromatin structure is in a state of constant flux
during transcription, unfolded to get access to DNA and refolded back properly. The
dynamics of chromatin structure are tightly regulated and multiple mechanisms act together
to make the process highly efficient. These include modifications of histones, chromatin
remodeling by ATP-dependent remodeling factors, incorporation of histone variants and
nucleosome disassembly and reassembly by histone chaperones. In addition to these
activities, there are a number of non-histone chromatin components that are directly
involved in the modulation of chromatin associated with transcription. In yeast, one of
these factors is the HMG-like protein Spt2p previously shown to participate directly in the
process of nucleosome reassembly in the wake of RNA polymerase II movement along
transcribed DNA. In this work, we show that Spt2p is directly phosphorylated by the casein
kinase II (CKII) and we demonstrate that this modification inhibits its association with
chromatin. Our findings indicate that CKII disrupts the interaction of Spt2p with the
histone chaperone Spt6p. Interestingly, we also found that direct phosphorylation of Spt6p
by CKII stimulates the association of this factor with another partner, Iwslp. This
association is absolutely required for the refolding of nucleosomes during elongation.
Furthermore, this positive regulation of the Sptop/Iwslp complex by CKII modulates
directly the association of this complex with the H3K36 methyltransferase Set2p. Finally,
we show that phosphorylation of Spt6p by CKII is essential to the inhibition of cryptic
promoters and spurious transcription. Taken together, our results suggest a new mechanism
whereby CKII directs chromatin structure refolding in coding regions by modulating the
interaction of the essential histone chaperone Spt6p with its partners Spt2p, Iwslp and

Set2p.
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Chapter 1

Introduction



1.1 Chromatin structure: Role in gene expression

Genetic information in every living cell is in the form of one or several very long and
continuous strings of DNA, which serves as a master blueprint for cellular architecture and
for all of its functions. In order for these long strings of DNA to fit into the tiny nucleus, the
DNA is compacted to nearly one hundred-thousandth of its linear dimension. This degree
of compaction is achieved by several levels of folding with an approximately equal mass of
proteins, forming a nucleoprotein complex called chromatin (Chakravarthy et al., 2005;
Widom, 1989). The chromatin structure and dynamics are essentially similar in all
eukaryotic organisms, from the simplest eukaryote yeast to the most complex human
(Marino-Ramirez et al., 2006). Several hierarchies have been proposed to distinguish the
multiple levels of organization of chromatin structure [reviewed in (Bassett et al., 2009;
Chakravarthy et al., 2005; Li and Reinberg, 2011; Woodcock and Ghosh, 2010)]. A
schematic representation of various levels of chromatin compaction is shown in Figure 1.1.
The first level of organization is a linear array of nucleosomes separated by free DNA and
often described as beads-on-a-string-like structure. Through short range internucleosomal
interactions and linker histones, chromatin is further organized to a secondary level of
organization known as the 30-nm fiber. The exact structure of the 30-nm fiber still remains
uncertain despite the intensive efforts towards its investigation. A further, tertiary level of
compaction is generated via short- and long-range interactions between regions of the
secondary structure. The organization of this tertiary level varies due to various factors such
as tissue type and cell cycle (Bonifer, 1999; Woodcock and Dimitrov, 2001). For all DNA-
related processes, the genome is unfolded and then rapidly refolded on a time scale
measured in seconds (Bucceri et al., 2006). This process is highly efficient due to the
cooperative action of a number of specific factors. These include histone modifiers, ATP-
dependent chromatin remodelers, histone variants and histone chaperones. Chromatin
dynamics are tightly regulated and even a slight misregulation of these processes can lead
to many diseases. Different diseases are linked with a dysfunctioning of the chromatin
modulation machinery. Histone acetylase/deacetylase activities are strongly shifted toward
histone hyperacetylation in patients with rheumatoid arthritis (Huber et al., 2007). Changes
in chromatin structure are also linked to other disorders such as diabetes and heart disease

(Antos et al., 2003; Han et al., 2011; Lawless et al., 2009; Liew and Dzau, 2004; Olson,



2006). Likewise, defects in the chromatin modulating machinery have been linked to
various cancers (Avvakumov and Cote, 2007; Cairns, 2001; Chi et al., 2010; Clapier and
Cairns, 2009; Wang et al., 2007).

All DNA-related processes within the cell (e.g. DNA replication, DNA repair and
transcription) occur in the context of chromatin. By its very nature, the general organization
of the genome in the form of chromatin is inhibitory to all these processes. Therefore, cells
have developed various mechanisms to regulate the opening and closing of this barrier such
as histone modifications, ATP-dependent chromatin remodeling and nucleosome
disassembly. The studies described in this dissertation were done to understand the
regulation of different factors that modulate chromatin structure during transcription
elongation using the yeast Saccharomyces cerevisiae as a model system. The nucleosome is
the basic unit of chromatin and these regulatory processes involve structural and/or
chemical changes in the molecular composition of nucleosomes. I will first present an
overview of the basic features of the nucleosome and of the general mechanisms used by
cell to modify the structure of chromatin. This overview will then be followed by a

description of the events occurring during transcription.
Linker histones
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Figure 1.1 : Organization of chromatin
Schematic view of the different levels of chromatin packaging. Figure from Chakraverthy
et al. (Chakravarthy et al., 2005).



1.1.1 Nucleosome

The basic unit of chromatin is the nucleosome, which consists of 147 base pairs (bp) of
DNA wrapped 1.65 times around an octamer of histones, containing two copies of each of
the histone species H2A, H2B, H3 and H4. The composition of the nucleosome core
particle has been known since the pioneering studies of Roger Kornberg in the early 70s
(Kornberg, 1977). In addition to core histones, the linker histone H1 is also an important
component of chromatin but is localized outside the nucleosome core particle. The first
high-resolution structures of the nucleosome core particle were published in 1997, thereby
providing clear molecular details of nucleosome packaging (Figure 1.2) (Luger et al.,
1997). The four core histones are strongly basic, with pl values between 10.5 and 11, and
are highly conserved among eukaryotes. The bulk of the histone protein is folded into a
helix-turn-helix motif known as a histone fold. This motif is optimized for efficient protein-
protein interactions and dimerization. In addition to the histone fold, each core histone
contains a highly dynamic N-terminal extremity rich in basic amino acids. The N-terminal
section is unstructured, extends outwards from the nucleosome core particle and is
subjected to a number of post-translational modifications (Kouzarides, 2007). The N-
terminal end does not contribute to the core structure of the nucleosome but rather plays
important roles in higher-order chromatin structure, which is regulated by different

mechanisms of modification (Gelato and Fischle, 2008).

Figure 1.2 : Nucleosome structure

Top and side view of 146 base pairs of DNA in complex with the eight core histones. Two
copies each of H2A (orange), H2B (pink), H3 (blue), and H4 (green) can be seen in the
model on the left. In addition to the a-helical histone core domains, several histone “tails”
can be seen protruding from the nucleosome core in both models. Figure from Luger et al.
(Luger et al., 1997).



1.2 Different mechanisms regulate chromatin structure

The histone-DNA interactions are among the most stable interactions within the cell
and the highly stable nucleosome structure blocks the access of other macromolecules to
DNA. Cells have thus developed mechanisms to modulate chromatin structure and allow
access to DNA for various essential processes. The different mechanisms that alter the

structure of the nucleosome are briefly described below.

1.2.1 Histone modifications

One of the most important and extensively studied processes that change chromatin
structure is the post-translational modification of the histones. Histone modifications
primarily occur along the N-terminal extremity, although modifications in the core domains
and the C-terminal tail of some histones have also been described (Kouzarides, 2007;
Krebs, 2007; Turner, 2005). Different types of histone modifications have been reported.
These include the methylation of lysine and arginine residues, the acetylation,
ubiquitination or sumoylation of lysine, and the phosphorylation of serine, threonine and
tyrosine residues. In addition to these modifications, isomerization, ADP-ribosylation and
deimination have been reported and characterized (Kouzarides, 2007; Krebs, 2007; Turner,
2005). The characterization of histone modifying enzymes has been the focus of various
recent studies. Enzymes catalyzing various histone modifications have been identified and
in many cases, the enzymes that remove these modifications have also been characterized.
The presence of enzymes that reversibly modify histones accounts for the highly dynamic
nature of these modifications. The different histone modifications found in yeast and in
some cases, the enzymes responsible for these modifications are shown in Figure 1.3.
Histone modifications change chromatin structure by at least two different mechanisms.
The first one is the weakening of histone-DNA interactions or interactions between
different histones in adjacent nucleosomes. Belonging to the latter type of mechanism is
acetylation, which can decrease histone-DNA interactions by neutralizing the positive
charge of histones (Hong et al., 1993; Verdone et al., 2006). By using chemically modified

recombinant histones, acetylation of lysine-16 of histone H4 has been shown to inhibit the



formation of compact 30-nm-like fibers (Shogren-Knaak et al., 2006). The second and best
characterized mechanism of action for histone modification is the creation of new binding
sites for the recruitment of other components of the chromatin modifying machinery.
Chromatin remodeling requires the highly regulated and organized recruitment of a number
of chromatin-modifying enzymes. These factors possess domains that recognize different
histone modifications such as methylation and acetylation which recognize chromodomains
and bromodomains, respectively. Several chromatin modulating factors with domains
recognizing histone modifications have been characterized so far, such as the repressive
Rpd3S histone deacetylase complex which recognizes methylation of H3K36 via the
chromodomain-containing subunit Eaf3p and the PHD-finger-containing subunit Rcolp
(Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al., 2005; Li et al., 2007b). Three
of the most important histone modifications associated with transcription elongation,

namely methylation, acetylation and ubiquitination, are discussed in detail in section 1.5.1.
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Figure 1.3 : Post-translational histone modifications in yeast

The four core histones are shown. The histone fold is represented by hexagons, and the
sequences of N- and C-terminal tails are provided; please note that residues accompanied
with a number indicate sites of modification. Known covalent modifications are indicated
by different colors: acetylation (Ac) is shown in purple, methylation (Me) in blue,



phosphorylation (P) in red and ubiquitination (Ub) in green. Enzymes for some of these
modifications are also shown. Enzymes that add modifications are shown in the ovals
above the modification site, and enzymes that remove modifications are indicated below in
boxes. The Figure is taken from Krebs (Krebs, 2007).

1.2.2 ATP-dependent chromatin remodeling

Chromatin remodelers, a set of multi-subunit protein complexes, utilize the energy of
ATP hydrolysis to alter chromatin structure. All ATP-dependent chromatin remodelers
contain a catalytic subunit with homology to superfamily 2 of DEAD/H-box nucleic acid-
stimulated ATPase (Tsukiyama, 2002; van Vugt et al., 2007). These complexes fall into
four families, which are classified by similarities in their ATPase subunits, i.e. the
SWI2/SNF2, ISWI, CHD and INOS8O families. The catalytic subunit of each family
includes the highly conserved ATPase domain flanked by unique domains that allow their
classification into four distinct families (Clapier and Cairns, 2009; Erdel et al.; Gangaraju
and Bartholomew, 2007). ATP-dependent chromatin remodelers have been implicated in
transcription, DNA repair as well as DNA replication. Along with histone modifications,
ATP-dependent chromatin remodelers are the main contributors to chromatin dynamics
(Becker and Horz, 2002; Clapier and Cairns, 2009; Gangaraju and Bartholomew, 2007;
Saha et al., 2006). The ATP-dependent chromatin remodelers can induce changes in the
chromatin structure by moving, ejecting, or restructuring the nucleosome. The different
outcomes of chromatin remodeling are depicted in Figure 1.4. Different chromatin

remodeling complexes are briefly described below.
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Figure 1.4 : ATP-dependent chromatin Remodeling

Different outcomes of chromatin remodeling, Remodelers (green) can assist in chromatin
assembly by moving already deposited histone octamers, generating room for additional
deposition (a). Remodeler action on a nucleosome array results in various products that can
be classified in two categories: (b) site exposure, in which a site (red) for a DNA-binding
protein (DBP), initially occluded by the histone octamer, becomes accessible by
nucleosomal sliding (repositioning), or nucleosomal eviction (ejection), or localized
unwrapping, and (c) altered composition, in which the nucleosome content is modified by
dimer replacement [exchange of a H2A-H2B dimer with an alternative dimer containing a
histone variant (blue)] or through dimer ejection. From Clapier & Cairns (2009) (Clapier
and Cairns, 2009).

1.2.2.1 SWI/SNF

The SWI/SNF family chromatin remodelers are characterized by the presence of
bromodomains in the catalytic ATPase subunit, as shown in Figure 1.5 (Clapier and Cairns,
2009; Gangaraju and Bartholomew, 2007). This family of chromatin remodelers is
conserved among eukaryotes and includes yeast SWI/SNF, yeast RSC, the drosophila
Brahma complex as well as mammalian BRM (Brahma) and BRG1 (Brahma-related gene)
complexes (Muchardt and Yaniv, 1999; Wang, 2003; Winston and Carlson, 1992).
SWI/SNF was the first chromatin remodeling complex discovered in S. cerevisiae. Initially,
members of this complex were identified in independent genetic screens. SWI genes were

first identified from mutants defective in the expression of the HO gene, which is required



for mating type switching (SWI= switching defective) (Stern et al., 1984; Winston and
Carlson, 1992), and SNF genes were identified from mutations in the expression of
the SUC2 gene, which is required for growth on sucrose (SNF = sucrose non-fermenting)
(Neigeborn and Carlson, 1984; Winston and Carlson, 1992). The SNF2 gene encodes the
catalytic ATPase subunit, which was purified as a complex containing the gene products of
other SWI and SNF genes, hence called SWI/SNF complex (Cairns et al., 1994; Cote et al.,
1994; Peterson et al., 1994).

Earlier genetic and biochemical analysis showed a link between the SWI/SNF complex
and chromatin. Mutations in the swi/snf genes were found to be suppressed by mutations in
the histone genes and other chromatin components (Kruger et al., 1995; Perez-Martin and
Johnson, 1998a; Recht and Osley, 1999). Subsequently, several in vitro and in vivo studies
showed that the SWI/SNF complex alters chromatin structure. SWI/SNF disrupts
nucleosome structure and increases DNA accessibility to activators in an ATP-dependent
manner (Cote et al., 1994). Additionally, the SWI/SNF complex was shown to be important
for the transcriptionally active structure of chromatin in the promoter of the SUC2 gene
(Matallana et al., 1992; Sudarsanam and Winston, 2000; Wu and Winston, 1997). In
addition to its role in transcription activation, the SWI/SNF chromatin remodeling complex
is also required for the repression of transcription of some genes (Martens and Winston,
2002, 2003). Moreover, SWI/SNF complex is required for ribosomal DNA and telomere

silencing in S. cerevisiae (Dror and Winston, 2004).

RSC (Remodels the Structure of Chromatin) is another member of the SWI/SNF family
of chromatin remodeling complexes in S. cerevisiae. Initially, it was isolated as a 15-
subunit complex from yeast on the basis of its homology to SWI/SNF (Cairns et al., 1996).
Sthlp, the catalytic subunit of RSC, is homologous to Snf2p, and both proteins have similar
domain compositions (Laurent et al., 1992). RSC was later found to exist in two isoforms
that are distinguished by the presence or absence of Rsclp and Rsc2p subunits (Cairns et
al., 1999). In contrast to SWI/SNF, several of the RSC subunits are essential for viability in
yeast (Cairns et al., 1996; Cairns et al., 1999). Depletion of Sth1p deregulates about 40% of
all yeast genes, which suggests a general requirement of RSC for global transcription (van

Vugt et al., 2007).



1.2.2.2 ISWI

The Imitation SWltch, or ISWI, family of chromatin-remodeling complexes in yeast is
represented by Iswlp and Isw2p, which are part of distinct complexes that do not share
subunits (Tsukiyama et al., 1999). The ISWI family also includes the catalytic ATPase
subunits Iwplp and Iws2p, which are similar to SWI/SNF-type ATPases, but lack
bromodomains. Instead, these subunits are characterized by SANT and SLIDE domains,
which are involved in histone tail and linker DNA binding, respectively (Figure 1.5)
(Clapier and Cairns, 2009; Gangaraju and Bartholomew, 2007). In S. cerevisiae, genetic
and biochemical studies show that ISWI complexes are involved in transcriptional
repression in vivo (Corona and Tamkun, 2004; Goldmark et al., 2000). ISWI complexes
primarily organize and position nucleosomes into ordered arrays and inhibit transcription
by restricting access to the underlying DNA (Gangaraju and Bartholomew, 2007; van Vugt
et al., 2007). On the other hand, some studies have shown that ISWI might also promote
transcription (Corona and Tamkun, 2004; Morillon et al., 2003). Nucleosome repositioning
by Isw2p is directional, and this activity is important for the suppression of antisense
transcription (Whitehouse et al., 2007). Isw2p positions the nucleosomes bordering the
promoter at the interface between genic and intergenic regions. This activity is directional
and results in increased nucleosome occupancy in the intergenic region, thus forcing

transcription in a single direction (Whitehouse et al., 2007).

1.2.2.3 CHD family

The only CHD (chromodomain helicase DNA-binding)-type ATPase present in yeast is
Chdlp. It is characterized by the presence of two chromodomains in addition to the Snf2p-
like ATPase domain (Figure 1.5) (Clapier and Cairns, 2009; Gangaraju and Bartholomew,
2007; Woodage et al., 1997). The presence of chromodomains suggests that Chdlp is
targeted to chromatin through interactions with methylated lysine residues (Pray-Grant et
al., 2005). Chdlp interacts with transcriptional coactivators, suggesting a potential role in
transcriptional activation (Pray-Grant et al., 2005). However, Chdlp has been shown to
localize to transcribed genes, and shows physical and functional interactions with

transcription elongation factors such as FACT, the Paflplp complex and Spt4p-Spt5p
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(Krogan et al., 2002; Simic et al., 2003). These studies suggest a role of Chdlp in

transcription elongation.

1.2.2.4 INOS80

The INOS8O family is the most recently identified among the ATP-dependent chromatin
remodeling complex families. In yeast, the INO80 family is represented by the INO80 and
SWRI1 complexes. The catalytic subunits (Ino80p and Swrlp) of these complexes are
characterized by an ATPase domain partitioned by a large spacer region (Figure 1.5)
(Clapier and Cairns, 2009; Gangaraju and Bartholomew, 2007). The INO80 complex is
composed of 15 subunits in yeast (Jonsson et al., 2004; Shen et al., 2000). Two of these
subunits, Rvblp and Rvb2p, share homology with the bacterial Holliday junction helicase
RuvB (Shen et al., 2000). The INO80 complex is the only ATP-dependent chromatin
remodeling complex endowed with helicase activity, and is involved in a variety of nuclear
processes, including transcriptional regulation, DNA repair and DNA replication [reviewed
in (Bao and Shen, 2007; Conaway and Conaway, 2009; Morrison and Shen, 2009)]. The
SWR1 complex is responsible for the incorporation of histone H2A.Z into nucleosomes.
SWRI interacts with H2A.Z-H2B dimers and catalyzes the substitution of canonical
H2A/H2B dimers with H2A.Z/H2B dimers (Kobor et al., 2004; Mizuguchi et al., 2004).
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Figure 1.5 : ATPase structure in an ATP-dependent chromatin remodeling complex

All ATP-dependent chromatin remodelers contain ATPase subunits characterized by an
ATPase domain that is split into two parts: DExx (red) and HELICc (orange). The ATPase
domain of CHD, ISWI and SWI/SNF families is interrupted only by a short protein
sequence (gray), whereas the ATPase domain of INO80 family members is partitioned by a
long insertion (yellow). Although ATPase subunits of different remodelers share a
common catalytic domain, they contain unique flanking domains: the SWI/SNF family
members contain a bromodomain (/ight green) and a HSA (helicase-SANT) domain (dark
green), the ISWI family is characterized by a SANT-SLIDE module (blue), CHD family
members have tandem chromodomains (magenta), the INO80 family is characterized by
the presence of an HSA domain (dark green) and a DBINO domain (black). Figure adapted
from Clapier and Cairns (Clapier and Cairns, 2009).

1.2.3 Histone variants

In addition to histone modification and chromatin remodeling, an important way to alter
chromatin structure is through a change in nucleosome composition by the incorporation of
histone variants. Canonical histones are highly conserved among eukaryotes and are
expressed mostly in the S-phase of the cell cycle. In contrast, non-allelic histone variants
exhibit significant differences in primary sequence and are expressed throughout the cell
cycle. Histone variants differ from canonical histones by their primary sequence (Malik and
Henikoff, 2003). Some variants have distinct biophysical characteristics that are thought to

alter the properties of nucleosomes, while others localize to specific regions of the genome
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(Kamakaka and Biggins, 2005). Since histone variants are expressed throughout the cell
cycle, histone variants can be incorporated into chromatin in a DNA replication-
independent manner. The two major variants of histone H3 are centromeric H3 (CenH3)
and H3.3. The CenH3 variant is also known as CENP-A in humans and chromosome
segregation protein 4 (Csedp) in S. cerevisiae. CenH3 replaces histone H3 in the
centromere and is required for kinetochore formation (Stoler et al., 1995; Van Hooser et al.,
2001). Histone variant H3.3 is the best characterized among the H3 variants and differs
from H3 at four residues (Ahmad and Henikoff, 2002). It is deposited in regions of active
transcription independently of replication (Henikoff and Ahmad, 2005; Mito et al., 2005).
In yeast, only one non-centromeric H3 (similar to H3.3) is present and is deposited on
chromatin in both replication-dependent and replication-independent manners. H2A has the
largest number of variants, which include H2A.Z, macroH2A, H2A-BbD, H2AvD and
H2AX [reviewed in (Ausio et al., 2001; Kamakaka and Biggins, 2005)]. Of note, among
these H2A variants, H2AX and H2AZ are highly conserved from §. cerevisiae to human
(Redon et al., 2002). These histone variants have been implicated in various processes such
as transcription regulation, heterochromatin establishment and DNA damage response
(Kamakaka and Biggins, 2005). The functions of some of the major histone variants are

summarized in Table 1.1.

Table 1.1 : Histone variants and their function

Variant Species Chromatin effect Function

MacroH2A Vertebrate Condensed chromatin X-chromosome inactivation

H2ABbd Vertebrate Open chromatin Transcription activation

H2AX Ubiquitous Condensed chromatin DNA repair/recombination /transcription repression

H2AZ Ubiquitous Open/closed chromatin Transcription activation/repression, chromosome segregation
SpH2B Sea urchin Chromatin condensation Chromatin packaging

CenH3 Ubiquitous Kinetochore formation/function

H3.3 Ubiquitous Open chromatin Transcription

Table adapted from Kamakaka and Biggins (Kamakaka and Biggins, 2005). The species
distribution and probable function of the different histone variants are shown.
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1.2.4 Histone chaperones

Histone-DNA interactions are among the most stable interactions within the cell.
Histones are highly basic and have a high affinity for DNA. Histones have a tendency to
form insoluble aggregates when mixed with negatively charged DNA under physiological
conditions. To prevent the non-specific aggregation of histones with DNA during
chromatin assembly, acidic proteins are required to bind free histones and shield their
positive charges, so that ordered nucleosome assembly may occur. This role is played by a
special group of acidic proteins called histone chaperones. Nucleoplasmin was the first
protein found to play a role as chaperone (Laskey et al., 1978). With time, the number of
proteins with the characteristics of histone chaperone has kept increasing and several other
proteins/protein complexes (e.g. Naplp, CAF-1, FACT, Spt6p and Asflp) were found to
act as histone chaperone. These proteins play important roles in nucleosome assembly and
disassembly during DNA transcription, replication and repair [reviewed in (De Koning et
al., 2007)]. The role of histone chaperones is to preserve chromatin structure during various
cellular processes such as DNA replication and transcription. Both DNA replication and
transcription require nucleosome disassembly ahead of DNA and RNA polymerases,
respectively, and nucleosome reassembly following polymerase action on naked DNA.
Since the fundamentals of both processes are similar, many histone chaperones appear to be
active in both replication and transcription as well as in both nucleosome assembly and
disassembly. For instance, histone chaperones Asflp, Naplp, and FACT (Sptl6p-Pob3p)
physically and genetically act in conjunction with transcription as well as replication
components (Biswas et al., 2005; Park and Luger, 2006; Rocha and Verreault, 2008;
Rufiange et al., 2007; VanDemark et al., 2006). Other chaperones such as CAF-1 and Spt6p
appear to be replication- or transcription-specific, respectively (Mello and Almouzni, 2001;

Rocha and Verreault, 2008).

1.3 Transcription in the context of chromatin

Transcription is a multistage event. Transcription starts by the stepwise recruitment of
transcriptional machinery including general transcription factors (GTFs), gene-specific
transcription factors and RNA polymerase II. The presence of nucleosomes and the overall

state of the chromatin are strong determinants for the accumulation of pre-initiation
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complex (PIC) constituents. When critical protein-binding sites are buried within the
nucleosome, cells use different strategies to expose these sites in order to achieve proper
binding. Eukaryotic cells tend to position sequence-specific transcription factor-binding
sites within accessible regions. Genome-wide studies show that nucleosome density is
lower in the promoter than in the coding region (Bernstein et al., 2004; Lee et al., 2004;
Sekinger et al., 2005). Yeast genes transcribed by RNA polymerase II (RNAPII) generally
have a nucleosome-free region in the promoter that is flanked by two well-positioned
nucleosomes (Jiang and Pugh, 2009; Rando and Chang, 2009). These two well-positioned
nucleosomes preferentially carry histone variant H2A.Z (Htzlp) instead of H2A
(Guillemette et al., 2005; Li et al., 2005a). The Htz1p-containing nucleosome is less stable
and is susceptible to histone loss or ejection, suggesting that the presence of Htz1p poises
the repressed, basal states of genes for full activation (Zhang et al., 2005). Upon activation,
activators bind to specific DNA sequences and trigger a cascade of recruitments of
coactivator complexes (chromatin-remodeling complexes, histone-modification enzymes
and Mediator) (Figure 1.6). Coactivators can either interact directly with RNAPII or GTFs
and regulate gene expression, or they can remodel nucleosomes or covalently modify
chromatin, thus changing the chromatin architecture of the gene (Fuda et al., 2009; Li et al.,
2007a). Chromatin remodeling by coactivators influences transcription factor binding and
the transcriptional status of RNAPIIL. The first complex to bind is TFIID, which contains
TATA-binding protein TBP and TBP-associated factors which are targets for further
activation of transcription (Fuda et al., 2009; Li et al., 2007a). RNAPII, in association with
different transcription factors, then begins to form the pre-initiation complex. The last
transcription factor to enter this complex is TFIIH and its stimulatory factor THIIE. With
the helicase activity of TFIIH, the DNA double helix is unfolded, the pre-initiation complex
opens and transcription starts via RNAPII (Fuda et al., 2009; Ohkuma, 1997). During
transcription initiation, the C-terminal domain (CTD) of RNAPII is unphosphorylated,
which keeps components of the PIC attached to RNAPII, resulting in transcription arrest
near the promoter. TFIIH-mediated phosphorylation of Ser5 in the CTD of RNAIIP
facilitates escape from the core promoter and causes the elongating complex to pause in the
promoter-proximal region. Recruitment of the cyclin-dependent kinase P-TEFb (CTDK-I in
yeast) and phosphorylation at the Ser-2 position of the YSPTSPS heptade repeats present in
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the CTD of RNAPII triggers the productive elongation phase. Different factors important
for transcription elongation bind to the latter RNAPII isoform, and move along with
RNAPII during elongation (Fuda et al., 2009; Nechaev and Adelman, 2011; Phatnani and
Greenleaf, 2006; Selth et al., 2010; Shandilya and Roberts, 2012). After productive
elongation and completion of mRNA synthesis, RNAPII dissociates from the DNA
template, which marks the end of the transcription cycle (Shandilya and Roberts, 2012).
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Figure 1.6 : Transcription initiation

Activators recruit various coactivators (such as SWI/SNF or SAGA). Such recruitment
further increases the binding of activators, particularly those that are bound within
nucleosomal regions. Histones are acetylated in promoter-proximal regions. In one model
(left), a combination of acetylation and chromatin remodeling directly results in the loss of
Htz1p-containing nucleosome, thereby exposing the entire core promoter to the GTFs and
RNAPII. SAGA and Mediator then facilitate PIC formation through direct interactions. In
the second model (right), a partial PIC is assembled at the core promoter without loss of
Htz1p. Binding of RNAPII and TFIIH then leads to the displacement of Htz1p-containing
nucleosomes and the full assembly of the PIC. Figure from Li et al. (Li et al., 2007a)
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1.4 Transcription elongation within chromatin

Until fairly recently, the recruitment of RNAPII and formation of the PIC was
considered to be the only rate-limiting step in transcription that could be regulated. It has
now become clear that regulation of transcription elongation is equally important. In fact, in
some genes, the recruitment of transcription elongation factors and chromatin remodeling
in the early stages of transcription elongation are the rate-limiting steps of transcription,
e.g. as in the case of the CYCI gene in S. cerevisiae (Martens et al., 2001; Ni et al., 2008;
Saunders et al., 2006). CYCI encodes iso-1-cytochrome ¢, a nuclear-encoded protein
involved in mitochondrial electron transport chain. This gene is highly expressed in media
containing a non-fermentable carbon source (e.g. ethanol). In contrast, CYCI expression is
very low in the presence of a fermentable carbon source (e.g. dextrose). In spite of the fact
that CYC1 expression is very low in dextrose-containing media, its promoter is preloaded
with RNAPII, TBP, TFIIH, the SAGA (Spt-Ada-Gcen5S-acetyltransferase) complex and
Spnlp. Moreover, even the CTD of RNAPII is phosphorylated at Ser-5, a hallmark of early
elongation [reviewed in (Yearling et al., 2011)]. Upon CYC/ induction (e.g. via transfer to
a non-fermentable carbon source), a number of new factors, including the Mediator
complex, the SWI/SNF complex and Spt6p, are recruited, which helps in the transition to
an actively transcribing unit and an increase in transcriptional output (Lee et al., 2010;
Yearling et al., 2011).

Regardless of what constitutes the rate-limiting step in transcription, nucleosomes represent
a strong barrier for elongating RNAPII in all genes. How cells control this barrier has been
the focus of recent studies. Various factors have been identified that help elongating
RNAPII to suppress this barrier. The outcome of this process might be the nucleosome
disassembly that occurs ahead of elongating RNA polymerase in highly transcribed genes
(Schwabish and Struhl, 2004; Varv et al., 2007). On the other hand, there is strong evidence
that RNAPII can cross a nucleosome barrier even without complete nucleosome
disassembly. In vitro studies have shown that RNAPII can pass through nucleosomes
without completely disassembling them (Kireeva et al., 2002; Kulaeva et al., 2010).
However, a second round of transcription through the same template results in complete
disassembly of the nucleosomes initially overridden (Kulaeva et al., 2010), suggesting that

nucleosomes can be partly or completely disassembled during transcription, depending on
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RNAPII density (Figure 1.7). The latter corollary is in accordance with in vivo data
suggesting the existence of at least two distinct mechanisms for altering chromatin structure
during transcription elongation, namely loss of nucleosomes and a histone acetylation-
dependent mechanism with little or no net loss of nucleosomes (Kristjuhan and Svejstrup,
2004). Not surprisingly, two situations also arise regarding histone exchange during
transcription, i.e. low rate of histone exchange in weakly expressed genes and a high rate of
exchange in highly expressed genes (Dion et al., 2007; Rufiange et al., 2007). Since
H2A/H2B dimers are in a peripheral position in the nucleosome, they are globally
exchanged at a more rapid rate, whereas H3/H4 exchange necessitates the eviction of all
four core histones, a process which occurs only in highly transcribed genes [reviewed in

Das and Tyler (Das and Tyler, 2012)].
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Figure 1.7 : Transcription through chromatin

(A) Transcription through a nucleosome can result in the release of histone proteins from
DNA and their association with histone chaperones (Chap). However, as indicated in panel
(B), progression of RNAPII through a nucleosome may also occur without complete
histone displacement from DNA. In this case, only an H2A/H2B dimer is likely to be
displaced. FACT, and possibly other histone chaperones, can attach to this dimer and
presumably reload it in the wake of the progressing polymerase. Figure from Selth et al.
(Selth et al., 2010).
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1.5 Factors regulating chromatin structure during transcription
Elongation

Native chromatin structure is intrinsically incompatible with elongating RNAPIIL. During
transcription elongation, chromatin structure is modulated in order to allow access to
elongating RNAPII. However, chromatin must be refolded properly after transcription by
RNAPII. The latter process is of utmost importance to the cell and detrimental
consequences result from its deficiency. For instance, genetic and molecular studies show
that defects in chromatin refolding result in a stable, transcriptionally permissive state of
the chromatin along the transcribed regions, along with the loss of nucleosomes (Kaplan et
al., 2003). This permissive structure allows the spurious initiation of transcription from
cryptic sites within coding regions (Figure 1.8). Cryptic transcription is widespread in
yeast, and is occurs in >1,000 genes (Cheung et al., 2008). A recent study in mammalian
cells has also demonstrated the presence of cryptic transcripts resulting from defects in
chromatin structure during transcription elongation (Lin and Workman, 2011; Xie et al.,

2011).
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Figure 1.8 : Spurious transcription results from defective refolding of chromatin

A cryptic promoter located in the coding region is not accessible to the basal transcriptional
machinery. Defects in proper refolding of chromatin during transcription elongation results
cryptic promoter being accessible to transcriptional machinery and transcription can start
from this cryptic promoter. UAS, upstream activating sequence.
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Cells has evolved intricate mechanisms to modulate chromatin structure during
transcription elongation, allowing RNAPII to cross the nucleosome barrier while refolding
the chromatin after completion of transcription via RNAPII. Different groups of peptidic
factors act together in a highly concerted manner towards transforming chromatin structure
into a state suitable for transcription elongation. These factors include histone modifiers,
ATP-dependent chromatin remodelers and histone chaperones. The events that alter
chromatin structure during transcription elongation are depicted in Figure 1.9 [reviewed by
Selth et al. (Selth et al., 2010)]. Briefly, during that process, the nucleosome immediately
ahead of elongating RNAPII is acetylated by an acetyltransferase bound to RNAPIL
Histone chaperones then disassemble the nucleosome ahead of RNAPII and reassemble it
after transcription of the associated DNA by the polymerase. This newly assembled
nucleosome is not only hyperacetylated, but is also methylated by histone
methyltransferase Set2p (which is bound to elongating RNAPII). Set2p methylates the K36
residue of histone H3. The latter methylation is recognized by the histone deacetylase
complex Rpd3S, which deacetylates the nucleosome, thereby resulting in completely
refolded chromatin. The various factors involved in this process along with their roles are

described in the following section.

Hyperacetylation
of octamer to be
disrupted

Deacetylation
of deposited
octamers

Methylation

Figure 1.9 : Transcription elongation along chromatin
Histone acetyltransferases (HATs) acetylate histones as the polymerase moves along
chromatin. This stimulates nucleosome dissociation and chaperoning (Chap) histone
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proteins. Upon reloading, the hyperacetylated nucleosome also becomes methylated by
Set2p (bound to elongating RNAPII via the hyperphosphorylated C-terminal repeat
domain). This, in turn, leads to the recruitment of the histone deacetylase complex Rpd3S,
which specifically associates with methylated nucleosomes and deacetylates them, so that
the initial chromatin structure is restored, completing a cycle. Figure from (Selth et al.,
2010) .

1.5.1 Histone modifications and transcription elongation

Histone modifications that are associated with active transcription and transcription
elongation include H3 and H4 acetylation, H3K4 and H3K36 methylation and H2B
monoubiquitination. These modifications and their role in transcription are briefly

described below.

1.5.1.1 Acetylation

Histone acetylation was the first covalent histone modification to be identified and
remains the most common. The four core histone proteins H2A, H2B, H3, and H4 are
acetylated at multiple residues in vivo (Figure 1.3). Histones are acetylated almost
exclusively in their N-terminal end, although modifications within the histone core domain
have also been identified [reviewed in Kouzarides (Kouzarides, 2007)]. Acetylation of
histones is carried out by a group of enzymes known as histone acetyltransferases (HATS).
Individual HATs often possess the ability to modify multiple lysine residues in histones
(Lee and Workman, 2007; Roth et al., 2001). Acetylation is generally associated with
active transcription. The role of acetyltransferases as coactivators at the promoter of active
genes is well documented (Brown et al., 2000; Kingston and Narlikar, 1999; Kuo et al.,
1998; Larschan and Winston, 2001). The role of histone acetylation in transcription
elongation is not fully understood. Although ORFs of transcriptionally active genes are
acetylated, their acetylation levels are lower than in promoters (Kouskouti and Talianidis,
2005). Nevertheless HATs and deacetylases (HDACs) are associated with coding regions
of transcriptionally active genes (Carrozza et al., 2005; Govind et al., 2007; Keogh et al.,

2005), suggesting a possible role for histone acetylation and deacetylation in transcription
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elongation. Furthermore, transcription levels correlate with the acetylation levels of coding

regions for several genes (Kristjuhan et al., 2002).

HATSs involved in the acetylation of coding regions have not been thoroughly studied.
Elongator is an acetyl transferase thought to have role in transcription elongation, although
its actual function remains poorly documented. Elongator was first identified as a factor
associated with elongating RNAPII (Otero et al., 1999), and was shown to stimulate
transcription of chromatin by RNAPII in vitro (Kim et al., 2002). Further work should help
to establish its putative role in transcription elongation. GenSp, a member of the SAGA
coactivator complex, is another acetyltransferase with a potential role in elongation.
Members of the SAGA complex show physical and genetic interactions with transcription
elongation factors (Milgrom et al., 2005; Wery et al., 2004). More importantly, mutations
of the GCN5 gene lead to reduced levels of acetylation in the coding region of some yeast
genes, resulting in transcription elongation defects (Govind et al., 2007; Kristjuhan and
Svejstrup, 2004; Kristjuhan et al., 2002). NuA4, the major H4 lysine acetyltransferase
complex in S. cerevisiae, is also recruited to the coding regions of transcriptionally active
genes (Ginsburg et al., 2009). NuA4 acetylates H4, which is required for normal elongation
by RNAPII. Acetylation of H4 by NuA4 is also required for RSC recruitment and
subsequent nucleosome eviction (Ginsburg et al., 2009). This is consistent with in vitro
studies showing that acetylation enhances RSC binding to the nucleosome (Carey et al.,

2006).

Histone acetylation is actively counteracted by enzymes known as HDACs. These
proteins generally function as gene repressors (Kouzarides, 2007). Accumulation of histone
acetylation within ORFs results in defective refolding of chromatin after transcription
elongation, which in turn leads to transcription from cryptic promoters within the coding
region of some genes (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al., 2005).
Histone acetylation within coding regions of various genes is removed by the HDAC
complex Rpd3S, which is recruited to the coding region through its interaction with
methylated H3K36 (cf. next section) (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh
et al., 2005; Lee and Shilatifard, 2007; Li et al., 2007b)
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1.5.1.2 Methylation

Histone methylation plays an important role in gene regulation and chromatin structure.
Histones are methylated either on arginine or lysine residues. The free terminal amino
group of lysine residues can be mono-, di- or trimethylated, whereas the guanidinium
moiety of arginine can be either mono or dimethylated (Pavri et al., 2006; Zhang and
Reinberg, 2001). Methylation is indicative of either active transcription (H3K4, H3K36) or
transcriptionally repressed chromatin (K9) (Pavri et al., 2006). The important hallmarks of
transcription elongation are the di- and/or trimethylation of H3K4 and H3K36. The
enzyme responsible for methylation of H3K4 is Setlp. Setlp is a component of the
multiprotein complex COMPASS (complex proteins associated with Setl) and is active
only when present in that complex (Miller et al., 2001; Schneider et al., 2005). COMPASS
travels with RNAPII in early elongation, and its association is regulated by the Paflplp
complex (Krogan et al., 2003a; Wood et al., 2003) and Ser-5 phosphorylation of CTD by
TFIIH (Ng et al., 2003). Recent genome-wide studies on histone modification in yeast are
consistent with an association of COMPASS with the early elongation form of RNAPII,
and show a peak of H3K4 methylation in the 5’-most end of coding regions (Rando and
Chang, 2009). Although the pattern of H3K4 methylation is highly conserved among
eukaryotes, its role is not fully understood. A recent report provides evidence for the
recruitment of the Set3p HDAC complex by H3K4Me2 to the 5'-most transcribed regions
of genes (Kim and Buratowski, 2009)

The best characterized histone modification with a role in transcription elongation is
H3K36 methylation. H3K36 is methylated by Set2p. The elongating form of RNAPII is
phosphorylated at Ser-2 of the heptad repeat (YSPTSPS) by Ctk1p, and this modification is
specifically recognized by Set2p (Krogan et al., 2003b; Li et al., 2003). Set2p trvels along
with elongating RNAPII, resulting in increased K36 methylation in the coding region of
transcriptionally active genes (Rando and Chang, 2009). H3K36 methylation plays an
important role in the proper refolding of chromatin in the wake of actively transcribing
RNAPII. After transcription by RNAPII, chromatin is still hyperacetylated and cannot fully
refold, and thus needs to be deacetylated for correct refolding. Methylated H3K36 is
recognized by the Rpd3S HDAC complex via two of its subunits, i.e. the chromodomain-
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containing Eaf3p and the PHD domain-containing Rcolp, resulting in histone deacetylation
and full chromatin refolding (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,
2005; Lee and Shilatifard, 2007; Li et al., 2007b).

1.5.1.3 Ubiquitination

Another histone modification associated with transcription is ubiquitination. In general,
proteins can be mono- or polyubiquitinated. Polyubiquitination targets proteins for
degradation, whereas monoubiquitination regulates the activity of various cellular proteins
(Hicke, 2001; Varshavsky, 2005). Monoubiquitination of H2B is associated with both
transcription initiation and transcription elongation. Histone H2B is monoubiquitinated at
K123 by the Rad6p/Brelp/Lgelp complex. The complex may be recruited to the promoter
of transcriptionally active genes through interaction with activators, following which the
complex moves along the transcribed gene, together with elongating RNAPII, via its
association with the Paflp complex [reviewed in Laribee et al., Selth et al., and Weake and
Workman (Laribee et al., 2007; Selth et al., 2010; Weake and Workman, 2008)].
Monoubiquitination regulates the early stages of transcription via its modulation of H3K4
methylation. Monoubiquitination of H2B is essential for the integrity of COMPASS (as
Setlp contains the H3K4 methylation complex). Defective H2B ubiquitination results in
the loss of Cps35p (a subunit of COMPASS), which is required for the di- and
trimethylation of H3K4 (Lee and Shilatifard, 2007). More recently, a role for H2B
ubiquitination in transcription elongation, independently from H3K4 methylation, has been
proposed. In cooperation with FACT, H2B ubiquitination plays an important role in
transcription elongation and in the proper refolding of chromatin in the wake of elongating

RNAPII (Fleming et al., 2008; Pavri et al., 2006; Tanny et al., 2007).

1.5.2 ATP-dependent chromatin remodeling and transcription elongation

ATP-dependent chromatin remodelers use energy from ATP hydrolysis to change
chromatin structure. As in the case of histone acetylation, the role of ATP-dependent
chromatin remodeling factors in modifying promoter structure and in transcription
initiation has been extensively studied. Mounting evidence also suggests a role of ATP-

dependent chromatin remodeling factors in transcription elongation. The chromatin-
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remodeling complex SWI/SNF shows functional interaction with elongation factor TFIIS
(Biswas et al., 2005). SWI/SNF is also required for the induction of the CYC/ gene upon
RNAPII pausing at an early elongation step (Zhang et al., 2008). Furthermore, SWI/SNF
associates with the coding regions of transcriptionally active genes and is important for
histone eviction within coding regions in a FACT-depleted background (Park and Luger,
2006). Among other chromatin remodelers, RSC, a member of the SWI/SNF family, is also
linked with transcription elongation. RSC helps elongating RNAPII to cross over
nucleosomes in vitro, an effect which is stimulated by histone acetylation (Carey et al.,
2006). Recently, RSC was shown to bind the coding regions of stress-activated genes
(STL1 and CTTI) upon osmotic stress and help RNAPII to progress through the coding
region of these genes (Mas et al., 2009).

