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ABSTRACT

FACT is a highly conserved protein complex that assists in overcoming the repressive
effects of chromatin for gene transcription, DNA replication, and DNA repair; however,
the exact mechanisms of its actions during these processes remain unclear. FACT is
found in all eukaryotes; in the budding yeast Saccharomyces cerevisiae, FACT is
composed of two proteins: Spt16 and Pob3. My research has focused on the
transcriptional involvement of the Spt16 subunit of yeast FACT, concentrating primarily
on two point-mutant forms of this protein: Spt16-E857K and Spt16-E763G. These two
mutations were identified by the same transcription-related dominant Spt phenotype, and
affect the same region of the Spt16 polypeptide. To further understand how FACT
functions in transcription, and more specifically in transcription elongation, I have
identified other proteins that interact functionally with these mutant versions of Spt16.
These genetic studies, in addition to my biochemical investigations, indicate that these
Spt16 mutants affect FACT function in substantially different ways. My results suggest
that the spt/6-E857K mutant allele encodes a version of Spt16 protein that is impaired for
its interactions with nucleosomes and/or nucleosome components, affecting the ability to
reassemble nucleosomes following RNA polymerase passage. While spt16-E857K has a
spectrum of genetic interactions that primarily involve gene deletions eliminating
proteins that function in transcription, the same cannot be said about spt16-E763G,
indicating that these two mutations affect different Spt16 protein functions. Perhaps the
spt16-E763G mutation causes an impaired interaction between the Spt16 protein and
some other protein involved in transcription, rather than a direct nucleosome reassembly
defect, as suggested for Spt16-E857K. My findings further the understanding of the
functional partners of FACT during transcription, and also indicate that FACT may
participate in several different interactions to mediate transcription, as not all Spt16
mutant proteins demonstrate the same pattern of genetic interactions.

Xiit
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Chapter1  INTRODUCTION

1.1 Chromatin Structure

In eukaryotic cells, nuclear DNA is packaged with proteins into a highly compacted,
tightly regulated structure known as chromatin. This chromatinization of DNA serves a
two-fold purpose: it both condenses the large chromosomal DNA molecules and regulates
the accessibility of DNA by other proteins such as polymerases. The basic unit of
chromatin is the nucleosome, which consists of approximately 146 bp of DNA wound
1.65 times around an octameric core of histone proteins containing two each of histones
H2A, H2B, H3 and H4 (Figure 1) (Luger et al. 1997, White, Suto & Luger 2001). This
first level of compaction leads to an approximately 7-fold compaction in the length of the
DNA molecule (Nemeth, Langst 2004). Further compaction is provided by higher-order
chromatin structure. In yeast, nucleosomes are spaced approximately 160 bp apart along
the DNA molecule, creating a structure sometimes referred to as a ‘beads on a string’
fibre, which has a diameter of approximately 10 nm (Nemeth, Langst 2004). This 10-nm
fibre is then condensed into a 30-nm fibre, a process that depends on the N-terminal
‘tails’ of the histone proteins, and then condensed further into higher-order chromatin
structures of 100-400 nm in diameter, yielding approximately a 50-fold reduction in
length from the starting DNA molecule (Nemeth, Langst 2004, Peterson, Laniel 2004).
While these higher-order chromatin structures most likely play a role in regulating the
accessibility of the DNA molecule, these levels of organization are less well understood
than is the nucleosome itself, for which the crystal structure has been solved (Luger et al.
1997, White, Suto & Luger 2001).

Within the histone octamer making up the protein core of each nucleosome, the
histone proteins associate with one another in a specific fashion. Each histone protein has
unstructured N- and C-terminal ‘tails’, and a central ‘histone fold” domain, which forms a
structure similar to a helix-loop-helix composed of a longer central helix flanked on each
side by a shorter helix linked by a loop region (Arents et al. 1991, Luger et al. 1997).
Heterodimers are formed of histones H2A and H2B, and of histones H3 and H4, through
protein interactions between histone-fold domains within each histone protein (Arents et

al. 1991, Luger et al. 1997). Thus, the histone octamer consists of a (H3-H4), tetramer



A)

B)

Figure 1. The nucleosome. A) Nucleosome cross-section based upon crystal structure
(Ramaswamy, Bahar & Ioshikhes 2005). The DNA is shown in grey, while the histones
are coloured as follows (light and dark to indicate the two pairs): H2A — blue, H2B —
orange, H3 — pink, H4 — green. The arrow indicates the dyad axis. B) Model of a
nucleosome array (modified from Luger (2002)). The DNA is shown in dark grey, while
the histones are coloured as follows: H2A — blue, H2B — green, H3 — yellow, H4 — pink.
The arrows indicate locations of mutations affecting nucleosome structure.



(formed by interactions between the H3 proteins in two H3-H4 dimers), flanked on each
side by an H2A-H2B dimer via protein interactions between histones H2B and H4
(Luger et al. 1997). Several studies have indicated that the (H3—H4), tetramer organizes
the central 121 bp of DNA, while the flanking H2A-H2B dimers organize the remainder
of the nucleosomal DNA (Nemeth, Langst 2004). These observations are consistent with
in vitro studies that have demonstrated that the deposition of H3—H4 tetramers occurs
prior to the deposition of H2A-H2B dimers (Smith, Stillman 1991, Worcel, Han & Wong
1978), indicating that the H3-H4 tetramers are more stably associated with DNA than are
H2A-H2B dimers. The histone ‘tails’ do not associate tightly with the nucleosome core,
and instead protrude from the central surface of the nucleosome, where they can mediate
interactions with other proteins and assist in the formation of higher-order chromatin
structures (Luger et al. 1997).

Nucleosome locations within the genome appear to be at least partially dependent
on DNA sequence, as certain sequences are more able to undergo the conformational
changes required during nucleosome formation; nucleosome placement can therefore be
predicted through analysis of DNA sequence (Ioshikhes et al. 2006, Segal et al. 2006).
However, no interactions have been detected between the bases of DNA and the histone
proteins (Muthurajan et al. 2003). Instead, electrostatic interactions exist between the
positively charged basic amino acid side chains of the histone proteins and the negatively
charged phosphate ions of the DNA backbone, and hydrogen bonding has been detected
between protein amides and DNA phosphate oxygens (White, Suto & Luger 2001).
Overall, approximately 120 direct protein—-DNA interactions exist between the histone
proteins and the DNA backbone in each nucleosome (Luger 2003, Luger 2006, Nemeth,
Langst 2004), while reports of the number of indirect interactions indicate 120 to 350
water-bridged interactions for each nucleosome (Luger 2003, Nemeth, ‘Langst 2004). This
large number of interactions stabilizing nucleosome structure undoubtedly has effects on
the accessibility of nucleosomal DNA; therefore, the modulation of chromatin structure is

an important factor in processes that require access to DNA, such as transcription.



1.2 Modulation of Chromatin Structure

Due to the repressive nature of chromatin, multiple types of proteins modulate chromatin
structure and thereby regulate chromatin-mediated processes such as transcription.
Among these components are three types that directly interact with histone proteins: 1)
ATP-dependent chromatin remodelling complexes, 2) enzymes that covalently modify
histones, and 3) histone chaperones. |

1.2.1 ATP-Dependent Chromatin Remodellers

Members of this class of protein complexes use the energy derived from ATP hydrolysis
to physically move nucleosomes along a DNA molecule by weakening the interactions
between the histone proteins and DNA (Saha, Wittmeyer & Cairns 2006a). This
nucleosome movement is believed to regulate the accessibility of DNA sequences
contained within nucleosomal regions to DNA-binding proteins. Chromatin remodelling
complexes comprise a large family with at least five subgroups, but which all have
catalytic subunits sharing a common ATPase domain (Saha, Wittmeyer & Cairns 2006b).
These five subgroups consist of the SWI/SNF, ISW1, NURD/Mi-2/CHD, INOS8O0, and
SWR1 families of nucleosome remodellers (Saha, Wittmeyer & Cairns 2006a). During
transcription, chromatin remodellers have been implicated in both the initiation stage,
where they are recruited by activators to help make DNA more accessible, and the
elongation stage, where they assist in overcoming nucleosomal blocks to transcription
(L1, Carey & Workman 2007, Saha, Wittmeyer & Cairns 2006a, Saha, Wittmeyer &
Cairns 2006b).

1.2.2 Covalent Modifications of Histone Proteins

Chromatin structure can also be affected by covalent modifications of amino acid
sidechains of the histone proteins. The modifications include, but are not limited to,
acetylation, mefhylation, ubiquitination and phosphorylation, and most modifications are
reversible (Berger 2007, Kouzarides 2007, Millar, Grunstein 2006). Most histone
modifications occur on residues within the unstructured ‘tails’ of the histone proteins,
although several modified sites reside within the histone cores (Berger 2007). These
modifications have various effects, both direct and indirect. Some modifications lead to
alterations in chromatin structure, while others direct the recruitment of other proteins,

via specific binding domains, to the modified nucleosomes (Berger 2007, Kouzarides



2007). Protein domains that recognize modified histones include bromodomains, which
recognize acetylated lysine residues, and PHD, WD-40 and ‘royal family’ (chromo,
tudor, and MBT) domains, which recognize methylated lysine residues (Berger 2007,
Kouzarides 2007, Millar, Grunstein 2006). Various histone modifications are associated
with specific chromatin states, such as transcriptionally active or silenced regions (Millar,
Grunstein 2006). In general, acetylation and phosphorylation are associated with regions
of active transcription, whereas methylation can be associated with either activation or
repression of transcription, depending on the location of the methylation within the
histone protein (Berger 2007, Kouzarides 2007, Millar, Grunstein 2006).

Several enzyme families carry out histone modifications; for example, the histone
acetyltransferases carry out acetylation of lysine residues, while the histone
methyltransferases carry out methylation of lysine or arginine residues (Berger 2007,
Kouzarides 2007, Millar, Grunstein 2006). In addition, other protein complexes regulate
the removal of these covalent modifications: histone deacetylases remove acetyl groups,
while methyl groups on lysine residues, which until recently were thought to be
irreversible modifications, are removed by histone demethylases (a somewhat different
process appears to be used for methylated arginine residues) (Berger 2007, Kouzarides
2007).

In this thesis, I have utilized mutations affecting many of these histone
modifications, specifically those with roles in the transcription process. Included in this
group are mutations affecting the histone acetyltransferases Sas3, Gen5, Elp3, Esal, and
Rtt109, the histone deacetylase complex Rpd3C(S), the histone methyltransferases
COMPASS and Set2, the histone demethylase Jhdl, and the histone ubquitinase Rad6.
1.2.3 Histone Chaperones
Histone chaperones are proteins that bind histones and facilitate their deposition onto
DNA (Loyola, Almouzni 2004, Tyler 2002, Workman 2006). Generally, histone
chaperones have a preference for either H2A-H2B or H3-H4 dimers (Loyola, Almouzni
2004). Histone chaperones can function to deposit histones during DNA replication onto
newly synthesized DNA, and/or can function in replication-independent nucleosome
assembly that, for example, restores chromatin structure following transcription. Included

in this group of replication-independent histone chaperones is the FACT complex, which



is the focus of my research. FACT functions as a histone chaperone in vitro
(Belotserkovskaya et al. 2003), and is discussed in more detail in Section 1.4. Other
histone chaperones discussed in this thesis include Spt6, Nap1, CAF-1, HirC, Asfl,
Rtt106, and Vps75.

The Spt6 protein is thought to play a role similar to that of FACT in maintaining
chromatin structure during transcription (Adkins, Tyler 2006, Kaplan, Holland &
Winston 2005). Spt6 directly interacts with histones, primarily with histone H3, and thus
may function as a chaperone for H3—-H4 dimers or tetramers (Bortvin, Winston 1996).
Another histone chaperone, the Nap1 protein, also shows preferential binding to histones
H3 and H4 in vitro, while in vivo studies have also shown interactions with H2A-H2B
dimers (Park, Luger 2006). For example, Nap1 is involved in the nuclear import of
histones H2A and H2B (Mosammaparast, Ewart & Pemberton 2002), and in vitro
transcription studies have shown that Nap1, like FACT, is able to disassociate one H2A-
H2B dimer from a nucleosome encountered by actively transcribing RNAPIT
(Levchenko, Jackson 2004). |

CAF-1 and HirC are two multi-subunit histone chaperones. CAF-1 (Chromatin
Assembly Factor 1) participates in nucleosome assembly during DNA replication (Smith,
Stillman 1989), while HirC, the yeast homologue of mammalian HIRA (Lamour et al.
1995), participates in replication-independent nucleosome assembly (Green et al. 2005,
Prochasson et al. 2005). The Asfl protein is a chaperone for histones H3 and H4 (English
et al. 2005) and functions in both replication-linked and replication-independent
chromatin assembly. Asfl stimulates CAF-1 activity during replication-dependent
chromatin assembly through protein interactions with the Cac2 subunit of the CAF-1
complex (Tyler et al. 1999, Tyler et al. 2001), while Asfl function in replication-
independent chromatin assembly involves protein interactions with HirC (Green et al.
2005).

Rtt106 is a recently identified histone chaperone, and although its cellular role is
not fully understood, binding studies have shown that Rtt106, like the Asfl protein, binds
to histones H3 and H4 and also to one of the CAF-1 subunits, Cacl (Huang et al. 2005).
Vps75 is another recently identified histone chaperone that shows in vitro binding to H3—

H4 tetramers, and shares sequence and structural similarity with Nap1 and its



homologues from other species (Selth, Svejstrup 2007). While little is known about the
actions of Vps75 in vivo, it has been shown to exist in a complex with the Rtt109 histone

acetyltransferase (Han et al. 2007, Selth, Svejstrup 2007, Tsubota et al. 2007).

1.3  Factor that Facilitate Transcription Through Chromatin

Many of the proteins discussed in the previous section play a role in mediating the
transcription process in the context of chromatin. In addition, there are transcription
elongation factors that facilitate the passage of RNAPII, but which may not easily group
into any of the above three categories (Li, Carey & Workman 2007). Although these
other proteins may not directly bind or modify histones, they do facilitate the
transcription process, sometimes by assisting the recruitment of histone modification
factors or modifying RNAPII itself. Several of these factors have been investigated in
more detail in this thesis, particularly the Spt4-Spt5 complex, the Paf complex, and two
protein kinases involved in transcription, Bur kinase and CTDK-1.

The Spt4—Spt5 complex is involved in transcription elongation, and is the yeast
homologue of mammalian DSIF (Hartzog et al. 1998, Wada et al. 1998). The SPT4 and
SPT5 genes were identified by the same phenotype as that used to find the histone-
chaperone gene SPT6 (Fassler, Winston 1988, Winston et al. 1984), and mutations in all
three genes have similar phenotypes (Swanson, Winston 1992). The exact role of Spt4—
Spt5 is unknown, but recent studies suggest that it may serve as a docking platform for
the recruitment of PafC (Qiu et al. 2006). PafC is a multi-subunit complex involved in
both transcription initiation and elongation (Mueller, Jachning 2002, Squazzo et al.
2002), and has been shown to localize throughout the coding regions of ORFs, an
association which requires the Spt4 protein of Spt4—-Spt5 (Qiu et al. 2006).

Bur kinase and CTDK-1 have both been suggested as potential yeast orthologues
of P-TEFb (Lee, Greenleaf 1997, Wood, Shilatifard 2006), a mammalian protein kinase
that phosphorylates RNAPII on serine 2 of its C-terminal domain repeat during
transcription (Marshall et al. 1996, Price 2000, Ramanathan et al. 2001). Phosphorylation
of serine 2 is linked to the elongation phase of transcription, and allows the recruitment of
proteins involved in processing the 3 end of the mRNA (Ahn, Kim & Buratowski 2004).
While it is likely that CTDK-1 carries out at least some P-TEFb activities in vivo, it is



clear that Bur kinase is involved in transcription elongation (Yao, Neiman & Prelich
2000), although proteins other than RNAPII may be phosphorylated by Bur Kinase in
vivo. One target of Bur kinase is the Rad6 protein, which ubiquitinates histone H2B on
Lys123 (Wood et al. 2005). This ubiquitination leads to another histone modification
associated with actively transcribed regions, methylation of H3 lysine 4 by COMPASS
(Dover et al. 2002, Sun, Allis 2002). Another potential target of Bur kinase is the Spt5
protein, which contains tandem repeats in its C terminus (Swanson, Malone & Winston
1991). In other systems, these repeats have been shown to be phosphorylation targets by
Bur kinase analogs (Bourgeois et al. 2002, Ivanov et al. 2000, Kim, Sharp 2001, Pei,
Shuman 2003, Yamada et al. 2006). Phosphorylation of human Spt5 is thought to mediate
its transitioﬁ from a repressor of transcription to a positive transcription elongation factor

(Yamada et al. 2006), and thus, a similar situation may hold true for yeast Spt5.

14  The FACT Complex

The FACT complex (Facilitates Chromatin Transcription) was originally isolated as a
component of HeLa cell extract that can overcome the blockage to in vitro transcription
posed by nucleosomes (Orphanides et al. 1998). As described above, FACT possesses
histone chaperone activity (Belotserkovskaya et al. 2003), and neither requires ATP nor
covalently modifies histones in its actions (Orphanides et al. 1998, Orphanides et al.
1999). FACT homologues have been independently identified in Xenopus and in the
budding yeast Saccharomyces cerevisiae as having roles in both replication and
transcription. The Xenopus FACT homologue was identified as the DUF (I_)NA‘
Unwinding Factor) complex, and was shown to unwind closed circular DNA and play a
role in DNA replication (Okuhara et al. 1999), whereas yeast FACT was isolated both as
a factor involved in chromatin repression (as the CP complex) (Brewster, Johnston &
Singer 1998) and as a protein with a role in DNA replication (Wittmeyer, Joss &
Formosa 1999).

1.4.1 FACT Composition and Conservation

The components of both yeast and human FACT are highly similar (Brewster, Johnston
& Singer 2001, Orphanides et al. 1999, Wittmeyer, Formosa 1997). In yeast, FACT is
composed of three protein subunits: Spt16 (also called Cdc68) and Pob3, which form a



highly stable heterodimer, along with Nhp6, which transiently associates with the Spt16—
Pob3 dimer (Figure 2) (Brewster, Johnston & Singer 1998, Brewster, Johnston & Singer
2001, Formosa et al. 2001, Wittmeyer, Joss & Formosa 1999). A similar organization is
present in human FACT, although human FACT contains just two subunits: hSpt16 and
SSRP1 (Orphanides et al. 1999). The Spt16 subunits from yeast and human are 36%
identical, and the Spt16 protein is highly conserved among many eukaryotes along its
entire length (Evans et al. 1998, Orphanides et al. 1999). Yeast Pob3 is highly
homologous to the N-terminal 75% of the human SSRP1 protein, having 33% identity
and 45% similarity throughout this region (Wittmeyer, Formosa 1997). Interestingly, the
C-terminal 25% of human SSRP1 shares homology with the third subunit of yeast FACT,
the Nhp6 protein (Brewster, Johnston & Singer 2001, Formosa et al. 2001); this region
corresponds to the High Mobility Group (HMG) domain of SSRP1 (Orphanides et al.
1999). Indeed, the yeast Nhp6 protein is essentially a single HMG1 motif (Costigan,
Kolodrubetz & Snyder 1994), and thus Pob3 and Nhp6 together may represent the yeast
analogue of SSRP1 (Brewster, Johnston & Singer 2001). The existence of Nhp6 as a
separate, transiently associated, protein within yeast FACT represents a primary
difference from human FACT, in which the HMG motif, as a part of SSRP1, is an
integral component of the FACT complex. However, only about 5% of Nhp6 protein is
found to co-purify with the Spt16—Pob3 dimer, suggesting that Nhp6 may have roles
outside of its involvement in FACT functions (Brewster, Johnston & Singer 2001,
Formosa et al. 2001). This hypothesis is supported by reports that have shown that Nhp6
plays a role in the regulation of transcription initiation by RNA Polymerase III (Braglia et
al. 2007, Kassavetis, Steiner 2006, Kruppa et al. 2001, Martin, Gerlach & Brow 2001),
and during RNAPII transcription initiation to aid in the recruitment of TATA-binding
protein to promoters (Biswas et al. 2004, Biswas et al. 2006, Yu et al. 2003).

1.4.2 FACT Domain Structure

The yeast Spt16 protein is a 118-kDa, 1 035-residue protein that is essential for viability;
Spt16 has a highly acidic C terminus and is encoded by an open reading frame of 3 105
bp (Malone et al. 1991, Rowley, Singer & Johnston 1991). The Pob3 protein is a 63-kDa,
552-residue protein that, like Spt16, is essential for viability; Pob3, again like Spt16, has
a highly acidic C terminus and is encoded by an open reading frame of 1 659 bp
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Figure 2. Domain structure of yeast FACT. The yeast FACT complex, consisting of
Spt16, Pob3, and the transiently associated subunit, Nhp6 is shown here in cartoon form.
The domain boundaries predicted by O’Donnell ez al. (2004) are shown for Spt16 and
Pob3.
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(Wittmeyer, Formosa 1997). One recent study used partial proteolysis to suggest that
Pob3 might consist of two domains: a 23-kDa NTD and a 40-kDa CTD (Figure 2)
(O'Donnell et al. 2004). Similar results were obtained in a second study, although some
differences in domain boundaries were reported. In this study, Pob3 was reported to
contain three domains: an NTD/Dimerization domain (residues 1 to approximately 200
[the C-terminal end of this domain was not indicated]), a Mid domain (residues 237-477),
and a CTD (residues 477-552) (VanDemark et al. 2006). Crystallization studies of the
Pob3 Mid domain indicate that this portion of the Pob3 protein constitutes a novel
subgroup within the pleckstrin homology (PH) domain family, and folds into a double PH
domain (VanDemark et al. 2006). This structure is likely important for Pob3 function, as
conserved residues cluster on one section of the double PH domain, and mutations in this
region cause defects in Pob3 function in replication and transcription (VanDemark et al.
2006).

The same study that reported two domains for Pob3 also indicated by partial
proteolysis that the Spt16 polypeptide is comprised of three independently folded
domains (Figure 2): a 55-kDa N-terminal domain (NTD) consisting of residues 1-485, a
34-kDa Mid domain consisting of residues 486-776, and a 28-kDa C-terminal domain
(CTD) consisting of residues 777-1 035 (O'Donnell et al. 2004). The NTD is not essential
for Spt16 function, as a mutant version of Spt16 lacking the entire NTD (Spt16-ANTD)
provides all essential functions of Spt16 (O'Donnell et al. 2004). Although the Spt16
NTD is not required for essential Spt16 functions, cells containing the Spt16-ANTD
version instead of full-length Spt16 protein are sensitive to agents that cause replication
stress, such as hydroxyurea and methylmethane sulfonate, suggesting a role for the NTD
of Spt16 in overcoming replication stress (O'Donnell et al. 2004). The Mid domain of
Spt16 mediates binding with Pob3, while the CTD is not required for this interaction
(O'Donnell et al. 2004). The CTD of Spt16 is thought to be required for essential
function, as versions of Spt16 truncated approximately at residue 764 and 915 do not
support life (Evans et al. 1998). Indeed, the C-terminal region of the human Spt16
polypeptide is necessary for the in vitro histone-binding and histone-chaperone activity of

Spt16 (Belotserkovskaya et al. 2003).
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In a second study, yeast Spt16 was reported to contain four domains: an NTD
(residues 1-440), a Dimerization domain (residues 527-630), a Mid domain (residues
630-959), and a CTD (959-1035) (VanDemark et al. 2006). The primary differences
between this report and the previously discussed one are the boundaries of the Mid and
C-terminal domains for Spt16. In the report by O’Donnell ef al. (2004), the Mid domain
of Spt16 comprises residues 486-776, while the CTD consists of residues 777-1 035.
However, VanDemark et al. (2006) report that this portion of the Spt16 polypeptide
actually consists of three domains: the Dimerization domain, the Mid domain, and the
CTD, which is mainly the highly acidic C-terminal end of Spt16. This may reflect
differences in experimental design in the two studies, resulting in different regions of the
Spt16 polypeptide accessible to proteolysis. However, the proposed functions of the
different regions of the Spt16 protein are fairly consistent between the two studies.

1.4.3 The Role of FACT in Transcription

From the original observations that mutations in the yeast SPT16/CDC68 gene have
effects on transcript abundance (Rowley, Singer & Johnston 1991) and alter the
regulation of transcription from cryptic promoters (Malone et al. 1991), a role for Spt16
in gene expression has been suggested. The same mutation in SPT16, spt16-G132D, was
independently identified by three different investigations (Evans et al. 1998) assessing
three different effects on transcription: decreased transcript abundance for several genes,
altered expression of reporter genes that rely on cryptic promoters (the Spt phenotype),
and altered expression of an HO: :lacZ reporter construct (Lycan et al. 1994, Malone et al.
1991, Rowley, Singer & Johnston 1991). Several observations from these early
investigations suggested that Spt16 has a positive effect on transcription. One such line of
evidence comprises the observations that spz/6 mutations cause decreased transcript
abundance (Lycan et al. 1994, Rowley, Singer & Johnston 1991, Xu, Johnston & Singer
1993, Xu, Singer & Johnston 1995).

In contrast to the above findings suggesting a positive role for Spt16, other
observations suggest that Spt16 negatively regulates transcription. Mutations in SPT16
allow expression of what are termed here the Spt reporter genes, by allowing
transcription to initiate from sites that are normally repressed. The Spt reporter genes

his4-9126 (Farabaugh, Fink 1980, Roeder, Fink 1980) and Jys2-1285 (Clark-Adams,
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Winston 1987), contain DNA insertions, called § elements, which interfere with the
normal transcription of these loci (Figure 3) (Clark-Adams, Winston 1987, Silverman,
Fink 1984). Thus, in otherwise normal cells, functional HIS84 or LYS2 transcripts fail to
be produced, and consequently the cells are auxotrophic for histidine and lysine. In cells
with an Spt phenotype, such as those containing spt/6 mutations, aberrant transcription
from the Ais4-9126 and lys2-12851oci leads to the production of functional transcripts,
and as a result the cells are prototrophic for histidine and lysine (Evans et al. 1998,
Malone et al. 1991). This aberrant transcription is thought to occur through loss of
repression, thus suggesting a role for Spt16 in negatively regulating transcription. Several
other lines of evidence support a role for Spt16 in the negative regulation of transcription.
First, the spt16-G132D mutation allows activation of an HO::lacZ reporter construct
when the usual activators of HO transcription, the Swi4 and Swi6 activators, are absent,
indicative of a role for Spt16 in repression (Lycan et al. 1994). Second, mutations in
SPT16 allow expression of a mutant SUC2 gene that is missing its upstream activation
sequence (suc2AUAS) and thus cannot recruit transcriptional activators (Evans et al.
1998, Malone et al. 1991, Prelich, Winston 1993). These types of alterations in gene
expression are also seen with mutations in other components that affect chromatin
structure. Taken together, these findings indicate that Spt16 may play a role in both
activation and repression of transcription, and may do so through modulation of
chromatin structure.