Members of the CHD family of chromatin remodeling factors in different species have
been implicated in transcription elongation. In yeast and drosophila, the chromatin
remodeling protein Chdlp (CHDI1 in Drosophila spp.) localizes to the coding regions of
some transcriptionally active genes (Simic et al., 2003). In addition, Chd1lp shows genetic
and physical interactions with transcription elongation factors like the Spt4p-SptSp, FACT,
and Paflplp complexes (Krogan et al., 2002; Simic et al., 2003). Mammalian CHD8
belongs to the CHD family of chromatin-remodeling factors. A recent study shows that this
factor interacts with the hyperphosphorylated elongating form of RNAPII in vivo.
Moreover, CHDS8-depleted cells are hypersensitive to low concentrations of transcription
elongation inhibitors like 5,6- dichloro-1-B-D-ribofuranosyl benzimidazole (DRB) and
flavopiridol (Rodriguez-Paredes et al., 2009). The Drosophila protein Kismet-L (KIS-L), a
member of the CHD subfamily of chromatin-remodeling factors, is also linked to
transcription elongation. Interestingly, kis mutants have strongly reduced levels of Ser-2-
phosphorylated RNAPII whereas phosphorylation at Ser-5 remains unaffected (Srinivasan
et al., 2005). In addition, association of SPT6 and CHD1 with chromatin in drosophila is
significantly reduced in kis mutants (Srinivasan et al., 2005). Recently, two reports have
shown that the chromatin remodelers Iwplp and Chdlp are important to maintain
chromatin structure and prevent histone exchange during transcription (Smolle et al., 2012;

Venkatesh et al., 2012).
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1.5.3 Histone chaperones and transcription elongation

FACT and Spt6p are two essential histone chaperones that are important for

transcription elongation and are discussed briefly below.

1.5.3.1 FACT

FACT (facilitates chromatin transcription), as the name suggests, was one of the first
factors identified to facilitate transcription elongation through chromatin templates in vitro
(LeRoy et al., 1998; Orphanides et al., 1998). FACT is composed of two subunits that are
evolutionarily conserved in all eukaryotes. The largest subunit is Sptl6p whereas the
smaller subunit is Pob3p in yeast (SSRP1 in mammals). The N-terminal part of SSRP1 is
structurally similar to Pob3p except that it possesses a unique high-mobility group (HMG)
fold in its CTD. In yeast, this domain is functionally replaced by the small HMG protein
Nhp6p, which interacts with yeast FACT in vivo (Brewster et al., 2001).

Several reports suggest that Spt16p might play a role as a histone chaperone. FACT
binds specifically to nucleosomes and H2A/H2B dimers (Orphanides et al., 1999).
Furthermore, FACT possesses intrinsic histone chaperone activity and is able to stimulate
nucleosome assembling in vitro. It alters chromatin structure by specifically removing
H2A/H2B dimers during transcription elongation (Belotserkovskaya et al., 2003). Another
important histone chaperone with a role in transcription elongation is Spt6p. The regulation

and role of Spt6p are the focus of this work, and Spt6p is discussed in detail below.

1.5.3.2 Sptép

Spt6bp is an essential histone chaperone that is important for maintaining chromatin
structure during transcription elongation. The SP76 gene was initially identified in a
genetic screen that was aimed at identifying mutations that suppress insertion of Ty or &
transposable elements into the 5' regions of the S. cerevisiae HIS4 gene (Winston et al.,
1984), hence its name (suppressor of Ty). Two screens by other teams also identified SP76
in parallel studies. In one screen, SP76 (under the name SSN20) was identified as a group

of mutations that suppress loss of the ATP-dependent chromatin remodeling complex
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SWI/SNF (Neigeborn et al., 1986). The SWI/SNF chromatin remodeling complex is
required for de-repression of the SUC2 gene which encodes invertase in response to
glucose deprivation (Sarokin and Carlson, 1985). The SWI/SNF chromatin remodeling
complex acts in the upstream regulatory region of SUC2, and therefore, Spt6p probably
also acts near the promoter. This can be seen as among the earliest evidence that Spt6p can
restore nucleosome structure that has been remodeled by SWI/SNF or other chromatin
remodeling complexes. Another genetic screen identified a Spt6p mutant allele, cre2-1, that

bypasses the requirement for the transcription factor Adrlp for ADHII expression (Denis,

1984).

1.5.3.2.1 Spt6p as a transcription elongation factor and histone chaperone

Various genetic and biochemical evidence suggests that Spt6p plays a role in
transcription elongation. Spt6p genetically interacts with the transcription elongation factor
TFIIS (Hartzog et al., 1998). In addition, Spt6p interacts with mammalian transcription
elongation factor DSIF (Sptd4p/Spt5p in yeast) and stimulates transcription elongation in
vitro (Endoh et al., 2004). Furthermore Spt6p has been shown to interact physically with
the elongation form of RNAPII (Yoh et al., 2007). It is now established that the diverse
roles played by Spt6p are due to its ability to modify chromatin structure. As mentioned
earlier, the first evidence on the latter function came from its possible role in restoring
upstream promoter elements disrupted by SWI/SNF. Mounting evidence was later obtained
in support of the idea that Spt6p modulates chromatin structure by acting as a histone
chaperone. First, it was shown that Spt6p genetically and physically interacts with histones.
Overexpression of H3-H4 suppresses the lethality of spt6, and spf6 mutants show similar
chromatin defects as Atal-htb]l mutants as observed by the pattern of micrococcal nuclease
digestion (Bortvin and Winston, 1996). Moreover, the spt6-1004 yeast mutant shows
significant hypersensitivity to micrococcal nuclease over the coding regions of several
genes when shifted to the non-permissive temperature (Kaplan et al., 2003). Furthermore,
Spt6p directly interacts with histones (as shown by GST pulldown assays) and exhibits an
intrinsic property of nucleosome assembling in vitro (Bortvin and Winston, 1996). The
ability of Sptbp to act as a histone chaperone and modulate chromatin structure could

explain its role as a transcription elongation factor.
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1.5.3.2.2 Structural features of Spt6

Structurally, Spt6p has three distinct regions with distinct features, namely the N-
terminal region, a central core and the C-terminal region (Figure 1.10) (Close et al., 2011;
Diebold et al., 2010). The N-terminal part of Spt6p (residues 1-298) is predicted to be
unstructured but contains regions that are important for Spt6p function. The most important
region spans amino acid residues 239 to 268. It is the latter region which is responsible for
binding to another essential protein, Iwslp. This interaction is important for transcription
and chromatin structure (Yoh et al., 2007; Yoh et al., 2008; Zhang et al., 2008). Another
important feature of this region is the presence of phosphoserine residues. All
phosphorylated residues identified so far in yeast Sptop reside in the N-terminal region.
The central core region is homologous to the bacterial Tex protein which is implicated in
transcription in prokaryotes (Close et al., 2011; Fuchs et al., 1996; Ponting, 2002). The core
region contains several recognizable domains, namely a helix—turn—helix domain, a YqgF
homologous domain, a helix—hairpin—helix domain, a death-like domain and an S1 domain.
When isolated, the central core region is able to bind DNA per se. The N-terminal region
inhibits the DNA-binding property of the central core region, and the ability to bind DNA
is lost in the full-length protein. The C-terminal region is also rather flexible and contains
tandem SH2 domains. The tSH2 domain of Spt6p has been shown to bind the RNAPII
CTD phosphorylated at the Ser-2 position of the heptad repeats (Yoh et al., 2007).

Core

- Similar to Tex
- DNA binding
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Figure 1.10 : Schematic representation of the three domains of Spté6p
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Different regions of Spt6ép with possible functions are shown. The N-terminal region is
unstructured. It contains the region (light green) that interacts with Iwslp and the
nucleosome. The N-terminal region also includes phosphoserines. The central core contains
various domains (helix-turn-helix (HtH), YqgF, helix-hairpin-helix (HhH), death-like
domain (DLD), and S1). This region can bind to DNA in isolation. The C-terminal part
contains tandem SH2 domains that bind to the CTD of RNAPII in its isoform
phosphorylated at the Ser-2 position of the heptad repeats in the CTD. Figure adapted from
Close et al. (Close et al., 2011).

1.5.3.2.3 Spt6p interacts with other factors to regulate chromatin Structure

Spt6p shows physical and functional interactions with different elongation factors.
Proteomics studies have found that Spt6p exists in complex with other elongation factors
like Spt5p, Sptdp, FACT and Iwslp (Krogan et al., 2002; Lindstrom et al., 2003). The only
protein that copurifies consistently with Spt6p under different conditions is Iws1p (interacts
with Spt6) (Krogan et al., 2002). Iws1p is also known as SPN1 (suppresses post recruitment
functions gene number 1) as it was also identified in a genetic screen to find suppressors of
a postrecruitment-defective TBP allele (Fischbeck et al., 2002). Iwslp is an essential
protein that is highly conserved among eukaryotes and plays an important role in chromatin
structure. Mutations in Iwslp lead to an SPT (i.e. suppression of Ty) phenotype as well as
synthetic lethality with mutations in the transcription elongation factor genes SP76, SPT4,
or SPT5 (Lindstrom et al., 2003). The interaction between Spt6p and Iwslp is required for
different steps of transcription as well as K36 methylation (Yoh et al., 2007; Yoh et al.,
2008; Zhang et al., 2008).

1.5.4 Other Spt proteins and non-histone chromatin components

An elegant genetic screen aimed at identifying mutations that suppress the effects of
insertion of Ty or & transposable elements into the 5'-region of the S. cerevisiae HIS4 gene
led to the identification of a set of genes collectively known as SPTgenes (Winston et al.,
1984). With time, gene products of this class have been shown to be critical components
and play roles in every step of transcription and in other processes [reviewed in Yamaguchi
et al. (Yamaguchi et al., 2001)]. Two of the most important factors of this class, Spt6p and
Spt16p (one of the two subunits of the heterodimeric complex FACT) have been described
above. Another important member of this group is Spt2p. Spt2p is functionally linked with
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Spt6p. As for Spt6p, regulation of Spt2p is also the focus of this work and is discussed
briefly below.

1.5.4.1 Spt2p modulates chromatin structure during transcription elongation

Another important member of SPT genes is SPT2. SPT2 is also called SINI (Swi
independentl) as mutations of SP72 suppress the loss of the SWI/SNF chromatin-
remodeling complex (Pollard and Peterson, 1997). Mutations in SP72 suppress the mutant
phenotypes associated with mutations in the SAGA complex and with partial deletions
within the CTD of the largest subunit of RNAPII, Rpblp (Perez-Martin and Johnson,
1998b; Peterson et al., 1991; Pollard and Peterson, 1997). These observations strongly

suggest a negative role for Spt2p in transcription initiation.

Recent studies have shown that Spt2p plays an important role in maintaining chromatin
structure during transcription elongation similarly to Spt6p. Spt2p is recruited to coding
regions of transcriptionally active genes and plays a role in regulating
the levels of histone H3 across transcribed regions (Nourani et al., 2006). Spt2p shows
functional interactions with different transcription elongation factors like the Paflplp and
HIR/HPC complexes. This interaction is important to restore a proper chromatin structure
during transcription elongation and for the suppression of cryptic transcription (Nourani et
al., 2006). Spt2p is also functionally linked with the histone chaperone Spt6p. Recruitment
of Spt2p to coding regions of transcriptionally active genes is dependent on Spt6p (Nourani
et al., 2006). Recently, we have shown that along with Spt6p, Spt2p is important to
maintain a proper repressive chromatin structure in the SER3 promoter at the SRGI/-SER3
locus (Hainer et al., 2011; Thebault et al., 2011) (Annex 2). At the SRGI-SER3 locus, SER3
transcription is repressed by competing transcription of the adjacent non-coding region
SRGI, a phenomenon known as transcription interference. This repression is achieved
through two events, namely (i) the passage of RNAPII through the SER3 promoter when
transcribing SRGI, and (i1) the proper secondary deposition of nucleosomes after the
passage of RNAPII through the SER3 promoter. Spt2p plays an important role in the
deposition of nucleosomes after transcription of SRG/ by RNAPII after it passes through
the SER3 promoter (Thebault et al., 2011). Spt2p is important for 3’-end mRNA synthesis

and plays a significant role in genome stability and in transcription-dependent gross
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chromosomal rearrangements (GCRs) (Hershkovits et al., 2006; Nourani et al., 2006;
Sikdar et al., 2008). Sequence analysis of Spt2p has revealed several important structural
features. Spt2p has two HMG-like domains found in several proteins involved in the
regulation of chromatin structure and gene expression, as well as a C-terminal tail enriched
in polar residues (Kruger and Herskowitz, 1991; Lefebvre and Smith, 1993) (Figure 1.11).
Spt2p binds to four-way junction DNA, a structure similar to that found at the entrance/exit
point of DNA into/from a nucleosome. The latter binding characteristic is a common

feature of HMG proteins (Novoseler et al., 2005; Zlatanova and van Holde, 1998).

HMGI1-like (|
Acidic domain [
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Figure 1.11 : Features of Spt2p sequence

Spt2p contains two regions of sequence similarity with the HMG-box motif (amino acids
28-88 and 98-159) and a highly polar, acidic domain in the C-terminal region of Spt2p
(amino acids 224-304).

1.6 Posttranslational modification of chromatin regulators
Chromatin dynamics is a tightly regulated process. The different players of the chromatin
modulation to machinery must be tightly regulated. Post-translational modifications are
increasingly recognized as playing an important role in the regulation of various chromatin
remodelers. Phosphorylation regulates the activity of various ATP-dependent chromatin
remodeling complexes such as human SWI/SNF, drosophila Mi-2 and yeast Ino80p
[reviewed in (Clapier and Cairns, 2009)]. Various reports also show that phosphorylation
regulates the function of histone chaperones. Phosphorylation by the protein kinase casein
kinase (CKII) controls the nuclear import and function of histone chaperone Naplp
(Calvert et al., 2008). Recently, it has been reported that phosphorylation by cell-cycle
regulated Tousled-like kinases positively regulates drosophila ASF1 and human ASFla (a
nucleosome assembly factor) protein levels (Pilyugin et al., 2009). Phosphorylation by
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CKII regulates the DNA binding activity of SSRP1, a subunit of human FACT (Krohn et
al., 2003; Li et al., 2005b). DEK, an important factor in maintaining the balance between
heterochromatin and euchromatin in vivo, has recently been shown to have histone
chaperone activity and the histone chaperone activity of drosophila DEK and human DEK
is dependent on phosphorylation by CKII (Kappes et al., 2011; Sawatsubashi et al., 2010).

1.7 Casein Kinase II

CKII or CK2 (casein kinase 2) is one of the first protein kinases discovered, together
with casein kinase 1 (CK1/CKI) (Burnett and Kennedy, 1954). It is ubiquitously found in a
variety of eukaryotic tissues and organisms. CKII is a highly conserved, essential protein
kinase, which phosphorylates >300 substrates (Lee and Shilatifard, 2007; Lee et al.;
Meggio and Pinna, 2003). CKII is a tetramer composed of two catalytic subunits (o) and
two regulatory subunits (p). Different isoforms of the catalytic and regulatory subunits have
been identified. In S. cerevisiae, two catalytic subunits (o and o’) and two regulatory
subunits (B and B’) are encoded by the genes CKAI, CKA2, CKBI and CKB2, respectively
(Glover, 1998; Poole et al., 2005). In human, three isoforms of the catalytic subunits (a, o’
and o’”) and a single regulatory subunit () have been identified (Chester et al., 1995; Shi et
al., 2001). CKII phosphorylation sites always show acidic features, with the typical CKII
consensus site being Ser/Thr-X-X-Glu/Asp (Yearling et al., 2011). The most crucial
specificity determinant is an acidic residue (Glu, Asp) at the +3 position. The Glu and Asp
residues at position +3 can be efficiently replaced with phosphorylated amino acids.
Moreover, additional acidic residues at positions spanning from -2 to +7 also act as positive
specificity determinants for CKII, whereas basic residues at these positions, a prolyl residue
at position +1, or a bulky hydrophobic doublet at positions +1 and +2, are strong negative
determinants (Lee and Shilatifard, 2007; Yearling et al., 2011). CKII is primarily a
serine/threonine kinase, but there are reports showing that CKII might actually be a dual
kinase that can also phosphorylate tyrosine residues in yeast as well as in mammalian cells
(Marin et al., 1999; Vilk et al., 2008; Wilson et al., 1997; Zhu et al., 2000). Tyrosine
phosphorylation by CKII might be of more significance in yeast, which does not have bona

fide tyrosine kinases in its genome. In yeast, deletion of both catalytic subunits is lethal
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while deletion of single catalytic subunits does not lead to obvious growth defects,

suggesting some level of functional redundancy (Padmanabha et al., 1990).

There is growing evidence that CKII-mediated phosphorylation may play a key role in
the regulation of various factors important for chromatin refolding during transcription
elongation. Proteomic studies have detected peptides of the various subunits of protein
kinase CKII in purified fractions of some transcription elongation factors like Spt6p, Spt2p,

Sptdp/Spt5p and Spt16p (Krogan et al., 2002) (Chapters 2 and 3).

The main objective of this thesis is to study the regulation of transcription

elongation factors Spt2p and Spt6p through post-translational modifications by CKII.

1.8 Doctoral Project

Chromatin refolding after the passage of RNAPII in the elongation phase of transcription
is crucial. Failure of a proper refolding can have several consequences, including the
initiation of transcription from cryptic promoters within the coding region of genes
(Carrozza et al., 2005; Kaplan et al., 2003; Keogh et al., 2005). Different factors are
important to suppress the cryptic transcription, including Spt6p, Sptl16p, Set2p, Rtt106p and
Spt2p (Cheung et al., 2008; Imbeault et al., 2008; Nourani et al., 2006). While the role of
these factors in chromatin structure dynamics during transcription has been well
established, the mechanistic details and the regulation of many of these factors is not yet
fully understood. The initial goal of my project was to understand the function and
regulation of one such factor, Spt2p. 1 used different purification strategies under stringent
conditions to identify binding partners of Spt2p and found that all four subunits of CKII
show strong physical interaction with Spt2p. Based on these observations, we hypothesized
that CKII phosphorylates and regulates the function of Spt2p. I used several biochemical,
molecular and genetic approaches to test our hypothesis (discussed in Chapter 2). I studied
the phosphorylation of Spt2p by CKII and the functional significance of this
phosphorylation.
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While investigating the functional significance of Spt2p-CKII interaction, we found that
depletion of CKII activity results in severe chromatin defects. Although our studies showed
that CKII phosphorylates and regulates the function of Spt2p, the chromatin defects
associated with CKII mutants could not be explained by Spt2p phosphorylation alone. This
suggested an additional role of CKII in the modulation of chromatin structure. Previously,
CKII subunits were found in purified fractions of various transcription elongation factors
such as Sptop/Iwslp, Spt16p, Chdlp and Spt5p (Krogan et al., 2002). This would suggest
that the function of CKII in chromatin integrity might be mediated via the phosphorylation
of one or more of these factors. I used genetic analysis and found that CKII and Spt6p are
epistatic and act in the same pathway. Interestingly, Spt6p is shown to be phosphorylated in
vivo at CKII consensus sites (Krogan et al., 2002). This led us to hypothesize that CKII
regulates chromatin by modulating the function of histone chaperone Spt6p. In Chapter 3, I
studied the phosphorylation of Spt6p and investigated the significance of phosphorylated

residues with respect to Spt6p function and its interaction with different binding partners

34



Chapter 2
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2.1 Foreword

This Chapter is in the form of a manuscript. I performed most of the experiments
presented in the manuscript. Geneviéve Boutin did the chromatin immunoprecipitation

experiments represented in Figures 2.8 and 2.9. I also co-wrote the manuscript.

2.2 Résumé

Spt2p (Sinlp) est une protéine de liaison a ’ADN qui possede des domaines « HMG-
like » et joue un rdle dans les modulations de la chromatine associées a 1’¢longation de la
transcription chez S. cerevisiae. Afin de mieux comprendre le role de ce facteur dans les
modifications de la chromatine associes a la transcription, nous avons utilisé des approches
biochimiques pour identifier ses partenaires d’interaction. En utilisant différentes méthodes
de purification, nous avons montré que toutes les sous-unités de la caséine kinase (CKII)
sont fortement associées a Spt2p. Nous avons par la suite trouvé que CKII phosphoryle
Spt2p in vitro et in vivo. De plus, nous avons trouvé que la phosphorylation de Spt2p par
CKII s’effectue sur des résidus sérine et tyrosine, confirmant ainsi 1’observation que CKII
est une kinase a double spécificité. Finalement, nous avons identifi¢ les résidus
phosphorylés et trouvé qu’en imitant la phosphorylation constitutive de ces résidus on
réduit de fagon significative la fonction de Spt2p et son recrutement aux régions codantes
des genes activement transcrits. Le recrutement de Spt2p est dépendant du chaperon
d’histone Spt6ép. Spt2p interagit directement avec Sptoép et cette interaction est
partiellement inhibée par la phosphorylation de CKII. Ainsi, nos résultats suggeérent que la
phosphorylation par CKII module la fonction du facteur d’élongation Spt2p en altérant son

interaction avec le chaperon d’histone Spt6p.
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2.3 Abstract

Spt2p/Sinlp is a DNA-binding protein with HMG-like domains that has been shown to
play a role in chromatin modulation associated with transcription elongation in S.
cerevisiae. Spt2p controls nucleosome levels in coding regions and is essential for the
inhibition of spurious transcription in yeast. In order to better understand the role of this
factor in chromatin changes linked to transcription, we used biochemical approaches to
identify its interacting partners. We found that Spt2p is associated with all subunits of
casein kinase II (CKII). Using different purification methods, we herein show that CKII-
Spt2p interaction is stable. Next, we found that CKII phosphorylates Spt2p in vitro as well
as in vivo. Moreover, our data indicate that CKII is the sole kinase responsible for Spt2p
phosphorylation. Interestingly, we found that CKII phosphorylates Spt2p at serine and
tyrosine residues, which confirms the reports that CKII is a dual-specificity kinase. Finally,
we identified the phosphorylated residues in two small regions, RI (226-230) and RII (277-
281) that each contain four amino acid residues. Mutating the phosphorylation sites in RI
and RII to acidic residues leads to a significant loss of Spt2p chromatin function,
suggesting that phosphorylation by CKII negatively regulates the function of Spt2p.
Importantly, we found that mimicking a permanent phosphorylation state results in the loss
of Spt2p recruitment to coding regions of actively transcribed genes. Spt2p recruitment is
dependent on the histone chaperone Spt6p. Interestingly, Spt2p interacts directly with
Spt6p, and this interaction is partly inhibited by CKII phosphorylation. Thus, our data
suggest that phosphorylation by CKII modulates the function of elongation factor Spt2p by

disrupting its interaction with histone chaperone Spt6p.

2.4 Introduction

The genome of the eukaryotic cell is packaged in a topologically complex structure
known as chromatin. The nucleosome, the basic fundamental unit of chromatin, is
composed of a core histone octamer formed by two molecules each of H2A, H2B, H3, and
H4, and wrapped around by 146 DNA bp (Luger et al., 1997). Chromatin represents an
additional level of regulation for all DNA-mediated processes, including transcription,

replication, repair and recombination, by acting as a platform where biological signals are
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integrated and molecular responses take place. The packaging of eukaryotic DNA into
chromatin helps in accommodating the enormous length of DNA within the confines of a
very small nuclear space. Each histone in the nucleosome contains a globular domain and
highly dynamic N- and C-terminal extremities rich in basic residues. These extremities not
only contribute to the structure of chromatin, but also undergo a wave of post-translational
modifications that include acetylation, methylation, and phosphorylation (reviewed in
(Albert et al., 2007; Kouzarides, 2007)). These modifications influence individual gene
expression as well as the formation of functional chromosomal domains. In addition to
histones, several non-histone proteins are important for defining chromatin structure.
Among these are DNA-binding proteins and chromatin-associated factors that alter

nucleosome structure and function.

Spt2p/Sinlp is a DNA-binding protein with HMG-like domains, was originally
identified by mutations that suppress insertion of transposon Ty (hence the name
Suppressor of Ty 2) in the promoter of the HIS4 gene (Winston et al., 1984). Spt2p is also
known under the name of Sinlp (Swi-independent]) since mutations in Spt2p suppress the
loss of the SWI/SNF chromatin-remodeling complex (Pollard and Peterson, 1997).
Mutations in SP72 suppress the abnormal phenotypes associated with mutations in the
SAGA complex and with partial deletions of the CTD of the largest subunit of RNAPII,
Rpblp (Perez-Martin and Johnson, 1998a; Peterson et al., 1991; Pollard and Peterson,
1997). These studies strongly suggested a negative role for Spt2p in transcription initiation.
Recent studies have shown that Spt2p plays an important role in maintaining chromatin
structure during transcription elongation via its interaction with several transcription
elongation factors such as the Paflplp and HIR/HPC complexes (Nourani et al., 2006).
Moreover, Spt2p is important for the synthesis of the 3-end of mRNA and also plays a
significant role in genome stability and transcription-dependent GCRs (Hershkovits et al.,

2006; Nourani et al., 2006; Sikdar et al., 2008)

Sequence analysis of Spt2p has revealed several important structural features. Spt2p
possesses two HMG-like domains found in several proteins that are associated with
chromatin structure and gene expression, as well as a C-terminal tail rich in polar residues

(Kruger and Herskowitz, 1991; Lefebvre and Smith, 1993). Spt2p was shown to bind four-
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way junction and crossing DNA, a feature commonly found in HMG proteins (Novoseler et
al., 2005). Despite its functional diversity, the exact mechanistic details of Spt2p function
and regulation are not well understood. To gain insight into the cellular role of Spt2p and
its regulation, we decided to identify the different interacting partners of Spt2p. Tandem
affinity purification (TAP) of Spt2p yielded peptides of casein kinase II (CKII), an essential
protein kinase in eukaryotes. In yeast, it is composed of two catalytic and two regulatory
subunits. Deletion of the two catalytic subunits of CKII is lethal, but deletion of a single
catalytic subunit produces no obvious growth defect (Bidwai et al., 1992). CKII is known
to be a serine/threonine kinase although several reports show that it might also act as a

tyrosine kinase in yeast (Marin et al., 1999; Vilk et al., 2008; Zhu et al., 2000).

CKII subunits have been found to copurify with many chromatin-modifying factors
like Spt6p and the FACT complex (Krogan et al., 2002), but the role of CKII in processes
related to chromatin structure modulation remains elusive. In this report, we present
findings that shed light on the role of CKII in the regulation of chromatin modulation by
Spt2p. We show that CKII stably interacts with Spt2p and phosphorylates the latter both in
vitro and in vivo. By combining mass spectrometry, deletion and point mutation analyses,
we identified two small regions of five amino acids each that are located in Spt2p CTD and
are targeted by this kinase. Interestingly, Spt2p CTD was previously shown to play an
essential role in the function of Spt2p (Lefebvres and Smith 1993). Interestingly, we next
found that CKII phosphorylation inhibits Spt2p function. Moreover, phosphorylation of
Spt2p at the CKII sites was found to result in the activation of spurious transcription,
indicating a defect in the reassembly of coding regions of the chromatin upon RNAPII
passage. Importantly, in the absence of CKII activity, we observed increased Spt2p
recruitment in the transcribed regions of various genes. These data clearly indicate that
phosphorylation by CKII inhibits recruitment of Spt2p to the chromatin of coding regions.
We previously showed that the recruitment of Spt2p to these locations is dependent on the
elongation factor Spt6p. In this work, we show that Spt2p interacts directly with Spt6p and
provide evidence that this interaction is directly inhibited by CKII-mediated
phosphorylation. Taken together, the present findings show for the first time that chromatin
modulation associated with transcription elongation involves phosphorylation of the

elongation factor Spt2p by CKII, and strongly suggest that CKII regulates chromatin
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reassembly by modulating the recruitment of Spt2p by the essential histone chaperone

Spt6p.

2.5 Materials and methods

2.5.1 S§. cerevisiae strains, media and plasmids

All strains are constructed using standard genetic methods, either by crossing or by
haploid transformation, and are isogenic to S288C (Table 2.1) (Winston et al., 1995). The
SPT2-TAP, SPT2-FLAG, SPT2-1-FLAG (amino acid 1-213), SPT2-179-FLAG (amino acid
1-179), SPT2-13MYC, CKB2-TAP, CKAI-13MYC and CKA2-13MYC alleles were
constructed by integrating the DNA encoding the particular epitope at the 3’-end of the
corresponding gene (Gelbart et al., 2001; Longtine et al., 1998; Puig et al., 2001). The
ckalA::KANMX6 allele was constructed by replacing the open reading frame with a
KANMX6 marker ( Longtine et al., 1998). The point mutation in the CKA2 allele (D225N)
was introduced as described by Kitazono et al. (Kitazono et al., 2002), using natMX6 (a
nourseothricin resistance cassette) as a selection marker.

All yeast media, including YPD, synthetic complete (SC), omission media (SC-)
and media containing 5-fluoroorotic acid (5-FOA) were prepared as described previously
(Rose et al., 1990). All strains were grown at 30°C unless otherwise stated. All plasmids
were constructed using standard molecular biology techniques. GST-fusion and 6xHis
fusion plasmids were constructed by insertion of PCR-amplified fragments into the
appropriate sites of pGEX-4T3 (GE Healthcare Life Sciences, Baie d’Urfe, QC, Canada)
and pet15b (Novagen, EMD4Biosciences, Gibbstown, NJ). Plasmids pRS415 and pRS416
have been described elsewhere (Sikorski and Hieter, 1989). Spt2p and Spt2p-FLAG along
with its promoter (-900 bp upstream of start codon to +500 bp downstream of stop codon)
were amplified from genomic DNA and inserted into plasmids pRS415 and pRS416.
Mutagenesis was done using the QuikChange Multi Site-Directed Mutagenesis Kit
(Stratagene, Agilent Technologies Canada Inc. Mississauga, ON) according to the

manufacturer’s instructions.
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2.5.2 Protein purification

Recombinant 6xHis-tagged and GST-tagged proteins were expressed in Escherichia
coli (BL21) and purified with Ni**-NTA agarose (QIAGEN Inc., Toronto, ON, Canada) or
glutathione-Sepharose (GE Healthcare Life Sciences, Baie d’Urfe, QC, Canada) following
the manufacturer's protocol. Tandem affinity purification of Spt2p and Ckb2p was carried
out as described previously (Puig et al., 2001). Briefly, two liters of yeast culture were
grown to ODgg value of 2. Cells were harvested by centrifugation and resuspended in lysis
buffer (20 mM Tris HCI pH 8.0, 150 mM NacCl, 10% glycerol, 0.1% NP-40, 5 mM -
glycerophosphate, 5 mM sodium butyrate, 5 mM NaF, 2 pg/ml pepstatin, 2 pg/ml
leupeptin, 5 pg/ml aprotinin, 1| mM PMSF and 0.5 mM DTT). Cells were lysed by bead
beating, cell lysate was centrifuged and the supernatant collected. The extract (supernatant)
was pre-cleared with 200 ul of Sepharose CL-6B beads (Sigma) for 1 h at 4°C. Then, 200
ul of IgG Sepharose beads (GE Healthcare) were added to the pre-cleared extract and
incubated with rotation for 3 h at 4°C. The beads were then washed with 20 ml of lysis
buffer in the column and then equilibrated with 10 ml tobacco etch virus (TEV) cleavage
buffer (10 mM Tris HCI, pH 8, 150 mM NaCl, 10% glycerol, 0.1% NP-40, 0.5 mM EDTA
and 1 mM DTT). Proteins were eluted from beads with 200 units of TEV protease in 1 ml
of TEV cleavage buffer for 2.5 h at 16°C. The beads were washed once with 3 ml of
calmodulin binding buffer (10 mM Tris HCI pH 8, 150 mM NaCl, 10% glycerol, 0.1% NP-
40, 1 mM Mg acetate, 2 mM CaCl,, 1 mM imidazole pH 7.0, and10 mM -
mercaptoethanol) and this fraction was pooled with the eluate and incubated with 25 pl of
protein A-Sepharose beads (GE Healthcare) for 15 min at 4°C to remove residual IgGs
leaking from the IgG Sepharose beads. Then 3 pl of 1 M CaCl, were added to raise the
concentration of CaCl, to the optimum value for binding to calmodulin beads, and then
incubated with 200 ul of calmodulin resin (Stratagene) overnight at 4°C. The calmodulin
beads were then washed with 20 ml of calmodulin binding buffer. Proteins were eluted with
calmodulin elution buffer (10 mM Tris HCI pH 8, 150 mM NacCl, 10% glycerol, 0.1% NP-
40, ImM Mg acetate, | mM imidazole (pH 7.0), 10 mM B-mercaptoethanol and 20 mM
EGTA supplemented with protease inhibitors) in five 200-ul fractions and analyzed by
SDS PAGE followed by silver staining.
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2.5.3 GST pulldown assays and co-immunoprecipitation

Five hundred ng of GST-tagged Spt2p (GST-Spt2p) coupled to beads were incubated with
500 ng of 6xHis-tagged Spt6p (His-Stp6p) in pulldown buffer (20 mM Hepes (pH 7.5), 150
mM NaCl, 10% glycerol, 100 pg/ml bovine serum albumin [BSA], 0.5 mM dithiothreitol
[DTT], 0.1% NP-40, and 2 pg/ml leupeptin and pepstatin, 5 pg/ml aprotinin) for 3 hours at
4°C. Beads were washed three times with pulldown buffer and bound proteins were
analyzed by western blot against 6xHis-tag. Coimmunoprecipitation was performed as
described elsewhere (Nourani et al., 2001). Ten pl of anti-FLAG M2 agar beads were
incubated with yeast whole cell-extract (5 mg total protein) in binding buffer A (20 mM
Hepes [pH 7.5], 300 mM NaCl, 10% glycerol, 0.1% NP-40, 2 pg/ml of leupeptin and
pepstatin, 5 pg/ml of aprotinin, 1 mM phenylmethylsulfonyl fluoride [PMSF]) overnight at
4°C. Beads were washed three times with binding buffer. Bound proteins were eluted with

3X-FLAG peptide and analyzed by western blot.

2.5.4 In vitro phosphorylation

In vitro phosphorylation of recombinant proteins was performed as described (Sawa
et al., 2004; Utley et al., 2005), with slight modifications. One pg of 6xHis-tgged proteins
were incubated with CKII purified from yeast in kinase buffer (final concentrations of 80
mM NaCl/KCl, 25 mM Tris-HCI, pH 8, 10 mM MgCl,, | mM DTT, 50 uM cold ATP, and
1 uCi of [y-*P]JATP) for 30 min at 30°C. Samples were run on 12% SDS-PAGE, blotted
onto nitrocellulose, dried, and exposed to film. CKII used in the reaction was purified from
yeast (Ckb2p-TAP) as described in section 2.5.2. An aliquot of 0.1 pl of fraction 3 was
used for each reaction One pg of GST-tagged proteins coupled to beads were incubated
with yeast whole-cell extract at 4°C for 3 h in binding buffer B (20 mM Hepes [pH 7.5],
150 mM NacCl, 10% glycerol, 0.1% NP-40, 2 ng/ml of leupeptin and pepstatin, 5 pg/ml of
aprotinin, 1 mM PMSF). Beads were washed three times with binding buffer B and once
with kinase buffer (without y-32P-labeled ATP), and the phosphorylation reaction was

carried out by the addition of kinase buffer containing y->*P-labeled ATP.
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2.5.5 Dephosphorylation and 2D-PAGE

For dephosphorylation with alkaline phosphatase, cells were lysed in 1X New England
Biolabs (NEB) buffer 3 (100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl12, 1| mM DTT, pH
7.9 @25°C). Cell lysate was cleared by centrifugation at 15,000 g for 30 min. Ten pg of
total protein were incubated with 10 units of alkaline phosphatase at 37°C for 1 h (calf
intestinal alkaline phosphatase, from NEB; Whitby, ON, Canada). The reaction was
stopped by trichloroacetic acid (TCA) precipitation and precipitated proteins were analyzed
by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). For 2D-PAGE,
soluble proteins were precipitated by 20% TCA followed by an acetone wash. Precipitated
proteins were solubilized in isoelectric focusing (IEF) buffer (8 M urea, 2% CHAPS, 18.5
mM DTT in 2% immobilized pH gradient buffer [pH 7-11; GE Healthcare) and separated
in the first dimension using a nonlinear immobilized pH gradient (Immobiline DryStrip NL
7-11, GE Healthcare) at 90 kV/h. After IEF, proteins were resolved in the second
dimension by standard SDS-PAGE and analyzed by western blot.

2.5.6 RNA extraction and Northern blot

Total RNA was isolated using the hot phenol method (Schmitt et al., 1990).
Northern blot analysis was performed as described previously (Nourani et al., 2006).
Forty pg of RNA were separated on a 1% agar-formaldehyde MOPS gel and transferred to
a nylon membrane. The FLOS, SCRI and SER3 probes were amplified by PCR and
radiolabeled by random priming. The sequences of oligonucleotides used are listed in Table

2.2

2.5.7 Chromatin immunoprecipitation

Chromatin immunoprecipitation experiments were performed as described
previously (Nourani et al., 2006). Ten pl of anti-FLAG beads (Sigma) and 1 pul of anti-Myc
antibody (Covance; Princeton, NJ) were used per immunoprecipitation. The

oligonucleotides used for qPCR are listed in Table 2.2
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Table 0.1: S. cerevisiae strains used

44

Strain Genotype Source
YWO01 MATa ura3D0 his34200 leu2A1 lys2-1286 SPT2-FLAG::KANMX2 This work
YWO02 MATa ura3DO0 his34200 leu2A1 lys2-1286 SPT2-1- This work

XFLAG::KANMX6
YWO03 MATa ura3DO0 his34200 leu2A1 lys2-1286 SPT2-179- This work
FLAG::KANMX6
YW04 MATa ura3DO0 his34200 leu2A1 lys2-1286 SPT2-116- This work
FLAG::KANMX6
YWO06 MATa ura3D0 his34200 leu2A1 lys2-1286 SPT2-TAP::URA3 This work
YW13 MATa ura3DO0 his34200 leu2A1 lys2-1286 SPT2-FLAG:: KANMX4 This work
CKAI1-13Myc:: KANMX6
YW22 MATo ura3DO0 his34200 leu2A1 lys2-1286 SPT2-FLAG::KANMX4 This work
CKA2-13Myc::KANMX6
YTS07 MATo. ura3DO0/ura3-52 leu2A1 his34200 lys2-1280 This work
(ckII®) ckalAO::KANMXG6 cka2 D225N::NATMX4 SPT2-13MYC::KANMX6
FY2442 MATaura340 his34200 leu2A1 lys2-1286 (Nourani et
al., 2006)
FY2427 MATo ura340 his34200 leu2A40 lys2-1286 SPT2-13MYC::KANMX6 (Nourani et
al., 2006)
FY2432 MATo ura3-52 his34200 leu2A1 lys2-1280 spt2A40::KANMX6 (Nourani et
al., 2006)
FY2436 MATo ura340 his34200 leu2A1 lys2-1280 RPB3-HAI::LEU2 (Nourani et
cdc734::KANMX spt240::KANMX6 FLAG-SPT6 al., 2006)
FY 2455 MATa ura3-52 his34200 his4-9126 leu2A1 Lys2-128d spt240::NAT (Nourani et

paflA::KANMX SPT6-FLAG/pLL1S

al., 2006)




Table 0.2: Sequences of oligonucleotides used in these studies

Locus Sequence Amplicon Used
in

AZRI FOR : 5 GCAAACTTAATGGGTGG +842 to + 1036 ChIP
REV : 5 TACCTGCTAACACTACC

FKS1 FOR : 5 GAATAGAGTCAT TACGCC +1062 to +1305 ChIP
REV : 5> GAATACATCATCCCAGAC

FKS1 FOR : 5 TTTGACTGAAGGTGAGGA +3114 to +3252 ChIP
REV : 5> ATCAGATTTACCGTCACC

FKS1 FOR : 5 GGACTGGTAAGTGGTATG +5126 to +5361 ChIP
REV : 5 CAGAGAGTAAATTGGGGG

METI0  FOR:5 ACCACTAACGACGAGTCC +1528 to +1663 ChIP
REV : 5> AGGCTGCTGAAATGTCTG

NO- FOR : 5 GCTGTCAGAATATGGGGCCGTAGTA ChrV : 9716 to ChIP

ORF REV : 5> CACCCCGAAGCTGCTTTCACAATAC 9864

PCAI FOR : 5 AGGTTATAGGTGCCAGAG +1571 to +1783 ChIP
REV : 5> TTGACGCGGAGATAGTGG

PDCI1 FOR : 5° CTCTCAAGTCTTATGGGG +1221 to + 1499 ChIP
REV : 5> GGCAACAAGGATAGGTGG

PMAI FOR : 5° CCTCTTCATCATCCTCTTC +17 to +208 ChIP
REV : 5> CGGCGGCAACTGGACCATCGT

PMAI FOR : 5 CGCTGGTGGTCAAGGTCATTT +837 to +1018 ChIP
REV : 5 CTGGCAAACCGACTGGGACAC

PMAI FOR :5° +2018 to +2290 ChIP
CTATTATTGATGCTTTGAAGACCTCCAG
REV:
5> TGCCCAAAATAATAGACATACC CCATAA

POLI FOR : 5> TGATCCCCATAAGCGAG +2784 to +2909 ChIP
REV : 5> ACTAACATGGCGAGCGG

RPLS5 FOR : 5 CGGTATTACCCACGGTTT +258 to +471 ChIP
REV : 5 GGCACCAGTGGTGGTTCT TT

RPLI0 FOR : 5’TGTGCCGGTGCGGATAGATT +313 to +565 ChIP
REV :5 CACCAGCTTCTCTCTTCTT

RPL25 FOR : 5 CTAAGGCTACTGCCGCTAA +428 to +714 ChIP
REV : 5 CTTGACGGCCTTCTTGATTT

FLOS FOR : 5 TGATGCCACTAAGGATGAGAATAA +1515 to +2324 FLOS
REV : 5> GGTCTTCAACCATACCAATATTCC probe

SCRI1 FOR : -246 to +468 SCRI
5> ATGATCAACTTAGCCAGGACAT CCATA probe

REV

5> GTTCAACTAGCGAAGCCGCCAAA TTAA
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2.6 Results

2.6.1 Spt2p is associated with casein kinase II subunits

In order to further understand the cellular function of Spt2p, we decided to identify
its interacting partners in vivo. For that, we constructed a yeast strain expressing a TAP-
tagged Spt2p hybrid protein. We purified Spt2p-TAP sequentially on IgG and calmodulin
columns and analyzed the proteins by SDS-PAGE followed by silver staining (Figure
1.1A). In addition to Spt2p, we observed that three other proteins of 45 kDa, 40 kDa and 30
kDa copurified with this factor. Analysis of the excised gel bands by mass spectrometry
identified them as the four subunits of the CKII complex. Twenty-eight, eight, seven and
six peptides originating from Ckalp, Ckblp, Cka2p and Ckb2p, respectively, were
identified (Figure 1.1B). These results suggest that the multiprotein kinase CKII interacts in
vivo with Spt2p.