The identification of human FACT as a component that promotes in vitro
transcription through a nucleosomal template (Orphanides et al. 1998), and the
subsequent identification that mammalian FACT is composed of homologues of the yeast
Spt16 and Pob3 proteins (Orphanides et al. 1999), further support an involvement of
FACT in transcription. In addition, the observation that human FACT is unable to
promote transcription of a nucleosomal template containing covalently cross-linked
histones suggests that FACT activity includes modulation of chromatin structure
(Orphanides et al. 1999). Results from other systems also suggest an integral role for
FACT in the transcription process: FACT co-localizes with RNAPII along polytene
chromosomes in Drosophila (Saunders et al. 2003), and associates with actively

transcribed regions in Arabidopsis (Duroux et al. 2004). A similar association of Spt16
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Figure 3. The Spt reporter genes his4-912¢ and lys2-1286. For each gene, the location
of the § element (the long terminal repeat of the yeast Ty transposon) insertion relative to
the coding region is shown. Also, the transcripts produced in both normal (SP776) and
mutant (sptl6) cells (Malong et al. 1991), and the resulting histidine and lysine
auxotrophy (—) or prototrophy (+), are indicated.
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along transcribed regions has been observed in yeast, where FACT has been shown to co-
localize with actively transcribing RNAPII in vivo (Kim et al. 2004, Mason, Struhl 2003).

Also in yeast, Spt16 has been shown to physically associate with other
transcription-associated proteins. Protein interactions have been observed between Spt16
and PafC components (Krogan et al. 2002, Squazzo et al. 2002), Spt5 (Lindstrom et al.
2003), histone proteins (Krogan et al. 2002), and Chdl (Krogan et al. 2002, Simic et al.
2003), a transcription-elongation component involved in ATP-dependent chromatin
remodelling (Tran et al. 2000). In addition to these protein interactions, deleterious
genetic interactions have been observed when mutations in SPT76 are combined with
mutations in genes encoding PafC members (Squazzo et al. 2002) or components of the
transcription initiation machinery, such as TFIIA and TBP (Biswas et al. 2005, Biswas et
al. 2006). Deleterious genetic interactions are also observed in cells containing mutations
affecting histones and nucleosomes, such as direct alterations of histone dosage and
mutations in the genes encoding components of the HirC histone chaperone (Formosa et
al. 2002). These physical and genetic interactions suggest a role for Spt16 and the FACT
complex in both transcription initiation and transcription elongation.

Although early studies have linked FACT with a role in mediating chromatin
structure during the transcription process, some time elapsed before a mechanism for
FACT activity during transcription was suggested (Belotserkovskaya et al. 2003,
Belotserkovskaya et al. 2004, Belotserkovskaya, Reinberg 2004). In this model, FACT is
thought to remove one H2A-H2B dimer from the nucleosome ahead of the actively
transcribing RNAPII, and the resulting modified nucleosome, or ‘hexamer’, somehow
promotes polymerase passage along this portion of DNA (Figure 4, steps 1-3). FACT is
thought to then reassemble the nucleosome and help to re-establish proper chromatin
structure following RNAPII passage (Figure 4, step 4). This model is consistent with
observations from genetic studies suggesting that FACT plays a role in the maintenance
of proper chromatin structure, thus repressing transcription from cryptic promoters within
the coding regions of several genes (Kaplan, Laprade & Winston 2003), and may explain
the observation that depletion of FACT causes the deposition of components of pre-

initiation complexes within coding regions (Mason, Struhl 2003).



1. FACT recruitment as RNAPII
encounters a nucleosome

2. Removal of one H2A-H2B dimer

3. RNAPII passage ‘through’
FACT-generated hexasome

4. Replacement of H2A—H2B dimer
behind elongating RNAPII

OH2A-H2B >H3-H4

Figure 4. Model for FACT activity during RNAPII transcription. Modified from

O’Donnell (2004).
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Further studies have suggested a link between FACT activity and covalent histone
modifications, specifically histone H2B monoubiquitination. It is thought that this
monoubiquitination of histone H2B may facilitate FACT-mediated removal of a single
H2A-H2B dimer from the nucleosome ahead of an actively transcribing RNAPII (Pavri
et al. 2006, Reinberg, Sims 2006). Regardless of whether H2B ubiquitination actually
facilitates FACT activity, or whether this histone modification works in a parallel fashion
with FACT to facilitate RNAPII-mediated transcription, these results aid our
understanding of how the various factors linked to transcription work together to

facilitate transcription through a chromatin template.

1.5  Genetic Studies to Further Our Understanding of Spt16 Function

Previous research in our lab has focused on understanding the role of Spt16 in
transcription by identifying new mutations in SPT/6 that cause a dominant Spt
phenotype, indicating that these mutant alleles affect the ability of Spt16 to function
normally during transcription (O'Donnell 2004, Perry 2005). The research described in
this thesis focuses on one of these new mutant alleles, spt/6-E857K, encoding a single
glutamate-to-lysine substitution at residue 857 of the Spt16 polypeptide. To determine
what effects this substitution has on the function of the Spt16 protein and, more
generally, to understand how FACT functions during transcription, I have used this
mutant allele to identify other proteins that interact functionally with the Spt16-E857K
mutant protein. These investigations suggest that the spt16-E857K mutant allele encodes
a version of the Spt16 protein that is impaired for interactions with nucleosomes, either
directly or indirectly, and that this impairment affects the ability of FACT to reassemble

nucleosomes following RNAPII passage during transcription.
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Chapter2 MATERIALS AND METHODS

2.1 Media and Growth Conditions

2.1.1 Yeast Growth Media

YMI1 rich liquid medium contained 1% succinic acid, 0.6% sodium hydroxide, 1%
peptone, 0.67% yeast nitrogen base without amino acids, and 2% dextrose (Hartwell
1967). YEPD rich solid medium contained 1% yeast extract, 2% peptone, 2% dextrose,
and 2% agar (Hartwell 1967). YNB synthetic minimal medium contained 1% succinic
acid, 0.6% sodium hydroxide, 0.67% yeast nitrogen base without amino acids or
ammonium sulphate, and 2% dextrose (Johnston, Pringle & Hartwell 1977). This medium
was supplemented with 0.1% ammonium sulphate, amino acids (40 pg/ml) and
nucleoside bases (20 pg/ml) (listed below), unless the absence of one or more was
required to maintain plasmid selection during growth, or to determine auxotrophies. The
same recipe was utilized for solid synthetic complete (SC) medium, with the addition of
2% agar. The following amino acids and nucleoside bases were added to both types of
YNB medium prior to use: arginine, aspartic acid, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, serine, tryptophan, threonine, tyrosine, valine, adenine, and
uracil. Except where noted otherwise, cells were grown at 30°C.

Several chemicals were added to growth media. Hydroxyurea (Sigma-Aldrich,
Oakville, ON) was added to YEPD solid medium at a concentration of either 50 mM or
100 mM, to test for drug sensitivity indicating replication defects (Hampsey 1997).
Nourseothricin (clonNAT) (Werner BioAgents, Germany) and geneticin (G418)
(Invitrogen, Burlington, ON) were added to YEPD solid medium at concentrations of 100
mg/1 and 200 mg/1, respectively, to select for resistance to these drugs, indicating
presence of the natMX4 and kanMX4 marker, respectively (Tong et al. 2001). The
analogue 5-fluoro-orotic acid (5-FOA) (BioVectra, Charlottetown, PE) was added to
supplemented YNB solid medium at a concentration of 0.33 g/, and allows
counterselection against the growth of cells containing URA3-based plasmids.

Growth of yeast cells was often asessed by either replica-plating or serial-dilution
spot testing. In both cases, the cells were grown on the indicated solid medium for

durations between 1 and 7 days, depending on the type of solid medium and the growth
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temperature. Generally, cells grown on YEPD solid media were incubated for durations
between 1 and 3 days, while cells grown on YNB dropout solid media were incubated for
durations between 3 and 7 days.

Sporulation of diploid cells was performed by first growing cells overnight in pre-
sporulation liquid medium, followed by 5-7 days in sporulation liquid medium, both at
23°C. Pre-sporulation medium consisted of YM1 rich liquid medium containing 4%
dextrose, rather than the 2% used in ‘regular’ YM1, while sporulation medium consisted
of 1% potassium acetate, 0.1% yeast extract, and 0.05% dextrose (Guthrie, Fink 1991).
2.1.2 E. coli Growth Media
Escherichia coli (E. coli) cells were grown in 2xYT liquid medium, consisting of 1.6%
tryptone, 1% yeast extract and 0.5% sodium chloride (Messing 1983). 2xYT solid
medium was prepared by addition of 2% agar to the above mixture. To select for cells
containing a plasmid (plasmids contained an ampicillin-resistance gene), ampicillin was
added to 2xYT (liquid or solid) at a concentration of 50 pg/ml. E. coli cells of the strain
TOP10 were employed for all plasmid work, except for the selection of LEU2 plasmids,
as described below. All E. coli growth was performed at 37°C.

To select for the presence of LEU2 yeast plasmids, E. coli cells of the strain
JF1754 (lac, gal, metB, leuB, hisB436, hsdR) were used, selecting for growth on M9
medium lacking leucine (Sambrook, Fitsch & Maniatis 1989). The yeast LEU2 gene can
complement E. coli leuB auxotrophy, meaning that JF1754 cells containing a LEU2
plasmid are leucine prototrophs. M9 medium was prepared as follows: a 5X M9 salt stock
solution was prepared, containing 30 g/l sodium phosphate, 15 g/l potassium phosphate, 5
g/l ammonium chloride, 2.5g/1 sodium chloride, and 15 mg/1 calcium chloride. For each
litre of M9 medium, 200 ml of this salt solution was used, with the addition of 2%
dextrose, 5 x 10™*% thiamine, 1 mM magnesium sulphate, ampicillin to 50 pg/ml, amino
acids to 40 pg/ml (arginine, aspartic acid, histidine, isoleucine, lysine, methionine,
phenylalanine, serine, tryptophan, threonine, tyrosine, and valine), nucleoside bases to 20
pg/ml (uracil and adenine), and 2% agar. Leucine was omitted, so that the only JF1754 F.

coli cells that are able to grow on this M9 medium are those that contain a plasmid-borne

yeast LEU?2 gene.
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2.2 Yeast Strains

The Saccharomyces cerevisiae strains used in this research are listed in Table 1.

2.2.1 BY4741-Derived Deletion Strains

All deletion strains used in this research (hhtl 4, hhf1 A, asfl A, napl A, rtt106 4, vps754,
ctkl A, swdl A, swd3 A, rad6A4, spt4 A, set2A, eaf34, rcol A, sin3A, rpd3 A, jhdl A, sas3 A,
elp3A, gen5A4, and rrt1094) were confirmed using PCR-based procedures (PCR as per
Section 2.4.7; primers listed in Table 3). For these strains, primers hybridizing
approximately 200 bp outside the integrated kanMX4 drug-resistance cassette (forward
and reverse) were paired with primers internal to this cassette (KanB and KanC), and the
presence of a product was monitored (forward + KanB = ~500 bp; reverse + KanC =
~850 bp — Figure 5). When no product was observed, a second PCR reaction was
performed using the outside forward primer, and both reverse primers. In this second
reaction a product should always be formed, provided the PCR reaction is working, and
the presence of the kanMX4 cassette can be assessed by the presence of the smaller (500-
bp) product, if not by a difference in size of the larger band.

Each of the deletion strains was confirmed in this manner, and all except rpd34
were found to contain the kanMX4 cassette at the correct locus, indicating that the gene
deletion/replacement is present in each strain. For the supposed rpd3 4 strain, PCR
procedures provided no evidence of the kanMX4 cassette at the RPD3 locus, and the size
of the amplicon using the two outside primers was consistent with full-length RPD3,
rather than rpd3A::kanMX4. This finding suggests that the strain labelled 7pd3A4 in our
deletion collection does not, in fact, contain an RPD3 deletion.

Upon tetrad analysis, three deletion/replacement strains, spt4 A4, ctkl A, and
vps754, were found to contain two kanMX4 insertions (geneticin resistance did not
segregate 2:2). For the ctkl A segregants, no deleterious genetic interaction was observed
for any of the spt16-E857K geneticin-resistant segregants; therefore, no further steps
were taken with this strain. For the vps754 segregants, different levels of growth were
observed among the geneticin-resistant double mutants with both spt/6-E857K and, to a
lesser extent, spt16-E763G. Therefore, PCR was performed on these segregants to

determine which contained the vps75A4::kanMX4 replacement, which allowed evaluation
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Strain Description and Genotype Source
BY4741- MATa met15A0 his3A1 leu2 AO ura3A0 EUROSCARF
based xyzA: :kanMX4 (see note 1 for list) deletion collection
deletions’ (Tong et al. 2001)
FY362 MATa his4-9126 ade8-104 spt5-194 Fred Winston,

Harvard University
FY1668 MATa his4-9128 lys2-1286 spt5-4 (Hartzog et al.
1998)
FY139 MATa his4-1926 lys2-1286 ura3-52 ade8-104 Fred Winston,
spt6-140 Harvard University
FY2180 MATa leu2 Al his4-9126 lys2-1286 FLAG-spt6- (Kaplan, Laprade &
1004 Winston 2003)
KY688 MATa lys2A0 ura3A40 trpl A63 cdc73A: :kanMX4 | Karen Arndt,
University of
Pittsburgh
KY690 MATa lys2-1286 leu2 Al ura3-52 leol A::URA3 (Squazzo et al.
2002)
KY693 MATa leu2 Al ura340 trpl A63 ctr9A: :kanMX4 Karen Arndt,
University of
Pittsburgh
KY802 MATa his3A200 lys2-173R2 ura3(A0 or —52) (Braun et al. 2007)
paflA::URA3
KY957 MATa his34200 leu2 Al trpl A63 ura3-52 (Braun et al. 2007)
rifl A::LEU2
LPY3500 MATa his3A4200 leu2-3,112 trpl Al ura3-52 (Clarke et al. 1999)
esal A::HIS3 esal-L254P::URA3
JS34 MATa MET15? LYS2 his3Al leu2 A0 ura340 spt4AX Y2454
spt4 A: :kanMX4 (Tong et al. 2001)
JS35 MATa MET15? LYS2 his3Al leu2 AQ ura340 spt4A4 X Y2454
spt4 A:-kanMX4 (Tong et al. 2001)
AW11-92° | MATo his4-9126 lys2-1286 leu2-3,112 trp1-Al Amy Wheeler,
ura3-52 suc2AUAS unpublished
FY2393%° | MATa his34200 leu2Al lys2-1288 trp1 A63 ura3- | (Prather et al. 2005)
52 prGAL1-FLOS8-HIS3:kanMX4
FY631° MATa his4-9176 lys2-173R2 leu2 Al trpl A63 (Roberts, Winston
ura3-52 1996)
RK57° MATa his4-9175 lys2-173R2 leu2 Al trpl 463 Rosemarie Kepkay
ura3-52 spt164: :kanMX4 [pRS316-A4] and Ameer Jarrar
(derivative of FY632 diploid (Roberts, Winston | (this lab),
1996)) unpublished
FY1095

MATa his4-9176lys2-173R2 leu2 Al trpl1 463
ura3-52 spt204200:: URA3

(Roberts, Winston
1996)
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Strain Description and Genotype Source
SNL-51B MATo ade24 ade3A his4-9126 lys2-1286 (O'Donnell 2004)
314- leu2-3,112 trpl-41 ura3-52 sptl64.:kanMX4
NM3(4) [pRS314-cdc68-E857K] [pSLCDC68]

WT68
SNL-58D MATa ade24 ade34 his4-9126 lys2-1286 (O'Donnell 2004)
315-E857K | leu2-3,112 trpl-A41 ura3-52 spt164.::kanMX4
[pRS315-cdc68-E857K]
Jse* SNL-51B 314-NM3(4) WT68 UV mutagenesis
(SYNL #1) | hirl-L259V,L760P derivative of SNL-
51B 314-NM3(4)
WT68
Js14* SNL-51B 314-NM3(4) WT68 UV mutagenesis
(SYNL #9) | hir3? derivative of SNL-
51B 314-NM3(4)
WT68
INER SNL-51B 314-NM3(4) WT68 UV mutagenesis
(SYNL #10) | hir2-L747R derivative of SNL-
51B 314-NM3(4)
WT68
SYNL #16% | SNL-51B 314-NM3(4) WT68 Allyson O’Donnell,
> bur2-FS1 unpublished
SYNL #19% | SNL-51B 314-NM3(4) WT68 Allyson O’Donnell,
uncharacterized genomic mutation (mutl) unpublished
1S19° SYNL #1 lacking pRS314-cdc68-E857K Plasmid-loss
derivative of JS6
J823° SYNL #9 lacking pRS314-cdc68-E857K Plasmid-loss
derivative of JS14
JS24° SYNL #10 lacking pRS314-cdc68-E857K Plasmid-loss
derivative of JS15
JS26° SYNL #16 lacking pRS314-cdc68-E857K Plasmid-loss
derivative of SYNL
#16
JS284 SNL-51B 314-NM3(4) WT68 lacking pRS314- Plasmid-loss
cdc68-E857K derivative of SNL-
51B 314-NM3(4)
WT68
AJ25° JS284 Ameer Jarrar (this
hirl A: :natMX4 lab), unpublished
bur2A’ MATa met1540 his3A1 leu2 A0 ura340 EUROSCARF
bur2 A::kanMX4 deletion collection
(Tong et al. 2001)
JS113 JS284 lacking pSLCDC68 Plasmid-shuftle
[pRS315-A4] derivative of JS284
JS114 JS284 lacking pSLCDC68 Plasmid-shuffle

[pRS315-A4-S]

derivative of JS284
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Strain Description and Genotype Source
JS115 JS284 lacking pSLCDC68 Plasmid-shuffle
[pRS315-E763G-S] derivative of JS284
JS116 JS284 lacking pSLCDC68 Plasmid-shuffle
[pRS315-E857K-S] derivative of JS284
JS118 JS284 lacking pSLCDC68 Plasmid-shuffle
[pRS315-A4-S] [pYL102] derivative of JS284
JS119 JS284 lacking pSLCDC68 Plasmid-shuffle
[pRS315-E763G-S] [pYL102] derivative of JS284
JS120 JS284 lacking pSLCDC68 Plasmid-shuffie
[pRS315-E857K-S] [pYL102] derivative of JS284
JS185° MATa matl5? lys2? his3A0 leu2 A0 ura3A0 segregant from
(mfald::MFAlpr-HIS3)? canl? sptl6- Y2454 E857K-7 c3
ES857K :natMX4 asfl A: :kanMX4 XasfiA
KanB MATalo his4-9120/his4-9129 lys2-1286/lys2- (O'Donnell 2004)
12806 leu2-3,112/leu2-3,112 trpl-Al/ trpl-41
ura3-52/ura3-52 ssd1-d/?
SPT16/sptl6A::kanMX4
burl A68A MATa his4-9126 lys2-1286 leu2-3,112 trpl-41 burl A haploid
3C ura3-52 ssdi1-d spt164: kanMX4 burl A::natMX4 | derivative of KanB
[pRS316-A4] [pGP161]
718301° burl A68A 3C lacking pGP161 Plasmid-shuffle
[PRS316-A4] [pRS315-BURI1-HA;3] derivative of
burl A68A 3C
18302’ burl A68A 3C lacking pGP161 Plasmid-shuffle
[pRS316-A4] [pRS315-burl(1-393)-HA;] derivative of
burl A68A 3C
J8303° burl A68A 3C lacking pGP161 Plasmid-shuffle
[pPRS316-A4] [pRS315-burl-T70A-HA;] derivative of
burl AG8A 3C
1S304° burl A68A 3C lacking pGP161 Plasmid-shuffle
[pPRS316-A4] [pRS315-burl-T240A-HA;] derivative of
burl A68A 3C
J8305° burl A68A 3C lacking pGP161 Plasmid-shuffle
[pRS316-A4] [pRS315-burl-80-HA;] derivative of
burl A68A 3C
73308’ burl A68A 3C lacking pGP161 Plasmid-shuffle
[pRS316-A4] [pRS315-burl-23-HA;] derivative of
burl A68A 3C
JS312 JS301 lacking pRS316-A4 Plasmid-shuffle
[pRS314-A4] [pRS315-BURI1-HA;] derivative of JS301
JS313 JS301 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E763G] [pRS315-BUR1-HAj3] derivative of JS301
JS314 JS301 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E857K] [pRS315-BUR1-HA;] derivative of JS301
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Strain Description and Genotype Source

JS315 JS302 lacking pRS316-A4 Plasmid-shuffle
[pRS314-A4] [pRS315-burl(1-393)-HA;] derivative of JS302

JS316 JS302 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E763G] [pRS315-burl(1-393)- derivative of JS302
HA;]

IS317 JS302 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E857K] [pRS315-burl(1-393)- | derivative of JS302
HA;]

JS318 JS303 lacking pRS316-A4 Plasmid-shuffle
[pRS314-A4] [pRS315-burl-T70A-HA;] derivative of JS303

JS319 JS303 lacking pRS316-A4 Plasmid-shuffle
[pPRS314-cdc68-E763G] [pRS315-burl-T70A- derivative of JS303
HA;]

JS320 JS303 lacking pRS316-A4 Plasmid-shuffle
[PRS314-cdc68-E857K] [pRS315-burl-T70A- derivative of JS303
HA;]

JS321 JS304 lacking pRS316-A4 Plasmid-shuffle
[pRS314-A4] [pRS315-burl-T240A-HA;] derivative of JS304

JS322 JS304 lacking pRS316-A4 Plasmid-shuffle
[pPRS314-cdc68-E763G] [pRS315-burl-T240A- | derivative of JS304
HA;]

JS323 JS304 lacking pRS316-A4 Plasmid-shuffle
[PRS314-cdc68-E857K] [pRS315-burl-T240A~ | derivative of JS304
HA;]

JS324 JS308 lacking pRS316-A4 Plasmid-shuffle
[pPRS314-A4] [pRS315-burl-23-HA;] derivative of JS308

JS325 JS308 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E763G] [pRS315-burl-23-HA3] | derivative of JS308

JS326 JS308 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E857K] [pRS315-burl-23-HA3] | derivative of JS308

JS327 JS305 lacking pRS316-A4 Plasmid-shuffle
[pRS314-A4] [pRS315-burl-80-HA;] derivative of JS305

JS328 JS305 lacking pRS316-A4 Plasmid-shuftle
[pRS314-cdc68-E763G] [pRS315-burl-80-HA;3;] | derivative of JS305

JS329 JS305 lacking pRS316-A4 Plasmid-shuffle
[pRS314-cdc68-E857K] [pRS315-burl-80-HA;3] | derivative of JS305

Y2454 MATo mfald::MFAIpr-HIS3 canlA his341 (O'Donnell 2004)

WT68 c1 %\ leu240 ura340 METIS5 lys240 SPT16: :natMX4

JS74™° Y2454 WT68 c1 [YEp24-TRT1] Y2454 WT68 cl

transformant

Y2454 MATo mfald:: MFAlpr-HIS3 canld his341 (O'Donnell 2004)

E763G-3 leu240 ura340 METI1S5 lys240 spti6-

c3'% ! E763G::natMX4
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Strain Description and Genotype Source
1876" Y2454 E763G-3 ¢3 [YEp24-TRT1] Y2454 E763G-3 c3
transformant
Y2454 MATo mfald::MFAlpr-HIS3 caniA his341 (O'Donnell 2004)
E857K-7 leu240 ura340 MET15 lys240 spt16-
c3'% ! E857K: :natMX4
1§78 Y2454 E857K-7 ¢3 [YEp24-TRT1] Y2454 E857K-7 c3
transformant
Y2454 312- | MATo mfalA::MFAlpr-HIS3 canlA his341 (O'Donnell 2004)
81! leu240 ura340 MET15 lys240 sptl6-
312::natMX4
7S80™ Y2454 312-8 c1 [YEp24-TRT1] Y2454 312-8 c1
transformant
Y2454 319- | MATo mfald::MFA1pr-HIS3 canlA his341 (O'Donnell 2004)
5c1t01 leu240 ura340 METIS5 lys240 spt16-
319::natMX4
7582" Y2454 319-5 c1 [YEp24-TRT1] Y2454 319-5 cl
transformant
JS330™ MATa leu2 A0 ura3 A0 his3Al lys2? metl5? segregant 2D from
(mfald::MFAIpr-HIS3)? canl? sptl6- Y2454 E857K-7 c3
E857K:natMX4 rcol A::kanMX4 XrcolAd
18336 MATo leu2 A0 ura3A0 his3A1 lys2? met15? segregant 8A from
(mfald::MFAIpr-HIS3)? canl? sptl6- Y2454 E763G-3 ¢3
E763G:natMX4 rcol A: :kanMX4 XrcolA
JS337 MATa leu2 AQ ura3A0 his3AlI lys2? metl5? Marker-swap
(mfald::MFAIlpr-HIS3)? canl? sptl6- derivative of JS336
E763G:natMX4 rcol A::kanMX4.:: Ura3MX4
JS338 MATo leu2 AQ ura3 A0 his3Al lys2? metl5? Marker-swap
(mfald::MFAIpr-HIS3)? canl? sptl6- derivative of JS330
E857K :natMX4 rcol A::kanMX4::Ura3MX4
GRX2-1A MATa arg4 (lysi or lys5) trp5 met13 ural? cyh2 | Yeast Genetic
Stock Centre
XJB3-1B MATo met6 Yeast Genetic
Stock Centre
Notes:

1) The following deletions were used: hht1 A, hhfl A, asfl A, napl A, rit1 064, vps75 4,
ctkl A, swdl A, swd3A4, rad6 4, spt4 A, set2 A, eaf3 4, rcol A, sin3 A, rpd3A4, jhdl A,
sas34, elp34, gen5 A, and rtt109A (in order of occurrence in Results)

2) These strains were transformed with the following plasmids: pRS315, pRS315-
A4, pTF128-6, pTF128-7, pTF128-9a, pTF128-11, and (except for AJ25)
pRS315-A922

3) These strains were transformed with the following plasmids: pRS315-A4,
pRS315-¢dc68-E763G, pRS315-cdc68-E857K, and (except for RK57) pRS315

4) Library screening with p366 was carried out on these strains




5)

6)

7)

8)
9)

26

This strain was transformed with the following plasmids: pRS315, pRS315-
BUR?2, pRS315-BUR1-HAj3, pRS315-burl(1-393)-HA3, pRS315-burl-T70A-
HA;, pRS315-burl-T240A-HAs3, pRS315-burl-80-HA3, pRS315-burl-85-HA;,
pRS315-burl-35-HA3, pRS315-burl-23-HAj3, pRS315-burl-51-HA3, pRS315-
burl-65-HA3, and pRS315-burl-78-HA;

These strains were transformed with the following plasmids: pRS314, pRS314-
A4, pRS314-cdc68-E763G, pRS314-cdc68-E857K, pRS314-cdc68-312, pRS314-
cdc68-319, p314-M68, p314-ANTDFLAG, p314-cdc68-1, pTF128, pTF128-4,
pTF128-6, pTF128-7, pTF128-8, pTF128-9, pTF128-9a, pMS081, pMS082,
pTF128-11, pTF128-12, pTF128-16ABC, pTF128-24, and pRS315

This strain was transformed with the following plasmids: pRS315, pRS315-
BUR2, pRS315-BUR1-HAj3;, pRS315-burl(1-393)-HA;, pRS315-burl-T70A-
HAj, pRS315-burl-T240A-HA3, pRS315-burl-80-HA3, and pRS315-burl-23-
HA;

This strain was transformed with the following plasmids: pRS316, pPRS316-A4,
pRS316-ASF1 and pRS316-asf1-36/37-AA

These strains were transformed with the following plasmids: pRS315, pRS425,
pRKS, pRK6, pRK7, and pRK8