CKII has a broad range of targets and interacts with many proteins in yeast. To confirm
that the CKII complex is stably and specifically associated with Spt2p, we first constructed
yeast strains expressing TAP-tagged Spt2p and Myc-tagged versions of two different CKII
subunits. We purified Spt2p using TAP tag epitope labeling and found that both Ckalp-
Myc and Cka2p-Myc co-eluted with Spt2p after three purification steps (Figure 2.1C and
2.1D). Importantly, no such co-elution was observed in control strains that do not express
TAP-tagged Spt2p. This clearly suggests that Ckalp-Myc and Cka2p-Myec signals observed
after TAP purification are specific for Spt2p.
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Figure 0.1: Spt2p copurifies with CKII subunits

(A) Silver staining of Spt2p-TAP after 12% SDS-PAGE; the purification control was
obtained from an extract of yeast expressing untagged SP72. (B) Various peptides
identified by mass spectrometry after TAP. (C & D) TAP of Spt2p from a strain expressing
Spt2p-TAP and Ckalp-Myc or Cka2p-Myc. A control for purification was obtained from
cells expressing untagged SP72 and CKAI-MYC or CKA2-MYC. Purified fractions were

analyzed by western blot using antibodies against the TAP and Myc epitopes.

2.6.2 The CKII/Spt2p interaction is stable

We next wanted to confirm that the CKII complex interacts stably with Spt2p. We
used other purification strategies. We first purified FLAG-labelled Spt2p from two
different yeast strains that were also expressing either CKAI-MYC or CKAI-MYC and

assessed whether the two CKII subunits might copurify with Spt2p. As shown in Figure
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2.2A, Ckalp-Myc and Cka2p-Myc indeed copurified with Spt2p-FLAG. These data show
that CKII and Spt2p independently copurify with each other. Finally, we wanted to
determine the relative stability of the Spt2p-CKII complex. For that purpose, we used a
multistep purification protocol combining four steps of TAP to two other purification steps
at a high salt concentration (see Figure 2.2B). First, we tandem affinity-purified Ckb2p
from a strain expressing Spt2p-FLAG and then the CKII complex was subjected to FLAG-
immunoprecipitation followed by FLAG peptide elution. These last 2 steps were performed
at a high salt concentration (300 mM NaCl). As shown in Figure 2.2B, after being
submitted to a total of 6 purification steps, Spt2p was found to copurify with the CKII
complex, clearly indicating that the association between the elongation factor and the

kinase is strong and stable.
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Figure 0.2 : CKII stably interacts with Spt2p
(A) Extracts from yeast cells expressing either CKAI-MYC or CKA2-MYC and SPT2-FLAG

were immunoprecipitated with anti-FLAG antibody. After eluting bound proteins from the
anti-FLAG beads with FLAG peptide, the eluted fraction was probed with anti-Myc and
anti-FLAG antibodies. (B) Schematic representation of the multistep purification strategy
used to assess the stability of the Spt2p-CKII interaction. (C) Extracts from yeast cells
expressing Ckb2p-TAP and Spt2p-FLAG were subjected to multiple steps of purification as
shown in B. Following TAP, samples were analyzed by western blot with antibodies
against the FLAG and TAP tags (/eft panels). TAP-purified samples were further subjected
to FLAG purification followed by western blot analysis with antibodies against FLAG and
TAP tag (right panels). IP, immunoprecipitation; FT, flow-through; TEV, tobacco etch
virus; WCE,
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2.6.3 Spt2p is a phosphoprotein in vivo

The association between Spt2p with CKII led us to think that Spt2p could be a
substrate of CKII. Before addressing this issue directly, we first elected to determine if
Spt2p is a phosphoprotein in vivo. We always observed that the apparent mass displayed
upon Spt2p SDS-PAGE was higher than the expected value, and therefore hypothesized
that this altered electrophoresis signature might be associated with post-translational
modifications (data not shown). To assess whether this altered migration behavior on SDS-
PAGE is the consequence of phosphorylation, we submitted whole-cell extracts from wild-
type (WT) cells to alkaline phosphatase treatment followed by SDS-PAGE. As shown in
Figure 2.3A, this treatment did not change the migration behavior of Spt2p. This might
have arisen from two different possibilities. First, Spt2p is not phosphorylated in vivo and
its association with CKII would therefore not result in a significant modification.
Alternatively, phosphorylation of Spt2p might not significantly affect its mobility in SDS-
PAGE, and therefore, different Spt2p species might not be resolved through this approach.
To further examine this possibility, we repeated the experiment except that the Spt2p
species were separated by 2D-PAGE, where the first electrophoresis separates proteins
according to their electric charge and the second is an SDS-PAGE step that separates
proteins according to their molecular weight. Interestingly, we clearly observed two
different species of Spt2p, with one of these species being apparently much more acidic
than the other, suggesting the possible addition of phospho group(s) (see Figure 2.3B). The
acidic form of Spt2p appeared to represent the major species present in vivo. Importantly,
alkaline phosphatase treatment had a dramatic effect on the ratio of these two Spt2p species
and shifted most of the total Stp2p protein toward the less acidic isoform. These data

strongly suggest that Spt2p is a phosphoprotein in vivo.
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Figure 0.3: CKII is required for the phosphorylation of Spt2p in vivo

(A) A total cell extract from strains expressing Spt2p-FLAG was treated with alkaline
phosphatase (AP) + a phosphatase inhibitor. The samples were resolved by SDS-PAGE and
analyzed by western blot against A FLAG-epitope. (B) Different isoforms of Spt2p as
identified by 2D-PAGE; total cell lysates from strain expressing Spt2p-FLAG were
subjected to 2D-PAGE (isoelectric focusing, followed by SDS-PAGE) and analyzed by
western blot with a FLAG antibody. The top panel shows different isoforms of Spt2p
without phosphatase treatment (-AP). The botfom panel shows that the isoelectric point of
most acidic form of Spt2p (phosphorylated form) is shifted to a higher value after AP
treatment (+AP). (C) Whole-cell extracts were prepared from yeast strains expressing
Spt2p-FLAG, Spt2p-1FLAG (amino acids 1-213) and Spt2p-179FLAG (amino acids 1-
179). Different versions of Spt2p were immunoprecipitated with anti-FLAG beads followed
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by immunoblotting with anti-phosphoserine (/eft panel) or anti-FLAG antibodies (right
panel) (D) Spt2pFLAG, Spt2p-1FLAG (amino acids 1-213) and Spt2p-179FLAG (amino
acids 1-179) were immunoprecipitated with anti-FLAG beads followed by immunoblotting
with anti-phosphotyrosine (/eft panel) and anti-FLAG antibodies (right panel). (E) Whole-
cell extracts were prepared from WT or CKII” cells grown at the permissive or restrictive
temperature (30°C or 39°C as indicated). Spt2p-Myc was immunoprecipitated with anti-
Myc antibody, and the pellets were subjected to a kinase assay by the sole addition of
radiolabeled ATP. (F) Spt2p-Myc was immunoprecipitated from WT and ckII® strains and
probed with phosphotyrosine (fop panel) or Myc antibodies (bottom panel).

2.6.4 Spt2p is phosphorylated in its CTD and on both serine and tyrosine

residues in vivo

Using another approach, we first aimed to confirm that Spt2p is a phosphoprotein in
vivo, and secondly, to analyze the type of phosphorylated residue(s) thus formed. Indeed,
several reports indicate that CKII phosphorylates serine, threonine as well as tyrosine
residues (15-18). Therefore, we determined whether Spt2p is endowed with
serine/threonine kinase as well as tyrosine kinase activities. To address these questions,
Spt2p was purified by immunoprecipitation from yeast strains and analyzed by SDS-PAGE
and western blotting with antibodies raised against phosphoserine or phosphotyrosine
residues (Figure 2.3C and 2.3D). Interestingly, a band of the size expected for Spt2p was
observed with both antibodies, suggesting that Spt2p is phosphorylated on serine as well as
tyrosine residues. We next assessed which Spt2p domain is phosphorylated. For this
purpose, we analyzed the in vivo phosphorylation status of two different mutated versions
of Spt2p. As shown in Figure 2.3C and 2.3D, deletion of the Spt2p CTD resulted in the
loss of the phosphotyrosine and phosphoserine signals. This indicates that Spt2p is
phosphorylated on serine and tyrosine residues in vivo, and that these sites are located in
the CTD (residues 213 to 333) of this factor. Since we did not test phosphothreonine
antibodies, the data by no means exclude the possibility that Spt2p is also phosphorylated

on threonine residues by CKII,
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2.6.5 CKII kinase activity is essential to Spt2p phosphorylation in vivo

Our data clearly indicate that Spt2p is a phosphoprotein in vivo and is stably
associated with the protein kinase CKII. We next addressed the possibility that Spt2p is
phosphorylated by CKII in vivo through various approaches. First, we purified Spt2p from
a wild-type or CKII thermosensitive mutant (ckII®) grown at the permissive (30°C) or
restrictive temperatures (37°C) for various time intervals. These purified Spt2p complexes
were incubated with [y-°P]-ATP and analyzed by SDS-PAGE followed by
autoradiography (Figure 2.3E). Spt2p protein purified from wild-type yeast was found to be
phosphorylated under permissive or restrictive conditions at all times. In contrast to this,
Spt2p extracted from ckII® cells grown at the restrictive temperature was not
phosphorylated. The latter findings indicate that depletion of CKII from yeast cells affects
Spt2p phosphorylation. Our observations strongly suggest that Spt2p phosphorylation in
vivo requires CKII. Using a second approach, we asked whether the in vivo
phosphorylation level of Spt2p is affected by cellular depletion of CKII. For that purpose,
we immunopurified Spt2p from wild-type or ckII® mutant strains. These cells were grown
to mid log phase and then submitted to a heat shock at the restrictive temperature for 2 h.
We then analyzed the pattern of Spt2p phosphorylation by anti phosphotyrosine western
blot (Figure 2.3F). Depletion of CKII activity in the ckII® mutant was clearly associated
with loss of the Spt2p-specific phosphotyrosine signal. We therefore conclude that Spt2p

phosphorylation in vivo requires CKII kinase activity.

2.6.6 CKII phosphorylates the CTD of Spt2p in vitro

Our results show that Spt2p phosphorylation level is regulated by CKII. Whether
this regulation is the result of a direct phosphorylation by CKII remains to be determined.
To directly address this possibility, we first tested the ability of CKII to phosphorylate
Spt2p in vitro. Tandem affinity-purified CKII was incubated with or without recombinant
His10-Spt2p in presence of [y->P]-ATP. Following SDS-PAGE and autoradiography, we
observed a clear band corresponding to the size expected for Spt2p that was absent in the

control reactions (Figure 2.4A). On the other hand, a band of higher mobility was observed
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in the presence or absence of Spt2p, which likely corresponded to autophosphorylated
CKII. We thus concluded that Spt2p is a direct target of CKII. Interestingly, as shown
above, deletions in the C-terminal region of Spt2p alter the in vivo phosphorylation level of
the protein, indicating that this domain might be targeted by CKII. To test this possibility
directly, we purified recombinant domains of Spt2p fused to GST and tested the ability of
purified yeast CKII to phosphorylate these fusion peptides (Figure 2.4B). As shown in
Figure 2.4C, in addition to the GST control, we analyzed full-length Spt2p, an Spt2p
fragment resulting from the deletion of the CTD (residues 1-213), and Spt2p CTD itself
(residues 200-333). Only full-length Spt2p and Spt2p CTD were found to be
phosphorylated by yeast CKII. This result clearly indicates that CKII directly
phosphorylates Spt2p CTD. In addition, we analyzed the phosphorylation of the various
Spt2p domains by a WT or CKlII-depleted yeast extract (Figure 2.4D). We found that the
Spt2p CTD is the sole domain found to be phosphorylated in vitro in yeast whole-cell
extracts, and that CKII activity is required for such phosphorylation. Therefore, CKII is the

sole protein kinase that interacts with Spt2p and directly phosphorylates this factor in vivo.
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Figure 0.4: CKII directly phosphorylates Spt2p

(A) Recombinant Spt2p-His was incubated with CKII purified from yeast (lane 1) or in a
mock reaction (no CKII) (lane 3) in the presence of radiolabeled ATP. Lane 2 shows a
control reaction with CKII only. Samples were resolved by SDS-PAGE followed by
transfer to a nitrocellulose membrane and autoradiography. The fop panel shows an auto
radiograph, while the bottom panel shows an immunoblot with anti-6xHis. (B) Different
regions of recombinant Spt2p purified as GST fusion constructs.

(C) Full-length Spt2p and various versions of the protein were incubated with CKII purified
from yeast in the presence of radiolabeled ATP. Samples were resolved by SDS-PAGE and
analyzed by autoradiography. (D) Different domains of Spt2p fused to GST were incubated
with whole-cell extracts from WT or ckII® strains. After GST pulldown, pellets were
directly phosphorylated by adding radiolabeled ATP.

55



2.6.7 Identification of CKII phosphorylation sites in the Spt2p elongation

factor

Our analyses of purified yeast Spt2p with phosphoserine- and phosphotyrosine-
specific antibodies and in vitro studies led us to hypothesize that the sites of Spt2p
phosphorylation are localized within its CTD (residues 200-333) and involve tyrosine and
serine (Figure 2.3 and 2.4), although threonine residues cannot be excluded by any means
at this stage. We next wanted to map the phosphorylation sites more precisely. To identify
the phosphorylated residues, we subjected recombinant Spt2p to in vitro phosphorylation
using yeast CKII, followed by mass spectrometry. Several mass spectrometry attempts
failed to detect any phosphorylated residue, despite the fact that each analyzed sample was
heavily phosphorylated, as detected by autoradiography. Because of the highly charged
nature of Spt2p CTD, only a small part of this domain was recovered by mass
spectrometry. Nonetheless, two C-terminal peptides derived from Spt2p were recovered by
mass spectrometry after in vitro phosphorylation, but none of these peptides contained a
phosphorylated residue. Thus, these C-terminal peptides were excluded from our future

analyses (Supplemental Figure 1.12).

To identify the phosphorylated residue(s) in elongation factor Spt2p, we therefore
decided to use an indirect approach. First, we looked for the serine and tyrosine residues
that are located at CKII consensus sites and could be potentially targets of this kinase. We
identified five potential residues (see Figure 2.5A) in Spt2p CTD, namely four tyrosine
(Y226, Y230, Y279 and Y281) and one serine (S277) residues. Interestingly, none of these
sites is located in the two peptides recovered by mass spectrometry. To directly assess if
these residues are phosphorylated by CKII, we thus decided to mutate these residues to
alanyl or phenylalanyl residues and examine phosphorylation of the recombinant Spt2p
mutant forms by purified yeast CKII. We first tested the phosphorylation status of each
mutant individually and found that none of these single mutations affect the overall level of
Spt2p phosphorylation (data not shown). Careful examination of the potential
phosphorylation sites show that these residues are located within two distinct short

stretches of amino acids (see Figure 2.5A). The first region (region I: RI) contains two sites
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(Y226 and Y230) whereas the second region (region II: RII) contains three potential sites
(S277, Y279 and Y281). Our data show that the Spt2p CTD contains several potential
targets for CKII-mediated phosphorylation. In fact, CKII might phosphorylate all sites
located within one of the two regions. To test this hypothesis, we combined mutations in
each region and determined the effect of these combinations on phosphorylation levels. We
therefore substituted potential target residues in RI or RII to non-phosphorylatable amino-
acids (i.e. S—A, Y—F) and assessed the ability of CKII to modify the resulting Spt2p
mutants. As shown in Figure 2.5B, modification of RI has no detectable effect whereas RII
mutations significantly reduced the CKII phosphorylation. We thus concluded that residues
present within the RII region are the major targets for CKII phosphorylation. However,
mutations of RII did not completely abolish CKII-mediated phosphorylation, suggesting the
presence of other sites in the CTD of Spt2p. Another possibility is that RI might still be
phosphorylated in presence of intact RII sites, albeit at a low level, and be phosphorylated
to a higher level in the absence of RII phosphorylation sites. To address this possibility, we
combined mutations in RI and RII and tested the extent of phosphorylation induced by
CKII. Importantly, the latter experiments showed that the Spt2p protein, when mutated in
both RI and RII regions (Spt2p RI+RII), is no longer phosphorylated by CKII (Figure
2.5B). We thus conclude that in vitro, CKII phosphorylates two regions in Spt2p CTD.

These regions respectively contain 2 and 3 residues that are targeted by CKIL

Next, we investigated the actual sites of Spt2p phosphorylation in vivo. To address
this question, we used 2D-PAGE to analyze the Spt2p RI+RII mutated protein and compare
its migration to that of the WT protein. Whole-cell extracts from spt2A strains that had been
transformed with a plasmid expressing either the Spt2p-FLAG or its RI+RII mutated
version fused to the FLAG epitope, were subjected to 2D-PAGE followed by western
blotting using anti-FLAG antibodies. As shown in Figure 2.5C, the acidic Spt2p isoform
was the major one observed in wild-type cells, while the abundance of these acidic species
was strongly diminished in the whole-cell extract from the strain expressing the Spt2p
RI+RII mutated protein. This indicates that RI+RII mutations abolish in vivo

phosphorylation of Spt2p and show that these sites are the major CKII targets in vivo.
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Figure 0.5 : Identification of Spt2p phosphorylated residues

(A) Potential CKII target sites reside in the C-terminal region of Spt2p. (B) Recombinant
Spt2p-His and different point mutants of Spt2p, mutated at CKII consensus sequences in
the CTD as indicated were phosphorylated by purified yeast CKII. The top panel shows an
autoradiogram and the bottom panel, anti-His immunoblot. (C) 2D-PAGE analysis of Spt2p
(WT) and Spt2p (RI+RII with S—A mutations). Total cell lysates from strains expressing
either Spt2p-FLAG or Spt2p-FLAG (RI +RII with S—A mutations) were resolved by 2D-
PAGE and analyzed by western blot with an anti-FLAG antibody. The top panel shows that
most of WT Spt2p is represented by the acidic (phosphorylated) isoform. On the other
hand, the acidic form of Spt2p is drastically reduced when CKII target sites in RI and RII
are mutated to alanine residues (bottom panel).

2.6.8 Phosphorylation of RI and RII by CKII modulates Spt2p function

After mapping the Spt2p residues that are phosphorylated in vivo, we sought to

determine the functional significance of these post-translational modifications. Although
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CKII phosphorylates up to 5 sites in the Spt2p CTD, many of them might be devoid of any
functional significance. To test this hypothesis, we constructed different yeast strains
expressing an Spt2p protein bearing a substitution at a single phosphorylation site. Each of
these mutations replaces a phosphorylatable residue with a non-phosphorylatable amino
acid. To analyze the function of these alleles, we looked for specific phenotypes associated
with Spt2p function. For instance, SP72 deletion suppresses Ty and { insertion mutations in
the HIS4 and LYS2 promoters (i.e. the archetypical SPT phenotype). This phenotype is
directly associated with the functions of Spt2p in chromatin structure. In the WT strain
containing the /ys2-1284 allele the LYS2 gene is not expressed, and cells therefore become
lysine auxotrophs. The loss of Spt2p function suppresses this phenotype and thus rescues
cells containing the [ys2-1284 allele from lysine auxotrophy. We first exploited this
phenotype in cells expressing spt2 mutant alleles bearing a single substitution to a non-
phosphorylatable residue in the RI or RII regions. As shown in Figure 2.6A and 2.6B, loss
of a functional Spt2p enabled cells with the lys2-1284 allele to grow in media lacking
lysine. On the other hand, reintroducing the WT SPT2 gene or single mutations in region I
or II conferred lysine auxotrophy. This shows that loss of a single phosphorylation site in
either RI or RII does not affect Spt2p function. We next examined the phenotypic effects of
various combinations of mutations in RI or RII, which led to similar results. Moreover,
when mutating all five sites to non-phosphorylatable residues (S—A and Y—F), strains
containing the /ys2-1284 allele also became lysine auxotrophs (Figure 2.6C). Taken
together, these data show that CKII-mediated phosphorylation of target residues within
regions RI or RII has no effect on Spt2p function.

Next, we reasoned that phosphorylation by CKII might in fact negatively regulate
the function of Spt2p. If that was the case, mimicking a permanent phosphorylation state
might inhibit Spt2p function. To test this hypothesis, we substituted each residue in regions
RI or RII with an acidic amino acid, thus mimicking phosphoprotein isoforms of Spt2p in a
stable state. Interestingly, while mutations of RI targets to acidic residues had no effect on
lysine auxotrophy present in the lys2-1284 test strains, test strains expressing Spt2p
isoforms where the same type of mutations was introduced within the RII region partly lost
the lysine auxotrophy phenotype (Figure 2.6C). Moreover, a strain expressing an Spt2p

protein where CKII target sites in both RI and RII were concomitantly changed to acidic
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residues completely lost lysine auxotrophy, as seen by direct comparison with the WT
control strain transformed with vector only. This indicates that mimicking phosphorylation
of CKII target sites within RI and RII completely inhibits Spt2p function. Finally, it is
noteworthy that these phenotypes correlate well with CKII preference for sites within the

RII region that we had observed in vitro.

We next aimed at determining the possible effect of mutations in the RI and RII
regions on the function of Spt2p in chromatin modulation during transcription elongation.
The Paflplp complex (Paflp-Cdc73p) is involved in chromatin modulation associated with
transcription elongation. Interestingly, Spt2p is known to be functionally associated with
the Paflp complex and SP72 deletion leads to a phenotype that is synthetic with
concomitant mutations in the Paflp complex (Nourani et al.,, 2006). We therefore
determined whether phosphorylation of RI and RII target residues might be functionally
related to the Paflp complex component. The Paflp complex subunits Cdc73p and Paflp
are necessary for the normal growth of cells lacking functional SP72. Moreover, the
spt2Acdc73A strain is thermosensitive, whereas the double mutation spt2ApafiA is lethal.
To determine if CKII-mediated phosphorylation is functionally associated with the Paflp
complex and transcription elongation, we assessed whether spf2 mutants with various
substitutions at CKII target sites are able to complement SP72 deletion in the spt2Acdc73A
and spt2ApafIA strains. We first transformed spt2Acdc73A cells with empty plasmid or
with vectors encoding WT SP72 or SPT2 bearing various mutations at CKII
phosphorylation sites. As shown in Figure 2.6D, similar to spt2A cells, spt2Acdc73A strains
expressing a phosphomimetic SP72 allele in both RI and RII regions do not grow at the
higher (non-permissive) temperature. This suggests that the latter mutations lead to a
phenotype that is synthetic with the cdc73A mutation. On the other hand, the double
deletion spt2ApafiA is lethal in yeast. We addressed the possibility that SP72 mutations in
RI or RII might rescue the lethal phenotype spt2ApafiA. For that purpose, we constructed a
spt2ApafIA strain rescued with a plasmid carrying the SP72 and URA3 genes. We
transformed this strain with another plasmid containing either WT SPT2 or various spt2
mutant alleles, as indicated in Figure 2.6E. We next forced the loss the SP72/URA3 plasmid
by growth on 5-FOA. SPT2 alleles with substitutions to glutamic or aspartic acid residues
at CKII target sites in RI and RII could not rescue the 5-FOA-induced loss of SP72. These
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data indicate that SPT2 phosphomimetic mutations in RI and RII are synthetically lethal
with the paflIA mutation. Taken together, our observations strongly suggest that
phosphorylation of CKII target sites within RI and RII inhibits the function of Spt2p in the

modulation of chromatin structure associated with transcription elongation.
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Figure 0.6 : Phosphorylation by CKII negatively regulates the function of Spt2p
(A, B & C) An spt2A mutant was transformed with pRS416 or a plasmid carrying WT
SPT?2 or various SPT2 point mutants as indicated and spotted on media lacking uracil and
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lysine (SPT phenotype). (D) The spt2Acdc73A strain was transformed with the prs416
plasmid or a plasmid encoding WT SPT72 or spt2 mutant versions, as indicated and grown
under various conditions. (E) The spt2A pafIA strain is non-viable and therefore harbors
the SPT2 gene on a plasmid bearing the URA marker (pLL15). The spt2ApafIA (pLL15)
strain was transformed with various plasmids as indicated (with LEU markers). After serial
dilutions, suspension aliquots of these strains were spotted on medium containing 5- FOA
to monitor the loss of the URA plasmid.

2.6.9 Mutations of CKII phosphorylation sites affect chromatin refolding
and the inhibition of spurious transcription in yeast

Nucleosomes unfolded upon the passage of RNAPII are restored by a machinery
involving Spt2p (Thebault et al., 2011). One consequence of a defect in nucleosome
refolding is the loss of transcriptional inhibition at TATAA sites, which are located within
coding regions (Carrozza et al., 2005; Cheung et al., 2008; Kaplan et al., 2003; Keogh et
al., 2005; Nourani et al., 2006). A direct result of this is the occurrence of spurious
transcription from these cryptic promoters (Carrozza et al., 2005; Cheung et al., 2008;
Kaplan et al., 2003; Keogh et al., 2005; Nourani et al., 2006). The data shown above
indicate that CKII phosphorylation could inhibit the function of Spt2p in nucleosome
refolding associated with transcription. Interestingly, Spt2p cooperates with the Paflp and
HIR/HPC complexes in the inhibition of transcription initiation from the FLOS cryptic
promoter and therefore, represses spurious transcription (Nourani et al., 2006). We next
aimed to determine if the CKII-mediated phosphorylation of Spt2p RI/RII regions plays
any role in the refolding of chromatin in coding regions and in the repression of spurious
transcription. For this purpose, we analyzed the role of Spt2p phosphorylation by CKII in
cryptic transcription using a reporter for FLOS cryptic initiation in which the 3’-coding
region of FLOS has been replaced with the HIS3 coding region (Figure 2.7A). In this
construction, HIS3 is only expressed when the FLOS cryptic promoter is active, indicating
a significant defect in the refolding of nucleosomes after the passage of RNAPIL. In
addition, the FLOS promoter was replaced with the GALI promoter to allow regulation and
modulation of transcription levels from the normal FLOS initiation site (Nourani et al.,
2006). We then tested the expression of this GALI-FLOS-HIS3 reporter in various mutants
by assaying growth on histidine-free medium, using either glucose or galactose as the sole

carbon source. In these tests, growth on galactose rather than glucose is a more permissive
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condition to detect cryptic initiation. Our results (Figure 2.7B) show that, as seen with
spt2A, mutation of CKII target sites within RI and RII to acidic residues allows expression
from the FLOS cryptic promoter when cells are grown on galactose. In the spt2A cdc73A
double mutants, we observed growth in glucose media lacking histidine, indicating a
stronger rate of spurious transcription in this mutant (with phosphomimetic RI/RII sites)
when combined with a CDC73 (encoding one of Paflp complex subunits) deletion mutant

(Figure 2.7C).

To test cryptic initiation at FLOS more directly, we also performed Northern
hybridization analysis of WT FLOS gene expression. These experiments were performed
in spt2Acdc73A mutants and transformed with either WT SPT2 or its RI/RII
phosphomimetic mutant forms. In these experiments, RNA samples were prepared at the
start of and 2 h after a shift to the non-permissive temperature. Our results (Figure 2.7D)
show that in strains containing either the WT SPT2 or its RI/RII non-phosphorylatable
mutant alleles, only the full-length FLOS transcript was observed. In contrast, in the
absence of SPT2 (empty vector) or in strains expressing the RI/RII phosphomimetic allele,
the FLOS short transcript was produced at a significant level. These results further support
the notion that the CKII-mediated phosphorylation of the Spt2p RI/RII target sites inhibits

the ability of Spt2p to regulate chromatin refolding during transcription elongation.

Finally, we examined the effect of mutations of the phosphorylation sites on the
regulation of the SER3 gene encoding 3-phosphoglycerate dehydrogenase, which catalyzes
the first step in the serine and glycine biosynthetic pathway. We have recently shown that
Spt2p regulates SER3 gene expression by modulating chromatin structure in the intergenic
region encoding SRG1, a repressor RNA that inhibits SER3 expression by competition for
transcription (cf. section 1.5.4.1). To address this question, we performed Northern analysis
of SER3 expression in WT and spt2A strains transformed with plasmids encoding WT SP72
or various phosphorylation mutant alleles of that gene. Our results (Figure 2.7E) show that
like in the wild-type strain, all phosphorylation mutants inhibit SER3 transcription. The
spt2 mutant with phosphomimetic CKII target sites complements the spt2A as well as WT
strains in the normal regulation of the SRGI/-SER3 system. This important observation

indicates not only that mutating CKII consensus target sites in the RI/RII regions to acidic
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residues does not abolish all SP72 functions, but also that it specifically inhibits chromatin

reassembly in a subset of genes.
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Figure 0.7 : Mutation of Spt2p phosphorylation sites to acidic residues affects

chromatin assembly
(A) Schematic representation of the pGALI-FLOS-HIS3 reporter. (B & C) spt2A and
spt2Acdc73A strains harboring the pGALI-FIOS8-HIS3 reporter were transformed with
plasmids (WT SPT2 and mutant forms as indicated). GALI-FLOS-HIS3 expression was
determined by growth on medium lacking histidine, using either glucose or galactose as
sole carbon source. (D) spf2A and spt2Acdc73A strains transformed with the indicated
plasmids were grown at either 30°C (7= = 39°C) or 39°C for 2 h, Total RNA was
extracted and analyzed by Northern blot with a probe against FLOS 3’-end. (E)
Phosphomimetic mutants exhibit normal SRG/-SER3 regulation: total RNA was isolated
from WT and spt2A strains (transformed with the indicated plasmids) grown at 30°C in
YPD and Northern analysis was carried out using an SER3 probe. SCRI (RNA subunit of

the signal recognition particle) was used as control for total RNA loading.
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2.6.10 Phosphorylation by CKII regulates Spt2p recruitment to the

coding region of transcribed genes

We showed above that mutating the CKII phosphorylation sites (RI/RII) of Spt2p
to phosphomimetic residues inhibits Spt2p function in chromatin modulation associated
with transcription and thereby activates spurious transcription. There are several possible
explanations for this observation. First, CKII-mediated phosphorylation might directly
inhibit the activity of Spt2p at the sites of transcription. Alternatively, phosphorylation
could modulate interaction of Spt2p with partners involved in a common function and
therefore, might indirectly inhibit nucleosome refolding. Phosphorylation by CKII could
also modulate the recruitment of Spt2p to the sites of transcription. Importantly, we
previously showed that Spt2p function is strictly linked to its recruitment to active
transcription sites (Nourani et al., 2006). Inactivation of Spt2p by CKII therefore likely
results in an inhibition of its recruitment to transcribed regions. To investigate this
hypothesis, we analyzed the association of WT Spt2p and its phosphomimetic RI/RII
mutants to the transcribed regions of various active genes. As shown in Figure 2.8A, the
level of WT Spt2p association with PMAI, ACTI, RPL5, RPLI10 and RPL25 transcribed
regions was higher than to the control region No-ORF (a non-coding, purely intergenic
region on chromosome V), as expected. On the other hand, a drastic reduction in Spt2p
recruitment to the transcribed regions of these active genes was observed in the
phosphomimetic RI/RII sp#2 mutants. This key observation indicates that the loss of Spt2p
function in chromatin regulation that is noted in phosphomimetic RI/RII sp#2 mutants is
associated with a significant decrease in the association of the mutant Spt2p with the
chromatin sites regulated by this factor. Moreover, it strongly suggests that Spt2p
phosphorylation by CKII directly represses its function through an inhibition of its
recruitment to sites of active transcription. We also tested the association between Spt2p
and moderately transcribed genes. As indicated in Figure 2.8B, Spt2p enrichment in these
genes is low. Only a small reduction in the association of the phosphomimetic Spt2p
mutant was observed in some of these transcribed regions such as PCAI and PDCI. These
data suggest that regulation by CKII phosphorylation is mostly significant in the
transcribed regions of highly active genes. Previous reports have shown that a loss of

elongation factors or chromatin marks associated with transcription in coding regions
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sometimes reflects changes in the distribution of these elements across these regions rather
than a net loss. We therefore asked whether the recruitment of phosphomimetic spz2
mutants is similar in all regions of the genes affected. We performed SP72 ChIP assays at
different regions of the highly active PMA1 gene or the moderately transcribed FKS/ gene
using chromatin from WT SP72 or from its phosphomimetic mutant form (Figure 2.8C and
2.8D). We found that the phosphomimetic mutation affected recruitment in all regions of
the genes tested and that this effect was markedly stronger for the highly transcribed PMA 1

gene.

We next determined the effect of mutating the RI/RII CKII target sites of Spt2p to
non-phosphorylatable residues on the association of the resulting mutant factor with coding
regions of differentially transcribed genes (Figure 2.9A and 2.9B). Overall, we did not
observe a significant change in Spt2p recruitment at highly transcribed genes (Figure
2.9A). This data indicates that inhibition of CKII-mediated phosphorylation does not
stimulate the recruitment of Spt2p to transcribed gene regions, in agreement with the lack
of detectable phenotype observed for this type of mutations in Figures 6 and 7. However,
one important exception was noted, namely in the moderately transcribed PDCI and FKSI
genes (Figure 2.9B and 2.9D), where we observed an increase in the recruitment of Spt2p

in the non-phosphorylatable mutant.
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Figure(0.8: A phosphomimetic Spt2p mutant is not recruited to the coding region of
transcriptionally active genes.

Yeast cells from the untagged strain or a strain expressing SPT2-FLAG (WT or
phosphomimetic [“acid”] mutant forms) were grown in YPD. Cells were fixed with
formaldehyde and chromatin immunoprecipitation was then performed using anti-FLAG
beads. The values shown represent the means + SE from three independent experiments.
(A) Association of Spt2p (WT and phosphomimetic [“acid”’] mutant) with the coding
region of transcriptionally active genes (PMAI, ACTI, RPL5, RPL10, RPL25 and No-ORF.
(B) Association of Spt2p (WT and phosphomimetic [“acid”] mutant) with the coding
region of moderately transcribed genes (4ZRI, METI0, PCAI and PDCI). (C) & (D)
Association of Spt2p with various regions of transcriptionally active genes (PMAI and
FKS1). The horizontal bars in the bottom represent the regions analyzed by quantitative
PCR.
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Figure 0.9 : Non-phosphorylatable mutants of Spt2p are recruited to chromatin
Chromatin immunoprecipitation analysis of Spt2p-FLAG (WT) and non-phosphorylatable
spt2 mutant (““Ala”) were performed as described in Figure 2.8. The values shown represent
the means + SE from three independent experiments. (A) Association of WT Spt2p and its
non-phosphorylatable mutant with the coding region of transcriptionally active genes
(PMAI, ACTI, RPL5,RPL10, RPL25) and No-ORF. (B) Association of WT Spt2p and its
non-phosphorylatable mutant with the coding region of moderately transcribed genes
(4ZRI1, METI0, PCAl, PDCI). (C) & (D) Association of WT Spt2p and its non-
phosphorylatable mutant with various regions of transcriptionally active genes (PMAI and
FKSI). The horizontal bars in the bottom represent the regions analyzed by quantitative
PCR.
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2.6.11 Phosphorylation of Spt2p by CKII partly inhibits Spt2p-Sptép
interaction

Spt2p function is strictly linked to its recruitment to active transcription sites
(Nourani et al., 2006). Importantly, our data strongly suggest that this recruitment is
regulated by CKII phosphorylation. Moreover, we previously observed that Spt2p is
recruited to the coding region of transcriptionally active genes in an Spt6p-dependent
manner (Nourani et al., 2006; Thebault et al., 2011). We reasoned that regulation of Spt2p
recruitment by CKII could involve the modulation of the Spt2p-Spt6p relationship.
Interestingly, mutations in the SPT6 gene lead to drastic loss of Spt2p from active regions
of transcription and affects the refolding of nucleosomes in the wake of RNAPII
transcriptional activity, suggesting that Spt6p is required to the recruitment of Spt2p in vivo
(Nourani et al., 2006; Thebault et al., 2011) and Annex 2. There is also genetic evidence for
an involvement of both SPT2 and SPT76 in the same pathway, i.e. these two genes are
epistatic (Nourani et al., 2006) and Thebault et al., 2011). Taken together, these
observations suggest a mechanism through which Spt6p directly targets Spt2p, recruiting it
to the sites of transcriptional elongation, and indicate that CKII could modulate this
mechanism through direct phosphorylation of Spt2p. However, it is unclear whether Spt6p
directly recruits Spt2p or stabilizes Spt2p interaction with chromatin after its recruitment.
To address this question, we determined if Spt2p and Spt6p might interact directly. For this
purpose, recombinant GST, GST-Spt2p and 6xHis-Spt6p were produced, purified and used
in a GST pulldown assay (Figure 2.10A). Our results show that GST-Spt2p interacts with
Spt6p while no such interaction is observed with the GST control (Figure 2.10A). This data
indicate that Spt6p interacts directly with Spt2p and suggest that it recruits Spt2p or

stabilizes its association with chromatin in a direct fashion.

Our data indicate that phosphorylation of two regions in Spt2p (RI and RII) located in the
CTD of Spt2p plays a crucial role in the regulation and of Spt2p association with
chromatin. Therefore, Spt6p and phosphorylation of Spt2p appear to play opposite roles in
the recruitment or stabilization of Spt2p at transcription active sites. We reasoned therefore
that phosphorylation might inhibit Spt6p interaction with Spt2p. To test if phosphorylation
of Spt2p has any role in the Spt6p-Spt2p interaction, we phosphorylated the 6xHis-
Spt6p/Gst-Spt2p complex and looked for loss of Sptép from the complex after
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phosphorylation by CKII (Figure 2.10B). Interestingly, after phosphorylation of the
complex, we observed the release of a significant amount of Spt6p from the complex. Thus,
direct phosphorylation of Spt2p by CKII may partially inhibit its interaction with Spt6p.
Altogether; our data strongly suggest that CKII destabilizes the association of Spt2p with
sites of active transcription, at least in part, by promoting dissociation of the Spt6p-Spt2p

complex from these sites.

Finally, our data suggest the possibility that phosphorylation of Spt2p by CKII results in
the disruption of the Spt2p-Spt6p complex. Since Spt6p recruits Spt2p to chromatin, CKII
phosphorylation would therefore inhibit the recruitment of Spt2p to chromatin. To test this
hypothesis in vivo, we analyzed the association of Spt2p with two different coding regions,
namely PMAI and POLI, in the presence (wild-type) or absence of CKII (cklI*). In the WT
strain, we observed a significant association of Spt2p-Myc to both PMA1 and POLI coding
regions (Figure 2.10 C). This association was substantially increased in the absence of
CKII-mediated phosphorylation. Thus, these data show that phosphorylation of Spt2p by

CKII inhibits its recruitment to chromatin in vivo.
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Figure 0.10: Phosphorylation regulates the interaction of Spt2p with Sptép and
chromatin

(A) Spt2p directly interacts with Sptép. A GST pulldown assay was performed using
recombinant proteins 6xHis-Spt6p and GST-Spt2p. GST alone was using as control. Input
and bound proteins were resolved by 10% SDS-PAGE and analyzed by western blot with
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antibodies against the 6xHis tag. (B) Release of 6xHis-Spt6p from a GST-Spt2p/HisSpt6p
complex. GST-Spt2p/His-Spt6p complex was coupled to glutathione beads. Beads were
washed with kinase buffer and subjected to in vitro phosphorylation. The supernatant was
analyzed using an antibody against the 6xHis tag to monitor the release of 6xHis-Spt6p
from the complex. (C) Chromatin immunoprecipitation analysis of Spt2p-Myc. Wild-type
(WT) and ckll” yeast cells expressing Spt2p-Myc were grown in YPD. The untagged strain
was used as a control. Cells were fixed with formaldehyde and chromatin
immunoprecipitation was then performed using an anti-Myc antibody. The values shown
represent the mean + SEM from 3 independent experiments.

2.7 Discussion

Spt2p is a transcription elongation factor involved in the modulation of chromatin
structure associated with transcription. It plays important roles in the refolding of chromatin
structure and the maintenance of nucleosome structure in the wake of transcription. In the
absence of this factor, spurious transcription is activated and genes are not properly
regulated. In the present study, we purified Spt2p from yeast and identified its interacting
partners. We found a direct and stable association of Spt2p with all CKII subunits (Figure
2.1). Our results demonstrate for the first time that Spt2p is phosphorylated both in vitro
and in vivo by CKII (Figure 2.3 and 2.4). Moreover, our data indicate that CKII is the sole
kinase responsible for Spt2p phosphorylation in vivo (Figure 2.3). We identified five CKII
target sites in Spt2p CTD (Figure 2.5). Mutation of these sites abolishes Spt2p
phosphorylation by CKII, indicating that they are the major phosphorylated sites in this
factor (Figure 2.5). Interestingly, these sites are located in two pentapeptidic regions, RI
and RIIL, in Spt2p CTD. We mutated RI/RII to either non-phosphorylatable residues or
phosphomimetic (acidic, i.e. glutamyl or aspartyl) residues. RI/RII mutations to acidic
residues was associated with an SPT phenotype and the activation of spurious transcription.
In fact, mimicking a permanent phosphorylation state inhibits most, but not all Spt2p
chromatin-related functions, suggesting that CKII activity represses this factor. We found
that this inhibition is associated with a loss of Spt2p recruitment to sites of active
transcription. Importantly, the recruitment of Spt2p to sites of active transcription is
directed by the Spt6p histone chaperone. We have shown that Spt2p interacts directly with
Spt6p and that phosphorylation of Spt2p by CKII partially inhibits this interaction. Finally,

in the absence of CKII, we observed a marked increase in the association of Spt2p to
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chromatin. Taken together, our data indicate that CKII phosphorylates and inhibits Spt2p
function, at least in part, by repressing the interaction of Spt2p with the Spt6p histone
chaperone. Since Spt6p recruits Spt2p to chromatin, inhibition of this interaction results in

the release of Spt2p from these sites.

Interestingly, our in vitro experiments showed that RII is the major target of CKII and that
RI is a minor site of CKII-mediated phosphorylation. There is a clear correlation between
the preferred sites of phosphorylation and the phenotypes corresponding to mutations of
these sites. The mutation of both sites is equivalent to a complete loss of CKII-mediated
phosphorylation while mimicking phosphorylation of these sites is associated with the

strongest loss of Spt2p function.

2.7.1 CKII is the sole kinase that phosphorylates Spt2p

We provide strong evidence that Spt2p interacts with CKII in vivo. First, all
subunits of the CKII complex are found to copurify with Spt2p (Figure 2.1 and Figure 2.2).
This is an important observation as it rules out the possibility that the association between
Spt2p and CKII is an artifact of purification. Indeed, it is difficult to imagine that all four
CKII subunits would still coincidentally coelute with Spt2p after four purification steps due
to random factors. Second, we performed purification in the reverse order and found that
Spt2p still copurifies with the CKII complex. Third, we also independently purified two
different subunits of CKII and recovered Spt2p alongside with these subunits after several
purification steps. Fourth, although our purification protocols are very stringent, we
nonetheless decided to further increase the stringency of our purifications and assess
whether the Spt2p-CKII interaction might resist to such treatment. For that purpose, we
first purified one CKII subunit from a strain expressing an Spt2p hybrid protein tagged with
the FLAG epitope. The purified CKII complex was then subjected to two other purification
steps at high ionic force using a FLAG-immobilized column and elution with FLAG
peptide. After these six steps of purification at different salt concentrations we still found
that Spt2p coeluted with the CKII subunits. The fifth and last line of evidence that Spt2p is

stably associated with CKII in vivo came from mutant analysis showing that deletion of the
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N-terminal part of Spt2p significantly affects its interaction with CKII (data not shown).
Taken together, our data provide strong evidence that CKII is stably associated with Spt2p

in vivo.