10) These strains were transformed with the following plasmids: pRS314, pRS314-

A4, pRS314-cdc68-E763G, and pRS314-cdc68-E§57K

11) These strains were transformed with the following plasmids: YEp24 and YEp24-

TRT1

12) Segregants 3C and 5A with the same genetic makeup were also used
13) Segregants 4C, 6B and 7A with the same genetic makeup were also used
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Figure 5. Schematic for confirmation of deletion strains. Forward (F) and reverse (R)
primers were designed to bind approximately 200 bp beyond the ends of the integrated
kanMX4 cassette. PCR was performed using primers F and KanB (product size ~500 bp),
or primers R and KanC (product size ~850 bp). When no product was observed, PCR was
performed using primers F, KanB and R, as a product should be obtained using primers F
and R regardless of whether the kanMX4 cassette is present. If the cassette is present, the
expected product size for this reaction is ~1800 bp.
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of whether the poor growth was correlated with this gene deletion. The spt44 situation
was the most elaborate. In this case, [ isolated segregants to generate new spt4 A::kanMX4
strains. Tetrads that contained four geneticin-resistant segregants were identified, to
ensure that each segregant contained a single kanMX4 cassette. These segregants were
screened for those that were MA Ta, histidine-auxotrophic, and lysine-prototrophic
(methionine prototrophy/auxotrophy was not assessed). Following this, PCR was
performed, as described above, to determine which segregants contained the
spt4A: -kanMX4 replacement. From this, two segregants were obtained that met these
criteria, and are listed in Table 1 as JS34 and JS35.
2.2.2 spt16-E857K asf1ADouble-Mutant Strain
To generate strain JS185, cells of strain Y2454 E857K-7 c¢3 (O'Donnell 2004) were
crossed with cells from the asf1 A4 strain in the EUROSCARF deletion collection (isolate
location 12 D 3). These diploid cells were sporulated (Section 2.1.1), and tetrad analysis
was performed, as described in Section 2.5.2. The resulting segregants were scored for
growth on YEPD-NAT and YEPD-GEN media, to identify the presence of spt/6-
E857K:natMX4 and asfl A::kanMX4, respectively. Mating-type testing was then
performed on the double-mutant segregants, as described in Section 2.5.3; segregant 2B
(MATa) was saved as strain JS185.
2.2.3 sptl16-E857K rcolA and spt16-E763G rcol A Double-Mutant Strains
Strains JS330 thrqugh JS332 (spt16-E857K rcol A) and JS333 through JS336 (spti6-
E763G rcol A) were generated in a manner similar to that for strain JS185. To generate
strains JS330 through JS332, cells of strain Y2454 E857K-7 ¢3 (O'Donnell 2004) were
crossed with cells from the rcol A strain in the EUROSCARF deletion collection (isolate
location 2 C 10). These diploid cells were sporulated, and tetrad analysis was performed.
The resulting segregants were scored for growth on YEPD-NAT and YEPD-GEN media,
to identify the presence of spt16-E857K :natMX4 and rcol A: :kanMX4, respectively.
Mating-type testing was then performed on the double-mutant segregants; MATo
segregants 2D, 3C and 5SA were saved as strains JS330, JS331 and JS332, respectively.
The same procedure was used to generate strains JS333 through JS336, except

that strain Y2454 E763G-3 ¢3 (O'Donnell 2004) was used in place of strain Y2454
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E857K-7 ¢3. Following mating type testing, MATa segregants 4C, 6B, 7A and 8A were
saved as strains JS333, JS334, JS335 and JS336, respectively.

2.2.4 rcolA::kanMX4::Ura3MX4 Strains

For some of the analyses carried out in this work, it was desirable to have strains where
the kanMX4 cassette (replacing the RCOI gene) was itself replaced with a different
genetic marker. To obtain such a strain, the Ura3MX4 cassette (Voth, Jiang & Stillman
2003) was used, containing the URA3 gene from Candida albicans (Goldstein, Pan &
McCusker 1999). To generate strains JS337 (spt16-E763G:natMX4) and JS338 (spt16-
E857K:natMX4) containing rcol A::kanMX4::Ura3MX4, a marker-swap transformation
was performed on cells from strains JS336 (sptl6-E763G:natMX4 rcol A: :kanMX4
segregant 8A) and JS330 (sptl6-E857K :natMX4 rcol A: :kanMX4 segregant 2D). The
marker-swap plasmid pAG60 (Goldstein, Pan & McCusker 1999) was digested using
Notl and the resulting DNA was then purified using a Qiagen PCR Purification Kit
(Qiagen, Mississauga, ON) and transformed into cells of strains JS330 and JS336
(Section 2.4.4.2). Transformants were selected on uracil-deficient medium, and
replacement of the kanMX4 cassette was confirmed by sensitivity to geneticin (G418).
Because the natMX4 and kanMX4 cassettes contain the same promoter and terminator
regions, recombination could have also occurred between Ura3MX4 and natMX4.
Therefore, the presence of natMX4 was confirmed by resistance to nourseothricin
(clonNAT). One isolate from each transformant population was saved as strains JS337
and JS338.

2.2.5 sptl6::kanMX4 burl A::natMX4 Double Mutants and Derivatives

To generate strain burl A68A 3C, the diploid strain KanB (O'Donnell 2004), which is
heterozygous for spt16A: :kanMX4, was first transformed with the buril A::natMX4
replacement cassette from plasmid pRS315-B1UTRNAT (Section 2.4.4.2).
Transformants were selected on YEPD-NAT medium, and the transformants were
confirmed to still contain kanMX4 by resistance to geneticin (G418). The location of the
natMX4 cassette was verified using colony PCR with two sets of primers (Section
2.4.7.4; see Table 3 for sequences): (1) 715UPS BURI F and OPP1098 (internal natMX4
reverse primer) and (2) 635DNS BUR1 R and OPP1097 (internal natMX4 forward
primer). Diploid cells containing spt16A::kanMX4 and burl A::natMX4 were then
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transformed with plasmids containing BUR! (pGP161) and SPT16 (pRS316-A4) (Section
2.4.4.2). These transformants were then sporulated, and tetrad analysis was performed.
Double-mutant haploid segregants were identified, and mating-type testing was
performed as described in Section 2.5.3. One segregant with the desired markers was
saved as strain burl A68A 3C.

A plasmid-shuffle procedure was then carried out to replace plasmid pGP161 with
pRS315-based BUR! and burl plasmids (Keogh, Podolny & Buratowski 2003).
Transformants containing the pRS315-based plasmids were identified, and plasmid loss
of pGP161 was performed as described in Section 2.4.5. The resulting derivatives,
containing pRS316-A4 and one of the pRS315-based BUR! or burl plasmids, were saved
as strains JS301 (BURI), JS302 (bur1(1-393)), IS303 (buﬂ-T 704), JS304 (burl-T2404),
JS305 (bur1-80) and JS308 (burl-23).

A further plasmid-shuffling procedure was performed on each of these strains, to
replace pRS316-A4 with pRS314-based plasmids containing SPT16, spt16-E763G or
spt16-E857K (O'Donnell 2004). This resulted in the series of strains JS312 through
JS329: JS312 through JS314 (from JS301), JS315 through JS317 (from JS302), JS318
through JS320 (from JS303), JS321 through JS323 (from JS304), 1S324 through JS326
(from JS305), and JS327 through JS329 (from JS308). For each set, the strain with the
lowest number in the series contains pRS314-A4, the middle contains pRS314-cdc68-
E763G, and the highest contains pRS314-cdc68-E857K.

2.2.6 Strains Used in Co-Immunoprecipitation Analyses

All strains created for use for co-immunoprecipitation experiments were derivatives of
strain JS284. This strain was transformed with plasmids pRS315-A4, pRS315-A4-S,
pRS315-E763G-S or pRS315-E857K-S, either individually or (except for pRS315-A4),
in combination with pYL102 (Lorch, Kornberg 1994). The pYL102 plasmid expresses a
galactose-inducible HA-tagged version of histone H2B, for use in western blotting
procedures. Plasmid loss was then performed on the resulting transformants, to obtain
derivatives that no longer contain the plasmid pSLCDC68. In this way, the following
strains were created: JS113 (pRS315-A4), JS118 and JS114 (pRS315-A4-S with and
without pYL102, respectively), JS119 and JS115 (pRS315-E763G-S with and without
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pYL102, respectively), and JS120 and JS116 (pRS315-E857K-S with and without
pYL102, respectively).

2.3 Plasmids

The plasmids used in this study are listed in Table 2.

2.3.1 Isolated Library Plasmids

I isolated complementing library plasmids from the centromeric yeast genomic library
p366 that alleviated the deleterious genetic interaction in four of my original synthetic-
lethal yeast strains (JS6 [SYNL #1], JS14 [SYNL #9], JS15 [SYNL #10] and SYNL
#16), named for the yeast strain from which they were isolated (i.e. plasmids isolated
from SYNL #16 were named p366 16-9 and p366 16-11). These plasmids were extracted
from yeast cells (Section 2.4.2.2) and transformed into E. coli cells (Section 2.4.4.1) of
strain JF1754 to identify the LEU2-based plasmids (Section 2.1.2).

2.3.2 Plasmids Used in Classical Synthetic-Lethal Screening

In my classical synthetic-lethal screen, single-gene plasmids were made containing
BUR2, HIR1, and HIR2 (pRS315-BUR2, pRS315-HIR1 and pRS315-HIR?2). In addition,
plasmids for gap-repair of the genomic locus were made for each of these three (pRS315-
B1UTRs, pRS315-H1UTRs and pRS315-H2UTRs) (see Figure 6 for overview). For the
BUR?2 plasmid pRS315-BUR2, primers (see Table 3) were designed to amplify the region
from 430 bp upstream of the start codon (430 UPS BUR2, containing a NotI restriction
site) to 333 bp downstream of the stop codon (333 DNS BUR?2, containing a Xhol
restriction site). High-fidelity PCR using Pfx Taq (Section 2.4.7.3) was performed, using
the BUR2-containing library plasmid as template. The PCR product was digested with
NotI and Xhol, and then cloned into Notl- and Xhol-digested pRS315. For the BUR2
gap-repair plasmid, the same two primers were used, but the 430 UPS BUR2 primer was
paired with a reverse primer hybridizing 25 bp upstream of the start codon (25 UPS
BUR?2), while the 333 DNS BUR?2 primer was paired with a forward primer hybridizing
21 bp downstream of the stop codon (21 DNS BUR2). These two additional primers both
contained BamHI restriction sites. Again, the BUR2 library plasmid was used as a

template for these PCR reactions. The products were digested with either NotI and
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Plasmid name Description Source
pRS316 URA3 CEN amp™ vector (Sikorski, Hieter
1989)
pRS315 LEU2 CEN amp” vector (Sikorski, Hieter
1989)
pRS314 TRPI CEN amp” vector (Sikorski, Hieter
1989)
pRS425 LEU2 2p. amp”™ vector (Christianson et al.
1992)
YEp24 URA3 2 amp”™ vector (Botstein et al.
1979)
p366 LEU2, CEN genomic library (9-12 kbp Brenda Andrews,
insert size) University of
Toronto
p366 16-9 BUR2-containing library plasmid This study
p366 16-11 BUR2-containing library plasmid This study
p366 1-1 false positive library plasmid This study
p366 1-3 HIRI-containing library plasmid This study
p366 1-12 HIR2-containing library plasmid This study
p366 1-25 false positive library plasmid This study
p366 1-34 HIR2-containing library plasmid This study
p366 9-8 HIR 3-containing library plasmid This study
pRS316-A4 SPT16 URA3 CEN (O'Donnell 2004)
pRS316-A4-S C-terminally S-tagged SPT16 URA3 CEN | (Perry 2005)
pRS315-A4 SPT16 LEU2 CEN (O'Donnell 2004)
pRS315-A4-S C-terminally S-tagged SPT16 LEU2 CEN | This study
RS314-A4 SPT16 TRP1 CEN (O'Donnell 2004)
pRS315- sptl16-E763G LEU2 CEN (O'Donnell 2004)
cdc68-E763G
pRS315-E763G-S | C-terminally S-tagged spt16-E763G This study
LEU2 CEN
pRS314- spt16-E763G TRP1 CEN (O'Donnell 2004)
cdc68-E763G
pRS315- spt16-E857K LEU2 CEN (O'Donnell 2004)
cdc68-E857K
pRS315-E857K-S | C-terminally S-tagged spt16-E857K LEU2 | This study
CEN
pRS314- sptl16-E857K TRP1 CEN (O'Donnell 2004)
cdc68-E857K
pRS314- spt16-312 TRPI1 CEN (O'Donnell 2004)
cdc68-312
pRS314- spt16-319 TRP1 CEN (O'Donnell 2004)
cdc68-319
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Plasmid name Description Source
p314-M68 sptl16-A(6-435) TRP1 CEN (O'Donnell et al.
2004)
p314-ANTDFLAG | spt16-ANTD-FLAG TRP1 CEN (O'Donnell et al.
2004)
p314-cdc68-1 cdc68-1 TRPI CEN Neil Brewster,
unpublished
pTF128 SPT16/CDC68 LEU2 CEN (Formosa et al.
2001)
pTF128-4 sptl6-4 LEU2 CEN (Formosa et al.
2001)
pTF128-6 sptl6-6 LEU2 CEN (Formosa et al.
2001)
pTF128-7 sptl16-7 LEU2 CEN (Formosa et al.
2001)
pTF128-8 sptl16-8 LEU2 CEN (Formosa et al.
2001)
pTF128-9 spt16-9 LEU2 CEN (Formosa et al.
2001)
pTF128-9a spt16-9a LEU2 CEN (Formosa et al.
2001)
pMSO081 spt16-9b LEU2 CEN (Formosa et al.
2001)
pMS082 spt16-9c LEU2 CEN (Formosa et al.
2001)
pTF128-11 sptl16-11 LEU2 CEN (Formosa et al.
2001)
pTF128-12 spt16-12 LEU2 CEN (Formosa et al.
2001)
pTF128-16ABC sptl6-16a LEU2 CEN (Formosa et al.
2001)
pTF128-24 spt16-24 LEU2 CEN (Formosa et al.
2001)
pRS315-A922 spt16-4922 LEU2 CEN Marci Dearing &
Joffre Munro,
Chris Barnes lab,
unpublished
pRS315- natMX4 cassette flanked by genomic This study
BIUTRNAT DNA sequence from upstream and
downstream of the BURI gene LEU2
CEN
pRS315-BUR2 BUR2 LEU2 CEN This study
pRS315-B2UTRs | BUR2 UPS & DNS LEU2 CEN This study
pRS315-HIR1 HIR1 LEU2 CEN This study