CKII associates with Spt2p and phosphorylates this factor in its C-terminal region in
vivo. Indeed, our results show that Spt2p might be a substrate for this enzyme in vitro.
Moreover, Spt2p immunopurified from yeast shows the presence of both phosphoserine
and phosphotyrosine in Spt2p molecules in vivo. We wanted to make sure that the
phosphotyrosine molecules are specifically generated by CKII in vivo. This is an important
question since it is known that CKII primary targets are serine and threonine residues. For
that, we immunopurified Spt2p from cells depleted of CKII activity and found that loss of
this enzyme is associated with loss of phosphotyrosine Spt2p molecules. Therefore, CKII
does indeed phosphorylate Spt2p on tyrosyl residues in vivo. This is consistent with other
reports indicating that yeast CKII phosphorylates several targets on tyrosine residues
(Marin et al., 1999; Vilk et al., 2008; Wilson et al., 1997; Zhu et al., 2000). Next, we asked
if other kinase(s) might phosphorylate Spt2p. After depleting cells from the CKII complex,
we found that these extracts cannot phosphorylate Spt2p anymore. Therefore, our data
clearly indicate that CKII phosphorylates Spt2p in yeast cells and CKII is the sole kinase
that targets this factor.

2.7.2 Identification of CKII phosphorylation sites in the Spt2p protein

After showing that CKII stably interacts with Spt2p and phosphorylates the latter
both in vitro and in vivo, we then aimed at identifying the phosphorylation sites. Using a
direct approach via mass spectrometry, we analyzed the structure of Spt2p protein purified
from yeast. Unfortunately, this approach was unsuccessful because Spt2p is a highly
charged protein and very limited yield of the key phosphorylated regions of Spt2p (i.e. the
CTD) could be obtained via conventional mass spectrometry approaches. We therefore
elected to phosphorylate recombinant Spt2p in vitro and analyze the resulting product by
mass spectrometry. These reactions were well controlled and we have obtained strong

evidence that recombinant Spt2p is heavily phosphorylated using such a protocol (data not
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shown). Surprisingly, even the latter approach failed to identify any phosphorylated
peptide. The coverage of Spt2p CTD that is the main target of CKII phosphorylation was
strongly underrepresented and very low yield of peptides from this domain were identified
by mass spectrometry. Our inability to directly analyze the sites of Spt2p phosphorylation
by mass spectrometry led us to use an indirect approach to address that question. From our
knowledge that both in vivo and in vitro, deletion of the CTD (213-333) leads to a complete
loss of phosphorylation by CKII, careful examination showed that in fact only two very
short regions contain potential sites of Ser/Thr phosphorylation by CKII. The first region
(RI) corresponds to the 226-230 pentapeptide and the second (RII), to the 277-281
pentapeptide. Importantly, mutating only one out of the five potential RI/RII sites did not
affect total phosphorylation, possibly suggesting that Spt2p has multiple potential sites of
CKII-mediated phosphorylation. However, mutating all RII sites affected phosphorylation
of Spt2p by CKII. Importantly, mutating all RI/RII phosphorylation sites to alanyl or
phenylalanyl residues completely abolishes phosphorylation by CKII. This indicates that
phosphorylation of RII sites represents the major fraction of total Spt2p phosphorylation,
while RI is only a minor site of CKII-mediated phosphorylation. This is consistent with our
functional tests of the Spt2p phosphorylation mutant. Indeed, converting the three RII sites
to phosphomimetic residues (S277D, Y279E and Y281E) led to defects in Spt2p function,
whereas two additional mutations of the same type (Y226E and Y230E) aggravated the
resulting SPT phenotype (Figure 2.65 and 2.7). Taken together, our results show that
phosphorylation of Spt2p by CKII targets two regions in the CTD and negatively regulates
Spt2p function.

2.7.3 Spt2p phosphorylation induces the dissociation of the Spt2p/Spt6p
complex and inhibits Spt2p recruitment to sites of active
transcription

Previous studies have shown that Spt2p associates with the coding regions of
transcriptionally active genes and that this association is partly dependent on Spt6p
function (Nourani et al., 2006). Whether Spt6p helps in recruiting Spt2p to chromatin or
stabilizing its interaction with chromatin post-recruitment is not clear. We did not detect the
presence of Spt6p peptides in TAP-Spt2p preparations. However, mass spectrometry was

used to analyze only the lower-sized, very abundant protein bands of these preparations.
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The Spt2p-Spt6p interaction is also very likely to occur only at the chromatin level and
therefore, could not be detected in soluble fractions. Several reports suggest that the histone
chaperone FACT requires an HMG box-containing factor, namely Nhp6p, to interact with
chromatin and display activity (Biswas et al., 2005; Formosa et al., 2001; Rhoades et al.,
2004). Similar to FACT, it is likely that Spt6ép needs an HMG box factor to interact
efficiently with nucleosomes and initiate the unfolding/refolding reaction during
transcription. Indeed, in vitro experiments showed that Sptép could not interact with
nucleosomes without the assistance of the HMG box factor Nhp6p (McDonald et al., 2010).
Interestingly, there is no known functional link between Spt6p and Nhp6p. We believe that
Spt2p is the HMG box factor that might assist Sptép during chromatin
assembly/disassembly associated with transcription. We already reported that Spt6p
recruits Spt2p. Here, we provide evidence that this recruitment likely occurs via a direct
interaction with chromatin (see Figure 2.10). The present work also provides evidence that
phosphorylation by CKII likely inhibits the recruitment of Spt2p. We further demonstrate
that the latter effect of phosphorylation is achieved, at least in part, through a disruption of
the Spt2p-Spt6p interaction. The present data allow us to propose a model for the
mechanism through which CKII modulates the activity of Spt2p in the chromatin refolding
associated with transcription. In this model, Spt6p is recruited by RNAPII CTD to sites of
active transcription in order to modulate chromatin structure. However, this function of
Spt6p requires the presence of other factors, among which is Spt2p, which is recruited by
Spt6p to these sites during elongation. This interaction is important for Spt6p function and
allows it to interact with nucleosomes, to start unfolding its structure to facilitate RNAPII
transit, and to redeposit nucleosomes in the wake of transcription by RNAPIIL. The cycle of
Spt6p action on chromatin unfolding/refolding is completed by disruption of the Spt2p-
Sptép complex, which, according to our working model, is accomplished in part by the
phosphorylation of Spt2p by CKII, which contributes to the release of Spt2p from
chromatin. Interestingly, this 1is consistent with our observations showing that
phosphorylated Spt2p binds to native yeast chromatin less efficiently than
unphosphorylated Spt2p (data not shown).

In summary, we provide for the first time evidence that an elongation factor is

directly regulated by CKII. This regulation may play an important role in the regulation of
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chromatin structure in transcribed regions. We also provide evidence that CKII regulates
Spt2p via the regulation of its interaction with an important and conserved histone
chaperone, namely Spt6p. Our findings provide new insight in the regulation of chromatin
modulation associated with transcription, and involve the kinase CKII and the histone
chaperone Spt6p. Additional work is needed to understand more precisely the mechanism

of regulation of the Spt2p-Spt6p interaction by CKIL
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Figure 0.11 Complete sequence of Spt2p
The peptides covered by mass spectrometry are shown in red. The CKII target sites are
shown in green.
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3.1 Foreword

This Chapter is in the form of a manuscript. I performed most of the experiments
presented in this manuscript. Anne Ruffiange realized one of the GST pulldown assays
represented in Figure 3.6 D and the spot tests represented in Figure 3.5 E. I also wrote the

manuscript.

3.2 Résumé

CKII est une protéine kinase ubiquitaire chez les eucaryotes et impliquée dans une
variété de processus cellulaires. Dans cette étude, nous démontrons que la CKII est
directement impliquée dans la modulation de la structure de la chromatine lors de
I’¢longation de la transcription. Nous avons trouvé que la déplétion de CKII des cellules de
levure Saccharomyces cerevisiae conduit a la production de transcrits a partir de
promoteurs cryptiques ainsi qu’a la réduction des niveaux de triméthylation de 1’histone
H3K36, un indicateur de la chromatine transcriptionnellement active. Ces observations
démontrent un réle important de la CKII dans la modulation de la chromatine. Nous avons
découvert que la CKII interagit avec le facteur d’élongation de la transcription Spt6p et le
phosphoryle in vivo et in vitro. Nous avons localisé les sites de phosphorylation a la région
N-terminale non structurée et avons démontré que la modification post-traductionnelle de
ces résidus est importante pour la fonction de Sptobp. Nous avons par la suite montré que
Spt6p interagit directement avec Set2p, la méthyltransférase de H3K36, et que CKII régule
cette interaction. De plus, CKII régule directement la formation du complexe Spt6p-Iwslp
in vivo et in vitro. Finalement, nous avons trouvé que la CKII est requise pour maintenir les
niveaux protéiques de Spt6p dans des conditions spécifiques, suggérant que la formation du
complexe Sptop/Iwslp est requise pour sa stabilité. Dans 1’ensemble, nos résultats
indiquent que la fonction de Spt6p est régulée par un mécanisme de modifications post-
traductionnelles inconnu jusqu’a maintenant impliquant directement sa phosphorylation par

CKII et qui module son association en complexe avec Iwslp et Set2p.
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3.3 Abstract

CKII is a protein kinase ubiquitously present among eukaryotes and implicated in
various cellular processes. In this study, we demonstrate that CKII is involved directly in
chromatin structure modulation during transcription elongation. We found that CKII
depletion from yeast cells results in spurious transcription from cryptic promoters and in
reduced trimethylation of histone H3 K36, a chromatin mark narrowly associated with the
elongation of transcription. These observations indicate an important function of CKII in
the modulation of chromatin. We found that CKII interacts with the transcription
elongation factor Spt6p and phosphorylates it in vivo and in vitro. We mapped the
phosphorylation sites to the N-terminal unstructured region and demonstrated that the
modification of these residues is important for Sptop function. Interestingly, we show that
Spt6p interacts directly with the H3K36 methyltransferase Set2p and that CKII regulates
this interaction. Furthermore, CKII directly regulates the assembly of the Spt6p-Iwslp
complex both in vivo and in vitro. Finally, we found that CKII is required for the
maintenance of Spt6p protein level in specific conditions, suggesting that formation of the
Sptop/Iws1p complex is required for its stability. Altogether, our data indicate that Spt6p
function is regulated by a previously unknown mechanism of post-translational
modification involving direct phosphorylation by CKII and that modulates the formation of

its complex with Iws1p and Set2p.

3.4 Introduction

All DNA-related processes within the cell such as replication, transcription and repair
occur in the context of chromatin. The basic unit of chromatin, the nucleosome, consists of
147 base pairs of DNA wrapped around a histone octamer (Kornberg, 1977). To make
DNA accessible to the various macromolecules involved in the processes listed above, cells

have developed intricate mechanisms to modulate chromatin structure so that the
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machinery responsible for a particular process gets access to DNA. Different factors can
alter chromatin structure; these include histone modifiers, ATP-dependent chromatin
remodelers, histone chaperones and histone variants. Modulation of chromatin structure
during transcription elongation has been the focus of several recent studies [reviewed in (Li
et al.,, 2007a; Selth et al., 2010)]. Diverse sets of factors have been identified to play
important role in altering chromatin structure during transcription elongation, e.g.
SWI/SNF, Chdl1p, Spt6p, the FACT complex (Sptl6p-Pob3p), Set2p, Setlp and the Paflp
complex [reviewed in (Selth et al., 2010; Sims et al., 2004)].

One of the important factors for chromatin dynamics during transcription elongation is
Spt6p. It was initially identified in a classic genetic screen that was aimed at finding
mutations suppressing the phenotypes of 7y and ¢ insertion mutations in the promoter of
the HIS4 gene (Winston et al., 1984). This screen led to the identification of genes grouped
together as SPT (Suppressor of Ty). Over time, some gene products of this class were
shown to be important for chromatin structure and transcription elongation, such as Spt2p,
Sptdp/Spt5p, Sptop and Sptl6p [reviewed in (Yamaguchi et al., 2001)]. Around the same
time, mutations in SP76 were identified that suppress the loss of the chromatin remodeling
complex SWI/SNF (Neigeborn et al., 1986) and bypass the requirement of the transcription
factor Adrlp for expression of alcohol dehydrogenase II which is encoded by the ADH?2
gene in yeast (Denis, 1984). These initial screens suggested a role of Spt6p in transcription
and laid the foundation for subsequent studies, which ultimately established the important
role of Spt6p in regulating chromatin structure. Since then, mounting genetic and
biochemical evidence suggested a role for Spt6p as a transcription elongation factor. Spt6p
shows functional interaction with transcription elongation factors TFIIS and Sptdp/Spt5p
(Hartzog et al., 1998). In addition, Spt6p physically interacts with the elongating form of
RNAPII (Yoh et al., 2007). Importantly, Sptép stimulates transcription elongation in vitro
(Endoh et al., 2004) and also enhances the elongation rate of RNAPII in vivo (Ardehali et
al., 2009). Spt6p is also important for di-and trimethylation of histone H3K36, which are

marks of active transcription located in coding regions.
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The exact nature of Spt6p function during transcription elongation is unknown.
However, genetic and biochemical evidence suggests that Spt6p regulates chromatin
structure as a histone chaperone. Spt6p directly interacts with histones and is capable of
inducing nucleosome assembly in vitro (Bortvin and Winston, 1996). In addition, Spt6p is
important  for  nucleosome reassembly along promoter regions  during
transcriptional repression (Adkins and Tyler, 2006; Davie and Dent, 2006). Furthermore,
Spt6p controls histone levels in the coding region of some genes, and is important for the
proper refolding of chromatin in the wake of transcription elongation, which otherwise
leads to spurious transcription from cryptic promoters (Kaplan et al., 2003). Cryptic
transcription is widespread in the spt6 mutant yeast and >1,000 genes have shown to
undergo cryptic transcription in this mutant (Cheung et al., 2008). Genome-wide studies in
the spt6-1004 mutant show loss of nucleosomes in highly transcribed genes as compared to
the WT strain (Ivanovska et al., 2011). Recently, we and others have shown that Spt6p is
involved in the maintenance of chromatin repression in the SER3 promoter at the SRGI-

SER3 locus (Hainer et al., 2011; Thebault et al., 2011).

Spt6p shows physical and functional interaction with different transcriptional elongation
factors. Sptop shows functional interaction with transcription elongation factors
Sptdp/Spt5Sp and TFIIS (Hartzog et al., 1998). Proteomics studies have found Spt6p in
complex with other elongation factors like SptSp, Sptd4p, FACT and Iwslp (Krogan et al.,
2002; Lindstrom et al., 2003). The only protein that copurifies consistently with Spt6p
under different conditions is Iwslp (Interacts with Spt6) (Krogan et al., 2002). Iws1p, also
called Spnlp, was also identified in a genetic screen to find suppressors of a post
recruitment-defective TBP allele (spn/ for suppresses post recruitment functions gene
number 1) (Fischbeck et al., 2002). Iws1p is an essential protein which is highly conserved
among eukaryotes and which plays an important role in the dynamics of chromatin
structure. Mutations in Iwslp lead to an Spt phenotype and to synthetic lethality with spz6,
spt4dp, or spt5 transcription elongation factor mutants (Lindstrom et al., 2003; McDonald et

al., 2010). The interaction of Spt6p with Iwslp is important for chromatin structure and is

81



required for various steps of transcription and H3K36 methylation (McDonald et al., 2010;
Yoh et al., 2007; Yoh et al., 2008; Zhang et al., 2008).

Very little is known on the regulation of Sptép during transcription elongation.
Interestingly, peptides derived from the various subunits of a protein kinase, casein kinase
IT (CKII), were found in the purified fractions of Spt6p and other transcription elongation
factors (Chapter 2; (Krogan et al., 2002). Importantly, Sptép and two of its interacting
partners, namely Iwslp and Spt5p, are phosphorylated at CKII consensus target sequences
in vivo (Krogan et al., 2002). Given that CKII interacts with chromatin modulating factors
and potentially phosphorylates some of its targets, we wanted to study whether CKII plays
a role in chromatin structure by regulating the function of elongating factors. We have
shown that CKII phosphorylates and regulates the function of transcription elongation
factor Spt2p (Chapter 2). In this study, we have specifically addressed the mechanism
underlying the functional interaction between Spt6p and CKII. We found that CKII plays
an important role in regulating chromatin structure and suppresses transcription from
cryptic promoters. We also found that CKII phosphorylates Spt6p and Iwslp in vivo as
well as in vitro. Interestingly our data shows that phosphorylation by CKII regulates the
Sptop-Iwslp interaction as well as the levels of H3K36me3, a marker of active
transcription. Finally we show that defects in chromatin structure in a ck/I” mutant strain
are suppressed by phosphomimetic mutations of Spt6p. Taken together, our data shows that
CKII regulates structure and dynamics of chromatin transcribed regions by modulating the

function of the Spt6p/Iws1p complex.

3.5 Materials and methods

3.5.1 8. cerevisiae strains and plasmids

All strains used in this study are isogenic to S288C (Winston et al., 1995) and are listed
in Table 3.1. Strains were constructed by standard methods, either by crosses or by
transformation. SP76-TAP, CKB2-TAP, SET2-FLAG, CKAI-13MYC, CKA2-13MYC,

IWS1-13MYC alleles were constructed by integrating the DNA encoding the particular
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epitope at the 3’-end of the respective gene (Gelbart et al., 2001; Longtine et al., 1998; Puig
et al., 2001). The ckalA::KANMXG6, set2A::KANMXG6 alleles were constructed by replacing
the open reading frame with KANMX6 marker (Longtine et al., 1998). The point mutation
in the CKA42 allele (D225N) was introduced as described in (Kitazono et al., 2002) with
NatMX6 as a selection marker. The plasmids were constructed using standard molecular
biology techniques. GST-fusion and 6-His fusion plasmids were constructed by insertion of
PCR amplified fragments into the appropriate sites of the pGEX-4T3 (GE Healthcare) and
petl5Sb vectors (Novagen). The pCC11 (WT SPT6) plasmid is described elsewhere (Clark-
Adams and Winston, 1987). Plasmids pCCM1 (Spt6p 3S-A), pPCCMA (SPT6 7S-A) and
pCCMD (SPT6 7S-D) were generated by mutagenesis of pCCl1. Mutagenesis was
performed using ‘Quik Change Multi Site-Directed Mutagenesis Kit” from Agilent
Technologies following the manufacturer’s protocol. All mutations were verified by
sequencing. FLAG-SPT6 was amplified from genomic DNA and inserted in the YCp50
plasmid. Plasmid YCp has been described elsewhere (Rose et al., 1987)

3.5.2 Purification of proteins and native chromatin

Recombinant 6His-tagged and GST-tagged proteins were expressed in E. coli (BL21).
Cells were grown to an optical density of 0.4 at 30°C, induced with 0.5 mM isopropyl-f-D-
thiogalactopyranoside (IPTG) and further grown at 18°C overnight. Proteins were purified
with Ni*"-NTA agarose (QIAGEN) or glutathione-Sepharose (GE Healthcare) following
the manufacturer's protocol. Tandem affinity purification of Spt6p and Ckb2p was carried
out as described in section 2.5.2. Yeast native chromatin was prepared as described in

Annex 1.

3.5.3 In vitro phosphorylation

In vitro phosphorylation of recombinant proteins was done as described (Utley et al.,

2005), with slight modifications. Five hundred ng of recombinant proteins were incubated
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with CKII purified from yeast in kinase buffer (final concentrations: 80 mM NaCl/KCl, 25
mM Tris-HCI (pH 8),10 mM MgCl,, 1 mM DTT, 50 uM cold ATP, and 1 uCi of [y-
32pO,4]ATP) for 30 min at 30°C. Samples were resolved by 10% SDS-PAGE, and gels were
next dried and exposed to film. CKII used in the reaction was purified from yeast (Ckb2p-
TAP) as described in section 2.5.2. An aliquot of 0.1 pl of fraction 3 was used for each

reaction.

3.5.4 GST-pulldown assays, 6xHis-pulldown assay and co-
immunoprecipitation

Three hundred ng of GST-Iwslp coupled to beads were incubated with 300 ng of 6xHis-
spt6 in pulldown buffer (20 mM Hepes (pH 7.5), 150 mM NacCl, 10% glycerol, 100 pg/ml
BSA, 0.5 mM DTT, 0.1% NP-40, and 2 pg/ml each of leupeptin and pepstatin, 5 pg/ml
aprotinin) for 3 h at 4°C. Beads were washed three times with pulldown buffer and bound
proteins were analyzed by western blot against a 6xHis-tag antibody. For GST-pulldown
with phosphorylated proteins, proteins were first mixed in phosphorylation buffer (final
concentrations: 80 mM NaCl/KCl, 25 mM Tris-HCI (pH 8), 10 mM MgCl,, 1 mM DTT, 50
uM ATP, and 1 pCi of [y—32PO4]ATP plus or minus CKII (TAP-Ckb2p) and incubated at
30°C for 30 min. The salt concentration was then raised to 150 mM and the other
components of the pulldown buffer were added followed by pulldown as described above.
For the His pulldown assay, 300 ng of recombinant 6xHis-Spt6p or 6xHis-Iws1p coupled to
Ni-NTA agar beads were incubated with an equal amount of Ckb2p-TAP purified from
yeast in pulldown buffer for 3 h at 4°C. Beads were washed three times with pulldown
buffer and bound proteins were analyzed by western blot with an antibody against TAP-tag.
Co-immunoprecipitation was carried out as described elsewhere (Nourani et al., 2001).
Two hundred ml of yeast cultures were grown to an ODgy value of 1.0. Cells were
harvested and washed with wash buffer (20 mM Hepes (pH 7.5), 150 mM NaCl). Then
cells were resuspended in 1 ml of lysis buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 10%
glycerol, 0.1% Tween 20, 5 mM B-glycerophosphate, 5 mM sodium butyrate, 50 mM NaF,
2 pg each of leupeptin and pepstatin per ml, 5 pg of aprotinin/ml, 1 mM PMSF). Cell lysis

was done by bead beating and cell lysate cleared by centrifugation. For
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immunoprecipitation of the TAP-tagged protein, cell extract (5 mg of total protein) was
incubated with 10 ul of IgG sepharose beads in lysis for 4 h at 4°C. Beads were washed
three times with lysis buffer and bound proteins were analyzed by western blot. For
immunoprecipitation of FLAG-tagged proteins, 10 pl of anti-FLAG M2 agar beads were
incubated with cell extract (5 mg of total protein) in lysis buffer overnight at 4°C. Beads
were washed three times with binding buffer. Bound proteins were eluted by 3X-FLAG
peptide and analyzed by western blot. For western blotting, samples were boiled in 1X
Laemmli buffer (2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol
blue, 0.0625 M Tris HCI (pH 6.8)) for 10 min and separated by SDS PAGE, followed by
transfer to nitrocellulose membrane (GE Healthcare). Blots were probed with the following
specific antibodies: anti-TAP (CAB1001, Open Biosystems; 1:2500 dilution), anti-FLAG
(Sigma F3165; 1:5000 dilution), anti-Myc (MMS-150R, Covance; 1:2500 dilution), anti-
6His (631212, Clontech; 1:5000 dilution), anti-H3K36me3 (ab9050, Abcam; 1:2000
dilution) and anti-H4 (ab7311, Abcam; 1:2000 dilution).

3.5.5 RNA extraction and Northern blot

Total RNA was isolated from exponentially growing yeast cultures using the hot phenol
method (Schmitt et al., 1990). Northern blot analysis was performed as described
previously (Nourani et al., 2006). Forty pg of RNA were dissolved in 16 ul of buffer (25
mM MOPS (pH 7.5), 5 M Na acetate, 1| mM EDTA, 8% formaldehyde and 60%
formamide), heated to 70°C for 10 min, chilled on ice for 5 min and centrifuged briefly
before loading on the gel. RNA was separated on denaturing agar gel (1% agar in MOPS
containing formaldehyde). The RNA was then transferred to a nylon membrane,
crosslinked and hybridized with labeled probe. The FLOS and SCRI probes were amplified
by PCR and radiolabeled by random priming. The sequences of oligonucleotides used for

the amplification of these probes are listed in Table 2.2.
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3.5.6 Histone methyltransferase assay

Recombinant purified 6His-Set2p (100 ng) was incubated with short oligonucleosomes
(500 ng) from yeast along with 50 uM S-adenosylmethionine (SAM) in methyltransferase
buffer (final concentrations: 50 mM Tris [pH 9.0], 1 mM PMSF, and 0.5 mM DTT) for 30
min at 30°C. Samples were resolved by SDS-PAGE and analyzed for H3K36me?2 and
H3K36me3 by western blotting.

Table 3.1: S. cerevisiae strains used

Strain Genotype Source
Ywoo31 MATa ura3-52/ura3D0 his3D200 leu2D1 lys2-128d This work
spt640::KANMX6/pCC11 (WT SPT6 on plasmid)
Ywoo32 MATa ura3-52/ura3D0 his3D200 leu2D1 lys2-128d This work
spt640::KANMX6/pCCMA
Ywo033 MATa ura3-52/ura3D0 his3D200 leu2D1 lys2-128d This work
spt640::KANMX6/pCCMD
YwWo0034 MATa ura3DO0 his34200 leu2A1 lys2-1286 SPT6-TAP::URA3 This work
Ywoo3s MATa ura3D0/ura3-52 his34200 leu2A1 lys2-1280 SPT6-TAP::URA This work

IWS1-13Myc::KANMX6

Ywoo3e MATo ura3D0/ura3-52 leu2Al1 his34200 lys2-1286 This work
ckalAO::KANMXG6 cka2D225N::NATMX4 SPT6-TAP::URA3

Ywoo37 MATo ura3DO0/ura3-52 leu2A1 his34200 lys2-1286 This work
ckalA0::KANMXG6 cka2D225N:v :NATMX4 SPT6-TAP::URA3 IWSI-
13Myc::KANMX6

YwWo038 MATa ura3DO0 his34200 leu2A1 lys2-1286 SET2-FLAG: :KANMX4 This work

Ywo039 MATa ura3DO0/ura3-52 leu2A1 his34200 lys2-1286 This work
ckalAO::KANMXG6 cka2D225N::NATMX4 SPT6-TAP::URA3 SET2-
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FLAG::KANMX4

Yw0040 MATa ura3DO0/ura3-52 leu2A1 his34200 lys2-1286 This work
ckalAQ::KANMX6 cka2D225N::NATMX4 SPT6-TAP::URA3 SET2-
FLAG::KANMX4

YW0041 (set2A  MATa ura3D0/ura3-52 leu2A1 his34200 lys2-1286 This work
ckil”) ckalAQ::KANMX6 cka2D225N::NATMX4 set2AQ:: KANMX6
Ywoo42 MATa ura3D0/ura3-52 leu2A1 his34200 lys2-1286 This work
(cdc73A ckIl®) ckalAO::KANMX6 cka2D225N::NATMX4 cdc734::KANMX6
YW0043 (spti6- MATa ura3DO0/ura3-52 leu2Al his34200 lys2-1286 This work
179 ckII®) ckalAQ::KANMX6 cka2D225N::NATMX4 cdc734::KANMX6
YTSO7 (ckII”) MATa ura3DO0/ura3-52 leu2A1 his34200 lys2-1286 This work

ckalA0::KANMXG6 cka2 D225N::NATMX4 spt16-197

3.6 Results

3.6.1 CKII is important for proper chromatin structure

Casein kinase II (CKII) subunits interact with many factors important for chromatin
dynamics during transcription elongation such as Spt2p, Spt6p, Spt16p, Spt5Sp and Chdlp
(Chapter 2; (Krogan et al., 2002)), but the exact role of CKII in modulating chromatin
structure during transcription elongation has not been studied. Mutations in different factors
important for chromatin structure and transcription elongation result in spurious
transcription from cryptic promoters (Carrozza et al., 2005; Cheung et al., 2008; Kaplan et
al., 2003; Keogh et al., 2005). To investigate whether CKII plays a role in chromatin
dynamics, we constructed a conditional mutant of CKII (ck/I”) and analyzed the transcripts
of the model gene FLOS in this mutant. FLOS§ contains cryptic promoters located within its
coding region which are activated when chromatin is not properly refolded after RNAPII-
mediated transcription. As shown in Figure 3.1A, Northern blot analyses performed on total
RNA isolated from ckIl” cells show very high levels of short cryptic transcripts in the
FLOS gene as compared to WT cells. These results show that CKII plays an important role

in the maintenance of proper chromatin structure in coding regions.
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Di- and trimethylation of histone H3K36 by Set2p is an important mark of active
transcription and these methylation states have been shown to be important for the
suppression of cryptic transcription (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et
al., 2005; Lee and Shilatifard, 2007). These methylation states are regulated by various
transcription elongation factors like Spt6p, the Paflp complex and the Burlp-Bur2p
complex (Carrozza et al., 2005; Chu et al., 2007; Chu et al., 2006; Youdell et al., 2008). As
CKII subunits were found to copurify with some of these factors, we investigated whether
CKII plays a role in H3K36 methylation. Immunoblotting of whole-cell extracts from WT
and ckII® with antibody against H3K36me3 and H3K36me2 reveals that CKII activity is
required for the maintenance of H3K36me3 but not for H3K36me2 as shown in Figure
3.1B. This observation further suggests that CKII plays an important role in the modulation

of chromatin associated with transcription elongation.

To establish the function of CKII in chromatin structure and transcription elongation, we
elected to study the genetic interaction of CKII with transcription elongation factors
directly involved in chromatin structure dynamics. For this, we generated different double
mutants of various transcription factors in combination with ck/I” and looked at various
phenotypes related to the maintenance of chromatin structure. Interestingly, single- and
double-mutant phenotype analysis shows a genetic interaction between CKII and both
SPT16 and CDC73, but not with SPT6 and SET?2 (Figure 3.1C). Combining cklI with the
cdc73A mutation led to strong growth defects at the various temperatures tested, while
mutations in the SPTI6 gene partly suppressed the growth defects of ckll” at 33°C.
Combining ckII* and either the set2A or spt6-140 mutations did not result in obvious
synthetic interactions. Given that SE72 deletion and mutations in the SP76 gene exhibit
defects in chromatin structure similar to those found in cklI* mutants and since combining
ckII® with either of these mutations does not lead to a synthetic phenotype, we postulated
that CKII, Spt6p and Set2p act in the same pathway that modulates chromatin structure

during elongation.
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Figure 3.1 : CKII regulates chromatin structure during transcription elongation

(A) CKII is important for the suppression of spurious transcription from the FLOS cryptic
promoter. WT, ckalA, cka2 D225N, ckll” and spt6-1004 strains were grown at 30°C or at
39°C as indicated. Total RNA was isolated and analyzed by Northern blot with a probe
specific to the 3’-end of FLOS. SCRI served as a loading control. The FLOS probe clearly
shows full-length transcripts and short transcripts originating from a cryptic promoter
within the ORF of FLOS. (B) CKII regulates the methylation state of H3K36. Total cell
extracts from WT and ckII” cells grown in YPD at 30°C or 39°C for 2 h were probed with
antibodies against H3K36me3, H3K36me2 and H4. A clear drop is seen in H3K36me3
levels in ckIl® cells at 39°C as compared to WT (compare lanes 4 and 3 in lefi panel). No
effect is observed on H3K36me?2 levels in ckll* mutants (right panel). (C) CKII genetically
interacts with transcription elongation factors involved in chromatin modulation. Serially
diluted aliquots from WT, ckII”, set2A, set2A ckIl”, cdc73A, cdc73A ckil”, spt16-179, and
spt16-179 ckII® cultures were seeded in fresh YPD at the indicated temperatures. The cklI*
mutation is synthetically sick with the cdc73A mutation and the spt/6-179 mutation
suppresses the growth defects observed in ckII” cells at 33°C. The set2A ckII” and spt6-140
ckII* double mutants showed no obvious synthetic phenotypes.
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3.6.2 Sptép interacts with Set2p and this interaction is dependent on
CKII

Di-and trimethylation of H3K36 is an important mark associated with transcription
elongation. Methylation of H3K36 is catalyzed by the Set2p methyltransferase which is
recruited to regions of active transcription through its interaction with the CTD of RNAPII
phosphorylated at S2 (Kizer et al., 2005). This methylation mark of H3K36 catalyzed by
Set2p plays an important role in the restoration of chromatin structure in the wake of
elongating RNAPII (Carrozza et al., 2005; Keogh et al., 2005). Moreover, a drop in
H3K36me3 levels is observed in ckII* mutants. In order to investigate if CKII directly
regulates Set2p methyltransferase activity, we used the in vitro methyltransferase assay on
purified proteins. Yeast native chromatin from set2A cells was used as a substrate for
recombinant Set2p in the presence or absence of CKII and ATP. As shown in Figure 3.10,
CKII has no direct effect on Set2p methyltransferase activity in vitro. We next assessed
whether the in vivo function of Set2p is affected by CKIIL. Spt6p plays an important role in
regulating the trimethylation of H3K36 in yeast (Youdell et al., 2008). The mechanistic
details of how Spt6p regulates methylation of K36 remain unknown. Interestingly, in
human cells, Sp6/Iwslp interacts with HYPB/Set2p, and this interaction regulates the
trimethylation of H3K36 (Yoh et al., 2008). To determine if such an interaction also occurs
in yeast, we generated a strain that coexpresses TAP-tagged Sptobp and FLAG-tagged
Set2p. We immunoprecipitated Sptop-TAP and analyzed the precipitated samples by
western blot. As shown in Figure 3.2A, Set2p-FLAG co-precipitates with Sptop-TAP, and
this interaction between Spt6p and Set2p could play an important role in regulating H3K36

trimethylation.

Given that Spt6p interacts with Set2p (Figure 3.2A), we were interested to see whether this
interaction is compromised in ckII® mutants, thereby accounting for the drop in
trimethylation levels. We immunoprecipitated Sptép-TAP from WT and ckll” strains and
analyzed the samples by western blot for the association of Set2p-FLAG with Spt6p-TAP.

As expected, Set2p co-immunoprecipitates with Spt6p in the WT strain, but this interaction
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is lost in the cklI” mutant strain (Figure 3.2B). Taken together, our data show that Spt6p

interacts with Set2p in vivo and that this interaction is regulated by CKIIL.

Input Ip
A B
Set2-Flag/ 2 g
Set2-Flag Spt6-TAP Set2-Flag/SPT6-TAP & Set2Flag/SPT6-TAP >
- a—
- 3 WI _ckis & _WT _ckiF &
s £ s g
._.'UE,_,‘O'E hrsat37°C 0 2 0 2 0 0 2 0 2 0
2 2 33 3 B
E & © £ & © qE—-—- — Spt6-TAP
Set2-Flag s -— —— =] =
] —— Set2-FLAG
Spt6-TAP - -
P = 8 . - e

Figure 3.2: The Sptép-Set2p interaction is dependent on CKII
(A) Spt6p interacts with Set2p. Total cell lysates from strains expressing Sptop-TAP and

Set2p-FLAG were immunoprecipitated using IgG beads. The precipitated proteins were
analyzed by western blot with antibodies against the FLAG and TAP tags. A cell lysate
from a strain expressing only Set2p-FLAG was used as control. (B) The Spt6p-Set2p
interaction is dependent on CKII activity. WT and ckII” strains expressing Spt6p-Tap and
Set2p-FLAG were grown at 30°C followed by heat shock at 37°C for 2 h. Cell extracts
were prepared, and Sptop-TAP was immunoprecipitated with IgG beads. Precipitated
samples were analyzed by western blot with an antibody against FLAG-Tag. A cell extract

from a stain expressing only Set2p-FLAG served as a control.

3.6.3 CKII interacts with and phosphorylates Sptép in vitro and in vivo

Our data indicate a role of CKII in the modulation of chromatin structure during
transcription. We next aimed to address the mechanism responsible for the effect of CKII
activity in this process. Several observations initially suggested that CKII might fulfill this
function by regulating Spt6p activity. First, we had observed that CKII regulates the Spt6p-
Set2p interaction. Second, our genetic analyses indicated that CKII subunit genes and SPT6

are epistatic and act in the same pathway. Third, peptides from the various subunits of CKII
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had been identified by mass spectrometry in tandem affinity-purified Spt6p samples (Gavin
et al., 2002; Krogan et al., 2002). Fourth, Spt6p was found to be phosphorylated at three
CKII consensus motifs (Krogan et al., 2002). To investigate the functional relationship
between CKII and Spt6p, we first assessed whether this kinase stably interacts with Spt6p
in vivo. For this purpose, we purified FLAG-Spt6p from yeast strains containing two
epitope-tagged CKII subunits. As shown in Figure 3.3A, the CKII subunits Ckalp-Myc and
Cka2p-Myc copurified with FLAG-Spt6p. To test if this interaction is direct, we performed
a His pulldown assay using purified 6xHis-Spt6p or 6xHis-Iwslp. Ckb2p purified from
yeast by TAP was incubated with 6xHis-Spt6p or 6xHis-Iwslp coupled with Ni-NTA
agarose. As shown in Figure 3.3B, Ckb2p-TAP interacts with 6xHis-Spt6p and 6xHis-
Iwslp. This observation led us to conclude that CKII interacts directly with the Spt6p

complex in vivo.

We next determined whether Spt6p is phosphorylated by CKII. To test whether Spt6p is
a direct target for CKII phosphorylation, we performed an in vitro phosphorylation assay
using recombinant 6xHis-Spt6p and tandem affinity-purified Ckb2p from yeast. CKII was
able to incorporate [y]—32Pi into Spt6bp, as shown in Figure 3.3C. This clearly indicates that
Sptop is a direct substrate for CKII in vitro and suggests that this kinase might
phosphorylate Spt6p in vivo. Interestingly, it has previously been shown that Spt6p is a
phosphoprotein in vivo. In fact, Spt6p is phosphorylated at various CKII consensus motifs
(Albuquerque et al., 2008; Krogan et al., 2002). To investigate if Spt6p is phosphorylated
by CKII in vivo, we immunopurified FLAG-Spt6p from WT and cklIl” yeast strains and
analyzed the purified material by western blot with an antibody against
phosphoserine/phosphothreonine. As shown in Figure 3.3D, Spt6p was clearly recognized
by the anti-phosphoserine/phosphothreonine in WT extracts, further confirming that Spt6p
is indeed a phosphoprotein in vivo. This signal was significantly altered in the ckII" mutant
at the restrictive temperature, suggesting an important role for CKII in the regulation of the
phosphorylation state of Spt6p in vivo. Taken together, our data clearly indicate that CKII
interacts directly with Spt6p and phosphorylates this elongation factor both in vitro and in

Vivo.
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Figure 3.3 : CKII Interacts with Spt6p and phosphorylates it in vivo and in vitro

(A) Sptép interacts with different subunits of CKII in vivo. FLAG-Sptop was
immunopurified from strains also expressing Ckalp-Myc or Cka2p-Myc and the purified
samples were analyzed by western blot with antibodies against the Myc and FLAG
epitopes. A purification control was obtained using strains expressing either Myc-tagged
Ckalp or Cka2p-Myc but tag-free Sptop. (B) Spt6p interacts with CKII in vitro. A His
pulldown assay was performed using equal amounts of Ckb2p-TAP purified from yeast and
recombinant 6xHis-Spt6p (lane 6) or 6xHis-Iwslp (lane3). Ni-NTA agar beads alone
served as a control (lanes 2 & 5). (C) CKII phosphorylates Spt6p in vitro. Recombinant
6xHis-Spt6p was incubated with CKII purified from yeast (lanel) or was mock-reacted (no
CKII) (lane 2) in the presence of [y--"PO4] ATP. The proteins were resolved by SDS-PAGE
followed by Coomassie staining and autoradiography. The tfop panel shows the
autoradiogram and the bottom panel illustrates Coomassie staining of the gel. (D) Spt6p is
phosphorylated in vivo in a CKII-dependent manner: FLAG-Spt6p was immunopurified
from WT and ckII” strains grown at 30°C or following a 2-hour heat shock at 39°C. The
purified samples were analyzed by western blot with antibodies against

phosphoserine/phosphothreonine or the FLAG epitope.
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3.6.4 The Spt6p-Iwslp interaction is dependent on phosphorylation by
CKII

Our data indicate that CKII and Spt6p are involved in the modulation of chromatin
structure during transcription elongation. We have also shown that SP76 and the CKII
subunit genes are epistatic with respect to the latter function. Furthermore, we found that
CKII interacts directly with the Spt6p complex and controls the phosphorylation state of
Spt6p. The next important question we addressed is how phosphorylation by CKII might
regulate Spt6p function. Spt6ép shows physical and functional interactions with other
transcription elongation factors like Spt4p/Spt5p and Iwslp (Krogan et al., 2002; Swanson
and Winston, 1992). The physical interaction between Spt6p and Iwslp is quite stable and
plays a crucial role in the maintenance of a proper chromatin structure (Krogan et al., 2002;
McDonald et al., 2010). Moreover, this interaction is conserved and is also observed in
human cells. Recently, the interacting domains of Spt6p and Iwslp have been mapped at
high precision and the crystal structure of the Sptop—Iws1pcomplex determined (McDonald
et al., 2010). Mutations at the interface between Spt6p and Iwslp lead to severe growth
defects at higher temperatures as well as defects in chromatin structure and the appearance
of a Spt” phenotype. Mutations that completely disrupt the Sptop-Iwslp interaction are
lethal (McDonald et al., 2010). Taken together, these observations suggested that the
Sptop/Iws1p interaction is required for chromatin reassembly. Interestingly, similar to
Spt6p, Iwslp is phosphorylated at the CKII consensus sequence in vivo (Albuquerque et
al., 2008; Krogan et al., 2002; Li et al., 2007c). We therefore hypothesized that
phosphorylation might regulate Spt6p ability to regulate chromatin structure by regulating
the Sptop-Iwslp interaction. To address the latter hypothesis, we tagged Sptop with TAP
epitopes in WT and ckll” strains and purified it from these two strains grown at both
permissive and restrictive temperatures. In Figure 3.4A, purified samples were analyzed by
SDS-PAGE and proteins were visualized by silver staining. As expected, TAP of the
Sptop-Iwslp complex from the WT strain at permissive temperature produced two clear
bands corresponding to Spt6p and Iwslp sizes, respectively. Interestingly, a significant
reduction in Iwslp levels is observed in the ckII” strain at the permissive temperature.

Moreover, TAP of the Spt6p-Iwslp complex from the ckII” strain at the restrictive
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temperature indicated a clear loss of Iwslp protein. We next used an alternative approach
to confirm that CKII activity is required for the maintenance of a normal Spt6p-Iwslp
interaction. In this experiment, we tagged Sptop with the FLAG tag in strains expressing
Iwslp-Myc in the WT or ckll” strains. We purified FLAG-tagged Spt6p and determined the
levels of Iws1p-Myc by western blot in the various strains described. As shown in Fig. 4B,
a clear drop in Iwslp protein levels after purification of FLAG-labeled proteins in the ckiI”
mutant at both the permissive and restrictive temperatures. This approach confirmed that
depletion of intracellular CKII activity leads to an important loss of Spt6p/Iwslp complex

in vivo.