pRS315-H1UTRs This study

HIRI UPS & DNS LEU2 CEN
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Plasmid name Description Source
pRS315- natMX4 cassette flanked by genomic This study
HIUTRNAT DNA sequence from upstream and

downstream of the HIR] gene LEU2 CEN
pRS315-HIR2 HIR2 LEU2 CEN This study
pRS315-H2UTRs | HIR2 UPS & DNS LEU2 CEN This study
pRS315- hirl-L259V,L760P LEU2 CEN This study
grHIR 1(snll)
pRS315- HIR2 LEU2 CEN This study
grHIR2(snll)
pRS315- hir2-L747R LEU2 CEN .This study
grHIR2(snl10)
pRS315- bur2-FS1 (frameshift) LEU2 CEN This study
grBUR2(snl16)
pRS315-hirl- hirl-L259V LEU2 CEN This study
L259V
pRS315-hirl- hirl-L760P LEU2 CEN This study
L760P
pRS314-YNL natMX4 cassette flanked by 167 bp (ODonnell 2004)
NAT upstream and 291 bp downstream of
genomic DNA sequence of the YNLO35c
gene TRP] CEN
pGAD-YNLO35¢ YNLO35¢c LEU2 2 Allyson
O’Donnell,
unpublished
pRKS HHTI-HHFI1 LEU2 CEN Rosemarie
Kepkay,
unpublished
pRK6 HHTI-HHFI1 LEU2 2p Rosemarie
Kepkay,
unpublished
pRK7 HHT2-HHF2 LEU2 CEN Rosemarie
Kepkay,
‘ unpublished
pRKS HHT2-HHF2 LEU2 2p Rosemarie
Kepkay,
unpublished
YEp24-TRT1 HTAI-HTBI1 URA3 2 (Hereford et al.
1979)
pYL102 prGAL10-HA-H2B TRPI CEN (Lorch, Kornberg
1994)
pPK418 ASFI1 TRPI CEN (Daganzo et al.
2003)
pPK426 asfl-H36AD37A4 TRP1 CEN (Daganzo et al.

2003)
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Plasmid name Description Source
pRS316-ASF1 ASF1 URA3 CEN This study
(from pPK418)
pRS316-asfl- asfl-H36AD374 URA3 CEN This study
36/37-AA (from pPK426)
pGP161 BURI TRPI CEN Greg Prelich,
Albert Einstein
College of
Medicine
pRS315-BURI1- BURI LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl(1- burl(1-393) LEU2 CEN (Keogh, Podolny
393)-HA; & Buratowski
2003)
pRS315-burl- burl-T704 LEU2 CEN (Keogh, Podolny
T70A-HA; & Buratowski
2003)
pRS315-burl- burl-T2404 LEU2 CEN (Keogh, Podolny
T240A-HA; & Buratowski
2003)
pRS315-burl-80- | buri-80 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-85- | burl-85 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-35- | buri-35 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-23- | burl-23 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-51- | buri-51 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-65- | burl-65 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)
pRS315-burl-78- | burl-75 LEU2 CEN (Keogh, Podolny
HA; & Buratowski
2003)

pAG60

kanMX::Ura3MX4 Amp"

(Goldstein, Pan &
McCusker 1999)
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Template DNA:

PCR Products:

Figure 6. Schematic for creating single-gene and gap-repair plasmids for BUR?2,
HIRI1, and HIR2. For single-gene plasmids, high-fidelity PCR was performed using
primers A and D. The product was cloned into pRS315. For gap-repair plasmids, high-
fidelity PCR was performed using primer pairs A plus B, and C plus D. Both products
were then cloned into pRS315 in a three-fragment ligation. A unique restriction enzyme
site at the junction between the upstream and downstream PCR amplicons allows the
plasmid to be linearized and used for gap repair.
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BamHI (for the upstream region) or Xhol and BamHI (for the downstream region), and
were cloned into Notl- and Xhol-digested pRS315.

The plasmids for HIRI and HIR2 were created in essentially the same manner.
For HIR1, the primers used were 420 UPS HIR1 (containing a Smal restriction site), 1
UPS HIR1 (containing a BamHI restriction site), 10 DNS HIR1 (containing a BamHI
restriction site), and 402 DNS HIR1 (containing a Notl restriction site). High-fidelity
PCR was performed using the HIR! library plasmid as a template, and the products were
cloned into pRS315, as described for BUR2. Although the HIRI gap-repair plasmid was
made in this manner, [ had difficulty isolating the HIR! single-gene plasmid. Therefore,
the gap-repair plasmid was used in a yeast strain containing a wild-type HIR! gene,
thereby creating a HIRI plasmid by gap repair. For HIR2, the primers used were 377 UPS
HIR2 (containing a Pstl restriction site), 1 UPS HIR2 (containing a BamHI restriction
site), 1 DNS HIR2 (containing a BamHI restriction site), and 367 DNS HIR2 (containing
a Notl restriction site). High-fidelity PCR was performed using the HIR2 library plasmid
as a template, and the products were cloned into pRS315, as described for BUR2.

2.3.3 Gap-Repaired Plasmids from Synthetic-Lethal Strains

The gap-repair plasmids described in the previous section were cut at the junction
between the upstream and downstream sequences, and the resulting linearized plasmid
was transformed into yeast cells. To generate pRS315-grBUR2, pRS315-B2UTRs was
digested using BamHI, and this linearized plasmid was transformed into SYNL #16 yeast
cells. Plasmids were then isolated from the transformed yeast cells (Section 2.4.2.2), and
the LEU2-containing plasmids were obtained using JF1754 E. coli cells (Section 2.1.2).
A restriction digest using Notl and Xhol confirmed the presence of additional (BUR2)
sequence in these plasmids isolated from yeast cells.

Similar protocols were used to generate pRS315-grHIR 1(snll), pRS315-
grHIR2(snl1), and pRS315-grHIR2(snl10). For pRS315-grHIR1(snl1), pRS315-H1UTRs
was digested using BamHI and transformed into SYNL #1 yeast cells. The presence of
additional (HIR1) sequence in the recovered plasmid was confirmed by restriction digest
using Smal and Notl. For pRS315-grHIR2(snl1) and pRS315-grHIR2(snl10), pRS315-
H2UTRs was digested using BamHI and transformed into SYNL #1 or SYNL #10 yeast
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cells. The presence of additional (HIR2) sequence in each of the recovered plasmids was
confirmed by restriction digest using Pstl and Notl.

DNA sequencing was obtained (as described in Section 2.4.6) for each of these
gap-repaired genes. Sequencing primers used are listed in Table 3.
2.3.4 pRS315-hir1-L259V and pRS315-L760P
The two mutations in the Air/ gene isolated from cells of strain SYNL #1 were separated
by a fragment-swap procedure. Plasmids pRS315-HIR1 and pRS315-grHIR1(snl1) were
cut using Pstl, which cleaves in the polylinker (5’ end of HIRI) and approximately 2 350
bp into the HIR insert, thus generating two DNA fragments: the vector and 3’ end of
HIR1 (containing the mutation causing L760P) at 7.1 kbp, and the 5’ end of HIR!
(containing the mutation causing L259V) at 2.3 kbp. The two fragments from each digest
were isolated, and ligations were performed (Section 2.4.1) using the large fragment from
one digest with the shorter fragment from the other, thus generating plasmids pRS315-
hir1-L259V and pRS315-hir1-L760P.
2.3.5 pRS315-B1UTRNAT and pRS315-H1IUTRNAT
To make the natMX4 replacement cassettes for H/R1 and BURI, a method similar to that
for making the gap-repair plasmids was used. The BURI gene-replacement cassette was
made by a two-step process: a BIUTRs plasmid was first made, containing upstream and
downstream regions of BURI, and then the natMX4 cassette was inserted between the
cloned upstream and downstream sequences. To make the BIUTRSs plasmid, primers
were used to amplify two regions: (1) from 492 bp upstream of the BURI start codon
(primer contains a Notl restriction site) to 16 bp upstream of the BUR! start codon
(primer contains a BamHI restriction site) and (2) from 10 bp downstream of the BUR!
stop codon (primer contains a BamHI restriction site) to 495 bp downstream of the BUR!
stop codon (primer contains a Sall restriction site). These fragments were digested with
their respective enzymes and cloned into pRS315 that had been cut with NotI and Sall.
Following this, both the BIUTRs plasmid and pRS314-YNL NAT (O'Donnell 2004)
were digested with BamHI and the fragment containing the natMX4 cassette from
pRS314-YNL NAT was isolated. Ligations were carried out between this natMX4
cassette and the cut BIUTRs plasmid, yielding pRS315-B1IUTRNAT. The BUR! gene-

replacement cassette was obtained from this plasmid by digestion with NotI and Sall.
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A similar procedure was used to generate the H/R/ gene-replacement cassette;
however, in this case, I had already created a HIUTRs plasmid to be used in gap-repair.
This plasmid was digested using BamHI to cut between the upstream and downstream
HIR1 sequences, and the cut plasmid was used in a ligation with the natMX4 cassette
isolated from pRS314-YNL NAT. This process yielded pRS315-HIUTRNAT, which in
turn yields the HIRI gene-replacement cassette by digestion with Notl and HindIII.
HindIII, which cuts both in the polylinker at the 5° end of the HIR] upstream fragment
and 16 bp within this fragment, was used to generate the knockout cassette because Smal,
used in cloning the upstream region of HIR1, cuts within the natMX4 cassette and thus
cannot be used.

2.3.6 pRS316-ASF1 and pRS316-asf1-36/37-AA

These two plasmids were generated by subcloning ASFI and asf1-H36AD37A from
pPK418 and pPK426 (Daganzo et al. 2003), respectively. Each of these plasmids, and
also pRS316, was digested with Sstl and Xhol, and the asfI-containing fragments were
isolated. Ligations were then performed between the cut pRS316 and the ASF! or asfi-
H36A4D374 fragment, yielding pRS316-ASF1 and pRS316-asf1-36/37-AA, respectively.
2.3.7 Plasmids to Generate S-tagged Versions of Spt16

Plasmids were created to express versions of Spt16, Spt16-E763G and Spt16-E857K that
contained the S-tag and Hise-tag at the C terminus of the Spt16 protein (pRS315-A4-S,
pRS315-E763G-S and pRS315-E857K-S). The creation of these plasmids took advantage
of an engineered Xbal site that is present at the 3° end of the SPTI6 coding region in
pRS315-A4, pRS315-cdc68-E763G and pRS315-cdc68-E857K (O'Donnell 2004). This
Xbal site is the result of a change in nucleotide 3098 from a cytosine to a thymidine,
which results in the S1033F substitution but does not change the final two amino acids of
the 1035 amino acid Spt16 protein (B. Smith, unpublished data). Plasmid pRS316-A4-S
(Perry 2005) was digested with Xbal, and the fragment encoding the S- and Hisg-tags was
isolated; this fragment contains the remainder of the SPT16 coding sequence, then the
sequence for both tags, followed by a stop codon. This fragment was then cloned into
Xbal-digested pRS315-A4, pRS315-cdc68-E763G and pRS315-cdc68-E857K. The
orientation of this insertion was verified by PCR using a forward primer within the

SPTI16 coding region (5° HindIlI flank) and a reverse primer within the S-tag-encoding
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sequence (S-tag reverse); a product is formed only when the S-tag insert is inserted in the

correct orientation.

24 DNA Manipulations

2.4.1 Restriction Digests, Phosphatase Treatment, and DNA Ligations

Restriction enzymes used in this study were purchased from Invitrogen and New England
Biolabs (Pickering, ON), and digests were carried out according to the supplier’s
recommended conditions, generally at 37°C (several enzymes were incubated at 30°C, as
recommended by the supplier). When required, calf intestinal alkaline phosphatase (New
England Biolabs) was added to remove 5’ phosphates from digested vector DNA prior to
ligation: 1 pl of phophatase was added to a 20-pl digest, and incubated for 30 minutes at
37°C. To use this digested DNA in cloning procedures, two methods were used to purify
the DNA by removing the enzymes. When a DNA fragment was being cut out of one
vector and subcloned into another, or when a vector was cut to be cloned into, the cut
DNA was resolved using agarose gel electrophoresis to isolate the fragment of interest.
This fragment was then excised from the gel and purified using either the QIAquick Gel
Extraction Kit (Qiagen) or the PureLink Gel Extraction Kit (Invitrogen). However, for an
isolated piece of DNA (for example, a PCR product), the enzyme(s) were removed using
either the QIAquick PCR purification Kit (Qiagen) or the PureLink PCR Purification Kit
(Invitrogen). Ligation reactions were performed using T4 DNA Ligase (Invitrogen). A
representative reaction would be comprised of 1 ul T4 DNA ligase, 2 pl 5x ligase buffer,
5 ul of ‘insert DNA’, and 2 ul of vector DNA. Often, several insert-to-vector ratios were
used to increase the chance of a successful ligation. Ligation reactions were incubated at
23°C for durations of one hour to overnight.

2.4.2 Plasmid Isolation

Plasmids were isolated from both E. coli cells and yeast cells.

2.4.2.1 Plasmid Isolation from E. coli

Plasmids were isolated from E. coli cells by alkaline lysis miniprep or by using a
miniprep kit. The alkaline lysis procedure (Sambrook, Fitsch & Maniatis 1989) was
performed as follows: the cells from an overnight culture of E. coli cells grown in 2xYT

medium containing ampicillin were harvested by centrifugation at 15 000 rpm for two
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minutes in a microfuge and resuspended in 100 pl TEG (25 mM Tris-Cl pH 8.0, 10 mM
EDTA pH 8.0, 50 mM glucose) and lysis was carried out by the addition of 200 pl of
NaOH/SDS solution (0.2 M NaOH, 1% SDS) for five minutes on ice. This mixture was
then neutralized by the addition of 150 pl of 3 M KOAc and a further five minutes
incubation on ice, followed by centrifugation at 15 000 rpm for ten minutes. The
supernatant was transferred to a new tube and phenol/chloroform extraction was
performed to remove any remaining protein from the solution. First, 500 pl of
phenol/chloroform/isoamyl alcohol (25/24/1) solution was added, and the tube was
vortexed and then centrifuged to separate the organic and aqueous layers. The aqueous
layer was transferred to a new tube, to which 500 pl of chloroform was added; the tube
was again vortexed and centrifuged, and the aqueous layer transferred to a new tube.
Following this, the plasmid DNA was concentrated from the aqueous layer by ethanol
precipitation: 1 ml of 95% ethanol was added, and the tubes were incubated on ice for ten
minutes, followed by centrifugation for ten minutes at 15 000 rpm. The DNA pellets were
then washed with 1 ml of 70% ethanol, dried, and resuspended in 50 ul TE containing 1
pug RNase A.

Alternatively, a commercial miniprep kit was used to isolate plasmid DNA. These
were the GenElute Plasmid Miniprep Kit (Sigma-Aldrich), the Qiaprep Spin Miniprep
Kit (Qiagen) or the PureLink Quick Plasmid Miniprep Kit (Invitrogen).
2.4.2.2 Plasmid Isolation from Yeast Cells
Plasmids were isolated from yeast cells using the glass-bead disruption method (Hoffman
1997). A 5-ml culture of yeast cells was grown overnight, then pelleted by centrifugation.
The pellet was then resuspended in 300 pl of breaking buffer (100 mM NacCl, 10 mM
Tris-Cl pH 8.0, 1 mM EDTA, 2% Triton X-100 and 1% SDS), to which 300 pl of
phenol/chloroform/isoamyl alcohol (25/24/1) and 300 pl of acid-washed glass beads was
added. This mixture was vortexed (maximum speed) for six minutes at room temperature,
then centrifuged for eight minutes at 15 000 rpm. The resulting aqueous layer was
transferred to a new tube, to which 1 ml of 95% ethanol was added to precipitate the
DNA. This mixture was then incubated at —80°C for 20 minutes, followed by
centrifugation at 4°C for 15 minutes at 15 000 rpm. The resulting DNA pellet was dried,
then resuspended in 30 pl of TE containing 1 pug of RNase A.
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2.4.3 Isolation of Chromosomal DNA from Yeast Cells
Chromosomal DNA was isolated from yeast cells essentially as described (Hoffman
1997). Briefly, a 10-ml culture of yeast cells was grown overnight in YM1 medium; the
cell pellet was collected by centrifugation, and washed once with 500 pl of ddH,0O. The
washed cells were then resuspended in 200 pl of breaking buffer (as in Section 2.4.2.2),
to which 200 ul of phenol/chloroform/isoamyl alcohol and 200 pl of acid-washed glass
beads was added. This mixture was vortexed (maximum speed) for three minutes at room
temperature, after which 200 pl of TE buffer was added. Following this, the tubes were
centrifuged for five minutes at 15 000 rpm and the aqueous layer was transferred to a new
tube, to which 1 ml of 95% ethanol was added to precipitate the DNA. This mixture was
then centrifuged at room temperature for 3 minutes at 15 000 rpm. The DNA pellet was
dried, and then resuspended in 400 ul of TE buffer. At this point, 30 ul of RNaseA (1
pg/ul) was added, and the tubes were incubated at 37°C for 5 minutes prior to the
addition of 10 ul of 4 M NH4OAc and 1 ml of 95% ethanol. This mixture was then
centrifuged at room temperature for 3 minutes at 15 000 rpm. The DNA pellet was dried,
and then resuspended in 100 pl of TE buffer and stored at —20°C.
2.4.4 Plasmid Transformation
Plasmids were transformed into both E. coli and yeast cells.
2.4.4.1 Plasmid Transformation into, and Preparation of, Competent E. coli Cells
Plasmid DNA was transformed into E. coli cells by electroporation. Prior to
transformation, ‘electrocompetent’ E. coli cells were prepared as described (Ausubel et
al. 1998). Cells were grown in 2xYT liquid medium to an ODgg of 0.6-0.8, then placed
on ice for one hour. All subsequent steps were carried out at 4°C or on ice, and all
solutions, bottles and tubes were pre-chilled on ice. Cells were centrifuged at 5 000 rpm
for 20 minutes, then washed twice with 125 ml ddH,0, each followed by centrifugation
for 20 minutes at 5 000 rpm. The cells were then washed once with 20 ml of 10%
glycerol, centrifuged at 5 000 rpm for 10 minutes, and then resuspended in an equal
volume of 10% glycerol. Following this, 80-pl portions of cell suspension were placed
into microfuge tubes and stored at —80°C until use.

Electroporation was performed using a Gene Pulser (BioRad Laboratories). One

portion of cells was thawed on ice, and the plasmid to be transformed (usually 2 pl of
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DNA) was added. This mixture was then placed in a pre-chilled 0.2-cm electroporation
cuvette (BioRad Laboratories or Invitrogen). The Gene Pulser was used to apply an
electric current to the sample, according to the manufacturer’s specifications (field
strength of 12.5 kV/cm). Following this electroporation procedure, 800 pul of 2xYT liquid
medium was added to the cells, which were then incubated at 37°C for 20 minutes,
spread onto 2xYT solid medium containing ampicillin to select for plasmid-containing
cells, and incubated overnight at 37°C.

2.4.4.2 Plasmid Transformation into Yeast Cells

Plasmids were transformed into yeast using three marginally different lithium acetate
methods (Ito et al. 1983). Small-scale transformations were performed using a 5-ml
overnight culture of yeast cells. The cells were pelleted by centrifugation, washed once
with ddH,0, once with 2 ml of TE/LiOAc (10 mM Tris-Cl pH 8.0, 1 mM EDTA pH 8.0,
0.1 M LiOAc), and resuspended in TE/LiOAc (100 pl for each transformation). The cell
suspension was transferred to a microfuge tube, to which 10 ul of denatured salmon
sperm carrier DNA (10 pg/ml), 2-5 pl of plasmid DNA, and 700 pl of 50% PEG
(polyethylene glycol) were added. These cells were then incubated at 30°C for 30
minutes, and then at 45°C for 10 minutes. Following this, 80 pl of 95% ethanol was
added and the mixture was incubated at 45°C for a further 5 minutes. The cells were then
centrifuged at 5 000 x g for 10 seconds, resuspended in 300 ul of TE buffer, and spread
on the appropriate solid selective medium for plasmid maintenance.

Large-scale transformations were performed using a slight modification of this
protocol. A 50-ml culture of yeast cells was grown to mid-log phase, and the cells were
pelleted by centrifugation, washed with 2.5 ml of ddH,O, and resuspended in a 2:1
mixture of 50% PEG and TE/LiOAc solution (1 ml for each transformation). The cell
suspension was transferred to a microfuge tube, to which 33 pl of denatured salmon
sperm carrier DNA (10 pg/ml) and 2-5 pl of plasmid DNA were added. These cells were
then incubated at 30°C for 30 minutes, and then at 45°C for 10 minutes. Following this,
100 pl of 95% ethanol was added and the mixture was incubated at 45°C for a further 5
minutes. The cell suspension was then centrifuged at 5 000 x g for 10 seconds,

resuspended in 300 pl of TE buffer, and spread on the appropriate solid selective medium

for plasmid maintenance.
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A slightly modified version of the small-scale transformation protocol was used
for the transformation of linear fragments containing the natMX4 or kanMX4 cassettes
(Wach et al. 1998). Prior to incubation at 45°C, 70 pl of DMSO was added to the cell
mixture, and 95% ethanol was not added following the 45°C incubation. Also, the cell
pellets obtained following this incubation were resuspended in 3 ml of YM1 medium and

incubated at 30°C for approximately eight hours prior to spreading onto solid selective

medium.

2.4.5 Plasmid Loss

To obtain yeast cells that no longer contain a particular plasmid, a plasmid loss procedure
was carried out (Cormack, Castano 2002). Briefly, cells were grown for 3 days at 30°C in
3 ml of liquid medium supplemented with the amino acid or nucleoside base of interest
(i.e. for ‘loss’ of a LEU2-based plasmid, the growth medium would be supplemented with
leucine). Following growth, 10 pl of this cell culture was used to inoculate 3 ml of the
same supplemented liquid medium, and the cells were once again grown to stationary
phase. This subculturing was performed one more time, after which 300 ul of a 1:10 000
dilution of the final cell culture was spread onto solid medium. To identify the resulting
colonies that no longer contain the plasmid of interest, replica plating to solid medium
lacking the amino acid or nucleoside base of interest was performed.

2.4.6 DNA Sequencing

DNA sequencing was performed by sequencing facilities (either Robarts Research
Institute, London, ON, or DalGEN DNA Sequencing Facility, Halifax, NS) that employ
an automated dideoxynucleotide triphosphate terminator sequencing method (Sanger,
Nicklen & Coulson 1977). ChromasPro software (Technelysium Pty Ltd) was used to
view, edit, align, and generate consensus sequences from the raw sequencing files
provided by the sequencing facilities. Sequencing primers are listed in Table 3.

2.4.7 Polymerase Chain Reaction (PCR)

Several types of PCR were employed, depending on the application. When changes in
nucleotide sequence were not detrimental, such as for verification of the presence or size
of a piece of DNA, Platinum Taq DNA Polymerase (Invitrogen) that lacks proofreading
capabilities was employed. However, when nucleotide sequence was important, such as

for the production of DNA to be used for cloning or sequencing, high-fidelity Taq that
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Primer | Sequence (5> — 3%) Usage Notes

Primers to Verify Deletion Strains:

ASF1F TCATTTACGCGTTTTTTCCTT PCR
ASF1 R CCCTTAGCATGGGAGAGGTCT PCR
CIK1F CATATTGATTGCCAATGAGATG PCR
CTK1R CAGTTAGTGGCCAGGCTAATTT PCR
EAF3 F ACCAACCGATGCTGATAGAA PCR
EAF3 R ATGCGAAACGATGGATACGT PCR
ELP3 F TCAAAAGTCAATACTGCCACTG PCR
ELP3 R TTCGTTCCTTCCCTTCTGTT PCR
GCNS F AAACGCGTGTTAAACAGGCAT PCR
GCN5 R AAAGTCCAGAAGAAGCGGATCT PCR
HHF1 F TTACTTTAGCAAATGCCCGC PCR
HHF1 R BAAATACGAGGCGCGTGTAA PCR
HHTIF ATTTCCTTGCTCTGCACCTT PCR
HHT! R ARGCCATAAATCTTGCCTCC PCR
JHD1 F TGTGGTGGCATTCATCTTGA PCR
JHD1 R GAACATGCCATTGATGAACG PCR
NAP1 F ACAAGTTGGTGGGARATGAGC PCR
NAPI R CCTTTTATAACCCTTGCTGCT PCR
RAD6F TGGTGACTACATTTCCCGGAT PCR
RAD6 R AAGATACGGGTATCGGCAGTT PCR
RCO1F ATTGCTCTCTGTTGCAAGGTT PCR
RCOI R GGGCACGABRAATATTGTGATG PCR
RPD3F TGAAGCGGTGAGAGCTAATTT PCR
RPD3 R TTTATCAACAGCGGTGGGA PCR
RTT106 F CATTCTCCCTCCAGAATTCAA PCR
RTT106 R CGAACGTATTATAGAGGCGCT PCR
RTTI109 F CCCGTTAAGTCGTAAACGTCAR PCR
RTT109 R GCCAACCTGAGCAGTAGAGTAA PCR
SAS3 F TGACATGCTATTTTGGTGGTT PCR
SAS3 R ACGCAATGAGCAAGATGAAC PCR
SET2F TTGTCACGTGATCAATATCACC PCR
SET2R AGACACTTGAAACGCACGAT PCR
SIN3 F TTGTCTTCCCTTTTTCGCAC PCR
SIN3 R TGACGTGTAAAAAGATTCATGC PCR
275UPS SPT4 ACTATTTAAAGCGGTCCTCGTAG PCR
289DNS SPT4 TGCACGAGAATGACGCARAAA PCR
SWDI F TTTCCAAACTACAGAGGGAAGA PCR
SWD1 R GCCCTTTAGGTGTACAGCTTCA PCR
SWD3 F TCATAGTTGGTATGCAGGCTG PCR
SWD3 R GCCGAGTTCTTCGAGATGTGAA PCR
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Primer Sequence (5° — 3°) | Usage | Notes
Primers to Verify Deletion Strains:
VPS75F TGAAAAAGGAAAGGAGGAAAG PCR
VPS75 R TACTATTTCCGCTTCTGGTGC PCR
kanMX4 Primers:
KanB CTGCAGCGAGGAGCCGTAAT PCR kanMX4 internal
Teverse
KanC TGATTTTGATGACGAGCGTAAT PCR kanMX4 internal
forward
natMX4 Primers:
OPP1097 GGACTCCCGGACGTTCGTCGCG PCR natMX4 internal
forward
(P. Poon, this lab)
OPP1098 CGCGACGAACGTCCGGGAGTCC PCR natMX4 internal
reverse
(P. Poon, this lab)
SPT16 Primers:
5’ Spel flank GAAGGTTCTCCAAATTCGCT PCR confirm presence of
SPTI16
3’ Spel flank TTAAAGCAGTCACCGCGTTGG PCR confirm presence of
SPT16
5’ HindII flank | GATTTCAATCCCCACTAAGG PCR and identify E763G;
sequencing | confirm S-tag
orientation
3’ HindIll flank | TTGATGCTTCTGCGATTGCG PCR and identify E763G
sequencing
S-Tag Primer:
S-Tag Reverse GCTCTAGACTACTACAGATCTGGGCTGT | PCR confirm S-tag
cc orientation
BURI Primers:
492UPS BUR1 GCGGCGGCCGCTGCARCTGGATTTTTTT | PCR contains a Notl site
ACCG
16UPS BURI1 CGCGGATCCTTCTGCTTGACCACGAATG | PCR contains a BamHI
T site
10DNS BUR1 CGCGGATCCTTCTCTCTTCCTTTCTGGC | PCR contains a BamHI
CT site
495DNS BUR1 CGCGTCGACCAGTGATCGTTGTATCGAG | PCR contains a Sall site
GA
715UPS BURI1 ATTTTGATCTCAGCCGCTAGG PCR confirm natMX4
integration
635DNS BURI ACGGCGATTATTACCTGGTCA PCR confirm natMX4
integration
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Primer Sequence (5’ — 3’) | Usage | Notes