3.6.5 Direct phosphorylation by CKII is required for the assembly of the
Sptép-Iwslp complex

Although our data suggest that the direct phosphorylation of Spt6p by CKII may have an
impact on the formation of the Spt6p/Iwslp complex, we cannot rule out an indirect, non-
specific effect of the depletion of an essential kinase with multiple essential roles. To
address the hypothesis that direct phosphorylation events control the assembly and/or
stability of the Spt6p/Iws1p complex, we used recombinant Spt6p and Iws1p to test if direct
phosphorylation of these proteins by purified CKII has a role in stability the Sptop/Iwslp
complex. We performed GST pulldown assays using GST-Iwslp and 6xHis-Spt6p in the
presence or absence of a functional CKII. The recombinant proteins were either
phosphorylated prior to pulldown or used as without prior in vitro phosphorylation.
Following pulldown, the input proteins and the bound fractions were analyzed by western
blot. As shown in Figure 3.4C, a clear increase in the level of 6xHis-Spt6p bound to GST-
Iwslp was detected when in vitro phosphorylation was carried out prior to the binding
reaction, indicating that phosphorylation allowed a more efficient interaction between
Spt6p and Iwslp before pulldown. Thus, both in vivo and in vitro results clearly support a
role for CKII-mediated phosphorylation in the Spt6p-Iwslp interaction. Taken together,
these data clearly suggest that direct phosphorylation by CKII regulates the formation of

the Spt6p/Iws1p complex.
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Figure 3.4 : CKII regulates the Sptop-Iws1p interaction

(A) TAP of Spt6p: Sptép TAP was carried out using WT and ckII” strains grown at 30°C or
after a 2-hour heat shock at 39°C. Purified proteins were resolved by SDS-PAGE (4-12%
gradient gels) and visualized by silver staining. Loss of Iwslp is observed in Sptop-TAP
isolated from ckII” cells. (B) FLAG purification of Spt6p: Extracts from WT and cklI” cells
expressing FLAG-Spt6p and Iwslp-Myc were incubated with anti-FLAG M2 agar beads.
Bound proteins were eluted from the anti-FLAG beads with FLAG peptide. The eluted
fractions were probed with anti-Myc and anti-FLAG antibodies. Control purification was
done using a strain expressing Iws1p-Mys but untagged Spt6p. (C) In vitro interaction GST
pulldown assay: GST pulldown was done using recombinant proteins GST-Iwslp and
6xHis-Sptop. GST itself served as negative control. Pulldown was preceded or not by in
vitro phosphorylation by CKII. Input and bound proteins were resolved by 10% SDS-
PAGE and analyzed by western blot with antibodies against the 6xHis-tag and GST.
Phosphorylated proteins clearly interact more efficiently than non-phosphorylated proteins
(compare lane 3 with other lanes).
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3.6.6 Mutation of CKII consensus sequences impairs Sptép function

We have shown that direct phosphorylation of Spt6p and/or Iwslp by CKII is required
for the normal assembly of the Spt6p/Iwslp complex both in vivo and in vitro. However,
our observations raise a number of questions regarding the exact molecular mechanism
underlying this regulation. Various hypotheses could be formulated to account for the
mechanism involved. First, Spt6p phosphorylation might trigger the interaction with Iws1p.
An equally valid possibility would be that direct modification of Iwslp by CKII is the key
event in the regulation of Spt6p/Iwslp interaction. A third hypothesis would be that
phosphorylation at different sites on both proteins is in fact required for assembly of the

complex.

Importantly, our data clearly indicate that the state of Spt6p phosphorylation is controlled
by CKII. We therefore aimed to identify the sites in Spt6p that are phosphorylated by CKII
and to then determine whether phosphorylation controls the Sptop-Iwslp interaction.
Previously, 3 potential CKII phosphorylation sites (S94, S134 and S206) in Spt6p were
shown to be indeed modified in vivo (Krogan et al., 2002). We purified recombinant Spt6p
with all three CKII target sites mutated to alanyl residues and subjected the mutant and WT
proteins to in vitro phosphorylation using CKII purified from yeast. As expected, the Spt6p
mutant protein in which the three CKII target sites had been eliminated exhibited a reduced
level of total phosphorylation as compared to the WT form. However, a residual level of
Spt6p phosphorylation was still present in that mutant protein, as shown in Figure 3.5 B.
These results indicate that additional CKII phosphorylation sites are present in Spt6p.
Indeed, five CKII phosphorylation target sites have been reported for Sptébp in vivo
(Albuquerque et al., 2008; Li et al., 2007c¢).

Interestingly, all the above-mentioned phosphorylation sites (including the 3 sites studied in
our mutagenesis experiments described above) are located in the N-terminal region of
Spt6p. Furthermore, using the NetPhosK 1.0 server, we predicted a total of 7 potential
CKII target sites in the N-terminal region of Sptop. We therefore elected to mutate all seven
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CKII target sites to alanyl residues and to produce and collect the resulting recombinant
protein. We then subjected the mutant protein thus generated to in vitro phosphorylation by
purified CKII as discussed above. As shown in Figure 3.5 B, no [y]->*P; was incorporated
from radiolabeled ATP into a mutant Spt6p protein in which all 7 CKII potential target sites
had been eliminated, indicating that these sites include all CKII phosphorylation sites

actually used in vivo.

Next, to analyze the function of these CKII target sites, we constructed strains expressing
Spt6p mutant forms in which the various CKII target sites were selectively eliminated. To
get insight on the role of CKII-mediated Spt6p phosphorylation, we probed a set of
phenotypes associated with Spt6p function. For instance, one aspect of the SPT phenotype
is a defect in Spt6p function that suppresses Ty and & insertion mutations in the promoter of
the HIS4 and LYS2 genes. Thus, a WT strain with a [ys2-1280 allele is unable to grow in
the absence of lysine. A defect in Spt6p function suppresses this phenotype and the strain is
no longer auxotrophic for lysine. To exploit this characteristic, we first evaluated the SP76
mutant allele bearing 3 potential CKII sites (S94, S134 and S206) with S—A substitutions.
As shown in Figure 3.11, WT cells (SP76) are lysine auxotrophs whereas cells expressing
the spr6 (3S-A) mutation grew to some extent on lysine-free media. This result indicates
that Spt6p is partly dysfunctional when 3 out of the 7 potential CKII target sites are
mutated to alanyl residues. However, when all 7 CKII target sites were mutated to alanyl
residues, cells exhibited a more pronounced loss of lysine auxotrophy, as shown in Fig.
3.5C. The latter observation suggests that Spt6p function is more severely affected upon the
loss of all CKII phosphorylation target sites. The observed loss of Spt6p function was also
associated with increased thermosensitivity. When all seven CKII target sites had
undergone S—A substitutions, cells grew normally at 30°C but showed strong growth
defects at 37°C (Figure 3.5 C). This is in agreement with our observation that mutating all 7
identified CKII target sites completely abolishes Spt6p phosphorylation.

At the molecular level, defective Spt6p function is associated with spurious transcription
from cryptic promoters within the coding region of transcriptionally active genes. This

phenotype is a direct consequence of defective chromatin refolding during transcription
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elongation. FLOS is a model gene for cryptic transcription studies. To evaluate cryptic
transcription in yeast expressing spt6 mutants resistant to CKII-mediated phosphorylation,
we determined SP76 mRNA levels by Northern blot analysis. RNA from strains expressing
SPT6 (WT), spt6 (3S-A) or spt6 (7S-A) was extracted and following electrophoresis,
analyzed with a probe specific for the 3’-end of FLOS. We detected significant levels of
short cryptic transcripts in yeast expressing spt6 (7S-A) whereas no such transcripts were
observed in yeast expressing either SP76 (WT) or spt6 (3S-A) (Figs. 3.5D and 3.11). This
result further supports the notion that CKII target sites found in the N-terminal region of
Spt6p are important for the function of that protein, and mutation of all CKII target residues

severely impair its function.

We also investigated the effect of constitutive phosphorylation on Spt6p function. For that
purpose, we constructed yeast strains expressing an Spt6p mutant protein with all seven
CKII target Ser residues changed to phosphomimetic Asp residues (7S-D). Cells were
grown at different temperatures and on media lacking lysine to assess thermosensitivity and
lysine auxotrophy, respectively as characteristics of the Spt” phenotype. Our results show
that spt6 (7S-D) cells grow on media lacking lysine (Figure 3.5E) although they were able
to grow normally at the temperatures tested (Figure 3.5E). These data therefore indicate
that mutations mimicking constitutive phosphorylation also impair Spt6p function to a
partial extent. Taken together, these results show that phosphorylation of Spt6p is tightly
regulated and that reversible phosphorylation is required for the proper function of Spt6p.
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Figure 3.5 : Mutations of the Ser residues within CKII consensus motifs impair Spté6p
function

(A) Schematic representation of various domains of Spt6p. The Iws1p-binding domain and
phosphorylation sites are all found in the N-terminal region of Spt6p. (B) Recombinant
6xHis-Spt6p and the indicated Spt6p mutants were incubated with CKII purified from yeast
in the presence of [y-"PO4] ATP. Proteins were resolved by SDS-PAGE followed by
Coomassie staining and autoradiography. Top panel shows the autoradiogram and bottom
panel shows Coomassie stain. (C) Mutation of CKII consensus residues in Spt6p leads to
thermosensitivity and loss of lysine auxotrophy: one SPT6 allele was deleted in WT
diploid cells and the mutant was then transformed with plasmids pCC11 (WT SPT6) or
pCCMA (spt6/7S-A) or pCCMD (spt6/7S-D). Diploids were then allowed to sporulate.
After dissection, serially diluted aliquots of cultures of representative progenies were
spotted on synthetic complete (SC) medium at 30°C or 37°C or SC medium lacking lysine
(SPT phenotype). (D) Mutations of CKII consensus residues in Spt6p result in cryptic
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transcription: WT, spt6A/PCC11 and spt6A/PCCMA control cells were grown in YPD at
the indicated temperatures. The spt6-1004 strain was used as positive control. Total RNA
was isolated and analyzed by Northern blot with a probe specific for 3’-end of FLOS. SCR1
served as loading control. (E) Screening SP76 mutants for an SPT phenotype: serially
diluted aliquots of spt6A/PCC11 and spt6A/PCCMD cultures were grown on SC medium at
30°C or 37°C or lysine-free SC medium.

3.6.7 CKII-mediated phosphorylation consensus motifs control the
Sptép-Iws1p interaction in vivo.

We established that phosphorylation by CKII regulates the interaction between Spt6p
and Iwslp and that mutation of CKII consensus residues impairs Spt6p function. Whether
Spt6p phosphoserine residues are important for the Sptop-Iws1p interaction is unclear. To
directly demonstrate the importance of these CKII target sites in the Sptop-Iwslp
interaction, we performed a GST pulldown assay using GST-Iws1p and 6xHis-Spt6ép (WT
or 7S-A). In this case, recombinant proteins were either phosphorylated prior to the
pulldown or used in their native form. Our results show that WT Spt6p interacts more
strongly with Iwslp when the former is phosphorylated, as shown in Figure 3.6A. In
contrast, phosphorylation had almost no effect on the Sptop-Iwslp interaction when Spt6p
target sites for CKII are mutated, clearly showing the importance of these 7 residues in the
interaction between Spt6p and Iws1p. To substantiate our in vitro data, we elected to study
the Sptop-Iwslp interaction in strains expressing an Sptép mutant where all CKII target
serine residues had been substituted to alanyl residues. We constructed yeast strains
expressing FLAG-SPT6 (both WT and CKII target site mutants) and /WSI-Myc. FLAG
Spt6p was purified and proteins were analyzed by western blot using an antibody against
the Myc tag. As expected, Iwslp-Myc copurified with WT Spt6p (Figure 3.6B).
Interestingly, the amounts of Iws1p co-eluting with the Spt6p CKII site S—A mutants were
drastically reduced, as shown in Figure 3.6B. The latter results clearly demonstrate the

importance of the CKII target sites for the Sptop-Iws1p interaction in vivo.
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Figure 3.6: A non-phosphorylatable Sptop mutant (7S-A) interacts less strongly with
Iwslp

(A) A GST pulldown assay was performed using recombinant GST-Iws1p and 6xHis-Spt6p
proteins (WT or with a 7S—A substitution). The pulldown was preceded or not by in vitro
phosphorylation. Input and bound proteins were resolved by 10% SDS-PAGE and analyzed
by western blot with antibodies against 6xHis-tag and GST. (B) FLAG-Spt6ép (WT) or
FLAG-Spt6p (7S-A) were immunoprecipitated from strains also expressing Iwslp-Myc
using anti-FLAG beads. Bound proteins were eluted by FLAG peptide and analyzed by
western blot with antibodies against the FLAG and Myc epitopes. The S—A mutation of all
CKII consensus residues result in a decreased association between Iws1p and Spt6p.

102



3.6.8 The phosphomimetic mutant of Spt6p rescues the loss of Sptép-
Iwslp complex in ckII® mutants

The data presented thus far show that direct phosphorylation of Spt6p by
CKII is critical for the formation of the Sptép-Iwslp complex. This would suggest that a
phosphomimetic Spt6p mutant might interact more strongly with Iws1p than WT Spt6p. To
assess this hypothesis, we carried out a GST pulldown assay using GST-Iws1p and 6xHis-
Spt6p (wild type or 7S—D). As shown in Figure 3.7A, a Spt6p mutant in which all CKII
target Ser residues had been mutated to Asp (7S-D) interacts more strongly with GST-
Iws1p than WT Spt6p. We have shown earlier that the Spt6p-Iws1p interaction is lost in the
ckIl® mutant strain. If such a defect is a direct consequence of the loss of Sptép
phosphorylation, we should be able to restore formation of complex by expressing a
phosphomimetic mutant of Spt6p in cklI* mutant strain. To test this, we expressed FLAG-
Spt6p (both wild type and 7S-D mutant) in a cklI” strain also expressing Iwslp-Myc. We
performed a FLAG affinity purification of Sptép and analyzed the purified proteins by
western blot. As shown in Figure 3.7B, we clearly observe an increase in the amount of
Iwslp that co-purifies with Spt6p (7S-D) as compared to WT Spt6p. This further supports
the idea that phosphorylation of Spt6p by CKII plays an important role in Spt6p-Iwslp

interaction.
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Figure 3.7 : A phosphomimetic mutant of Spt6p (7S-D) interacts efficiently with
Iwslp.

(A) A GST pulldown assay was performed using recombinant GST-Iws1p and 6xHis-Spt6p
proteins (wild type or 7S—D mutant) with GST as a control. Input, bound and unbound
proteins were analyzed by western blot with antibodies against 6xHis and GST. The Spt6p
S—D mutant protein (phosphomimetic) interacts more with Iwslp than WT Spt6p
(compare lanes 6 and 3). (B) FLAG-Sptop (WT) or FLAG-Spt6p (7S-D) were purified
from the ckil” strain also expressing Iwslp-Myc. Purified proteins were analyzed by
western blot with antibodies against the FLAG and Myc epitopes. Iwslp interacts more
strongly with a phosphomimetic Spt6p mutant.

3.6.9 Phosphorylation and Sptép stability under nutritional stress

CKII activity is required for normal re-entry into the cell cycle from stationary phase
after cell cycle arrest (Hanna et al., 1995). CKII also phosphorylates Cdc28p, and this
phosphorylation is important for the regulation of total protein content and cell size during
stationary phase (Russo et al., 2000). Furthermore, CKII plays an important role in the tight
regulation of RNA polymerase III activity, which is important for cell cycle arrest in
stationary phase and for normal growth once conditions become favorable again (Ghavidel

and Schultz, 1997).

Our data thus far suggested that Spt6p/Iwslp complex assembly is dependent on CKII.
Because of the important role of CKII in re-entry of quiescent cells into the cell cycle, we

examined the dynamics of the Spt6p-Iwslp complex under these conditions. We thus
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immunoprecipitated Spt6p-TAP from WT and ckII” (also expressing Iws1p-Myc) strains in
stationary phase and at different time points after addition of fresh medium and ensuing de
novo progression into the cell cycle (Figure 3.8A). As expected, Iwslp co-
immunoprecipitated with Sptép in WT, but not in cki/I” cells (Figure 3.8B). Surprisingly,
we did not detect Sptop-TAP in these fractions. The latter finding led us to hypothesize that
Spt6p might be degraded in cklI* cells during stationary phase. Spt6p purified from WT
cells generally contains substoichiometric amounts of Iwslp. However, during stationary
phase, the Spt6:Iwslp ratio is lower than in exponentially growing cells (Figure 3.8B).
These results suggest that the fraction of total Spt6p that interacts with Iwslp might be
protected while “free” Spt6p (i.e. not involved in a complex with Iwslp) is degraded during
stationary phase. Since the Sptép-Iwslp interaction is lost in the ckll* strain, such
protection afforded by the latter interaction might account for the net loss in Spt6p detected

in stationary-phase ckII” cells.

From the above observations, we next assessed whether the loss in Spt6p might be
rescued in stationary-phase cklI” cells. We transformed ckll” with plasmids expressing the
FLAG-Spt6p (both as WT and the 7S-D mutant forms). We prepared cell extracts in log
phase, stationary phase and at different time intervals after adding fresh medium to
stationary-phase cells and analyzed total cell extracts by western blot with the antibodies
against the FLAG tag. We did not detect Spt6p in stationary phase, but in cklI” strain,
levels of Spt6p (7S-D) mutant protein were restored earlier than for the WT protein upon
the addition of fresh medium (Figure 3.8C). The restoration of Spt6p (7S-D) mutant protein
was similar in the ckII” and WT strains, which clearly shows the existence of a correlation
between Spt6p phosphorylation and the amount of Spt6p protein level present upon re-

entry into the cell cycle.
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Figure 3.8 : Spt6p-Iwslp interaction

phosphorylation by CKII
(A) Diagram showing the experimental procedure. Samples were collected at the time

points indicated by vertical arrows. Stationary phase is represented by /=0 in fresh medium

(B) WT and ckII” strains expressing Spt6p-TAP and Iws1p-Myc were grown to stationary
phase, followed by the addition of fresh medium at /=0. Samples were collected at different
time intervals as indicated and Spt6p-TAP was immunoprecipitated with IgG beads.
Immunoprecipitated samples were analyzed by western blot with an antibody against the
Myc tag to detect Iwslp-Myc associated with Sptop. (C) Total cell lysates from WT and
ckII® strains expressing Spt6p-FLAG (in its WT and 7S-D mutant forms) grown under the
conditions indicated were probed with an antibody against the FLAG epitope.
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3.6.10 Phosphomimetic Spt6p mutations rescue the chromatin defects in
ckII” cells

Our data have thus far demonstrated the importance of CKII in the refolding of
chromatin. We have also shown that CKII phosphorylates Spt6p and regulates its
interaction with Iwslp. This phosphorylation plays an important role in the modulation of
chromatin structure and in the inhibition of spurious transcription. However, CKII targets
other elongation factors and the phenotypic manifestations of spurious transcription might
also result from the action of CKII towards such other factors. To evaluate if the chromatin
defects associated with CKII depletion result specifically from defective phosphorylation of
Spt6p, we determined whether a phosphomimetic Spt6p mutant form might suppress the
chromatin defects found in a cklI” strain. For that purpose, we constructed a cklI* strain
expressing a phosphomimetic version of Spt6p (i.e. in which all seven potential CKII
phosphorylation sites had undergone an S—D substitution, or 7S-A mutant) in WT and
ckII” strains. Using a FLOS 3’-end probe, we were able to detect full-length as well as short
cryptic transcripts in ckII” strains transformed with the empty vector (Fig. 3.9). However,
the level of short cryptic transcripts was significantly decreased when a phosphomimetic
mutant form of Spt6p was expressed in the cklI” strain. In contrast, there was no effect on
the amount of short transcripts detected in cklI® cells submitted to heat shock and
expressing a non-phosphorylatable Spt6ép mutant protein (Fig. 3.9). This clearly
demonstrates that the chromatin defects found in the ckII” strain are directly correlated with

defective Spt6p phosphorylation.
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Figure 3.9 : S—D mutations of the whole set of CKII target sites in Sptép suppress

chromatin defects in ckII” cells

WT and ckll” strains were transformed with plasmids encoding CKII-phosphomimetic
(spt6 (7S-D)) or non-phosphorylatable spt6 (7S-A) (relative to CKII), or with empty vector.
The strains were grown in uracil-free SC medium (SC-URA) at 30°C and temperature was
then shifted to 37°C for 2 h. Total RNA was extracted and analyzed by Northern blot using
a probe for FLOS 3’-end. SCRI served as a loading control. The FLOS8 probe identifies
both full-length FLOS mRNA and the short transcript, which has been previously shown to
initiate from a cryptic promoter within the coding region of FLOS.

3.7 Discussion

The proper refolding of chromatin during transcription elongation is tightly regulated
and multiple mechanisms act in concert to fold the chromatin properly in the wake of
RNAPII activity. Defective refolding of chromatin after RNAPII-mediated transcription
results in transcription initiation and elongation from intragenic cryptic promoters
(Carrozza et al., 2005; Cheung et al., 2008; Kaplan et al., 2003). Cryptic promoters are
widespread and >1,000 genes (17% of all genes) exhibit spurious transcription in the sp¢6-
1004 mutant (Cheung et al., 2008). The set of defectively transcribed regions is conserved
among eukaryotes. Indeed, a recent report has shown the occurrence of spurious transcripts
resulting from defects in chromatin structure during transcription elongation in mammalian

cells (Lin and Workman, 2011; Xie et al., 2011). It has been previously reported that CKII
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subunits associate with various factors that are important for chromatin structure dynamics
and suppression of cryptic transcription (Gavin et al., 2002; Krogan et al., 2002). However,
the role of CKII in regulating chromatin structure remains largely unknown. Herein we
demonstrate for the first time that CKII is of key importance for the restoration of
chromatin structure during transcription elongation. Our data shows a clear role of CKII in
chromatin structure as exemplified by cryptic transcription observed in the ck/I” mutant
strain. Importantly, we have observed that the role of CKII is mediated through the
regulation of the function of histone chaperone Sptép. We provide evidence that Spt6p is
phosphorylated by CKII both in vivo and in vitro. Next, we have mapped the
phosphorylated residues to the N-terminal region of Spt6p and shown that these residues
are crucial for Spt6p function. Moreover, we show that phosphorylation of Spt6p by CKII
regulates the interaction between Spt6p and Iwslp. This interaction plays a pivotal role in
the regulation of chromatin structure during transcription. Finally, we were able to rescue
chromatin structure defects of cklI® mutants with a Sptép phosphomimetic mutant.
Altogether, these observations indicate that CKII controls the modulation of chromatin

structure associated with transcription via its regulation of the Spt6p/Iws1p complex

Yeast CKII consists of two catalytic and two regulatory subunits. Deletion of both
catalytic subunits is lethal whereas deletion of a single catalytic subunit entails no oblivious
growth defects, an indication of a certain degree of functional redundancy of the catalytic
subunits (Padmanabha et al., 1990). Deletion of catalytic CKA/ gene and point mutation in
CKA?2 result in a conditional mutant exhibiting strong defects in chromatin structure at the
restrictive temperature (cf. Fig. 3.1). The fact that different subunits of CKII copurify with
various chromatin modulating factors led us to hypothesize that CKII could act via one or
more of these factors and that defective chromatin structure in ckII” results from the mis-
regulation of one or more of these factors. One of the potential targets of CKII identified
through our studies is the histone chaperone Spt6p. It is phosphorylated in vivo at CKII
consensus motifs and our genetic analyses indicate that CKII and Spt6p are epistatic and
act in the same pathway in the regulation of chromatin structure. Our results confirm the

interaction of Spt6p with the various subunits of CKII and show that Spt6p is indeed a
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direct target of CKII. Our proteomic studies have shown that Spt6p is phosphorylated at
three CKII consensus sites (S94, S134 and S206) in vivo (Krogan et al., 2002). Our in vitro
data shows that CKII phosphorylates Spt6p even if these 3 sites are mutated, raising the
possibility of additional sites of Spt6p phosphorylation by CKII. Search for additional
potential CKII target sites in adjacent regions led to the identification of four additional
consensus sites for phosphorylation by CKII in the N-terminal region of Spt6p. In addition,
there are reports that five out of these seven potential CKII targets are phosphorylated in
vivo (Albuquerque et al., 2008; Krogan et al., 2002; Li et al., 2007c). We mutated all seven
CKII target sites and found that CKII cannot phosphorylate Spt6p anymore in the resulting
mutants. This data suggests that Spt6p is phosphorylated by CKII and that these post-
translational modifications may be of utmost importance in the regulation of Spt6p

function.

Spt6p interacts with Iwslp in a relatively stable manner. Both proteins are
phosphorylated in vivo at CKII consensus sites (Krogan et al., 2002). The interaction of
Spt6p with Iwslp is important for transcription and chromatin structure (McDonald et al.,
2010; Yoh et al., 2007; Yoh et al., 2008; Zhang et al., 2008). Since both proteins are
phosphorylated at CKII target sites in vivo, phosphorylation might potentially regulate this
interaction. Indeed, we found that the Spt6—Iwslp interaction is partially lost in ckll”
mutants under permissive conditions and that this loss is aggravated under restrictive
conditions (Fig. 3.4). GST pulldown assays using recombinant proteins which were
phosphorylated in vitro by CKII clearly demonstrate a direct role of phosphorylation in the
Sptop-Iws1p interaction (Figure 3.4). Whether phosphorylation of either protein or of both
proteins is required for their interaction was not clear. Spt6p had previously been shown to
be phosphorylated at three CKII consensus sites (S95, S135 and S207) (Krogan et al.,
2002). Mutation of these residues results in partial loss of Sptép phosphorylation and
function as evidenced by the resulting weak Spt” phenotype. However, this phenotype is far
less pronounced than that associated with ckII” mutants which exhibit high levels of cryptic
transcription and decreased H3K36 trimethylation. Phosphorylation of additional residues

is thus likely important for the regulation of Spt6p function. Mutation of all 7 residues in
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the N-terminal region of Spt6p entailed a complete loss of phosphorylation in vitro and
further loss of Spt6p function in vivo, as seen by the extent of cryptic transcription, the
relative severity of Spt™ phenotype and the strong growth defects observed at higher
temperature. Furthermore, the Spt6p-Iwslp interaction was lost in this mutant. More
importantly, we were able to restore an Spt6p/Iws1p complex in cklI” mutants by provision
of Sptébp bearing phosphomimetic mutations at CKII target sites. Our observations
therefore clearly indicate that phosphorylation of Spt6p by CKII regulates the Sptop/Iwslp
complex. However, a functional role of Iwslp phosphorylation cannot be ruled out at this
stage. No evidence of CKII consensus residue phosphorylation other than S89 has yet been
reported for Iws1p. We found that mutation of this residue did not result in any detectable
phenotype associated with Iws1p function (data not shown). However, using NetPhosK 1.0,
six other potential CKII target sites were predicted for Iwslp, although none of these
residues were reported to be phosphorylated in vivo. We do not rule out the possibility that
phosphorylation of these residues by CKII might be important for Iwslp function.
Interestingly, we have observed a small increase in Spt6p-Iwslp interaction after in vitro
phosphorylation by CKII even upon mutation of the 7 CKII target sites present in Spt6p
(Figure 3.6A). Phosphorylation of Iwslp might be responsible for this small increase in
Sptop-Iws1p interaction. Notwithstanding these uncertainties, our data strongly suggest that
CKII phosphorylates Spt6p and controls its function through its regulation of the Spt6p-

Iws1p interaction.

Intriguingly, all identified phosphoserine residues lie in the N-terminal domain of Spt6p
and are adjacent to the region that interacts with Iwslp. Recently, McDonald et al. have
mapped precisely the regions in Sptép and Iwslp that are sufficient for their mutual
interaction. Using structural and biochemical approaches, these authors have shown that the
Spt6p region interacting with Iwslp spans residues 239 to 268 (McDonald et al., 2010). It
i1s important to note that all of these studies were carried out using Spt6p polypeptides
lacking a complete N-terminal region. Nonetheless, in connection with that problem, our
data clearly shows that CKII target sites (lying in a region adjacent to the domain

interacting with Iwslp) are of key importance in Spt6p function and its interaction with
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Iws1p. Therefore, the model proposed by McDonald et al. should be refined to account for
the important role played by the N-terminal region through its CKII-mediated
phosphorylation. Two hypotheses can be put forward regarding the possible function of the
phosphorylation of the N-terminus by CKII. A first possibility is that the N-terminal
extremity inhibits the Spt6p-Iwsi interaction and this inhibition is relieved by CKII-
mediated phosphorylation. Indeed, there are reports showing that the binding properties of
a particular domain are inhibited by an immediately adjacent region (Close et al., 2011). In
fact, the central core region of Spt6p is able to bind DNA when examined in isolation (i.e.
without the two extremities of the polypeptide chain, but this binding ability is lost in the
full protein because of the unstructured N-terminal region which contains the sites of
phosphorylation by CKII (Close et al., 2011). An alternative hypothesis is that
phosphorylation acts as a regulatory switch that changes the binding affinity of Spt6p
towards different substrates. In the recent study by McDonald et al., Spt6p was shown to
bind nucleosomes and Iwslp via the same domain (McDonald et al., 2010) and it was
proposed that interaction of Sptép with Iwslp favors its release from chromatin after
histones are loaded onto chromatin. How the preferred interaction partner of Spt6p is
switched from chromatin to Iws1p is not clear. Phosphorylation by CKII could in fact act as
a regulatory switch, with phosphorylation favoring the interaction of Spt6p with Iwslp and
the release of Spt6p after the reassembly of chromatin. Further studies are required in order
to evaluate the two above-mentioned hypotheses on the possible role of phosphorylation in

this process.

Spt6p plays a vital role in regulating the trimethylation of H3K36. How Spt6p plays its
role is still unclear. We have herein shown for the first time that Spt6p interacts with Set2p
in vivo in yeast. This interaction is highly dynamic and is lost at high salt concentrations.
The Spt6p-Set2p interaction could be important for H3K36 trimethylation. Interestingly,
we have found that this interaction (Spt6ép-Set2p) is in fact indirect (data not shown).
Importantly, the Spt6p-Set2p as well as Sptép-Iws1p interactions are lost in ck/I” mutants,
suggesting that Iwslp could be the link between Spt6p and Set2p. In human cells, it is
known that Spt6 interacts with HYPB/Set2 and that the interaction is mediated via Iwsl
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(Yoh et al., 2008). Depletion of Iwsl in human cells results in the disruption of the Spt6-
HYPB/Set2 interaction and the loss of H3K36 trimethylation (Yoh et al., 2008). Our data in
yeast are in keeping with the mechanisms described in human cells. The possibility that
Iws1p is the link between Spt6p and Set2p could account for the loss of the Sptop-Set2p
interaction in ck/I” mutants. Regardless of the actual mechanism involved, our observations
show that CKII might regulate H3K36 trimethylation by modulating the ternary
Sptop/Iws1p-Set2p interaction.

Another interesting result from this study is the almost complete loss of Spt6p in ckll”
mutants in stationary phase. CKII is important for normal re-entry into the cell cycle after
stationary phase arrest (Hanna et al., 1995). CKII also phosphorylates Cdc28p, an event
which is important for the regulation of total protein content and cell size in stationary
phase cells (Russo et al., 2000). The important role of CKII in stationary phase led us to
study the Spt6p-Iwslp interaction in this phase. As expected, in WT cells, Spt6p levels
were reduced in stationary phase compared to exponentially growing cells. Surprisingly, in
the ckII” mutant, Sptép was almost completely lost in stationary phase, although Iwslp
levels were comparable. Generally, Spt6p purified from WT cells contains sub-
stoichiometric amounts of Iwslp, but in stationary phase, the Spt6:Iwslp ratio was lower
than in exponentially growing cells (Figure 3.8A). Co-immunoprecipitation experiments in
stationary phase and at different time intervals after adding fresh medium indicated that in
the WT strain, the fraction of Spt6p associated with Iwslp is maintained in stationary
phase. Since phosphorylation by CKII is important for the Sptop-Iwslp interaction, such
stabilization of Spt6p-Iwslp complex formation would explain the almost complete loss of
Spt6p observed in cklI* mutants. After addition of fresh medium to stationary phase cells,
Spt6p protein levels are restored much earlier in WT cells than in ckII” cells. Importantly,
in ckIl” cells expressing a phosphomimetic Spt6p mutant form (7S-D), protein levels are
restored similar to a WT strain. This clearly demonstrates a role for CKII in the
stabilization of a pool of Sptép protein during stationary phase (starvation) and the
restoration of normal levels of Sptop when conditions become favorable again (e.g. upon

the addition of fresh media).
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Finally, our data suggest a previously unknown and important role of CKII in the
modulation of chromatin structure. We provide evidence that CKII plays its role via the
phosphorylation of Spt6p and the regulation of the Spt6p-Iwslp interaction. We were able
to partially suppress the chromatin defects in ck/I” mutants by transformation with a vector
expressing SPT6 bearing phosphomimetic mutations of the protein CKII target sites. This
clearly demonstrates a direct link between the chromatin defects observed in cklI”
mutations and Spt6p function. Sptép-Iwslp interaction is critical for proper chromatin
structure and this interaction is lost in ck/I* mutants. Phosphomimetic mutant forms of
Spt6p are able to restore Sptép/Iwslp complex formation in ck/I* mutants, which could
explain the suppression of chromatin defects detected in this mutant. Our observations open
a novel avenue of research on the modulation of chromatin structure and the regulation of
spurious transcription, where post-translational modification of elongation factors indirectly

controls this process.

3.8 Supplementary Figures
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Figure 3.10: Supplementary Figure 1
(A) Serial dilutions (1:1 in methyltransferase buffer) of recombinant 6His-Set2p solutions
were incubated with yeast native chromatin (from an set2A strain) in the presence of SAM
(50 uM) for 30 min at 30°C. Samples were resolved by 15% SDS PAGE and analyzed by
western blot with antibodies against H3K36me2 and H3K36me3. (B) Yeast native
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chromatin from a set2A strain was incubated with SAM (50 uM) and recombinant Set2p in
the presence or absence of various factors as indicated. Samples were analyzed by western
blot with an antibody against H3K36me3. (C) Yeast chromatin was incubated with Set2p
and SAM in the presence or absence of CKII and ATP followed by western blot analysis
with an antibody against H3K36me3. (D) The sp#6-1004 strain was grown in YPD at 30°C.
Cells were then either subjected or not to formaldehyde fixation followed by sonication.
Extracts from the two fixation conditions were next incubated with recombinant Set2p and
SAM (50 uM) in the presence or absence of ATP and CKII as indicated. Samples from
each reaction type were then analyzed by western blot against H3K36me3 and H4
antibodies.
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Figure 3.11: Supplementary Figure 2

Mutation of three CKII consensus residues of Spt6p results in a weak SPT phenotype.

(A) One SPT6 allele was deleted in WT diploid cells and transformed with plasmids
pCC11 (WT SPT6) or pCCMI (spt6/3S-A). Diploids were then allowed to sporulate. After
dissection, serially diluted aliquots of representative progeny cultures were spotted on
selective medium (lysine-free SC, SC-Lys) and YPD.

(B) WT, spt6-1006, spt6A/PCCI1 and spt6A/PCCM]I strains were grown at 30°C and
temperature was then shifted to 37°C for 2 h. Total RNA was isolated and analyzed by
Northern blot with a probe specific for the 3’-end of the FLOS gene.
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Chapter 4

Discussion and Conclusion
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4.1 CKII is required for the proper refolding of chromatin
structure after the action of elongating RNAPII

Proper refolding of chromatin during the course of transcription is tightly regulated.
Defects in chromatin refolding have been linked to spurious transcription from cryptic
promoters within the coding regions of different genes (Carrozza et al., 2005; Cheung et al.,
2008; Kaplan et al., 2003). Cryptic transcription is a widespread phenomenon in yeast, with
nearly 1000 genes displaying such aberrant transcription. In a recent report, cryptic
transcription resulting from defective refolding has been reported in mammals (Lin and

Workman, 2011; Xie et al., 2011)

Different factors can suppress cryptic transcription, including histones, regulators of
histone genes, chromatin remodeling factors, transcription elongation factors and histone
chaperones (Cheung et al., 2008). CKII subunits have been associated with some of these
factors. Indeed, subunits of CKII have been found to be associated with different factors
that modulate chromatin structure during transcription elongation (Gavin et al., 2002;
Krogan et al., 2002). In this work, our data further support a physical link between CKII
and elongation factors, suggesting a possible role of CKII in chromatin structure dynamics

and suppression of cryptic transcription.

CKII is a ubiquitous serine/threonine kinase which has been highly conserved among
eukaryotes. In yeast, CKII is made of two catalytic (o and a’) and two regulatory (p and p’)
subunits. Deletion of both catalytic subunits is lethal whereas deletion of a single catalytic
subunit entails no obvious growth defects, which suggests some level of functional
redundancy (Padmanabha et al., 1990). We constructed a conditional mutant (ckII) to
study the role of CKII in chromatin structure dynamics. Our results show for the first time
that CKII plays a role in chromatin refolding during transcription elongation. In the cklI”
mutant, we observed strong phenotypes linked with defects in chromatin structure. One of
the hallmarks of defective chromatin structure is spurious transcription from intragenic
cryptic promoters. Cryptic transcription in the FLOS8 gene has been studied and the cryptic
promoter has been precisely mapped within this gene. This gene is widely used as a model
to study defects in chromatin refolding. In the ck/I* mutant strain, Northern analysis with a

probe specific for the 3’-end of FLOS gene has shown the presence of short transcripts
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originating from the cryptic promoter located within the coding region (Figure 3.1A).The
role of CKII in chromatin refolding was further supported by its functional interaction with
other factors important for chromatin structure dynamics during transcription elongation.
CKII shows functional interaction with the Paflp complex and Sptl16p (Figure 3.1B). These
factors are important for the restoration of chromatin structure after completion of
transcription elongation by RNAPIL. In addition, we also found a decrease in the
trimethylation of H3K36 in the cklI” strain. Trimethylation of H3K36 is a mark of active
transcription and plays an important role in the restoration of chromatin structure during
transcription elongation. Taken together, our data clearly demonstrate a role for CKII in

chromatin refolding during transcription elongation.

How CKII plays its role in chromatin modulation associated with elongation is an
important question. The CKII subunits are associated with different transcription elongation
factors such as Sptl16p, Sptop/Iwslp, Sptdp/SptSp, and Spt2p (Chapters 2 and 3) (Gavin et
al., 2002; Krogan et al., 2002). All of these factors are involved in chromatin dynamics
during transcription elongation and suppress transcription from cryptic promoters. The
defects in chromatin refolding observed in ck/I* mutants might result from the defective
properties of one or more of these factors. A schematic representation of the various

hypotheses is depicted in Figure 4.1 and will be discussed in the following sections.
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Figure 4.1: Schematic representation of the possible roles of CKII
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4.2 CKII interacts with the chromatin component Spt2p and
catalyzes its phosphorylation

Spt2p is a non-histone chromatin component with HMG-like domains. It is involved in a
wide range of processes. Spt2p plays role in transcription initiation, transcription elongation
and in the formation of the 3’-end of mRNA. It maintains nucleosome levels in the coding
region of transcriptionally active genes and inhibits spurious transcription from cryptic
promoters (Nourani et al., 2006). Recently, we have shown that Spt2p is important to
maintain the repressed state of chromatin in the SER3 promoter at the SRGI-SER3 locus
(Thebault et al., 2011). Despite such diverse roles, the mechanistic details of Spt2p function
and its regulation are largely unknown. In order to understand the function of Spt2p in
detail, we have aimed to identify the proteins interacting with Spt2p. Spt2p binding partners
could help us to understand the function of Spt2p in detail. We conducted tandem affinity
purification of Spt2p and analyzed the associated proteins by mass spectrometry. Peptides
derived from all four CKII subunits were detected in purified fractions. Copurification of
all four CKII subunits with Spt2p after multiple steps of purification suggests that the
interaction between Spt2p and CKII is specific and stable. We used stringent conditions
and different multistep purification strategies to verify the stability of this interaction. We
also performed reverse purification and protein ion exchange chromatography (increasing
ionic strength up to 300 mM) and found that Spt2p coelutes and copurifies with the CKII
complex. Altogether, our data provide strong evidence that CKII is stably associated with

Spt2p in vivo.

A strong association of CKII with Spt2p could suggest that Spt2p is phosphorylated by
CKII. Indeed, we found that Spt2p is a direct substrate of CKII in vitro. Moreover, we
detected various forms of Spt2p by 2D-PAGE, and phosphatase treatment shifted the
isoelectric point of the most acidic Spt2p isoforms, thereby clearly demonstrating that
Spt2p is a phosphoprotein in vivo. Importantly, Spt2p immunopurified from yeast is
phosphorylated at serine and tyrosine residues in vivo, and phosphorylation of serine as

well as tyrosine is strongly reduced in the ckll” strain. This is an important observation, as
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although CKII is primarily a serine/threonine kinase, there are reports showing that CKII is
a dual kinase and can phosphorylate tyrosine residues as well (Marin et al., 1999; Vilk et
al., 2008; Wilson et al., 1997; Zhu et al., 2000). Tyrosine phosphorylation by CKII might
be of higher significance for yeast, which, as in higher plants, does not encode tyrosine

kinase genes such as those found in animal cells.

Using various mutant versions of Spt2p, we were able to locate CKII target sites to the
Spt2p CTD. Spt2p CTD is highly polar, containing two subdomains (226—249 and
277-303) rich in acidic amino acids. A close examination of Spt2p led to the finding of five
potential CKII target sites localized to very short regions within the two acidic subdomains
(Fig. 4.2). The first region (RI) contains Y226 and Y230 and second (RII) has S277, Y279
and Y281. Mutation of CKII target sites in RI did not affect phosphorylation while
mutation of all RII sites affected CKII-mediated phosphorylation to some extent.
Importantly, mutating all five potential CKII targets in RI and RII completely abolished
phosphorylation by CKII. This indicates that phosphorylation of RII sites represents the
majority of Spt2p phosphorylation while RI represents only a fraction of total CKII-
mediated phosphorylation, in agreement with our in vivo data. Indeed, replacing the three
RII sites with corresponding acidic residues (S277D, Y279E and Y281E) led to defects in
Spt2p function, and mutation of two additional tyrosine residues (Y226, Y230) to glutamyl
groups aggravated the observed defects in Spt2p function. Altogether, our results show that
CKII phosphorylates Spt2p and negatively regulates its function. Importantly, our data
indicate that phosphorylation of Spt2p by CKII does not contribute to the reassembly of
chromatin. First, Spt2p alone cannot account for the chromatin defects observed in cklI”
mutants and secondly, phosphorylation by CKII negatively regulates Spt2p function. In
fact, constitutive phosphorylation is the factor that renders Spt2p non-functional. Spt2p
possesses HMG-like domains and, as for other HMG proteins, can bind to chromatin non-
specifically. Binding of HMG proteins induces changes in chromatin structure and if not
controlled properly, may result in GCRs (Reeves, 2010; Sikdar et al., 2008). Indeed
overexpression of Spt2p has been linked to stalled replication forks and GCRs (Sikdar et
al., 2008). We suggest that phosphorylation could prevent the non-specific binding of Spt2p
to chromatin. Otherwise, the abundant Spt2p might create GCRs by stalling replication
forks. Therefore, the action of CKII on Spt2p cannot account for the role of CKII in
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chromatin refolding and may constitute a more general effect, i.e. in the prevention of non-

specific Spt2p binding.
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Figure 4.2 : Phosphorylation sites are in the C-terminal region of Spt2p

4.3 CKII phosphorylates and regulates the function of
transcription elongation factor Sptép

CKII regulates chromatin structure, as shown in Chapter 3, but how CKII plays this role
constitutes an important question. We have already shown that CKII regulates Spt2p
function, but the chromatin defects in ckII” are severe and cannot be explained solely via its
action on Spt2p. This suggests that CKII plays role(s) that are additional to the regulation
of Spt2p function. Among other possible targets of CKII, Spt6p has been shown to be
phosphorylated in vivo at CKII consensus motifs. Furthermore, our genetic analysis
indicates that Sptép and CKII act in the same pathway. Importantly, Spt2p shows
functional interaction with Spt6p. These observations led us to hypothesize that CKII might
regulate chromatin structure via the modulation of Spt6p function. We have demonstrated
that Spt6p interacts with CKII in vivo as well as in vitro and shown that this interaction is
direct. This is in accordance with earlier proteomic studies showing that CKII subunits
copurify with Spt6p (Krogan et al., 2002). A crucial question, however, was whether Spt6p
is directly phosphorylated by CKII. We used purified proteins in in vitro kinase assay and
found that CKII purified from yeast was able to incorporate y-"°P; into recombinant Spt6p
from radiolabeled ATP. In addition, probing whole-cell yeast extracts with an antibody

against phosphoserine/phosphothreonine showed that Spt6p is a phosphoprotein in vivo.
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Phosphorylation levels are severely reduced in ckl[* mutants, clearly pointing to an

important role of CKII in Spt6p phosphorylation in vivo.

To study the functional significance of Spt6p phosphorylation, we mutated the CKII
target sites and looked for phenotypes associated with Spt6p function. Three CKII target
sites in Sptop (S94, S134, S206) were previously shown to be phosphorylated in vivo
(Krogan et al., 2002). Mutation of these three residues results in the partial loss of Spt6p
function, which is seen as a weak Spt phenotype. However, this phenotype was much
milder than that associated with ck/I” mutants, thus raising the possibility that additional
residues of Spt6p are phosphorylated. The latter observation was supported by our finding
that Sptop mutated at these three residues can still be phosphorylated in vitro by CKII,
although to a lower extent than for the WT protein. We next used the NetPhosK 1.0 server
to identify additional potential CKII targets in the adjacent region. Seven potential CKII
target sites were thus identified in the N-terminal region of Spt6p (S28, S39, S40, S94,
S134, S155, S206) (Fig. 4.3). Indeed, there are reports that five of these CKII potential
targets (S28, S94, S134, S155, and S206) are phosphorylated in vivo (Albuquerque et al.,
2008; Krogan et al., 2002; Li et al., 2007c). Instead of tediously mutating each individual
residue, we instead mutated either 3 or all 7 CKII target seryl residues to study the effect of
phosphorylation on Spt6p function. However, we could not rule out the possibility that
phosphorylation of only an intermediary number (4, 5 or 6) of phosphorylated residues are
necessary and sufficient to account for the full regulation of Spt6p function by CKII-
mediated phosphorylation. Despite these limitations, mutation of all seven CKII potential
targets in the N-terminal region of Spt6p was found to completely abolish in vitro
phosphorylation of Spt6p and to severely impair its function in vivo, as seen by the strong
Spt” phenotype and temperature sensitivity observed in the resulting phosphorylation
mutant. Moreover, we detected transcription from the cryptic promoter in the coding region
of FLOS in this mutant, which is indicative of defective chromatin structure. Our results
thus clearly demonstrate that CKII phosphorylates the transcription elongation factor Spt6p

and regulates its function.
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Figure 4.3 : Phosphorylation sites reside in the N-terminal region of Spt6p

The N-terminal region of Spt6p is unstructured and contains the domain interacting with
Iws1p. Phosphorylated serines are also found in the N-terminal region. The central core of
the protein contains various domains. Residues 336—442 encompass a DNA-binding helix—
turn-helix (HtH), residues 735-887 (YqgF) present a homology with members of the
YqgFc protein superfamily, residues 933—1002 form two consecutive helix—hairpin—helix
(HhH) motifs, residues 1019-1104 present a similarity to members of the death domain
superfamily (death-like domain or DLD), and the S1 domain (residues 1129-1219)
encompass a region of similarity to the RNA-binding domain of ribosomal protein S1. The
central core region (HtH, YqgF, HhH, DLD and S1) can bind to DNA when studied in
isolation. The C-terminal part contains tandem SH2 domains that bind to the RNAPII
isoform phosphorylated at the Ser-2 position of the heptad repeats in the CTD. The figure
was adapted from Close et al. (Close et al., 2011).

Given the important role of Spt6p in the reassembly of chromatin in the wake of
transcription, our observations may suggest that chromatin defects found in the cklI”
mutant are directly associated with the misregulation of Spt6p. If this holds true, we can
make the prediction that mutants mimicking the phosphorylation of Spt6p by CKII would
bypass the requirement for CKII activity. Thus, this rose the question of whether chromatin
defects in ckII” mutant yeast might be reversed by supplementing cells with Spt6p bearing
phosphomimetic mutations at CKII target sites. Interestingly, we found that expression of a
phosphomimetic mutant of Sp6 (7S-D) in the cklI* strain partially suppressed cryptic
transcription, whereas such transcription could not be suppressed by expression of a non-
phosphorylatable form of Spt6p in ckll* mutants (7S-A) (Figure 3.9). This led us to
conclude that the regulation of Spt6p by CKII is central to the CKII chromatin reassembly
function. However, since cryptic transcription in the cklI” mutant is partially repressed by
an Spt6p phosphomimetic mutant (7S-D), it is possible that the residual action of CKII is
mediated via the phosphorylation of other factors such as Iws1p or Spt16 (Figure 4.4).
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Figure 4.4 : CKII controls chromatin structure by regulating Spt6p function

4.4 Phosphorylation by CKII regulates the Sptop-Iwslp
interaction

Spt6p interacts with Iwslp, a phenomenon that is important for transcription and
chromatin structure dynamics. In yeast, mutations in the Spt6p-Iwslp interface lead to
severe growth defects at higher temperatures and defects in chromatin structure detected as
an Spt phenotype (McDonald et al., 2010). Furthermore, mutations that completely disrupt
the Spt6p-Iwslp interaction are lethal in yeast (McDonald et al., 2010). This interaction is
conserved and is also observed in human cells, where it is involved at various steps of
transcription (McDonald et al., 2010; Yoh et al., 2008; Zhang et al., 2008). Both Spt6p and
Iwslp are phosphorylated in vivo at CKII consensus sites. We hypothesized that
phosphorylation could control Spt6p function by regulating the Spt6p-Iwslp interaction.
We observed a drop in Spt6p-Iws1p complex abundance in the cklI” strain, suggesting that
CKII may play an important role in the Sptop-Iwslp interaction. In order to demonstrate
that the latter effects directly result from deficient phosphorylation by CKII and not arise
indirectly from the lack of a functional CKII, we studied the interaction of Spt6p-Iwslp in

vitro using recombinant proteins (GST-Iws1p and 6xHis-spt6) in the presence or absence of
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phosphorylation. Our data indicate that phosphorylation of at least one of the two proteins
could be important for Spt6p-Iws1p interaction.

To study the role of Spt6p phosphorylation in the Spt6p-Iwslp interaction, we purified
WT FLAG-Spt6p and mutant FLAG-Spt6p (7S-A) from yeast that were also expressing
Iws1p-Myc. We found that the in vivo association of Iwslp with Spt6p is strongly reduced
when all Spt6ép CKII target sites are removed (by substitution to alanyl residues). This
suggests that Spt6p phosphorylation plays a major role in the Spt6p-Iwslp interaction. The
importance of Spt6p phosphorylation in the Sptop-Iws1p interaction was further supported
by our in vitro data. Recombinant Spt6p with phosphomimetic mutations (7S-D) interacts
more strongly with Iwslp than WT Spt6p. Furthermore, while phosphorylation increased
the Sptop-Iws1p interaction in vitro, this effect was prevented upon substitution of all CKII
target sites in Spt6p to alanine. This clearly indicates that Spt6p phosphorylation by CKII
regulates the Spt6p-Iws1p interaction. We used the NetPhosK 1.0 server to predict potential
CKII phosphorylation motifs in Iwslp. There are a total of seven potential CKII target sites
(T54, S72, T86, S89, S123, T253, and T346) in Iwslp. Only one of these CKII target site
(S89) has been reported to be phosphorylated in vivo (Krogan et al., 2002). Mutation of the
latter residue produces no obvious phenotype. However, we cannot rule out the possibility
that other residues might be phosphorylated and important for Iwslp function.
Notwithstanding these uncertainties, we conclude that phosphorylation of Spt6p plays a

pivotal role in the Spt6p-Iws1p interaction.

Intriguingly, all the phosphorylated residues of Spt6p are concentrated in the N-terminal
region, which is predicted to be unstructured. Recent structural and biochemical studies
have shown that Spt6p has the following three important structural features (Close et al.,
2011).

1. An N-terminal region which is predicted to be unstructured and to contain regions
responsible for interacting with Iws1p and nucleosomes (McDonald et al., 2010).
2. A central core region (residues 298—1117) with multiple recognizable domains that are

important for nucleic acid binding (Close et al., 2011).
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3. A C-terminal flexible region with a tandem SH2 domain. This C-terminal domain
displays an affinity for phosphopeptides and binds the RNAPII isoform phosphorylated on
Ser-2 of the heptad repeats in the CTD (Sun et al., 2010; Yoh et al., 2007).

Core
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Figure 4.5 : Schematic representation of Sptép domains

The various regions of Sptop are shown together with their putative functions. The N-
terminal region is unstructured. It contains the region (/ight green) interacting with Iwslp
and the nucleosome. The N-terminal region also encompasses the different CKII
phosphorylation motifs, all sites being serine residues. The central core contains various
distinctive protein domains (HtH, YqgF, HhH, DLD, and S1). This region is able to bind to
DNA when studied in isolation. The CTD contains tandem SH2 domains that bind to the
RNAPII isoform phosphorylated on Ser-2 of the YSPTSPS heptad repeats in the CTD.
Figure adapted from Close et al. (Close et al., 2011).

The N-terminal region, although predicted to be unstructured, is important for Spt6p
function. This region harbors all phosphorylated sites as well as the region of interaction
with Iwslp. Recently, the region of Spt6p that interacts with Iwslp was precisely mapped
and spans residues 239 to 268 (McDonald et al., 2010). Importantly, the proteins used in
this study lacked the N-terminal region along with all CKII target sites. Our data clearly
demonstrate the importance of the CKII target sites in the Sptop-Iwslp interaction, an

aspect that was obviously overlooked in the studies by McDonald et al. We outlined two
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hypotheses that may explain how the N-terminal domain of Spt6p might regulate this
interaction. A first possibility is that the extremity of the N-terminal region might inhibit
the Spt6p-Iwslp interaction, an inhibition which could be relieved by phosphorylation.
There are reported cases where the binding properties of a particular domain is inhibited by
an adjacent region. In fact, the central core domain of Spt6p is able to bind DNA, a feature
that is lost in the complete protein due to steric hindrance by the N-terminal unstructured
region (Close et al., 2011). This observation provides support for a model where the N-
terminal domain of Spt6p regulates a structural switch that determines the ability of the
protein to bind DNA. Thus, phosphorylation of Spt6p by CKII might simply make its
domain of interaction with Iwslp accessible. Alternatively, phosphorylation might act as a
regulatory switch changing the binding affinity of Spt6p towards different substrates. The
recent study of McDonald et al. has shown that Spt6p binds to Iws1p and the nucleosome
via the same domain (McDonald et al., 2010). Using a gel-shift assay, these authors have
shown that Spt6p is able to bind recombinant nucleosomes in the presence of the HMG box
protein Nhp6Ap. Increasing concentrations of Iwslp compete with nucleosomes for
binding to Spt6p and releasing recombinant nucleosomes. The authors have proposed that
the interaction of Spt6p with Iwslp favors release of the former from chromatin after
nucleosome deposition. How the interaction 1s switched from chromatin to Iwslp is not
clear. Phosphorylation by CKII might act as a regulatory switch where phosphorylation
would favor the interaction of Spt6p with Iwslp, thereby promoting the release of Spt6p
after the assembly of chromatin. Based on work by McDonald et al. (McDonald et al.,
2010) and our own observations, we can propose a model for the role of CKII in chromatin

structure dynamics (Figure 4.6).
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Figure 4.6 : Current model for the role of CKII in chromatin structure dynamics
Sptop is required for the unfolding and refolding of chromatin during transcription
elongation. After reassembly of chromatin, the Spt6p-nucleosome interaction has to be
disrupted. Spt6p interacts with the nucleosome and Iwslp via the same domain. CKII
phosphorylates Spt6p, thereby favoring the Spt6p-Iwslp interaction and release of the
Sptop-Iws1p complex.

4.5 CKII regulates the interaction of Sptép with Set2p

One of the important marks of active transcription is the di-and trimethylation of
H3K36. Methylation of H3K36 is catalyzed by Set2p methyltransferase. Set2p is recruited
to regions of active transcription through its interaction with the RNAPII isoform that is

phosphorylated on the Ser-2 residue of the heptad repeats in the CTD (Kizer et al., 2005).
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Methylation by Set2p plays an important role in the restoration of chromatin structure after
transcription by elongating RNAPIL. This chromatin mark (methylation of H3K36) is
recognized by the Rpd3S complex which deacetylates H3 and H4, resulting in the “closed”
chromatin conformation and inhibition of transcription from cryptic sites after the passage
of RNAPIIL The methylation states of H3K36 are regulated by different factors such as the
Paflp complex, the Burlp-Bur2p kinase and Spt6p (Chu et al., 2007; Youdell et al., 2008).
Spt6p controls both the dimethylation and trimethylation of H3K36. In the spt6-1004
mutant, Set2p protein levels are drastically reduced (Youdell et al., 2008). Dimethylation of
H3K36 was resumed in the spr6-1004 mutant when intracellular and chromatin levels of
Set2p were restored, but trimethylation of H3K36 could not be reinstated (Youdell et al.,
2008). The mechanistic details of the regulation of K36 methylation by Spt6p are as yet
unknown. We report for the first time in yeast that Spt6p interacts with Set2p in vivo. This
interaction is unstable and is easily lost at higher ionic strength. This interaction of Spt6p
with Set2p might be important for the regulation of Set2p function and the methylation
state of H3K36. Importantly, recombinant GST-Set2p and His Spt6p did not interact in
vitro, suggesting that the Spt6p-Set2p interaction is indirect and that Iws1p might act as the
link between Spt6p and Set2p in vivo. The situation is similar to human cells, where it was
shown that Spt6p interacts with HYPB/Set2p and Iwslp is the link between the two
proteins (Yoh et al., 2008).

Interestingly, in the ckII” mutant, we observed a specific drop in H3K36 trimethylation
while dimethylation remained unaffected (Figure 3.1B). In vitro treatment with CKII does
not change the activity of recombinant Set2p towards chromatin (supplemental Figure
3.10), indicating that CKII might act indirectly. Importantly, in the ckII® mutant, the
interaction of Spt6p with Set2p and Iwslp is lost. A study in human cells has shown that
depletion of Iwslp results in the loss of Sptop-HYPB/Set2p interaction and H3K36
trimethylation (Yoh et al., 2008). The latter effects are similar to the phenotypic
characteristics noted in the ck/I” yeast mutant. In the ckZI* mutant, Sptép-Iws1p and Spt6p-
Set2p interactions are lost. The hypothesis that Iwslp acts as the link between Spt6p and
Set2p would account for the loss of the Sptép-Set2p interaction in ck/I* mutants. Further
experiments will be needed to determine more precisely the role of Sptop and CKII in the

regulation of H3K36 trimethylation.
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4.6 Phosphorylation by CKII protects Sptép from complete
degradation during stationary phase

In response to starvation, microorganisms like S. cerevisiae stop growing and enter into a
non-proliferating state referred to as stationary phase, quiescence or G0. Quiescent yeast
cells are similar to quiescent mammalian cells and share many characteristics such as lack
of genome replication, condensed chromosomes, increased rates of autophagy and reduced
rates of translation (Gray et al., 2004). In yeast, CKII is important for normal re-entry into
the cell cycle upon exit from stationary phase (Hanna et al., 1995). CKII also
phosphorylates Cdc28p, and this phosphorylation is important for the control of total
protein content and cell size in stationary phase (Russo et al., 2000). Since CKII regulates
Sptop/Iws1lp complex, we were interested to study Sptop/Iwslp complex in stationary
phase. While investigating the Sptop-Iwslp interaction in stationary-phase cells, we came
across an interesting situation. In WT cells, Sptép and Iwslp levels are reduced during
stationary phase when compared to exponentially growing cells, as expected. Surprisingly,
in stationary-phase cells, we could not detect Spt6p protein in the ck/I* mutant although
Iwslp levels were comparable to those found in the WT strain. This suggests a possible
role of CKII in stabilizing Spt6p against protein turnover during stationary phase. Under
normal conditions in a WT strain, Sptép levels are higher than for Iwslp, and only a
fraction of total Spt6p is associated with Iws1p [Chapter 3, (Krogan et al., 2002)]. Analysis
of Spt6p immunopurified from cells in stationary phase and at different time intervals after
fresh medium addition shows that in WT strain, a small fraction of Spt6p is protected from
degradation in stationary phase. This small pool of Spt6p that is protected from degradation
in WT cells is in the form of a complex with Iwslp. This indicates that formation of the
Sptop-Iwslp complex might normally protect Sptép from complete degradation during
stationary phase. Since phosphorylation by CKII is important for the Sptop-Iwslp
interaction, the normal role of the complex in counteracting Spt6p turnover would explain

the almost complete loss of Spt6p in stationary-phase cklI” cells.

131



4.7 Phosphorylation disrupts the Spt2p/Spt6p complex and
inhibits the recruitment of Spt2p to sites of active
transcription

Our studies of Spt2p and Spt6p regulation by CKII present a rather complex situation. In
addition to regulation of the Spt6p-Iwslp complex, we also found that phosphorylation by
CKII regulates the interaction between Spt2p and Spt6p. These findings raise several
important questions about the basis and implications of such complex levels of regulation.
Clearly, Spt2p and Spt6p are functionally linked. It has previously been shown that Spt2p is
associated with coding regions of transcriptionally active genes and that this association is
dependent on Spt6p (Nourani et al., 2006). Whether Spt6p helps in the recruitment of Spt2p
to chromatin or stabilizes its interaction with chromatin post-recruitment is not clear. In
vitro binding assays strongly suggest that Spt6p interacts directly with Spt2p. The
association of Spt2p with the coding region of transcriptionally active genes is most likely
dependent on a direct interaction with both Sptép and chromatin. Interestingly,
phosphomimetic mutants of Spt2p are not recruited to coding regions of transcriptionally
active genes, suggesting that CKII-mediated phosphorylation likely inhibits the recruitment
of Spt2p. We hypothesized that phosphorylation disrupts the Spt2p-Spt6p interaction on
chromatin, resulting in the loss of Spt2p from chromatin. Indeed, we found that

phosphorylation by CKII partially disrupts Spt6p-Spt2p in vitro.

Spt2p possesses two HMG1-like domains. HMG proteins such as Nhp6p induce specific
changes in chromatin structure that allow different factors to bind chromatin (Stillman,
2010). The histone chaperone yFACT requires the HMG protein Nhp6p to recognize and
alter the nucleosome structure (Ruone et al., 2003; Stillman, 2010). It is likely that histone
chaperone Spt6p also requires an HMG box factor to interact with nucleosomes and initiate
the unfolding/refolding reaction during transcription. Indeed, a recent study has shown that
Spt6p could not interact with nucleosomes in vitro in the absence of HMG box factor
Nhp6p (McDonald et al., 2010). Importantly, Spt2p has two HMG-like domains and shows
physical and functional interactions with Sptép. We believe that Spt2p is the HMG box
protein that might assist Sptép in vivo during the reaction of chromatin

assembly/disassembly associated with transcription.
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Our data shows that in vitro phosphorylation by CKII disrupts the Spt6p-Spt2p complex.
Importantly, we have also shown that phosphorylation by CKII is required for the
formation of the Spt6p-Iwslp complex, which has a potential role in the release of the
Sptop/Iws1p complex from chromatin. Taken together, these results led us to propose a
model for the mechanism by which CKII modulates chromatin refolding activity (Figure
4.7). In this model, Spt6p is recruited to sites of active transcription by the CTD of
RNAPII. However, Spt6p requires an HMG box protein, which in this case is Spt2p, to
perform some of its functions. In the coding region of actively transcribed genes, Spt6p
interacts with Spt2p and stabilizes its interaction with chromatin. This interaction is
important for Sptép function and allows the latter protein to interact with nucleosomes,
start unfolding its structure to facilitate RNAPII passage, and redeposit nucleosomes after
transcription. Once nucleosomes are reassembled properly, the interaction of Sptép with
nucleosomes and Spt2p has to be disrupted and the latter proteins are released from
chromatin. We believe that this process is orchestrated via CKII-mediated phosphorylation.
Phosphorylation disrupts the Sptop-Spt2p and Spt6ép-nucleosome interactions, and favors
the interaction of Spt6p with Iwslp, which helps in turn to release Spt6p/Iwslp and Spt2p

from chromatin.
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Figure 4.7 : Model for the regulation of the function of transcription elongation
factors Spt2p and Spté by CKII

In Step 1, Spt6p requires an HMG protein to bind nucleosomes, which is needed for Spt6p
function. The two proteins Spt6p and Spt2p interact on the chromatin. After proper folding
of the nucleosome, CKII phosphorylates both Sptép and Spt2p, thus disrupting the Spt6p-
Spt2p interaction. Phosphorylation favors the Spt6p-Iwslp interaction, resulting in the
release of phosphorylated Spt2p and phosphorylated Spt6p-Iws1p complex from chromatin.

4.8 Conclusion and perspective

The work presented in this dissertation was focused on the study of the regulation of
transcription elongation factors. We began with the objective to understand the function
and regulation of Spt2p, a chromatin-associated transcription elongation factor. The final
picture that emerged from our studies is quite complex. We found that CKII phosphorylates
Spt2p and negatively regulates its function. Our results indicate that phosphorylation

prevents Spt2p from interacting with chromatin, thus preventing the non-specific
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interaction of Spt2p with chromatin. In order to be recruited to the coding region of
transcriptionally active genes, Spt2p should be dephosphorylated. It will be interesting to

characterize the phosphatase associated with Spt2p dephosphorylation.

The data presented here identify for the first time a role of the protein kinase CKII in the
modulation of chromatin during transcription elongation. We used a series of genetic and
biochemical methods to study the mechanistic details of this function. Our results show that
CKII plays its role via the phosphorylation and regulation of the function of transcription
elongation factor Spt6p. Our data shows that CKII regulates the interaction of Spt6p with
other proteins that are important for chromatin structure dynamics. We demonstrate that
Spt6p phosphorylation favors the Spt6p-Iws1p interaction and propose that phosphorylation
favors the release of the Sptop/Iwslp complex from chromatin once the latter is properly
refolded after transcription by elongating RNAPIIL. For these reasons, the Spt6p/Iwslp
complex is released less efficiently from chromatin in a ck/l mutant strain. This can be
tested by ChIP on genes under a GALI promoter. If Spt6p is not released from chromatin
after transcription is shut off, we should observe a delay in release of Spt6. In vitro
nucleosome binding assays using recombinant proteins (WT and Spt6ép phosphomimetic
mutant) could be performed to compare the binding of WT Spt6p and phosphomimetic

Spt6p mutants to nucleosomes.

In the course of this study, we found that mutation of CKII leads to strong defects in
chromatin structure. A non-phosphorylatable mutant of Spt6p presents chromatin defects,
although these defects are not as severe as those found in a ck/l mutant. Furthermore, we
were able to partially suppress chromatin defects in ckll mutants using phosphomimetic
mutants of Spt6p. This suggests that CKII plays roles that are additional to the regulation of
Spt6p function. CKII subunits are also associated with other factors important for
chromatin modulation such as FACT, Spt4p/5p and Chdlp (Krogan et al., 2002). CKII
could be at the helm of the pathways that regulate all these factors (Figure 4.8). It will be
highly interesting to decipher the additional pathways of chromatin structure regulation by

CKII in future studies.
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Figure 4.8 : CKII possibly regulates various transcription elongation factors

Spt6p interacts with Iws1lp and phosphorylation of Spt6p regulates this interaction. We
found that in vitro phosphorylation slightly increases the Spt6p-Iwslp interaction even
when the CKII target sites of Spt6p cannot be phosphorylated. Phosphorylation of Iwslp
might be responsible for the latter small increase (Figure 3.6). It will be interesting to check
chromatin defects when phosphorylation sites of both Spt6p and Iwslp are mutated. This
might be done by constructing a yeast strain bearing conditional mutations of these two
essential proteins. Previously, Spt6p has been shown to interact physically and functionally
with Spt5p (Krogan et al., 2002; Swanson and Winston, 1992). Interestingly, SptSp and
Iwslp are both phosphorylated at CKII consensus motifs in a region with sequence
homology, and their phosphorylated serine residues align perfectly (Krogan et al., 2002). It
1s will be tempting to study whether CKII plays a role in the regulation of the Spt6p-SptSp
interaction. CKII also interacts with elongation factors Chdlp and FACT (Krogan et al.,
2002). Importantly, Chd1p and FACT show physical and functional interactions (Costa and
Arndt, 2000; Krogan et al., 2002). It could be interesting to study the role of CKII in the
regulation of the interaction between FACT and Chdlp as well as their function.

The data presented in this dissertation provide valuable information regarding a novel
pathway of chromatin structure regulation via the post-translational modification of
transcription elongation factors. The ideas and concepts put forward here, when further
developed in future studies, should further enrich our knowledge of the complex regulation

of chromatin structure during transcription elongation.
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SUMMARY

In yeast, histone H3/H4 exchange independent
of replication is poorly understood. Here, we
analyzed the deposition of histone H3 mole-
cules, synthesized during G1, using a high-den-
sity microarray histone exchange assay. While
we found that H3 exchange in coding regions
requires high levels of transcription, promoters
exchange H3 molecules in the absence of tran-
scription. In inactive promoters, H3 is deposited
predominantly in well-positioned nucleosomes
surrounding nucleosome-free regions, indicat-
ing that some nucleosomes in promoters are
dynamic. This could facilitate induction of re-
pressed genes. Importantly, we show that
histone H3 K56 acetylation, a replication-
associated mark, is also present in replication-
independent newly assembled nucleosomes
and correlates perfectly with the deposition of
new H3. Finally, we found that transcription-
dependent incorporation of H3 at promoters is
highly dependent on Asf1. Taken together, our
data underline the dynamic nature of replica-
tion-independent nucleosome assembly/dis-
assembly, specify a link to transcription, and
implicate Asfl and H3 K56 acetylation.

INTRODUCTION

Major advances were made during the past decade in the
understanding of chromatin structure modulation. Most
transcriptional regulation involves chromatin remodeling
by ATP-dependent activities and posttranslational modifi-
cations of histones. In addition to these modulations,
recent observations have linked nucleosomal assembly,
disassembly, and histone exchange to transcription, sug-
gesting the existence of more drastic means of gene reg-
ulation (Workman, 2008). Most inactive genes possess

stable positioned nucleosomes in their promoters that in-
hibit the binding of the transcription complex. Presumably,
these nucleosomes are modified, remodeled, and dis-
placed during activation (Workman, 2006). At promoters,
histone exchange could be a way to add or remove certain
histone modifications that play a role during activation.
Interestingly, recent observations have shown that repli-
cation-independent replacement of histone H2A by the
variant histone Htz1 at promoters of repressed genes
could facilitate their activation (Guillemette et al., 2005;
Raisner et al., 2005; Zhang et al., 2005). Therefore, replica-
tion-independent chromatin assembly-disassembly and
histone exchange are potential mechanisms by which
genes are regulated.

Higher eukaryotes such as vertebrates or flies contain
a variant histone H3.3 that is deposited independently of
replication (Mito et al., 2005). Histone H3.3 is incorporated
genome-wide in transcribed regions in Drosophila or at
promoters of active mammalian genes (Chow et al.,
2005; Janicki et al., 2004; Mito et al., 2005). However, in
chicken hematopoietic cells, the transcription-dependent
deposition of H3.3 is less clearly associated with tran-
scription, since it occurs mainly at upstream regions of
genes independently of their transcription status (Jin and
Felsenfeld, 2006). Recent studies have shown that tran-
scription is associated with eviction of histones, while
the repression of galactose-controlled genes is correlated
with a rapid redeposition of histones (Schwabish and
Struhl, 2004, 2006). This reassembly of chromatin is not
consistent with a mechanism coupled to replication during
S phase but rather suggests a process independent of
replication and coupled to transcription (Schwabish and
Struhl, 2004). This process may recycle histones that
were displaced by RNA polymerase Il (RNAP ) or could
use a new source of histones (Workman, 2006).

Histone exchange and deposition independent of repli-
cation are important processes that emerge as possible
mechanisms of gene regulation (Williams and Tyler,
2007). Using a high-resolution, microarray-based, histone
H3 replacement assay performed in G1-arrested yeast
cells, we studied the replication-independent histone H3
deposition. We found basal and transcription-coupled
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H3 deposition both mainly targeting promoter regions. Im-
portantly, despite strict genome-wide correlation with
transcription at open reading frames, we observed an im-
portant transcription-independent exchange in promoters
of inactive genes. Using high-resolution MNase-ChIP as-
says, we mapped this exchange to nucleosomes sur-
rounding the nucleosome-free region (NFR) of inactive
genes. Detailed analyses on PHOS confirmed that posi-
tioned nucleosomes of a repressed promoter exchange
histone H3 in absence of replication or transcription.
This indicates that nucleosomes of inactive genes are in
a dynamic state that could poise promoters for activation.
Therefore, our data provide evidence of the existence of
transcription-dependent and -independent mechanisms
of H3 exchange outside of 8 phase. We finally show that
Asfl contributes largely to the transcription-dependent
deposition of new histone H3 and that it is mainly involved
at promoters of inducible genes. Interestingly, in contrast
to previous reports, our data show that Asf1-dependent
acetylation of H3 K56 is associated with DNA replica-
tion-independent histone H3 deposition. Our analyses
show global strong correlation between H3 exchange
and acetylation of H3 K56. We therefore suggest that H3
K586 acetylation is also a mark of replication-independent
newly assembled nucleosomes.

RESULTS

To analyze histone H3 dynamics, we used an experimen-
tal system based on the method developed to study chro-
matin reassembly at the PHOS promoter upon repression
(Schermer et al., 2005) and coupled it to high-resolution
microarrays. In this system there are two different sources
of histone H3 in the cell, the endogenous histone tagged
with the Myc epitope and a galactose-inducible form
fused to the Flag tag coexpressed with histone H4. In
order to eliminate the contribution of DNA replication-
dependent histone deposition, exponentially growing
cells containing the double-tag system are blocked in
G1 with « factor. After incubation with « factor, cells are ei-
ther fixed or induced to express Flag-H3 prior to formalde-
hyde treatment. Next, the levels of Myc-H3, Flag-H3, and
RNAP [l are assayed sither by standard ChIP-QPCR or by
ChIP-chip using tiling-path DNA microarrays (Guillemette
et al., 2005; Pokholok et al., 2005). Preliminary analyses,
performed on selected loci, showed that new Flag-H3 his-
tones were incorporated into various genomic loci with
a preferential incorporation at transcribed genes as shown
for PMAT and GALT coding regions (Figure 1A). We also
observed some level of transcription-independent histone
H3 incorporation (Figure 1A and see Figure 51 in the Sup-
plemental Data available with this article online).

Newly Synthesized Histone H3 |s Incorporated

into Chromatin

Although our preliminary data suggest that the new H3 is
incorporated into nucleosomes, it was possible that
Flag-H3 crosslinks nonspecifically to DNA of different ge-
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nomic regions after formaldehyde treatment. To rule out
this possibility, we purified chromatin and asked if the
new H3 is incorporated into nucleosomes. For that, nuclei
from cells expressing new Flag-H3 were isolated, di-
gested with a high concentration of MNase producing
mainly DNA fragments ranging from Q to 300 bp. The prod-
uct was fractionated on a Superose 6 column as previ-
ously described (Utley et al., 2005), and the fractions
were analyzed on agarose gels by SDS-PAGE or western
blotting. Figure 1B showed that fractions 17-23 contained
dinucleosmes or oligonucleosomes, that fractions 25-27
contained monoucleosomes, and that in fractions 29-37,
the DNA molecules were smaller than the expected size
of nucleosomes. The DNA of mononucleosomes coeluted
with all four core histones, whereas fractions 31-35 con-
tained only H2A/H2B dimers as shown by Coomassie-
stained SDS-PAGE. Interestingly, the Flag-H3 as well as
the constitutive Myc-H3 coeluted with the mononucleo-
somal DNA and the three other core histones. These
observations show that Flag-H3 is incorporated into
nucleosomes. Importantly, very little Myc-H3 or Flag-H3
eluted in fractions 31-35. According to their size, free H3
monomers, H3/H4 dimers, or H3/H4 tetramers would
elute in fraction 31-37. Therefore, we conclude that the
majority of Flag-H3 is associated with chromatin and is
incorporated into nucleosomes.

High incorporation of Flag-H3 into nucleosomes should
be associated, at least partially, with the replacement of
the endogenous Myc-H3. To test this, we conducted
a time course experiment in G1-arrested cells and moni-
tored simultaneously the levels of Flag-H3 and Myc-H3
at transcribed genes (Figure 1C). Our data showed that
incorporation of the Flag-H3 in transcribed genes was
accompanied by a loss of the previously chromatin-
associated histone H3 molecules (Myc-H3). This is indica-
tive of a specific chromatin assembly process that uses
histones from the free pool to replace existing histone
molecules. We refer to this phenomenon as H3 exchange.

Histone H3 Synthesized outside of Replication

Is Preferentially Targeted to Transcribed Loci

As suggested by our preliminary analyses (Figures 1A and
1C and data not shown), our genome-wide data showed
that the incorporation of new H3 was well correlated
with transcription. Figure 1D indeed shows a clear corre-
lation between transcription (as measured by RNAPII oc-
cupancy by ChIP-chip) and H3 exchange (as measured
by the Flag-H3/Myc-H3 ratio by ChIP-chip) on protein-
coding genes. This observation establishes that, outside
of replication, deposition of H3 is associated with tran-
scription. However, gene-by-gene analyses by QPCR
and genome-wide analyses by ChIP-chip both clearly
showed that a basal incorporation is observed at nontran-
scribed loci, suggesting two different replication-indepen-
dent chromatin assembly mechanisms (see below and
Figure S1). We therefore asked, for a given gene or loca-
tion, if transcription is the only determinant of new histone
incorporation. For that, we analyzed by ChIP assays, in
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Figure 1. Incorporation of New Histone H3 Is Dependent on Transcription

(A) Preferential incorporation of new Flag-H3 at the coding sequences of active genes PMAT and GAL7 in Gi1-arrested cells. Yeast cells from the strain
(YAN1001) containing the histone double-tag system were grown in raffinose medium to mid-log phase. After G1 arrest by « factor, the cells were
subsequently formaldehyde fixed or shifted to galactose medium for 60 min pricr to formaldehyde treatment. GhiPs were then performed using
the anti-Flag and the anti-Rpb1 antibodies. The values shown (IP/Input) represent the average and standard errcr of three independent experiments.
(B) Newly synthesized Flag-H3 is incorperated inte chromatin. Nuclei were isolated from a strain expressing new Flag-H3 (YAN1002) for 2 hr, treated
with MNase, and fractionated on a Superose 6 column. Fractions were run on agarose gels or SDS-PAGE or analyzed by western blots for the pres-
ence of Myc-H3 and Flag-H3.

(C) Incorporation of newly synthesized Flag-H3 is correlated with displacement of the endogencus Myc-H3. Cells were treated as described in (A)
except that a time course was conducted after galactose addition. Flag-H3 and Myc-H3 association with GALT and PMAT coding sequences
was analyzed by ChIP. The percent of IP at PMA7T after 2 hr of induction was set to 1 for Flag-H3 occcupancy. The percent of IP before induction
at each location was set to 1 for Myc-H3 occupancy. The values shown represent the average and standard error of three independent experiments.
(D) The level of histene H3 exchange correlates with RNAP|| occupangy. The chromatin used for Myc-H3, Flag-H3, and Rpb1 ChiP was prepared from
WTcells (YAN 1001) treated as described in (A). For each protein-coding gene, the levels of H3 exchange were calculated by averaging the ratio for all
the probes covering that gene (see the Experimental Procedures).

(B) Transcription is animportant determinant of new Flag-H3 deposition. Yeast cells from strains (YAN1001) or (YAN1002) were treated as described in
(A). In YAN1002, FMP27 is under the control of the GALT promoter.
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G1-arrested cells, the association of Flag-H3 with the 5" or
3 coding sequences of the long FMP27 gene in two differ-
ent strains (Figure 1E). In the first strain, FMP27 is under
the control of its own promoter while in the second strain
the GALT promoter drives it. In raffinose medium, only
marginal levels of Flag-H3 crosslinking were observed.
Galactose induction resulted in a significant Flag-H3 in-
corporation when FMP27 was under the control of its
own promoter. The new H3 deposition occurred despite
low BNAPII occupancy at this gene, suggesting a basal
replication and transcription-independent chromatin as-
sembly (Figure 1E and data not shown). Interestingly, the
deposition of new H3 at the GAL7-driven FMP27 gene
was higher and corresponded to higher RNAPII associa-
tion (Figure 1E and data not shown). This provides evi-
dence that transcription is an important process driving
additional incorporation at open reading frames of a given
gene. As a second way to test the role of transcription in
the incorporation of new H3, we looked at Flag-H3 oc-
cupancy at the heat-shock-inducible gene HSP104 in
different conditions (Figure S2). Again, in absence of
hightranscription, we observed a basal incorporation after
induction of new H3. Activation of transcription following
the synthesis of new H3 resulted in a high level of incorpo-
ration at HSP104 coding sequence. Taken together, our
data show that, in absence of transcription, there is abasal
level of incorporation of new H3. In addition to this basal
incorporation, we clearly observed an important additional
deposition of new H3 at transcribed regions of active
genes. This additional incorporation, intimately associ-
ated with transcription, provides direct evidence of chro-
matin assembly process coupled to transcription in yeast
that uses a source in trans.

Replication-Independent Histone H3 Exchange
Occurs Predominantly in Promoter Regions

We then mapped H3 exchange relative to the 5 and 3
ends of genes. To identify possible differences in the dis-
tribution of exchange with regard to transcription level,
protein-coding genes were divided into six groups ac-
cording to their level of transcription (based on RNAPII oc-
cupancy [Experimental Procedures]). As shown in
Figure 2A (left panel), for all groups, exchange occurred
predominantly in the 5" and 3’ regions. Importantly, high
H3 exchange in the coding regions occurs only in the
maost highly transcribed genes (red curve). Furthermore,
our data show that an appreciable exchange can be
observed at promoters of genes where very low RNAPII
association has been detected (violet, blue, and green
curves). Therefore, exchange of H3 in open reading
frames strictly requires transcription, whereas an impor-
tant transcription-independent level of exchange is ob-
served in promoters. Specific examples of H3 exchange
can be seenin Figure 2B showing exchange over a portion
of chromosome Il. As indicated by the vertical dotted lines
in Figure 2B, H3 exchange was high in every intergenic re-
gion. Interestingly, this exchange does not strictly require
the presence of a promoter, since it can be observed inin-
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tergenic regions abutting two genes transcribed toward
each other (region between YBRO94W and RXTZ2 in
Figure 2B). However, one should note that, on average,
the presence of promoter in intergenic regions is associ-
ated with higher exchange (Figure 83). Although the pres-
ence of a promoter is not strictly required for H3 exchange
in intergenic regions, the promoterless intergenic regions
with a high level of exchange tend to have higher levels
of RNAPII, suggesting that the observed exchange is tran-
scription dependent rather than basal (data not shown).

We therefore conclude that replication-independent H3
exchange is brought about by two mechanisms: a basal
level of exchange occurring mainly in promoters, and
a transcription-dependent exchange targeting both inter-
genic and coding regions.

Histone H3 Exchange at Promoters of Inactive Genes
As mentioned above, despite a clear relation between ex-
change and transcription rate, appreciable exchange can
be detected in the promoter of genes for which no evi-
dence for transcription can be found (violet, blue, and
green curves in Figure 2A). More examples can be seen
in Figure 3A, which shows both exchange (red) and RNA-
Pll occupancy (green) along a region of chromosome VII.
Although most genes in this region are poorly transcribed,
a high level of histone H3 exchange was detected at spe-
cific locations. For example, the intergenic regions con-
taining the promoters for TPN1, YGL185C, and STR3 all
showed clear evidence for exchange (dotted vertical lines)
despite very low levels of RNAPII. This important observa-
tion indicates that promoters could exchange histones H3
in absence of transcription and replication.

H3 exchange in the absence of replication or transcrip-
tion at promoters of repressed genes could have a very
important function in the regulation of these genes. To fur-
ther our analyses on the H3 exchange at repressed pro-
moters, we studied the promoters of the PHO5 gene.
This gene, extensively used in chromatin studies, has, in
repressive conditions, four stably positioned nucleo-
somes that are lost upon activation (reviewed in Svaren
and Horz [1997]). The nucleosomal structure of PHOS
promoter is remodeled only by transcription activity or
presumably by the passage of the replication fork. First
we analyzed, in G1-arrested cells, the incorporation of
Flag-H3 and Rpb1 at the PHO5 promoter and in GALT
or POL1 coding sequences (Figure S4). In contrast to
GAL1, we observed a high level of exchange at the
PHOS5 promoter in the absence of RNAPI. We next ana-
lyzed in more detail histone exchange at the PHOS pro-
moter (Figures 3B and 3C and data not shown). Using
ChIP assays, we measured Flag-H3, Myc-H3, or Rpb1
levels at the PHOS promoter and ORF. Galactose induc-
tion led to an important enrichment of the new H3 at the
level of the PHOS promoter (Figure 3B, probe C). Interest-
ingly, we saw less enrichment in the PHOS CRF {probe E)
or in the adjacent upstream region (probe B). The high en-
richment in new H3 is associated with a higher eviction of
Myc-H3 (Figure 3C) and indicates that the promoter of
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Figure 2. Replication-Independent Histone H3 Incorporation Occurs Mainly in Premoters

{A) Map of histone H3 exchange along genes. Average H3 exchange (left) was mapped relative to the 5" and 3’ genes boundaries of six groups of
genes based on RNAPIl occupancy (right) (see the Experimental Procedures).

(B) Histone H3 exchange along a 17 kb region on chromoseme 1. Exchange is shown inred for all the probes that map within this chromesomal region.
The probes are shown as black bars, and the genes (according to the UCSC Genome Browser) are shown in gray.

PHO5 exchanges histones H3/H4 with the free pool in the
absence of transcription and replication.

Chromatin structure at inactive promoters was previ-
ously shown to contain a NFR flanked by a few well-posi-
tioned nucleosomes (Yuan et al., 2005). We therefore
mapped exchange on NFRs. As shown in Figure 3D, ex-
change is very high over the NFR and the surrounding nu-
cleosomes, suggesting that these nucleosomes exchange
histone H3 with the free pool more than most other nucle-
osomes. This is consistent with our observation that pro-
moters, which are the privileged regions for NFRs and po-
sitioned nucleosomes, have high levels of exchange.
However, these data could also mean that the new H3
molecules bind free DNA in NFRs (as opposed to the sur-
rounding nucleosomes). In order to investigate that possi-
bility, we modified ocur protocol by replacing senication
with MNasel treatment followed by immunoprecipitation
{(MNase-ChlIP, Figure 85). Mononucleosomes (Figure S6)
were immunoprecipitated with anti-Myc and anti-Flag an-
tibodies. MNase-ChIP samples of Flag-H3 and Myc-H3

immunoprecipitations, performed with chromatin of G1-
arrested cells, were then hybridized on a microarray con-
taining 244K overlapping probes covering the whole ge-
nome. Although this does not have enough resolution to
perfectly distinguish nucleosomes, such an approach
can distinguish the NFRs freom the neighboring nucleo-
somes. Consistent with the standard ChIP-chip result
shown in Figure 3D, Figure 3E shows that exchange in
this assay was higher on the few nucleosomes surround-
ing the NFR than at more distant nucleosomes. More im-
portantly, it clearly shows that the Flag-H3/Myc-H3 ratio
is the lowest in the NFR. This indicates that H3 replace-
ment occurs around, but not on, the NFRs.

We next conducted MNase-ChlP and analyzed the
PHO35 gene by QPCR. Figure 3F shows that nucleosomes
—2 and —1 (relative to the ATG) were subject to exchange
in these growth conditions. Indeed, galactose induction
led to a major enrichment of the new H3 at the level of
the nucleosome —2 (probe C) and to a lesser extent to
nucleosome —1 (probe D). Interestingly, we saw less

Molecular Cell 27, 393-405, August 3, 2007 ©2007 Elsevier Inc. 397
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Figure 3. Promoters of Inactive Genes Exchange Histone H3 Independently of Transcription or Replication

(A) Histone H3 exchange (red) and RNAPII cccupancy (green) along a 12 kb region containing repressed genes located in chromosome V1.

(B) The promoter of the PHOS gene incorporates high level of Flag-H3. In G1-arrested cells, Flag-H3 was induced for 2 hr and its occupancy measured
at several positions of the PHOS locus. The nucleosomes remodeled during activation are in green, and the triangles represent the Pho4 binding sites.
The values shown (IP/Input) represent the average and standard error of three independent experiments.

(C) Pre-existing Myc-H3 molecules are displaced by the incorporation of new Flag-H3. The Myc-H3 association was analyzed by ChIP assays as in
(A). The percent eviction guantifying the amount of Myc-H3 displaced was calculated relative to the Myc-H3 occupancy before galactose induction.
The values shown represent the average and standard error of three independent experiments.

(D) Histone H3 exchange is high around NFRs. H3 exchange (Flag-H3/Myc-H3), as measured by ChIP-chip, is plotted (orange) relative to the middle of
the NFRs. Nucleosome density profile from Yuan et al. (2005) is shown in blue.

(E) Histone H3 exchange is restricted to few nucleosomes surrcunding the NFRs. H3 exchange (Flag-H3/Myc-H3), as measured by MNase-ChlIP cou-
pled with high-density tiling microarray, is plotted (green). The NFRs and nucleosomes are the same as those used in (D). The chromatin used was
extracted from WT cells (YAN1002) treated as in (B).

(F) High incorperation of Flag-H3 is mainly associated with the positioned nucleosome —2 of the PHOS premoter. ChIP assays using MNase treated
chromatin as described in E. The PHOS5 regions tested are indicated. The values shown for |P/Input represent the average of two independent
experiments.
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Figure 4. Transcription-Dependent Exchange of Histone H3 Involves Asfi

(A) Incorporation of newly synthesized H3 at PMAT is reduced in an asf7 4 strain and not in a chd? 4 strain. Flag-H3 association was analyzed prior to
or following galactose induction of WT (YAN1001), asf1d (YAN1003), and chd? 4 (YAN1004) cells. The enrichment at PAMAT in WT cells after 2 hrin
galactose was setto 1.

(B) Asf1 plays an important role in transcription-dependent histone H3 exchange outside of S phase. Results of a time course experiment showing
incorporation of Flag-H3 at the active PMAT (5 coding) gene or the POLT (5’ coding) inactive gene are shown. The enrichment at PMAT in WT cells
after 2 hr in galactose was set to 1. Average and standard errer of three independent experiments are shown.

(C) Asf1 is important for displacement of the pre-existing Myc-H3. The time course experiment shows Myc-H3 association with PMAT and POL?. The
values shown (percent |P at given time point relative to percent |P in raffinose) represent the average and standard errcr of three independent exper-
iments.

(D) Asf1 dependence for histone H3 exchange on promeoters correlates with RNAPI occupancy. The average level of Asf1 dependence within the

promoter was calculated similarly as in Figure 1D, except that only probes covering the promoter region were used.

enrichment at the PHOS5 ORF (probe E) or the adjacent up-
stream ORF (probe B). The high enrichment in new H3 is
associated with a higher eviction of Myc-H3 (Figure 3C)
and shows that positioned nucleosomes in the promoter
of repressed genes exchange histones with the free pool
in absence of transcription and replication. We obtained
similar results with the CHAT repressed promoter (Fig-
ure S7). This confirms ocur genome-wide data and shows
that some nucleosomes within promoter regions are
highly dynamic regardless of transcription. At inactive
genes, this dynamic state could poise the promoter
for transcription by facilitating the remodeling during
induction.

Transcription-Dependent Histone Replacement
outside of & Phase Implicates Asf1

Efficient nucleosome assembly requires histone chaper-
one and ATP-dependent nucleosome remodeling activi-
ties (Robinson and Schultz, 2003). Interestingly, yeast ex-
tracts lacking either Asf1 or ATP-dependent nucleosome
remodeling factor Chd1 are severely defective in replica-

tion-independent nucleosome assembly (Robinson and
Schultz, 2003). Moreover, Asf1 and Chd1 were previously
shown to associate with transcribed regions (Schwabish
and Struhl, 2006; Simic et al., 2003). To obtain further in-
sight into replication-independent chromatin assembly in
yeast, we asked if Asf1 and Chd1 play an important role
in new H3 deposition in vivo. Thus, we measured the
Flag-H3 incorporation at PMAT coding sequence in
wild-type (WT), asfid, or chd?4 cells arrested in G1
(Figure 4A). The deletion of CHD1 gene had no effect on
Flag-H3 incorporation. However, we observed a substan-
tial reduction of new H3 incorporation in asfi.4 mutant. Im-
portantly, the protein level of Flag-H3 was not affected in
asf14 mutant (data not shown). We therefore analyzed
the role of Asf1 in the replication-independent histone de-
position in greater detail by looking at the levels of Flag-H3
and Myc-H3 in G1-arrested cells after various times of
galactose incubation {Figures 4B and 4C). At the tran-
scriptionnally inactive gene POL1, absence of Asfl had
no effect on Flag-H3 deposition. Interestingly, the incor-
poration of new H3 was significantly decreased at PMAT

Molecular Cell 27, 393-405, August 3, 2007 ©2007 Elsevier Inc. 399
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Figure 5. The Effect of the Deletion of ASFT on the Replication-Independent Histone H3 Incorporation
(A) Asf1 is mainly responsible for H3 exchange in active promoters. A map of histone H3 exchange along genes in the WT {left, YAN1001) and asft 4

(right, YAN1003) is shown. The mapping was dcne as in Figure 2A.

(B) The contribution of Asf1 globally correlates with the level of transcriptional induction. The difference in H3 exchange (WT versus asf? 4) measured in
cur conditions (galactose + a factor) is plotted against the difference in RNAPII occupancy between two conditions (galactose + « factor versus stan-
dard conditions) for the highly transcribed yeast genes (see the Experimental Procedures).

(C) Asf1 affects H3 exchange in various genetic elements. The average H3 exchange was mapped on the 5 of tRNA, LTR, and Ty elements and on the

middle of ARS in the WT (left) and in asf7 4 (right).

after 2 hr of induction (p = 0.02). Furthermore, the tran-
scription-dependent eviction of Myc-H3 is also signifi-
cantly reduced in asf? 4 mutant at PMAT. These observa-
tions indicate that Asfl plays an important role in
transcription-dependent histone H3 exchange outside of
S phase at the PMAT coding region.

We next asked if Asf1 plays a general role in the tran-
scription-dependent histone H3 deposition in G1-amrested
cells. For that, we analyzed, at the genome-wide level, the
impact of asfi deletion on Flag-H3 deposition. Flag-H3
was immunoprecipitated from crosslinked chromatin ex-
tracted from WT and asff 4 cells arrested in G1. The pre-
cipitated DNAs were labeled and hybridized on tiling mi-
croarray. In Figure 4D, the WT/asfi 4 ratio at promoters,
which constitutes a measure of the Asfl dependence,
was plotted against RNAPI occupancy. The figure clearly
shows a positive comrelation between transcription level
and the dependence on Asfl. The same was observed
at 3 regions (data not shown). Interestingly, the figure
also indicates that Asf1 contributes less to exchange at in-
active genes (genes with negative RNAPIl occupancy
values). This argues for a global role of Asf1 on transcrip-
tion-dependent (but not on the basal) H3 deposition out-
side of the replication period.

We next performed a ChIP-chip experiment in asfi4
cells to map precisely the H3 exchange dependent on
Asf1. In Figure 5A, we report the average H3 exchange
in WT (left panel) and asf?4 (right panel) cells on the
same groups of protein-coding genes used in

Figure 2A. It shows that Asfl contributes mainly to
the transcription-dependent exchange at promoters
and to some extent at terminators, while exchange on
the ORFs, as well as the basal exchange at promoters,
is not significantly affected. This suggests that alterna-
tive activities are required for H3 exchange. Interest-
ingly, a gene ontology search revealed that the most
affected genes are involved in the response to
pheromone. These genes are activated by our experi-
mental conditions (« factor treatment) suggesting that
Asfl may be more important for exchange at inducible
genes than at highly transcribed constitutive genes. In
order to address that possibility, we plotted the differ-
ence in exchange between the WT and asf?d versus
the difference in RNAPIl occupancy measured prior
and after the switch to galactose + « factor (Figure 5B).
This shows high correlation (r = 0.45), suggesting that
for a given expression level, a gene is more dependent
on Asfl for H3 exchange at its promoter when it is be-
ing induced (see also Figure S58). We conclude that
genes are highly dependent on Asfl for H3 exchange
during induction but less so during steady-state high
transcription.

Finally, Figure 5C shows that Asf1 is also a major con-
tributor to H3 exchange observed at other genstic ele-
ments such as tRNA, Ty, and ARS. This important latter
observation suggests a possible direct role of Asf1 in the
regulation of chromatin structure of replication origins
(see also Figure S9).
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Replication-Independent Newly Deposited H3

Is Acetylated on K56

Asf1 is essential for the acetylation of histone H3 on K56
(Recht et al., 2006). Interestingly, recent reports show
that this epigenetic mark is cell cycle regulated, is impor-
tant for DNA damage response, and plays a role in
genome stability (Driscoll et al., 2007; Han et al., 2007;
Masumoto et al., 2005). These observations clearly indi-
cated that K56 is associated with replication-dependent
chromatin assembly and therefore suggest a function
for Asfl in DNA synthesis. However, K56 acetylation
and the HAT (Rtt109) responsible for this modification
were also found at active genes (Schneider et al.,
20086). This observation suggests that K56 acetylation
could also be involved in transcription-dependent chro-
matin assembly. However, this association was observed
in nonsynchronized cells, making the evaluation of the
relative contribution of replication versus transcription
difficult to assess. To distinguish between these two pro-
cesses, we asked whether K56 acetylation is associated
with the transcription-dependent chromatin assembly
pathway in G1-arrested cells. To this end, we analyzed
K56 acetylation on Flag-H3 immunoprecipitated from
WT and asf?4 whole-cell extracts (Figure 8A). The cells
used were arrested in G1 and Flag-H3 induced by galac-
tose treatment during 0, 1, or 2 hr. We clearly observed
that new Flag-H3 is acetylated on K56 in WT cells ar-
rested in G1. This acetylation is absent from asfi4 cells
subjected to the same treatment. This previously unre-
ported observation indicates that K56 histone acetyl-
transferase activity is present in G1 and that newly syn-
thesized H3 is modified during this step of the cell
cycle. We next asked if K56-acetylated H3 is deposited
on chromatin at transcribed genes in G1-arrested cells.
We analyzed K56 acetylation of H3 by ChIP assays at
the GALT coding region in WT or asfi4 mutant cells.
When GAL1 was induced in G1-arrested cells, we ob-
served an increase of K56 acetylation at this gene only
in WT cells (Figure 5B). This shows that K56 acetylation
is also a mark of transcription-coupled newly assembled
nucleosomes outside of 8 phase.

To have a global view of H3 K56 acetylation, we ana-
lyzed by ChIP-chip the incorporation of this mark in G1-ar-
rested cells containing newly synthesized histone.
Figure 6D shows that the acetylation of H3 K58 is globally
higher in the promoter of transcribed genes, a pattern that
is highly similar to the pattern of H3 exchange (compare
with Figure 2). Interestingly, we also observed a significant
incorporation in the promoters of inactive genes (Fig-
ure 6D, blue and violet curves; also see Figure 6C), indicat-
ing that H3K56 acetylation is not restricted to transcribed
regions. This observation suggests that H3 K56 acetyla-
tion correlates with new H3 incorporation. To confirm
this observation, we plotted H3 K56 acetylation against
H3 exchange (Figure 6E) and observed a very strong cor-
relation {r = 0.865). Therefore, we conclude that acetyla-
tion of K56 is a general mark of replication-independent,
newly assembled nucleosomes in G1 cells.

DISCUSSION

Basal and Transcription-Dependent Histone H3
Exchange outside of Replication

The cell assembles chromatin during S phase in the wake
of replication. In addition to replication, a number of other
processes involving DNA metabolism are associated with
histone deposition and nucleosomal assembly, including
transcription and DNA repair. The present work is focused
on the understanding of replication-independent histone
H3 dynamics in the yeast Saccharomyces cerevisiae.
The data presented in this study show clear association
between transcription and histone H3 incorporation. In
addition, we observed promoter-associated genome-
wide basal exchange in absence of transcription or repli-
cation.

After this work was completed, it was reported that in
G1-blocked yeast cells, new histone H3 is incorporated
into nucleosomes of the transcribed genes and not into
those of some repressed genes, suggesting that, outside
of replication, histone H3 exchange is only associated with
transcription (Jamai et al., 2007). A careful analysis of our
data on genes extensively studied by Jamai et al. shows
similar patterns of H3 exchange, namely no exchange at
the inactive STE3 promoter (Figure S11). Because genes
showing no or low basal incorporation are rather infre-
quent in our study, we think that our conclusions are differ-
ent primarily because we analyzed the exchange globally.

Also, we cannot exclude the fact that some differences
lie in the systems used in both studies. Indeed, Jamai and
colleagues used a C-terminal HA-tagged histone H3 ex-
pressed from a plasmid, while we used an integrated con-
struction that expresses both histone H3 and H4. The co-
expression of histone H4 togsther with histone H3 may be
important for the basal exchange pathway. However, this
is unlikely, since deletion of the histone H4 allele underthe
control of GAL1/10 does not affect the new H3 incorpora-
tion at the promoter of the inactive PHO5 gene (see
Figure §12). Finally, there are other differences in the
two experimental systems that could explain some
differences including the type and the position of the epi-
tope or the origin and the nature of the endogenous his-
tone H3.

In any case, we observe a basal genome-wide ex-
change at promoters that is independent of transcription
and replication. In addition to this basal exchange, there
is a specific chromatin-assembly pathway associated
with transcription. Finally, while this manuscript was in re-
view, another related study in yeast reported the existence
of H3 exchange that is independent of transcription and
replication (Dion et al., 2007). Importantly, two other stud-
ies in Drosophila published atthe same time show that his-
tone H3 exchange occurs in promoters of genes in ab-
sence of transcription and RNAP Il (Mito et al., 2007;
Nakayama et al., 2007). This clearly indicates that replica-
tion and transcription-independent histone H3 exchange
in promoters is a conserved phenomenon that could
play an important role in transcription regulation.
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Figure 6. Acetylation of H3 Lysine K56 Is Involved in Transcription-Dependent Chromatin Assembly

(A) Newly synthesized Flag-H3 is acetylated on K56 in G1-arrested cells. Proteins from whole-cell extract (“1") of WT (YAN 1002) or asf1.4 (YAN1003)
were immunoprecipitated using anti-Flag beads (“B") or control beads (“C"') and analyzed for H3 K56 acetylation by western blots. Whele-cell extract

of nonsynchronized exponentially growing cells were also tested (right).

(B) Newly synthesized H3 is acetylated on K56 and deposited at the active GAL? gene. ChIP assays showing association of K58 acetylation with GALT

or No-ORF (intergenic region of chromosome V), before and after galactose induction in WT (YAN 1002) or asf1.4 (YAN1003).

(C) Histone H3 exchange along a 19 kb region on chromosome VIl as in Figure 2B. Exchange is shown inred, RNAPIl in green, and H3 K56ac in purple.

(D) Histone H3 K56 acetylation is enriched in the promoter of active genes. A map of histone H3 K56 acetylation is shown as in Figure 2A.

(E) The level of histone H3 K56 acetylation globally correlates with the level of H3 exchange. H3 K56 acetylation is plotted against H3 exchange. Each

dot represents the average value over a gene.
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Transcription-Dependent Histone H3 Exchange
outside of Replication Oceurs Mainly in the 5 and 3
Ends of Active Genes

The exchange mapping shows new surprising results that
could help to better understand chromatin modulation.
Transcription-dependent exchange shows two different
peaks of incorporation, located at the promoters and
FUTR, respectively. The exchange we observed in 3’ re-
gions is probably not due to the presence of a neighboring
promoter since it also occurs in intergenic regions located
between two genes with convergent transcription. How-
ever, we note that, on average, the genome-wide H3 ex-
change is higher in intergenic regions containing at least
one promoter (Figure S3).

The intriguing pattern of H3 exchange reflects less ex-
change in the body of the active genes. It is possible
that initiation and termination of transcription are more
disruptive for nucleosomes than elongation. Alternatively,
transcription elongation could be, at least partially, associ-
ated with a mechanism that uses more histone in cis while
initiation and termination would favor trans-exchange. The
use of histone in ¢is would have important consequences.
It would protect epigenetic marks such as methylation and
acetylation that have been shown to play a major role in
the repressive function of chromatin structure in coding
regions (reviewed in Workman [2006)). In contrast, trans-
exchange would scramble any epigenetic mark so that
each round of elongation would reset chromatin to a ge-
neric form.

H3/H4 Exchange in Intergenic Regions May Poise
Repressed Promoters

In promoters of repressed genes, the appreciable ex-
change has most likely very important biological implica-
tions, specifically for the transcriptional regulation. Con-
sidering that H2A/H2B dimers are highly dynamic, our
data on H3 suggest that nucleosomes of inactive genes
could be in equilibrium between association and dissoci-
ation. Alternatively, the high incorporation of new H3 could
reflect an exchange of H3/H4 dimers, suggesting only par-
tial disassembly of positioned nucleosomes. During the
activation process, this equilibrium could be displaced to-
ward partial or total dissociation by the recruitment of
chromatin remodelers, histone-modifying activities, or
histone chaperones.

Alternatively, it is also possible that specific histone
maodifications, or incorporation of a variant histone, result
in higher “dissociation exchange™ of promoter nucleo-
somes. Recent studies indicate that Htz1, a histone H2A
variant, is localized near NFRs of repressed genes and
may poise promoters for activation (Guillemette et al.,
2005; Raisner et al., 2005; Zhang et al., 2005). Therefore,
it is possible that the high exchange rate in promoters of
inactive genes is driven by the presence of Htz1 in some
of their nucleosomes. Alternatively, the presence of
NFRs in intergenic regions (regardless of the presence of
Htz1) may play a role in the targeting of basal histone ex-
change. Finally, it is possible that the binding of regulators

in repressing conditions drives the exchange at the pro-
moters of repressed genes. We tested this possibility for
PHO5 and found that Pho2 and Pho4 activators play
some role in the kinetic and final level of H3 exchange at
the promoter (Figures S13 and S14). Therefore, it is possi-
ble that activators binding to promoters will contribute to
this basal exchange in promoters of inactive genes.

The important H3/H4 dynamics in promoters could be
a way to incorporate or eject a specific chromatin mark
that would be important for transcriptional regulation. In
any case, high nucleosome dynamics in promoters is
likely to have profound biological consequences regard-
ing the regulation of transcriptional induction. After this
work was submitted, two studies in Drosophila showed
that H3.1 is exchanged by H3.3 at regulatory regions of
genes independently of the presence of RNAP Il (Mito
et al., 2007; Nakayama et al., 2007). Similar to what we re-
ported in yeast, this exchange occurs in nucleosomes that
surround nucleosomal depleted regions. These observa-
tions, together with our report, clearly indicate that tran-
scription- and replication-independent H3 exchange oc-
curs in regulatory regions and is conserved in eukaryotic
organisms.

Asfi and H3 K56 Acetylation Play a Role

in Transcription-Dependent Chromatin Assembly
outside of S Phase

Asf1 travels with RNAPII and plays a role in histone evic-
tion and deposition upon repression of transcription
(Schwabish and Struhl, 2006). Our study provides, to our
knowledge, the first global and direct evidence that Asf1
is implicated in replication-independent histone H3 depo-
sition in yeast. We show that Asf1 is important for the co-
transcriptional deposition of new H3. Moreover, we find
clear genome-wide correlation between Asf1 and tran-
scription-coupled histone H3 exchange. Therefore, we
conclude that Asf1 contributes not only to the redeposi-
tion of nucleosomes after repression of transcription but
also to the genome-wide cotranscriptional deposition of
new nucleosomes. Interestingly, our mapping of Asfl de-
pendency shows that Asf1 plays a much more important
role at promoters of active genes than at their coding re-
gions. This observation suggests that Asf1 is a predomi-
nant chaperone during initiation, while its role during elon-
gation is less important or redundant with other activities.
Finally, we found that, among the active genes, the induc-
ible ones are the most dependent on Asfl for H3 ex-
change. This could suggest that Asfl is crucial for the
rapid induction and repression of inducible genes. This
is consistent with previous observations regarding galac-
tose-inducible genes or PHOS5 (Adkins et al., 2004;
Schwabish and Struhl, 2006).

Asf1 also has important roles during replication. It con-
trols specifically the acetylation of H3 K56, a chromatin
mark that was thought to be restricted to S phase and to
associate with the replication-dependent chromatin as-
sembly machinery (Masumoto et al., 2005). Recent obser-
vations show that expression of Rtt109, the H3 K56 HAT,
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is also cell cycle regulated and overlaps largely with the in-
duction of K56 acetylation during S phase (Driscoll et al.,
2007). Our data provide new intriguing results, showing
that K56 acetylation activity is present in G1. There are dif-
ferent ways to interpret this observation. First, it is possi-
ble that the Rtt109 activity is present throughout the cell
cycle but cannot be observed during G1 because of the
lower level of histone synthesis. Alternatively, induction
of new H3 could trigger a signal that would lead to expres-
sion of the Rtt109. Interestingly, K56 acetylation was re-
cently linked to transcription elongation (Schneider st al.,
2008). However, that study was conducted on non-
synchronized cultures, making the evaluation of transcrip-
tion-dependent and S phase chromatin assembly difficult.
Our experimental system allowed us to observe induction
of K56 acetylation in the absence of replication. We found
that H3 K56 acetylation is mostly predominant in promoter
regions of active genes. Our mapping analyses show that
H3 K56 acetylation is also present in these regions of inac-
tive genes. In summary, this epigenstic mark is strongly
correlated to H3 exchange. Therefore, we conclude that
replication-independent newly assembled nucleosomes
are marked by acetylation at H3 K56. Importantly, the
K56 acetylation plays a crucial role during replication-cou-
pled chromatin assembly, and the absence of this epige-
netic mark has deleterious effects on the repair of DNA
damage and genome stability (Driscoll et al., 2007; Masu-
moto et al., 2005). Our data bring about a possible role for
K56 acetylation in transcription regulation of either active
or inactive genes, a possibility that will be addressed in fu-
ture work.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media

All S. cerevisiae strains used in this study are listed in Table S1. They all
criginated from cresses between USY6 (generous gift frem Dr. Philip
Korber) and different strains bearing the desired mutations. The dele-
tions or promoter replacement of genes was constructed by homolo-
gous recombination and standard yeast genetics methods. Efficient
G1 arrest (at least 95% of cells) was achieved by adding 500 ng/ml
of « factor for 3 hr.

Purification of Native Chromatin, Chromatin
Immunoprecipitation, and MNase-ChIP Assays

Yeast native chromatin was purified as described elsewhere (Utley
et al., 2005). The protocol for Mnase-ChlP assays is generally similar
to the standard ChlIP procedure. The modifications were done accord-
ing to Schermer et al. (2005).

Labeling and Hybridization

In both ChiP-chip and MNase-ChiP-chip, DNA was amplified and la-
beled using ligation-mediated PCR and hybridized as described previ-
cusly (Guillemette et al., 2005). Yeast full genome tiling arrays contain-
ing ~44K {(ChIP-chip) cr ~244K (MNase ChIP-chip) probes were
purchased from Agilent Technologies. The 44K arrays were the
same as we used previously (Guillemette et al., 2005) and contain an
average of four 60-mer probes (Tm-adjusted) per kilobase across all
the nonrepetitive pertion of the yeast genome (except for a few exper-
iments that were done on a new generation of microarray (the 4 x 44K)
carrying similar characteristics). The 244K array, alsc made of Tm-ad-
justed 60-mer probes, contains an average of about 20 probes per ki-
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lobase. In this case, most probes are overlapping with the next by ap-
proximately ten bases.

More details of experimental procedures including microarray data
analysis are described in the Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,
17 figures, 2 tables, 8 files, and Supplemental References and can be
found with this article online at http:/www.mclecule org/cgi/content/
full/27/3/393/DC1/.
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Spt2 is a chromatin component with roles in transcription and posttranscriptional regulation. Recently, we
found that Spt2 travels with RNA polymerase II (RNAP II), is involved in elongation, and plays important roles
in chromatin modulations associated with this process. In this work, we dissect the function of Spt2 in the
repression of SER3. This gene is repressed by a transcription interference mechanism involving the transcrip-
tion of an adjacent intergenic region, SRGI, that leads to the production of a noncoding RNA (neRNA). We find
that Spt2 and Spté are required for the repression of SER3 by SRGI transcription. Intriguingly, we demon-
strate that these effects are not mediated through modulations of the SRGI transcription rate. Instead, we show
that the SRG1 region overlapping the SER3 promoter is occluded by randomly positioned nucleosomes that are
deposited behind RNAP II transcribing SRGI and that their deposition is dependent on the presence of Spt2.
Our data indicate that Spt2 is required for the major chromatin deposition pathway that uses old histones to
refold nucleosomes in the wake of RNAP II at the SRGI-SER3 locus. Altogether, these observations suggest a
new mechanism of repression by ncRNA transcription invelving a repressive nucleosomal structure produced

Vol. 31, No. 6

by an Spt2-dependent pathway following RNAP 11 passage.

In eukaryotes, modulation of the chromatin structure is a
key aspect of important processes involving DNA. The basic
unit of chromatin structure is the nucleosome, which consists
of 146 bp of DNA wrapped around an octamer of histones
(20). In addition to histones, many nonhistone proteins play
important roles in regulating chromatin structure and chroma-
tin-related processes (41). In Saccharomyces cerevisize, one
such nonhistone chromatin component is the HMG-like pro-
tein Spt2/Sinl, which was first identified genetically, by analysis
of secondary mutations that suppress Ty and & insertion mu-
tations (spt2 for “suppressor of Ty 27), in the HIS4 promoter
(43).The sequence identity of Spt2 to HMG proteins is weak.
However, like these proteins, it binds DNA nonspecifically and
has significant affinity to four-way junction DNA, a structure
similar to that found at the entrance/exit point of DNA from a
nucleosome (25, 46). Several studies indicated that this factor
could play a negative role in transcription initiation. Indeed,
Spt2 was identified in a second screen for mutations that sup-
press the loss of the Swi/Snf chromatin remodeling complex
and was called SINI (39). In addition, mutations in SPT2
suppress defects caused by mutations of SAGA histone acetyl-
transferase complex components (27, 31) and by deletion mu-
tations in the RNA polymerase II (RNAP II) largest subunit
gene (RPBI) (28). Finally, spt2 mutations have been shown to
derepress the heat shock §543 gene (2).

‘While these mutant phenotypes suggested a negative role for
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Spt2 in transcription initiation, our recent work showed that it
has an important function m transcription elongation (24). We
demonstrated that Spt2 plays a significant role in the mainte-
nance of proper chromatin structure over transcribed regions
of the two active genes PMAI and GAL/. Similarly to other
elongation factors, it is required for the repression of transcrip-
tion from the FLOS cryptic promoter within its coding region
(24). This factor is also involved in 3'-end processing of RNA
and has been shown to specifically affect the polyadenylation
of mRNA (11). Finally, in addition to its role in transcrip-
tion, the spt2A mutation enhances recombination where
transcription is active and causes defects in chromosome
segregation and stability (16, 24, 38). Collectively, these
observations suggest that Spt2p protects genome integrity at
transcriptionally active regions, presumably by maintaining
chromatin structure.

Global analyses of Spt2 localization showed that it is
generally associated with coding regions of actively tran-
scribed genes (24). However, a few exceptions have been
observed, and among these infrequent Spt2 localizations is the
SRGI-SER3 intergenic region. Interestingly, the SER3 gene is
regulated by a transcription interference mechanism involving
the transcription of a noncoding RNA (ncRNA) (21), pro-
duced from the intergenic region (SRGI) where Spt2 is local-
ized. Noncoding RNAs were shown to be major players n gene
expression regulation. They are produced by transcription
across entire genomes, including intergenic regions, and regu-
late gene expression by different mechanisms, including RNA
interference (RNAi)-mediated pathways of gene repression
(10). However, production of some ncRNAs, as is the case for
the ncRNA SRGI, regulates gene expression in cis. Indeed,
recent observations indicated that, rather than the ncRNA
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product itself, it was the act of transeription and its associated
processes that were important for the regulation of adjacent
genes. Moreover, a few studies showed that the chromatin
modulations associated with transcription of ncDNA play a
major regulatory role. The activation of the Schizosaccharomy-
ces pombe fbpl™ gene requires displacement by ncRNA tran-
scription of key nucleosomes at the fbp!™ promoter (12).
Similarly, antisense transcription enhances PHOS5 activation
by facilitating nucleosome displacement from the PHOS pro-
moter (40). Other studies have highlighted the roles of specific
chromatin marks induced by the transcription of ncRNAs in
the regulation of adjacent genes (reviewed in reference 10).
Specifically, the histone posttranslational modifications directed
to GALI and GALI0 regulatory regions by transcription of the
ucut Gal ncRNA were shown to directly affect the expression of
these genes (13, 30).

In the SRGI-SER3 system, the act of transcribing SRGI,
rather than the ncRNA product, mediates regulation of the
SER3 gene (21). The current model posits that in serine-rich
medium SRGI transcription interferes with the downstream
SER3 promoter, thereby blocking SER3 expression and unnec-
essary serine biosynthesis (see Fig. 1A) (23, 37). Although the
specific molecular mechanism of transeription interference is
unknown, several models were proposed, including promoter
occlusion by the transcription machinery, collisions between
RNAP II complexes, and promoter competition (37). In the
case of the SRGI-SER3 regulatory system, the current pre-
ferred model postulates that the passage of RNA polymerase
IT transcribing SRGI ncDNA through the SER3 promoter in-
hibits the assembly of the preinitiation complex and represses
SER3 transcription (21). Importantly, in the absence of SRG1
ncRNA, Spt2 is completely delocalized from the intergenic
region, suggesting a tight association between the regulation by
SRGI ncRNA and Spt2 targeting to the intergenic DNA (24).
Moreover, deletion of the SPT2 gene affects dramatically the
transcription of SER3, apparently by disturbing the regulation
by transcription interference associated with SRG! ncRNA
production (24).

In this work, we analyzed the mechanism by which the
elongation factor Spt2 modulates expression of the SER3
gene by ncRNA SRGI transcription. We found that the
change in ncRNA SRGI transcription in the spt2 A background
cannot explain the loss of SER3 repression. Importantly, we
show that Spt2 is involved in the shaping of a particular nu-
cleosomal structure at the SRGI-SER3 locus. Our data indi-
cate that nucleosomes are deposited specifically within the
ncDNA SRGI region, corresponding to the SER3 promoter
regulatory elements, following the passage of RNAP II. Inter-
estingly, this deposition is severely impaired by the spt2ZA mu-
tation, suggesting that the loss of nucleosomes at this region
could be the consequence of disrupted nucleosome deposition
in the wake of transcription. Therefore, in contrast to pre-
vious observations and models involving nucleosome dis-
placement, histone posttranslational modifications, and pro-
moter occlusion by RNAP II, our data suggest a model in
which specific nucleosomes, deposited by a transcription-
dependent mechanism involving Spt2, play a central role in
the repression by ncRNA transcription.
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FIG. 1. Deletion of the SPT2 gene affects SER3 regulation and
reduces ncRNA SRG! levels. (A) Diagram explaining the complex
regulation of SER3 by the intergenic transcription of the ncDNA
SRGI. In the presence of high levels of serine in the medium, ncDNA
SRGI is actively transcribed and SER3 is inhibited by transcription
interference. In the absence of serine, SRGI ncDNA transcription
activity is reduced and SER3 is then induced. (B) spf2A mutation
affects the transcript levels of SER3 and ncDNA SRGI. Wild-type
(WT) (YAN1034) and sp£2A (Y AN1035) strains were grown in YPD at
30°C. Total RNA was extracted and analyzed by Northern blotting with
a probe against SER3 and SRGI. SCRI served as a loading control. (C
and D) Quantification of the SRGI ncRNA and SER3 mRNA by
RT-gPCR. Total RNA analyzed by Northern blotting as shown in
panel B was used to produce ¢cDNA and quantified by qPCR. The
relative level is the ratio of the indicated RNA to the SCRI transcript
level. All values shown are the average results with standard errors
from three independent experiments. =, P < 0.05. (E) Association of
RNAP II with ncDNA SRGI is partially dependent on Spt2. Yeast
cells from the wild-type (YAN1034) or spi2A (YAN1035) strains were
grown in YPD medium to mid-log phase and then cross-linked with
1% formaldehyde. Chromatin immunoprecipitations were performed
using the 8WG 16 antibody against Rpbl. The fold enrichment is the
ratio of the percent immunoprecipitation (1P} of the ncDNA SRGI
region to the %IP of the nontranscribed control region (NoORF).
(F) Run-on assay showing that deletion of SPT2 results in a decrease
of transcription activity at intergenic ncDNA SRGI. Diagram showing
the different probes used in the run-on assay conducted on the SRG-
SER3 locus. Radiolabeled RNA extracted from wild-type ( YAN1034})
or spi2A (YAN1035) strains was hybridized on membranes containing
immobilized probes spanning the SRGI-SER3 locus. The ACTI probe
was used as a control,
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MATERIALS AND METHODS

8. cerevisiae strains, media, and genetic methods. All S. cerevisige strains (see
Table ST1 at httpy/fwww.crc.ulaval.ca/nouranifsupplemental_data) are isogenic
to a GAL2 derivative of S288C. Strains (44) were constructed by standard
methods, either by crosses or by transformation. The HIS3-pGALISRGT and
HIS3-pGALIFMP27 alleles were constructed by replacing the promoter of the
corresponding gene with the HISI pGALT cassette (1, 19). SPTI5-3HA, marked
with HI53, was generated by integrating DNA encoding three copies of the HA
epitope at the 3’ end of the gene (19). For experiments involving galactose
induction, cells were grown to an optical density at 600 nm {ODy,) of 0.5 in YP
(1% yeast extract, 2% peptone) supplemented with 2% raffinose (YPraf). The
cells were then centrifuged, resuspended in YP medium containing 2% galactose
(YPgal), and grown for 2 h before being harvested. In the experiments involving
glucose repression, cells were grown to an ODgq, of 0.5 in YPgal; glucose was
then added to reach a concentration of 4% in the medium. Efficient G, arrest (at
least 95%) of cells was achieved by adding 500 ng/ml of a-factor for 2 to 3 h.
Sequences of all oligonucleotides used in strain constructions, Northern blotting,
reverse transcription (RT)-PCR, run-on transcription, nucleosome scanning as-
says, and chromatin immunoprecipitation (ChIP) assays are available upon re-
quest,

Chromatin immunoprecipitation experiments. Chromatin immunoprecipita-
tion experiments were performed as previously described (22). For the immu-
noprecipitation of Spt2-13Myc, TBP-3HA, and Gald, we used, respectively, the
antibodies 9E10 anti-Mye (1 pl per immunoprecipitation; Covance), HA.11
anti-HA (1.5 pl per immunoprecipitation; Covance), and Galt (DBD)se-577 (1
1l per immunoprecipitation; Santa Cruz Biotechnology). Immunoprecipitation
of Rpb1 was performed using the 8WG16 anti-CTD antibody (2 pl per immu-
noprecipitation; Covance). The histone H3 immunoprecipitation was done using
rabbit anti-H3 antibody (0.2 ! per immunoprecipitation; Abcam). The PCR
amplification was performed with 1% of the precipitated material and 0.05% of
the input DNA using the LightCycler 480 Sybr green I master kit from Roche.

RNA analyses. Total RNA was isolated using the hot-phenol method (35). In
Northern blot analyses, 20 to 40 pg of RNA were separated on a 1% agarose
formaldehyde-MOPS gel and transferred to a nylon membrane. The SRGI,
SER3, and SCRI probes were amplified by PCR and radiolabeled by randem
priming. The SRGI, SER3, and SCRI probes were also quantified by RT-quan-
titative PCR (qPCR). For that process, cDNAs were generated using the In-
vitrogene M-MLV reverse transcriptase kit and their levels were measured by
real-time PCR using LightCycler 430 Sybr green I master kit purchased from
Roche. The run-on experiments were conducted as described in reference 21.

Nucleosome scanning assay. Nucleosome scanning experiments were per-
formed using a method adapted from those previously described (3, 17,42). Cells
were grown to 2 x 107 to 3 X 107 cells/ml and treated with formaldehyde (2%
final concentration) for 30 min at 30°C and then glycine (125 mM final concen-
tration) for 10 min at room temperature. Formaldehyde-treated cells (1.2 > 10%)
were harvested by centrifugation, washed with Tris-buffered saline, and then
incubated in ZDB buffer (50 mM Tris Cl, pH 7.5, 1 M sorbitol, 10 mM B-mer-
captoethanol) containing 1.5 mg Zymolase 20T at 30°C for 30 min on a rocker
platform. Spheroplasts were pelleted by low-speed centrifugation, gently washed
with NP buffer (1 M sorbitol, 50 mM NaCl, 10 mM Tris CL pH 7.4, 5 mM MgCl,,
1 mM CaCl,, 0.075% NP-40, 1 mM p-mercaptoethanol, and 500 pM spermi-
dine), and resuspended in 1.8 ml NP buffer. Samples were divided into six 300-pl
aliquots that were then digested with 0, 1, 2.5, 5, 10, and 20 units of micrococcal
nuclease (MNase) (Nuclease S7; Roche) for 45 min at 37°C. Digestions were
stopped with 75 pl Stop buffer (5% SDS, 50 mM EDTA) and treated with 100
g proteinase K for 12 to 16 h at 65°C. DNA was extracted by phenol-chloroform
using PLG-H tubes (5 Prime) and incubated with 50 pg RNase A for 1 h at 37°C.
DNA was reextracted with phenol-chloroform, precipitated with an equal vol-
ume of isopropanol, washed with 100% ethanol, and resuspended in 100 ul TE.
MNase digestions were evaluated by two methods. First, one-fifth of digested
DNA was separated Dy gel electrophoresis. Second, previously characterized
GALI promoter sequences (3, 8, 18), one within a positioned nucleosome
(zALI NB) and a second in an adjacent region (G4LI NUB) that is rapidly
digested by MNase, were amplified by qPCR from MNase-treated and untreated
samples. The MNase concentration that resulted in mostly mononucleosome-
sized DNA with a G4LI NUB/NB ratio of <15% was subjected to further gPCR
using tiled SER3 primer pairs that amplify 38 unique SERS sequences that range
from 90 to 114 bp in size, with an average overlap of 69 bp between sequences.
For each SER3 primer set, the amount of protected template was calculated as
a ratio between amounts of MNase-digested and undigested samples and then
normalized to the amount of protected GALI NB template. All nucleosome
scanning assays were done in triplicate using at least two independent strains as
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indicated in the figure legends. The gPCR data were obtained using an ABI 7300
real-time PCR system with Sybr green reagents (Fermentas). All calculations
were performed using Pfafl methodology for relative quantitation of real-time
PCR (29).

RESULTS

Spt2 is required for normal SER3 repression and affects
ncRNA SRGI production. The SER3 gene is regulated by a
complex mechanism involving noncoding RNA SRGI (ncRNA
SRGI) transeription (21). As indicated in Fig. 1A, in the pres-
ence of serine in the medium, the SER3 gene is inhibited by the
active transcription of the SRGI gene. This gene produces a
noncoding RNA and its transcription interferes with that of
SER3. In the absence of serine from the medium, the SRGI
gene is repressed and SER3 is in turn rapidly activated (23).
Spt2 is recruited to the ncDNA SRGI, and its association to
this location is tightly linked to the presence of the ncRNA
SRGI (24). We decided to further study the role of the elon-
gation factor Spt2 in the complex regulation of SER3. Since
SER3 regulation is tightly associated with the transcription of
the ncRNA SRGI, we wanted to know the effect of SPT2
deletion on the levels of SER3 mRNA and SRGT ncRNA. For
that, we extracted total RNA from a wild-type or spt2A strain
and performed Northern blot analyses. We observed a high
level of SER3 transcript in the spf2A strain, while no detectable
amount of such transcript was observed in the wild-type cells
(Fig. 1B). This is consistent with our previous observations
(24). Interestingly, although the SER3 mRNA level is dramat-
ically increased in spt2A cells, the amount of ncRNA SRGI
appears only slightly reduced in this mutant (Fig. 1B). We
decided to quantify precisely the level of both SER3 and SRGI
transcripts by RT-qPCR. As indicated in Fig. 1C and D, the
deletion of SPI2 resulted in a dramatic increase of SER3
mRNA (30- to 40-fold induction) but only a 20% reduction of
the noncoding SRGI RNA steady-state level.

Recent observations showed that Spt2 plays a significant role
in the posttranscriptional events and that it is necessary for the
polyadenylation of RNAP II transcripts (11). Therefore, it is
possible that the slight reduction of ncRNA SRG/ is the con-
sequence of a posttranscriptional defect linked to the SPT2
deletion. To explore the possible role of Spt2 in the stability
of the noncoding SRGI RNA transcripts, we conducted an
experiment to measure the half-life of the ncRNA SRGY in
wild-type or spt2A strains (see Fig. S1 at http:/fwww.crculaval
ca/nourani/supplemental_data). Our data indicate that SRG!
ncRNA stability is not affected by the loss of Spt2.

Our results show that SRGI ncRNA levels are slightly af-
fected by the loss of Spt2. Importantly, this effect is not asso-
ciated with the posttranscriptional function of Spt2, since no
defect in the stability of this transcript was observed (see Fig.
S1 at the URL above). This finding suggests that a SRGI
ncRNA drop in the spf2 A strain could be the consequence of a
decrease in transcription activity. We wanted to analyze, using
different methods, the transcription activity at the SRGI region
in wild-type and spt2A strains. For that, we first measured the
transcription activity in different regions of the SRGI-SER3
locus using run-on assays. Radiolabeled RNA was extracted
from the wild-type strain or the sptZA mutant and blotted on
membranes containing four probes covering the SRGI-SER3
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locus and a control probe located n the ACTI gene (Fig. 1F).
Not surprisingly, as a consequence of the SER3 derepression in
the spt2A strain, we detected a higher signal at the SER3 open
reading frame (probe 4, Fig. 1F) in this mutant. Importantly,
deletion of the SPT2 gene is associated with a reduction of
probe 1, 2, and 3 run-on signals, indicating a lower transcrip-
tion activity at the intergenic region (SRGI) in the absence of
Spt2 (Fig. 1F).

In order to confirm our data, we extended our analysis and
asked whether the reduction of transcription activity in the
absence of Spt2 is associated with the reduction of the RNAP
I level at SRGI. For that we measured the RNAP II occu-
pancy in the wild-type or spt2A strain by Rpbl chromatin
immunoprecipitation assays (Fig. 1E). The deletion of SPT2
led to a decrease of RNAP II association at the 5' region of
SRG1, indicating a correlation between the transcriptional ac-
tivity and the level of RNAP II at this location. Therefore, we
concluded that Spt2 is necessary for normal association of the
transcription machinery at this location.

A different hypothesis could explamn the reduction in tran-
scription activity at this location. Spt2 could be required for the
first steps of initiation or during early elongation of transcrip-
tion at the intergenic region SRGI. One of the most important
events during initiation is the recruitment of TBP to the TATA
box (32). We analyzed the recruitment of TBP-HA to both
SRG1 TATA and SER3 TATA in the wild-type and spt2A
strains (see Fig. §2 at http://www.crc.ulaval.ca/nourani
Jsupplemental_data). Our experiment shows clearly that
TBP-HA association at SRGI TATA is similar in both strains,
indicating that Spt2 loss affects transcription of ncDNA SRGI
at a post-TBP recruitment step.

Spt2 role on SRGI transcription cannot explain the loss of
SERS3 repression. The SER3 gene is repressed presumably by
transcription interference mechanism, whereby passages of
RNAP II transcribing the SRGI intergenic region obstruct the
SER3 promoter, inhibiting the interaction of activators and
Initiation factors with their respective binding sites (21). If the
transcription interference, in this case, was achieved merely by
maintaining a certain transcription rate, then it is possible that
the small reduction in transcriptional activity observed at the
intergenic region in the spt2A mutant can disturb the transecrip-
tion interference and consequently compromise SER3 repres-
sion. We reasoned that, if this hypothesis was true, increasing
the SRGI ncRNA transcription in the spf2A mutant to wild-
type level would suppress the phenotype associated with this
mutation and restore SER3 repression. We therefore asked
whether a higher level of transcriptional activity at the SRGI
intergenic region is capable of restoring SER3 repression in
spt2A. To address this, we used an experimental system (Fig.
2A) in which we replaced the SRGI promoter by the strong
inducible GALI promoter in the wild type and the spf2A mu-
tant (pGALI-SRGI) and induced transcription of SRGI. Our
goal was to increase the transcription activity at the intergenic
region in the spf2A mutant in order to reach levels equal to or
higher than those found in wild-type cells. We first compared
the level of transcription activity under inducing conditions in
wild-type, spt2A, and spt2A pGALI-SRGI strains by analyzing
RNAP II occupancy at the SRGI intergenic region via Rpbl
ChlIP assays (Fig. 2B). RNAP II occupancy at the SRGI inter-
genic region in the spt2A pGALI-SRG1 strain was significantly
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higher than that in wild-type or spt2A cells, where SRGI is
transcribed from its own promoter. This indicates that replac-
ing the SRGI promoter by that of GALI, in spt2A cells, results
m higher transcription activity at the SRGI intergenic region.
We next wanted to know whether this higher transcription
activity correlated with higher ncRNA levels. Total RNA was
extracted from wild-type, spt2A, and spt2A pGALI-SRGI cells
grown under galactose-inducing conditions, and the ncRNA
SRGI levels were analyzed by Northern blotting (Fig. 2C). As
expected, in the spr2A mutant, the GAL! promoter produced a
higher level of the ncRNA SRGI transcript than the SRGI
promoter in both wild-type and sps2A mutant strains (compare
lanes 1 and 2 to 4 in Fig. 2C). This observation was confirmed
by RT-qPCR (see Fig. §4 at http://www.crc.ulaval.ca/nourani
fsupplemental_data). We conclude that the GALI promoter
induces a higher transcription level at SRG! in spr2A cells.
Surprisingly, analyses of the SER3 transcript level by Northern
blottmg or RT-qPCR (Fig. 2C and D; also see Fig. S3 at the
URL above) indicated that this higher level of transcription
activity observed i spt2A pGALI-SRGI was not associated
with repression of the SER3 gene. We observed instead that
higher transcription activity at ncDNA SRGI resulted in fur-
ther derepression of SER3. Therefore, suppression of the
SRGI transcription defect associated with the spt2A mutation
does not restore SER3 repression. We conclude that the re-
duction of transcription activity observed in spi2A cells cannot
explain the failure of SER3 repression by the transcription
mterference mechanism. Interestingly, higher transcription ac-
tivity in wild-type cells was also associated with SER3 activation
(Fig. 2C, compare lanes 1 to 3). This indicates that high SRG?
transcription induced by the GALI promoter is not sufficient
by itself for the repression of SER3.

Remarkable changes in intergenic SRGI transcription are
observed when different serine levels are present in the growth
media (23). Therefore, we analyzed the SRGI and SER3 tran-
script levels during a time course with different serine concen-
trations (see Fig. S5 at http://www.crc.ulaval.ca/nourani
fsupplemental data). Our data clearly show that the absence of
serine results in a decreased level of SRGI and induction of
SER3 transcription in the wild-type strain. When serine was
added back, we observed a dramatic increase of SRGI level
that correlated with SER3 repression (see Fig. 5§5). Interest-
ingly, in the spt2A mutant, the serine regulation of ncRNA
SRGI is similar to that in the wild-type strain. However, in this
mutant SER3 is never completely repressed, even after a dra-
matic increase of the ncRNA level in the presence of serine
(see Fig. §5). This observation is highlighted in Fig. 2E, where
we compare conditions in which the level of ncRNA SRGI is
significantly higher in the spt2A strain than in the wild-type
strain. Our Northem blot (Fig. 2E) and RT-gPCR (data not
shown) analyses demonstrate that the levels of the SRGI
ncRNA are lower in wild-type cells in the presence of low
levels of serine (YPD medium) than those in the spt2A mutant
in the presence of high levels of serine (SD medium with added
serine). However, in contrast to the level in the wild type, the
higher level of the SRGI ncRNA in spt2A cells isnot associated
with better repression of SER3. This indicates a disconnection
between intergenic SRGI transcription levels and SER3 regu-
lation in the spt2A mutant and confirms that the small reduc-
tion of ncRNA transcription observed in these cells cannot
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FIG. 2. Increasing the intergenic transcription of ncDNA SRGI does not restore SER3 repression in the spr2A mutant. (A) Diagram showing
the pGALI-SRGI construct. WT, wild type. (B) GALI promoter drives a higher level of transcription at ncDNA SRGI. Yeast cells from the
wild-type strain (YAN1034), the spr2A mutant (YAN1035), wild-type pGAL1-SRGT (YAN 1040), or the spt2A strain containing the pGALI-SRGT
construct (YAN1039) were grown in YP galactose medium to mid-log phase and then cross-linked with 1% formaldehyde. Chromatin immuno-
precipitations were performed using the 8WG16 antibody against Rpbl. The fold enrichment is the ratio of the percent immunoprecipitation
{%IP) of ncDNA SRGT region to the %IP of the nontranscribed control region (NoORF). The values shown represent the average results with
standard errors trom three independent experiments. (C) Overproduction of the ncRNA SRG! in the spt2A strain containing the pGALI-SRGI
construct is not associated with repression of SER3. Total RNA was extracted from cells of wild-type (YAN1034), spi2A (YAN1035), wild-type
pGALI-SRGI (YAN 1040), and spr2A pGALI-SRG1 (YAN1039) strains grown as indicated above. The RNA was analyzed by Northern blotting
with probes against SER3 and SRG 1. SCRI served as a loading control. (D) Quantification of the SER3 mRNA by RT-qPCR. Total RNA analyzed
by Northern blotting as shown in panel C was used to produce ¢cDNA that was quantified by qPCR. The relative level is the ratio of the indicated
SER3 mRNA to the SCRI transcript level. The values shown represent the average results with standard errors from three independent
experiments. (E) High ncRNA SRG1 levels in serine-rich media are not associated with SER3 repression in the spr2A mutant. Yeast cells from the
wild-type (YAN1034) or spr2A (YAN1035) strains were grown, respectively, in YPD or SD medium supplemented with serine, Total RNA was
extracted and analyzed by Northern blotting with probes against SER3 and SRG 1. SCRI served as a loading control. Lanes 2 and 3 are duplicates

that represent results of two independent experiments.

explain by itself the loss of SER3 repression. The transcription
of the SRGI ncDNA alone is not able to prevent expression of
SER3 when SPT2 is mutated. Conversely, the presence of Spt2
in wild-type cells is not by itself sufficient for repression of
SER3 when the intergenic SRGT region is not transcribed (21).
Together, these observations indicate that both intergenic tran-
scription and Spt2 are necessary for repression of SER3. Impor-
tantly, it also follows that the mere passage of RNAP II and
production of ncRNA are not sufficient for silencing of SER3.
Other transcription-associated events involving Spt2 must be re-
quired to achieve full repression of the downstream gene.
Mutation of the histone chaperone SPT6 has a similar de-
fect in the repression of SER3. Our present data show that
SER3 regulation in spr2A cells is not linked to the modulation
of ncRNA SRG/ transcription. Therefore, the mechanism
used by the elongation factor Spt2 to repress SER3 remains
unclear. Interestingly, we previously showed a functional link
between the histone chaperone Spt6 and Spt2 (24). Moreover,
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we found that Spt6 is required for the recruitment of Spt2 to
the transcribed regions ol some active genes (24). To further
understand how Spt2 regulates the SER3 gene, we asked if the
recruitment of this factor to the SRG! intergenic region is
under the control of Spt6. To address this question, we ana-
lyzed the association of Spt2-13Myc with SRG1 by ChIP assays
in the wild-type strain, the spt6-1004 strain, and a control
untagged strain (Fig. 3A). In the wild-type strain, the Spt2-
13Myec signal at the SRG/ intergenic region was 10-fold higher
than that of the untagged control, confirming a strong specific
recruitment to SRGI. In contrast, the association of Spi2-
13Mye with SRG1 in spt6-1004 was very weak, indicating that
Spt6 plays an important role in the recruitment of Spt2 to the
SRGI intergenic region. We next asked if Spt6 recruitment to
SRG1 is dependent on the Spt2 protein. As shown in Fig. 3B,
deletion of SPT2 is associated with partial loss of Spt6-Flag
occupancy at SRG 1. We therefore conclude that Spt2 and Spt6
are dependent on each other for their recruitment to SRG1.
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FIG. 3. Spt6 regulates SER3 independently of SRG/ transcription level. (A) Recruitment of Spt2 to the ncDNA SRGI is dependent on Spt6.
ChIP assays of Spt2-13Myc were performed with chromatin extracted from wild-type (WT) (YAN1040), spt6-1004 (YAN1041), and untagged
{YAN1042) strains. The fold enrichment is the ratio of the percent immunoprecipitation (%IP) of the ncDNA SRGI region to the %IF of the
nontranseribed control region {NoORF). The values shown represent the average results with standard errors from three independent experi-
ments. (B) Recruitment of Spt6 to the ncDNA SRGI is partially dependent on Spt2. ChIP assays of Spt6-Flag were performed with chromatin
extracted from wild-type (YAN1057), spt2A (YAN1058), and untagged ( YAN1042) strains. The fold enrichment is the ratio of %2IP of the ncDNA
SRGI region to the %IP of the nontranscribed control region (NoORF). The values shown represent the average results with standard errors from
three independent experiments. (C) SER3 is derepressed in the spi6-1004 mutant. Total RNA extracted from the wild-type (YAN1034) or the
spt6-1004 (YAN1043) strain was used to produce cDNA that was subsequently quantified by qPCR. The SER3 mRNA relative level is the ratio
of the SER3 mRNA to the SCRY transcript level. The values shown represent the average results of two independent experiments. (D) GALZ
promoter increases the level of the neDNA SRGY transcripts in the spi6-1004 mutant. Total RNAs extracted from the wild-type (YAN1034),
spt6-1004 (YAN1043), wild-type pGALI-SRGI (YAN 1040), and spt6-1004 pGALI-SRGI (YAN1044) strains were used in reverse transcription
reactions to produce cDNA that was quantified by gPCR. The relative level is the ratio of SRGI ncRNA to the SCR{ transcript level. The values
represent the average results of two independent experiments. (E) Overproduction of the ncRNA SRGI in the spt6-1004 strain does not lead to
repression of SER3. The SER3 mRNA was quantified using the cDNA obtained in the experiment shown in panel D. The SER3 relative level is
the ratio of SER3 mRNA to the SCRI transcript level. (F) Deletion of the SET2 gene has no effect on SER3 repression. Yeast cells from the
wild-type (YAN1034), sp£2A (YAN1035), and sef2A (YAN1051) strains were grown, respectively, in YPD or SD medium supplemented with serine.
Total RNA was extracted and analyzed by Northern blotting with probes against SER3 and SRGI. SCRI served as a loading control. All

experiments using spi6-1004 strains and described in this figure were performed with cells grown at 30°C.

Given the role of Spt2 in the regulation of SER3 and the fact to RNAF [I passages and production of ncRNA, other tran-
that its function depends on Spt6 integrity, it became tempting scription-associated events involving Spt2 and the histone
to speculate that similarly to Spt2, Spt6 could be involved chaperone Spt6 must be required to achieve full repression of
in the regulation of SER3 by transcription of ncDNA SRGI. To the downstream gene.
test this, we first analyzed the SER3 transcript levels in wild- Histone H3 methylation is not involved in the regulation of
type and spt6-1004 strains by RT-qPCR and found a dramatic SERS3 by transcription of ncDNA SRG1. Sptb is a transcription
increase of the SER3 transcript in spr6-71004 cells (Fig. 3C). elongation factor, mainly known to be involved in chromatin
Under these conditions, the derepression of SER3 was also modulation associated with elongation (15). In addition to

associated with a small reduction in intergenic SRG I transerip- functioning together with Spt2, Spt6 controls the histone H3-
tion, as evidenced by a decreased ncRNA level and a reduced lysine 36 methylation by the Set2 enzyme (4, 5, 45). Interest-
RNAP II occupancy (data not shown). Interestingly, as ob- mgly, a number of recent studies have reported a link between

served for Spt2, artificially increasing SRGI intergenic tran- regulation by transcription of ncRNA and chromatin modifi-
scription in spt6-1004 cells by replacing the SRGI promoter cations, specifically histone H3 methylation (reviewed in ref-
with that of GAL! resulted in a higher transcription activity erence 10). Indeed, regulation of GALI and GALIO by the
without restoring the expected repression of SER3 (Fig. 3D ucut Gall-10 ncRNA requires methylation of histone H3-K36
and E). Thus, similarly to Spt2, Spt6 plays a major role in the and H3-K4 (13). Therefore, the phenotype observed m spto-
regulation of SER3 by ncRNA SRGI. The transcription of 1004 could be associated with the known defects in histone
SRG1 alone is not able to prevent expression of SER3 when H3-K36 methylation in this mutant (4, 5, 45). To address this
SPT2 or SPT6 is mutated. In addition, the presence of Spt2 or possibility directly, we analyzed by Northern blotting the level
Spt6 in wild-type cells is not by itself sufficient for repression of of SER3 and SRG! in wild-type, spt6-1004, and set2A strains in
SER3 when intergenic SRGI region is not actively transcribed media containing low or high concentrations of serine (Fig.
{21). Collectively, these observations indicate that in addition 3F). In both conditions, the SER3 transcript was not detected
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FIG. 4. Spt2 controls the histone H3 occupancy at the SRGI-SER3
locus. (A) Diagram showing the SRGI-SER3 regions analyzed by his-
tone H3 ChIP. (B, C, and I}) Spt2 is required to maintain normal
histone H3 level at the SRGI 3'-end region corresponding to the SER3
promoter. Histone H3 ChIP assays were conducted using chromatin
extracted from wild-type (WT) (YAN1034) and spr24 (YAN1035)
strains with or without the pGALZ-SRG! construct. For each strain,
the value shown represents the ratio of the percent immunoprecipita-
tion (%2IP) at the indicated region to the %IP at NoORFE. The values
shown represent the average results with standard errors from three to
six independent experiments.

in wild-type strains, whereas appreciable amounts were visible
in spt6-1004 cells. Importantly, no SER3 transcripts were ob-
served in cells bearing the deletion of the SET2 gene. More-
over, we observed a similar regulation of SER3 and SRG! in
wild-type and sef2A strains, while the SPT6 mutation resulted
in constitutive transcription of SER3 (see Fig. S6 at http:/fwww
crealaval.ca/nouranifsupplemental_data). Thus, the Spto
function in regulating SER3 cannot be attributed to its role in
methylation of H3-K36. In addition, we also analyzed the role
of histone H3-lysine 4 methylation in SER3 regulation by mea-
suring the SER3 mRNA levels by RT-qPCR in wild-type cells
and spt2A and set{ A mutants (see Fig. S7 at the URL above).
This experiment showed that loss of H3-K4 methylation had no
significant impact on SER3 repression. Our observations
clearly indicate that in contrast to regulation of GALZ and
GALI0 by ncRNA, histone H3-K4 and H3-K36 methylation by
Setl and Set?, respectively, are not required for normal SER3
repression by ncRNA SRGI.

Spt2 is required for maintaining proper nucleosomal struc-
ture at the SRGI intergenic region. Mutations in §PT2 or SPT6
result in spurious transcription from cryptic promoters located
within coding regions (15, 24). Presumably, in the absence of
normal Spt2 activity, the chromatin structure modified by the
passage of transcription machinery is not properly restored,
leading to the derepression of cryptic promoters. Importantly,
Spt2 was shown to control the level of histone H3 at tran-
scribed regions of GALI and PMAI genes (24). This led us to
imagine that the role of Spt2 in regulation of SER3 could have
a link with its function in modulating chromatin structure at
transcribed regions. To address this question, we first deter-
mined whether the deletion of SPT2 gene affects the histone
H3 levels at the SRGI-SER3 locus (Fig. 4A). To this end, we

Mor. Cri1. Bior.

A 1=200%

11]0.!1%—5"";'z
E 80.0% I
.
£ oo /.
& 20.0% m
N et T

B
WT  High—

e
I T—

FIG. 5. Spt2 controls the nucleosomal structure at the ncDNA
SRGI. (A) spt2A mutation is associated with loss of specific nucle-
somes at the ncDNA SRGJ region corresponding to the SER3 pro-
moter. A nucleosome scanning assay was performed on wild-type
(WT) (OY8 or KY766) and spi2A (YAN16 or OY8spe2) cells that were
grown in YPD (SER3 repressed) at 30°C. Using qPCR, the relative
MNase protection of each SER3 template was calculated as a ratio to
that of a GAL! promoter template (GALI! NB) found within a well-
positioned nucleosome in the GALI-10 promoter. Each point on the
graph shows the mean + standard error of the mean result from three
independent experiments that are plotted at the midpoint of each PCR
product. (B) Diagram of the SER3 locus showing nucleosome positions
(ovals) extrapolated from the nucleosome scanning experiments.
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conducted histone H3 ChIP assays at three different locations
around SRGI-SER3 in wild-type and spt2 A strains. As shown in
Fig. 4B, C, and D, H3 occupancy is significantly reduced at this
locus in Spt2-deficient cells. This result indicates that chroma-
tin structure within the SRGJ transcribed region correspond-
ing to the SER3 promoter could be significantly affected by the
loss of Spt2. Interestingly, increasing transcription activity at
SRG1 by mserting the strong GALI promoter does not sup-
press the loss of histone H3 associated with mutation of SP72
at the SRGI transcribed region (see Fig. 4B, C, and D). There-
fore, the significant histone H3 occupancy change observed in
spt2A cells is independent of the transcription rate. This im-
portant observation indicates clearly that spt2A mutation effect
on SRGI-SER3 chromatin structure is not mediated through
the modulation of the SRGY transcription activity. It should be
noted that inserting the GALI promoter at SRGJ in wild-type
cells resulted in the reduction of histone H3 level in the
3'SRG1 and 5'SER3 regions (see Fig. 4C and D). This effect on
nucleosome occupancy at SRGI could explain the SER3 dere-
pression observed in wild-type cells and reported in Fig. 2C.
To further study the role of Spt2 in maintaining the nucleo-
somal structure of SRGI-SER3, we determined precise nucleo-
sorme positions at this locus by a nucleosome scanning assay
similar to those previously described (3, 17, 42). Using this
approach first in wild-type cells, we identified two sharp peaks
of MNAse protection within the 5' end of the SER3 open
reading frame, indicating the presence of two well-positioned
nucleosomes (Fig. 5A, black line, and Fig. 5B). In addition, we
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FIG. 6. Mutations of SP12 or SP16 enhance the accessibility of
pSRGI-GAL7 UAS to the Gal4 activator. (A) Diagram showing the
pSRGI-GAL7 construct used to analyze Gal4 binding in the presence
of SRGI transcription. (B) Gal4 binding to the pSRGI-GAL7 UAS is
increased in the spi2A and spr6-1004 mutants. ChIP assays using anti-
Gal4 antibody were conducted on chromatin extracted from wild-type
(WT) (FY2257), sp2A (YAN1045), and spi6-1004 (YAN1046) strains.
For each strain, the fold enrichment shown is relative to the fold enrich-
ment calculated for the wild-type sirain and arbitrarily set at 1.0.

observed a broad region of MNase protection that overlaps the
SRG1 transcribed region, which is consistent with the presence
ofnucleosomes that are randomly positioned. Importantly, this
broad region of MNase protection is greatly reduced in spz2A
cells (Fig. 5A, gray line), indicating a loss of nucleosomes over
the SRGI transcribed region. Taken together with our histone
H3 ChIP results, our data suggest that there is a significant
disruption of nucleosomal structure at SRGI in spt2A cells.
Moreover, our data also show that this effect is independent of
the level of SRG! transcription.

Mutations in SPT2 and SPT6 compromise SRGI-mediated
inhibition of activator binding. Spt2 is required for normal
positioning, of nucleosomes in the SRG/ transcribed region
that corresponds to the SER3 promoter (here called SRG1 3").
In the absence of these nucleosomes, it is possible that tran-
scription activators governing the induction of SER3 can freely
bind their target sites. Because the SER3 regulators are not
known, we decided to use a strain (see Fig. 6A) in which the
SRG1 promoter was inserted in front of the GAL7 promoter
region (21). It was previously shown using this construction
that SRG1 transcription reduces Gal4 binding to the GAL7
upstream activation sequence (UAS) (21). We asked if SPT2
or SPT6 mutations impaired the inhibition of Gald binding by
SRG1 transcription. Therefore, we performed Gal4 ChIP as-
says in wild-type, spt6-1004, and spt2A strains containing the
SRGI promoter i front of the GAL7 UAS region. As shown
in Fig. 6B, Gal4 binding is significantly increased in the spf2A
and spt6-1004 mutants. Thus, SPT2 or SPT6 mutations com-
promise the Gal4 inhibition achieved by SRGY transcription at
the GAL7 UAS and enhance significantly the accessibility of
this region to activators. Importantly, in both spt2A and
spt6-1004 mutants, Gal4 binding does not increase at the
normal GAL7Z promoter (see Fig. S8 at http://www.crc.ulaval
.ca/nouranifsupplemental_data). We next asked whether
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these mutations alter the chromatin structure at the
SRGI:GAL7 promoter. As shown in Fig. S¢ at the URL
above, both mutations are associated with a significant loss of
histone H3 occupancy at SRG1::GAL7. Collectively, these ob-
servations suggest that a loss of nucleosomes at the SRGI
region observed in Spt2-deficient cells compromise the SER3
promoter occlusion to activators.

Nucleosome deposition in the wake of RNAP II passage at
the SRG! intergenic region is significantly affected in spr2A
cells. We established that Spt2 has an important impact on the
chromatin structure of the SRG! intergenic region. However,
how this elongation factor participates in the maintenance of
this chromatin structure remained an open question. Interest-
ingly, this genomic region is robustly transcribed and thus
RNAP II activity could lead to displacement of key nucleo-
somes in this region that must be subsequently reassembled.
One could imagine that Spt2 plays a role in nucleosome rede-
position in the wake of transcription machinery and that the
absence of this factor could lead to a deficient restoration of
nucleosomes. To directly test this hypothesis we first used an
experimental system described in a number of studies (7, 36).
Briefly, through histone H3 ChIP assays, we measured the
kinetics of histone H3 redeposition in the transcribed region of
the large (8-kb) model gene FMP27 that is driven by the GALI
promoter (36). The rapid repression of GALI-FMP27 ob-
tained by adding glucose to the growth medium allowed us to
study the rate with which histone H3 is deposited following the
last wave of transcription (Fig. 7A). In wild-type cells, upon the
addition of glucose, histone H3 levels increased rapidly and
reached their maximum at the middle region of GALI-FMP27
within 4 min (Fig. 7B). This is consistent with previous studies
(36). Deletion of SPT2 was associated with a significant defect
in the H3 redeposition at the GALI-FMP27 region after glu-
cose repression. As shown in Fig. 7B, although glucose repres-
sion was associated with a small increase of histone H3 occu-
pancy in spt2A cells, the recovery of nucleosomes in this strain
is slower and did not reach the wild-type level even after 20
min of repression. We therefore conclude that the loss of Spt2
has a substantial effect on the nucleosome deposition associ-
ated with transcription elongation at GALI-FMP27.

Altogether, our findings suggest the possibility that Spt2 is
required for nucleosome redeposition in the wake of transerip-
tion at the SRGT ncDNA. To address this possibility, we used
the same approach described in the legend to Fig. 7A by
replacing the SRGI promoter with that of GAL! and following
the histone H3 deposition after the last wave of transcription
upon glucose addition (Fig. 7C). We analyzed these kinetics at
the SRG! transcribed region corresponding to the SER3 pro-
moter, and the results are reported in Fig. 7D. In wild-type
cells, we observed a very rapid increase in histone H3 occu-
pancy that reached its maximum level after 4 to 6 min of
repression. Surprisingly, in contrast to the results for GALI-
FMP27, the level of histone H3 started to drop and returned to
a low level quickly, indicating that nucleosomes that reassem-
bled following RNAP II passage at the ncDNA SRGI are very
unstable compared to those at FMP27. Interestingly, the his-
tone H3 deposition associated with the last wave of transcrip-
tion was severely impaired in spt2A cells, indicating an impor-
tant role of Spt2 in transcription-dependent nucleosome
deposition at the region corresponding to the SER3 promoter.
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FIG. 7. Spt2 is required for nucleosome reassembly in the wake of
RNAP II at the SRG! intergenic region. (A) Diagram explaining the
experimental procedure designed to analyze histone H3 recovery upon
repression of GALI-FMP27. WT, wild type. (B) sp2A mutation affects
significantly histone H3 redeposition associated with the last wave of
transcription at the GAL7-FMP27 transcribed region. Yeast cells from
wild-type (YAN1047) or spi2A (YAN1048) strains were grown in ga-
lactose medium to mid-log phase. Glucose was then added to the
medium, and the cells were cross-linked and harvested at the indicated
time points. Histone H3 level was analyzed by ChIP assays using
chromatin extracted from wild-type or spt2A strains. For each strain,
the value of the ratio IP/input caleulated for the time zero min was
arbitrarily set at 1. (C) Diagram explaining the experimental procedure
designed to analyze histone H3 recovery at the SRG{ 3' end upon
repression of pGALI-SRGI. (D) spt2A mutation affects significantly
histone H3 redeposition associated with the last wave of transcription
at the SRG! region corresponding to the SER3 promoter. The exper-
iment was conducted as described for panel B with chromatin ex-
tracted from wild-type (YAN1040) or spi2A cells (YAN1039). The
ratio [P/input calculated for time zero in the wild type was arbitrarily
set at 1. (E) Spt2 delays maximal SER3 induction. The SER? mRNA
and SCR! levels were analyzed by RT-qPCR using total RNA ex-
tracted from cells treated as described for panel B. For each strain, the
value of the ratio SER3 mRNA/SCR! calculated for time zero was
arbitrarily set at 1. The values represent the average of two to three
independent experiments. Note that at time zero, as expected, the
absolute levels in the sps2A strain are higher than those observed in
wild-type cells.

Importantly, the histone H3 steady-state level in the pGALI-
SRG1 spt2A strain grown in glucose almost reaches the wild-
type level (see Fig. S10 at http://www.crc.ulaval.ca/nourani
fsupplemental_data).

In addition to monitoring histone H3, we analyzed SER3
transcript levels upon glucose repression of GALI-SRGI (Fig.
7E). In this experiment, we focused on the degree of induction
in each strain and not on the absolute levels, which are higher
in spt2A cells. Upon glucose addition, we observed a rapid
induction of SER3 transcripts in wild-type and spt2A cells. This
induction quickly reached a plateau in the sp2A mutant, while
it continued to increase in wild-type cells. The graph in Fig. 7E
shows that maximum induction of SER3 was reached in cells
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lacking Spt2 after only 10 min. In contrast to this, SER3 in-
duction continued for at least 10 more minutes in wild-type
cells and did not reach a plateau even after 20 min. This delay
could be due to the deposition of nucleosomes in the wild-tvpe
cells during the first 4 to 6 minutes after GAL! promoter
shutdown. Later, these nucleosomes are displaced, allowing a
further induction of SER3. Therefore, our observation suggests
that nucleosome deposition associated with the last wave of
transcription delays SER3 induction in wild-type cells. Since
the spt2A mutant is deficient in nucleosome deposition, we did
not observe any delay m maximal induction of SER3 and a
plateau was reached after 10 min of glucose repression.
Altogether, our data strongly suggest that Spt2 is required
for the assembly of nucleosomes associated with transcrip-
tion of ncDNA SRG! and that these nucleosomes play a cru-
cial role in the normal repression of SER3.

Our data strongly suggest that Spt2, together with SRGI
transcription, maintains higher nucleosome occupancy over
the SER3 promoter and therefore represses its transcription.
To confirm this, we analyzed histone H3 occupancy in the
srgi-1 mutant. In this strain (Fig. 8A), mutation of the SRG!
TATA box abolishes its transcription (21). As shown in Fig.
8B, in the absence of SRGI transcription, the levels of histone
H3 at the SRG/ region corresponding to the SER3 promoter
dropped significantly, indicating that chromatin structure in
this region is dependent on transcription. Interestingly, dele-
tion of the SPT2 gene did not result in a further decrease in
histone H3 occupancy (Fig. 8B). This observation shows that
the role of Spt2 in maintaining chromatin structure at the
SER3 promoter is dependent on SRG/ transcription. More-
over, we found that deletion of SPT2 did not affect significantly
the SER3 transcript level in the srgl-7 mutant (Fig. 8C), sug-
gesting therefore that the role of Spt2 in the regulation of
SER3 is associated with SRGI transcription.

Spt2 contributes to redeposition of nucleosomes displaced
by SRGI ncRNA transcription. As shown earlier, there are
nucleosomes randomly positioned at the SRGI ncDNA region
corresponding to the SER3 promoter. These nucleosomes are
displaced and reassembled by continuous passages of RNAP
I1. We first wanted to know whether this chromatin modulation
involves a mechanism that recycles the histones of these nu-
cleosomes or uses new histones. As our data show that Spt2
participates in the deposition of these nucleosomes, we asked
specifically whether Spt2 favors the recycling or the use of new
histones. To answer these questions, we used an experimental
system previously described by us and others (6, 33, 34). In this
system, there are two different sources of histone H3 in the
cell: the endogenous untagged histone H3 and a galactose-
nducible form fused to the Flag tag that is coexpressed with
histone H4 (Fig. 9A). In order to eliminate the contribution of
DNA replication-dependent histone deposition, exponentially
growing cells containing the described construction (Fig. 9B)
are blocked in G, with a-factor. After incubation with a-factor,
cells are either left untreated or induced to express Flag-H3
prior to formaldehyde treatment to cross-link chromatin. Next,
the levels of Flag-H3 are assayed by standard ChIP-qPCR at
the SRGI ncDNA region corresponding to the SER3 promoter
and at a control nontranscribed intergenic region of chromo-
some V (NoORF) (Fig. 9C and D). As shown in Fig. 9C and D,
after induction of the new histone H3 in wild-type cells, we
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FIG. 8. Chromatin structure at SRG1 depends on active tran-
scription. (A) Diagram showing the srgi-f construct. WT, wild type.
(B) Mutation of SRGI TATA is associated with a significant loss of
histone H3 at the SRG! 3'-end region corresponding to the SER3
promoter. Histone H3 ChIF assays were conducted using chromatin
extracted from wild-type (YAN1053), srgf-f (YANL054), spr2A
(YAN1055), and srgl-I spi2A (YAN1056) strains. For each strain, the
value shown represents the ratio [P/input relative to the same ratio
caleulated for the corresponding wild-type strain and arbitrarily set at
1.0. The values shown are the averages and standard errors of results
from three independent experiments. {C) The spf2A mutation in the
srgi-I strain does not increase significantly SER3 derepression. Total
RNA extracted from wild-type (YAN1053), srgi-1 (YAN1054), spe2A
(YAN1055), and srgl-1 spi2A (YAN1056) strains was used to produce
cDNA that was subsequently quantified by qPCR. The SER3 mRNA
relative level is the ratio of the SER3 mRNA to the SCR! transcript
level. The values shown are the averages and standard errors of results
from three independent experiments.

detected higher levels of its incorporation at SRG/ than in the
control region (NoORF). Thus, SRGI ncDNA is associated
with a significant replication-independent histone H3 turnover,
indicating the existence of a transcription-dependent chroma-
tin assembly mechanism that deposits new nucleosomes. Sur-
prisingly, deletion of SPT2 resulted in higher deposition of new
histone H3 at ncDNA SRGI. Moreover, the low level of total
H3 in Spt2-deficient cells suggests that, in the spf2A mutant,
the vast majority of nucleosomes at SRGJ are refolded using
newly synthesized histones. This indicates that Spt2 inhibits
nucleosome assembly that uses newly synthesized histones. Be-
cause the overall nucleosome deposition is reduced in spr2A
cells (Fig. 7), our data suggest that, similarly to yFACT at the
transcribed regions of some genes (14), Spt2 favors a dominant
nucleosome assembly pathway that uses old histones displaced
by elongating RNAP 1. In Spt2-deficient cells, the induction of
another chromatin assembly pathway that uses new histones is
not able to overcome this loss. Thus, Spt2 participates in the
major mechanism that refolds chromatin structure in the wake
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FIG. 9. Spt2 is involved in a nueleosome reassembly pathway that
uses old histones at SRGI. (A) Diagram representing the different
sources of histone H3 and H4 in the yeast strains used in the experi-
ment. (B) Diagram representing the experimental procedure. (C and
D) Spt2 inhibits the incorporation of new histone H3 at the SRGI
region corresponding to the SER3 promoter. Yeast cells from the
wild-type (WT) (YAN1049) or spt2A strains (YAN1050) containing
the construction encoding histone Flag-H3 under the control of the
GALI promoter were grown in raffinose-containing medium to mid-
log phase. After G, arrest by a-factor, the cells were formaldehyde
fixed or shifted to galactose medium for 60 or 120 min prior to form-
aldehyde treatment. ChIP assays were then performed using anti-Flag
antibody. The values shown (relative IP/input) represent the averages
and standard errors of results from three independent experiments. *,
P < 0.035. (E) Model of SER3 regulation by ncRNA SRGI transcrip-
tion.

of RNAP II at SRGI. This mechanism recycles histones of
nucleosomes previously displaced by the transcription machn-
ery and shapes specific chromatin structure that is crucial for
SER3 repression.

DISCUSSION

The modulation of gene expression by ncRNA is an emerg-
ing field that has focused mostly on transregulatory mecha-
nisms, including repression by RNAi pathways. However, a
growing amount of evidence points toward the existence of
various cis-directed mechanisms where the process of ncRNA
production itself, and not the product, contributes to the reg-
ulation of a gene. Interestingly, several observations intro-
duced the notion that the chromatin environment created by
the transcription of ncRNA may have a regulatory role (10).
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These studies involved different mechanisms where ncRNA
transcription displaces nucleosomes or modifies histones to
regulate a nearby gene (12, 13, 30). Here we show that SRG/
ncRNA transcription deposits nucleosomes that participate in
the repression of the adjacent SER3 gene. Qur study also
brings new insights into the molecular mechanism of transcrip-
tion interference. Different models of transcription interfer-
ence have been proposed, including promoter competition,
occlusion by elongating RNAP II, or collision between tran-
scription machineries (reviewed in reference 37). We provide
evidence that transcription interference in the SRGI-SER3
system mvolves deposition of specific nucleosomes in the wake
of an elongating RNAP IL. Importantly, and in contrast to
previous observations, our work shows that histone H3-K4
methylation and H3-K36 methylation are not required for the
normal SER3 regulation by ncRNA transcription. This sug-
gests that the most important factor in this repression i3 the
deposition of nucleosomes and not their posttranslational
modifications that could alter their dynamic properties. Fi-
nally, we show that the elongation factor Spt2 and the his-
tone chaperone Spt6 play central roles in this regulatory
system. Our data indicate that Spt2 participates in the shap-
ing of the transcription-dependent chromatin structure over
the SRGI transcribed region that controls the activity of
SER3 promoter.

Before this work was completed, the working model of SER3
regulation had been based on the canonical mechanism of tran-
scription interference, whereby successive passages of RNAP I1
transcribing the SRGI intergenic region obstruct the SER3
promoter, inhibiting the interaction of activators and initiation
factors with their respective binding sites. In the spt2A or
spt6-1004 mutant strains grown in standard rich medium, we
observed a small but consistent reduction of transcription ac-
tivity at the SRGI intergenic region that produces the ncRNA.
It was easy to imagine that if regulation by transcription inter-
ference was achieved merely by maintaining a certain tran-
scription rate involving the passage of a specific number of
RNAP II complexes, a small reduction in the number of these
complexes traversing the SER3 promoter could compromise
the interference. However, direct and indirect experimental
evidence quickly challenged this simple view. First, our work
showed that under conditions where SRGI transcription in the
spt2A mutant is higher than that in wild-type cells, the SER3
gene remained active (Fig. 2E; also see Fig. S5 at httpy//www
«creulaval.ca/nourani/supplemental_data). Second, increasing
artificially the transcription rate of the SRGI ncRNA in the
spt2A mutant did not restore normal repression (Fig. 2C and
D). Third, in spt6-1004 cells, we observed similar defects in
SER3 repression. This phenotype cannot be explained by vari-
ations in SRG! transcription (Fig. 3). Fourth, changing the
transcription in the wild type from a high level (SRGI pro-
moter) to a very high level (GALI promoter) did not further
repress SER3 transcription. In fact, we observed the opposite
result, since insertion of the GALI promoter was associated
with SER3 derepression (Fig. 2C, 2D, and 3E; also see Fig. S3
at the URL above). These data suggest a more complicated
mechanism of transcriptional interference in which the pas-
sages of RNA polymerase Il alone are not sufficient to repress
SER3 transcription. Thus, the presence or absence of normal
Spt2 and Spt6 function could slightly affect the production of
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the ncRNA under some conditions, but this marginal role
could not explain the loss of SER3 repression. Finally, taken
together, these observations indicate that SER3 repression is
not only mediated by the production of the SRGI ncRNA or
the frequency of transcription machinery passages over the
SER3 promoter. Instead, it is the entire process of transcrip-
tion and its associated events such as chromatin modulation
that are involved in the interference with the SER3 promoter.
Our observations support an impertant role of Spt2 in the
chromatin modulations associated with SRG! transcription
that contributes directly to the repression of SERS.

Perhaps the most significant observation in this work is the
one related to the chromatin structure in the SRG intergenic
region (Fig. 4 and 5). Nucleosome scanning assays conducted
in wild-type cells indicate that this region contains a large peak
representing the presence of nucleosomes randomly positioned
within this short DNA segment (Fig. 5). Importantly, our data
indicate clearly that nucleosomes are assembled in the wake of
transcription at this region (Fig. 7). However, shortly after
their deposition, these nucleosomes appear to be displaced.
Therefore, our findings suggest that continuous transcription
of intergenic SRGY is required for the maintenance of nucleo-
somes at this region. Interestingly, mutation of the SRGI
TATA box abolishes its transcription and results in a clear
depletion of histone H3 at this region (Fig. 8). This is consis-
tent with a recent study showing that nucleosomes over the
SER3 UAS (upstream activation sequence) are present when
SRGI is transcribed, while inhibition of the intergenic tran-
scription in the absence of serine is associated with a loss of
nucleosomes at this position (9a).

The precise mechanism by which Spt2 contributes to the
shaping of the nucleosomal structure at the SRGI ncDNA
remains an interesting question. Several hypotheses could be
proposed. It is possible that Spt2 acts after chromatin synthesis
and stabilizes the nucleosomes deposited in the wake of RNAP
II. Alternatively, Spt2 could be directly involved in transcrip-
tion-dependent chromatin assembly associated with SRGI
transcription. The latter possibility is likely to be the case for
several reasons. First, Spt2 has two HMG-like domains and
could, similarly to other HMG-box proteins, assist histone
chaperones in nucleosomal assembly (9, 26). Second, it has
functional genetic and physical interactions with the histone
chaperone Spt6 which are consistent with such a role (refer-
ence 24 and unpublished data). Third, it binds four-way junc-
tion DNA, a structure similar to that found at the entrance/exit
point of DNA from a nucleosome (25, 46). Consistently, we
found that it interacts with mononucleosomes in vitro (unpub-
lished data). Future studies focused on Spt2 should help to
determine its precise role in chromatin remodeling in the wake
of RNAP II.

Our analyses of the replication-independent histone H3 -
corporation indicate the existence of at least two different
mechanisms involved in the control of transcription-dependent
nucleosome deposition at the ncDNA SRG!. First, we showed
that SRGI ncDNA incorporates a high level of new histones in
Gy-arrested cells, indicating that transcription at this region
is coupled to a replication-independent chromatin assembly
pathway that uses new histones. Second, our analyses of his-
tone H3 deposition outside S-phase show that the absence of
Spt2 is associated with both a preferential deposition of newly
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synthesized H3 and an overall loss of histone H3 (Fig. 4 and 9)
at the SRGI ncDNA. This indicates that the loss of Spt2 affects
an additional mechanism(s) that recycles old histone H3 to
reassemble nucleosomes displaced by RNAP II at SRG!. This
observation is similar to the data recently reported on the
yFACT histone chaperone (14). Indeed, the Strubin group
clearly showed that newly synthesized histone H3 deposition is
induced on a number of genes in the spti6-197 mutant, while
nucleosomal occupancy decreases overall (14). Without ex-
cluding other possibilities, one simple explanation of such ob-
servations is that two different chromatin assembly pathways
coexist at SRGI. One uses old histones and recycles them to
redeposit nucleosomes displaced by RNAF II and requires
Spt2. The other pathway uses newly synthesized histones and is
not dependent on Spt2. At SRGI, one possibility is that the
recycling pathway is dominant, and the mduction of another
pathway using newly synthesized histone H3 cannot overcome
the loss of Spt2. Whether this effect is more general and could
be applied to other genomic loci would be interesting to assess.
It is likely that this mechanism also functions outside the
SRGI-SER3 locus. Indeed, analyses at other transcribed re-
gions showed that spi2A mutation is also associated with the
induction of newly synthesized H3 deposition (P. Thebault,
unpublished data). Finally, given the fact that Spt2 and Spt16
defects have similar phenotypes on histone H3 dynamics at
different transcribed regions, it will be interesting to test
whether vFACT depletion has any role on SRGI histone H3
turnover or chromatin structure and therefore on SER3 regu-
lation.

Finally, our data suggest a new model of regulation by
ncRNA transcription that involves nucleosomes deposited in
the wake of the transcription machinery (Fig. 9E). We propose
that ncRNA SRG1 transcription achieves SER3 repression
mainly by creating a repressive chromatin structure. Therefore,
in contrast to what has been imagined, transcription interfer-
ence within the SRGI-SER3 system is not only achieved by
RNAP Il passing through the SER3 promoter but is also me-
diated by the nucleosomes inserted behind RNAP II com-
plexes as they leave this regulatory region. These nucleosomes
are important for the repression of SER3 transcription that
could possibly be initiated in the time frame between two
successive rounds of ncRNA SRGI transcription. In the spt2A
mutant, these nucleosomes are not assembled correctly, creat-
ing an open chromatin context for the SER3 activator(s). Im-
portantly, and in contrast to previous observations, our work
shows that histone H3-K4 and H3-K36 methylation is not re-
quired for the normal SER3 regulation by ncRNA transcrip-
tion, suggesting that the most important factor is the deposi-
tion of nucleosomes and not modifications that play a role in
the dynamic properties of these nucleosomes. Overall, we pro-
vide strong evidence that Spt2 participates in a regulation by
transcription interference via a novel mechanism involving a
complex interplay between RNAP Il and chromatin dynamics
associated with its passage.
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