BUR2 Primers:

430UPS BUR2 CCCGCGGCCGCCTTTGCTCTATGATTTT | PCR contains a NotI site
TATG

25UPS BUR?2 GCGGGATCCCGAAAATACTACGGCCTCC | PCR contains a BamHI
TTC site

21DNS BUR2 CGCGGATCCTTAATTGGAGGGATCAGTA | PCR contains a BamHI
AAGG site

333DNS BUR2 GCGCTCGAGCCAACTACCTAAGGTACTG | PCR contains a Xhol site
TTGA

98UPS BUR2F | TTTCTGTTAGAAAGCAAG Sequencing

408 BUR2 F AGGCCTATAGAGGCCTAT Sequencing

914 BUR2 F CAACTTAAAAAGTAATAAAGG Sequencing

HIRI Primers:

420UPS HIR1 GCGCCCGGGAAGACATCGTAGTAATAAG | PCR contains a Smal

SMAI GTGCA site

1UPS HIR1 CGCGGATCCGTTATCAGAGACCTTTGGT | PCR contains a BamHI

BAMHI TACTG site

10DNS HIR1 CGCGGATCCACCCCTTCCTTTGGACAAG | PCR contains a BamH]I

BAMHI TT site

402DNS HIR1 GCGGCGGBCCGCAGTTTCGTACAATCTGT | PCR contains a Notl site
GCT

100UPS HIR1 F | AGGTGGCAGAAACATATA Sequencing

400 HIR1 F TTGCACACGATAACGACA Sequencing

900 HIR1 F AAAGACGATGACCCAGAA Sequencing

1412 HIR1 F TATCTTGATTCCAAAGAG Sequencing

1902 HIR1 F CCGACAACACGATGCCTT Sequencing

2405 HIR1 F GGTTATTAAATGCTTTCG Sequencing

HIR2 Primers:

377UPS HIR2 CGCCTGCAGTCTGCTTTTCTATCAGTTC | PCR contains a Pstl site
TC

1UPS HIR2 CGCGGATCCTGTTCCGGATTGTGTAGGA | PCR contains a BamHI
A site

1DNS HIR2 CGCGGATCCTTTGGCTTTAACAATGTAT | PCR contains a BamHI
AG site

367DNS HIR2 GCGGCGGCCGCTTTTGAAACAGACCGAC | PCR contains a Notl site
AAAC

100UPS HIR2 F GAATTATGAAGTCTTCAT Sequencing

401 HIR2 F CTTATTTGTTCTTTTAAG Sequencing

900 HIR2 F GGTACTATTTTGGTTTGE Sequencing

1400 HIR2 F CAGCAAAAAGCAGAAAAA Sequencing

1900 HIR2 F TAAACCCGTCATTGCGAT Sequencing

2400 HIR2 F ATGATGGTTTATTGCATC Sequencing

Library Plasmid Primers:

p366 F TTGGAGCCACTATCGACTACG Sequencing | S. Lewis, this lab

p366 R CCACGATGCGTCCGGCGTAGA Sequencing | S. Lewis, this lab
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includes proofreading was employed: either Platinum Taq DNA Polymerase High
Fidelity or Platinum Pfx DNA polymerase (Invitrogen). Template DNA varied depending
on the application: plasmid DNA, chromosomal DNA, and whole yeast cells (colony
PCR) were all used. All PCR reactions were performed in a hot-bonnet thermocycler (MJ
Research, Waltham, MA). PCR primers are listed in Table 3.

2.4.7.1 PCR using Platinum Taq DNA Polymerase

A typical 50-ul PCR reaction using Platinum Taq DNA Polymerase comprised 5 pl of
10x PCR buffer, 1 pl of 10 mM dNTP mix, 1.5 pl of 50 mM MgCl,, 2 ul of each primer
(0.05 pg/ul stock), 5-10 pl of template DNA, and 0.5 pl of Platinum Taq DNA
Polymerase, brought to 50 pl with ddH,O. Reaction mixtures were heated for
denaturation at 94°C for 2 minutes, after which the following cycle was performed 35
times: denature at 94°C for 30 seconds, anneal at 50°C to 60°C (depending on primer
annealing temperature) for 45 seconds, extension at 72°C for 0.5 to 4 minutes (1 minute
per kb to be amplified). A final 5-minute incubation at 72°C was performed to complete
primer extension.

2.4.7.2 PCR using Platinum Taq DNA Polymerase High Fidelity

A typical 50-pl PCR reaction using Platinum Taq DNA Polymerase High Fidelity
comprised 5 ul of 10x High Fidelity PCR buffer, 1 pl of 10 mM dNTP mix, 2 pl of 50
mM MgSOy, 2 ul of each primer (0.05 pg/ul stock), 5-10 pl of template DNA, and 0.5 pl
of Platinum Taq High Fidelity, brought to 50 ul with ddH,O. Reaction mixtures were
heated for denaturation at 94°C for 2 minutes, after which the following cycle was
performed 35 times: denature at 94°C for 30 seconds, anneal at 50°C to 60°C (depending
on primer annealing temperature) for 45 seconds, extension at 68°C for 0.5 to 4 minutes
(1 minute per kb to be amplified). A final 5-minute incubation at 68°C was performed to
complete primer extension.

2.4.7.3 PCR using Platinum Pfx DNA Polymerase

A typical 50-pl PCR reaction using Platinum Pfx DNA Polymerase comprised 5 pl of 10x
Pfx Amplification buffer, 1.5 ul of 10 mM dNTP mix, 1 pl of 50 mM MgSOQOy, 2 pl of
each primer (0.05 pg/pl stock), 5-10 pl of template DNA, 0.5 pl of Platinum Pfx DNA
Polymerase, and 5 pl of Enhancer Solution (used only with GC-rich templates), brought
to 50 ul W_ith ddH»0. Reaction mixtures were heated for denaturation at 94°C for 2
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minutes, after which the following cycle was performed 35 times: denature at 94°C for 30
seconds, anneal at 50°C to 60°C (depending on primer annealing temperature) for 45
seconds, extension at 68°C for 0.5 to 4 minutes (1 minute per kb to be amplified). A final
5-minute incubation at 68°C was performed to complete primer extension.

2.4.7.4 Colony PCR

Colony PCR was performed using either Platinum Taq DNA Polymerase or Platinum Taq
DNA Polymerase High Fidelity according to the above protocols, with the following
modifications. Rather than the addition of template DNA, a single freshly grown yeast
colony was placed at the bottom of the microfuge tube. The tube was microwaved on
high power for 1.5 minutes, and then placed on ice. Following this, the PCR mixture was
added to the tube and thermocycling was performed as described above.

2.4.8 Agarose Gel Electrophoresis

DNA fragments were resolved using agarose gel electrophoresis, as described in
Sambrook ez al. (1989). Agarose gels were prepared in 1X TAE buffer (40 mM Tris-
acetate, | mM EDTA), using from 0.6 to 1% agarose (depending on the sizes of the DNA
bands). Ethidium bromide (0.5 pg/ml) was either added to the gel directly, or staining
was performed following electrophoresis. All DNA samples and molecular markers (1 kb
ladder; Invitrogen) were mixed with 10x loading buffer (50 mM EDTA pH 8.0, 50%

glycerol, 0.3% bromophenol blue, 0.3% xylene cyanol) to a final concentration of 1x.

2.5  Genetic Analyses

2.5.1 Diploid Cell Construction

Diploid cells were constructed essentially as described in Guthrie and Fink (1991).
Briefly, populations of two haploid cells of opposite mating types were mixed on YEPD
solid medium and incubated overnight. The resultant diploids were selected using
medium on which only the expected diploid cells can grow, taking advantage of drug
resistance or prototrophies present only in the diploid cells. When such selection could
not be employed, diploid cells were isolated manually by selection of zygotes using a
micromanipulator (Singer Instrument Co., Watchet, England). The unique ‘dumbell’ cell

shape of zygotes facilitated this selection (as shown in Sena, Radin & Fogel (1973)).
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2.5.2 Tetrad Analysis

Diploid yeast cells undergo meiosis and sporulation when exposed to nutrient starvation,
each cell producing four meiotic haploid progeny (called spores) inside an ascus.
Sporulation of diploid cells was carried out as described in Section 2.1.1. Following
sporulation, 0.2 ml of sporulation culture was diluted in 0.8 ml of phosphate-buffered
saline (pH 7.4), to which 2 pl of zymolyase (MP Biomedicals, Solon, OH) was added.
Zymolyase digestion was carried out for approximately 10 minutes at room temperature
to weaken the walls of the asci. At this point, a sterile loop was used to spread the
digested mixture onto the edge of a strip of YNB solid medium, and separation of the
four spores from single asci was performed using a micromanipulator (Singer Instrument
Co.). This strip of solid medium was then placed onto YEPD solid medium to
accommodate any auxotrophies present in the haploid progeny and incubated for 4-5 days
at 23°C to allow spore germination and colony formation. Following this, the segregants
from each meiosis were patched onto YEPD medium, grown overnight, and then replica-
plated to appropriate selective media to observe the segregation of markers.

2.5.3 Determination of Mating Type

To determine the mating type of segregants, or to ensure that cells are haploid rather than
diploid, test crosses were performed with two strains, one each for MATa (GRX2-1A)
and MATo (XJB3-1B). Diploids were produced and identified as described above
(Section 2.5.1), using selection medium that only diploid cells could grow on. The
production of diploid cells indicated that the parental strains were of opposite mating

type, whereas failure to produce diploids was an indication that the parental strains were

of the same mating type.

2.6  Yeast Protein Analyses

2.6.1 Preparation of Yeast Whole Cell Extracts

Whole cell extracts were prepared in slightly different manners, depending on whether
the extracted protein was to be used in co-immunoprecipitation experiments.

2.6.1.1 Whole Cell Extracts to be used in Western Blotting

Cell extracts were prepared as described in Guthrie and Fink (1991). Briefly, cell cultures
(50-150 ml) were grown to mid-log phase (2-5 x 10° cells/ml) and the cell pellet was



51

recovered by centrifugation at 3 000 rpm for 2 minutes and resuspended in 500 pl of
Glass Bead Disruption Buffer (20 mM Tris-Cl pH 7.9, 10 mM MgCl,, 1 mM EDTA pH
8.0, 5% glycerol, 0.3 M (NH4)2S0Os), to which protease inhibitors (Sigma-Aldrich) were
added to 10 pl/ml (100x protease inhibitor stock contains 62.5 pg/ml antipain, 0.05 pg/ml
chymostatin, 2.5 pg/ml leupeptin, and Spg/ml pepstatin) and PMSF added to 10 pl/ml.
This suspension was transferred to a microfuge tube containing approximately 300 pl of
acid-washed glass beads, vortexed at 4°C for 6 minutes, and then centrifuged at 4°C for 2
minutes. The supernatant was transferred to a new tube and stored at —20°C as whole cell
extract.

2.6.1.2 Whole Cell Extracts to be used in Co-Immunoprecipitations

Slight modifications were made to the above protocol when the extracts were to be used
in co-immunoprecipitation experiments. Briefly, cell cultures (50-150 ml) were grown to
mid-log phase (2-5 x 10 cells/m1) and the cell pellet recovered by centrifugation at 3 000
rpm for 2 minutes, washed once with 2 ml ddH,0, and resuspended in 500 pl of Co-IP
Buffer (50 mM Tris-Cl pH 7.4, 50-150 mM KOAc [depending on desired stringency], 5
mM EDTA pH 8.0, 0.1% Triton X-100, 10% glycerol, 1 mM NaN3), to which protease
inhibitors (as above) were added to 10 pul/ml and PMSF added to 10 pl/ml. This mixture
was transferred to a microfuge tube containing approximately 300 pl of acid-washed
glass beads, vortexed at 4°C for 15 minutes, and then centrifuged at 4°C for 15 minutes.
The supernatant was transferred to a new tube and stored at —20°C as whole cell extract.
2.6.2 Quantification of Total Protein

Protein concentrations in whole cell extracts were quantified using the Bradford assay
(BioRad protein assay) and a bovine serum albumin (BSA) standard (New England
Biolabs). Protein (BSA) standards containing 5 pg, 10 ug, 15 ng and 20 pg of total
protein were mixed with Bradford Reagent (BioRad, Hercules, CA). Samples from each
whole cell extract were also mixed with Bradford Reagent, and the Asos was recorded for
each standard and sample. Using a standard curve generated from the BSA samples, the
protein concentration in each whole cell extract was calculated.

2.6.3 Co-Immunoprecipitation

For co-immunoprecipitation experiments, 500 pg of total protein in co-IP buffer with the

desired salt concentration was made to a total volume of 200 pl with co-IP buffer in a
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microfuge tube containing 100 pl (settled volume) of S-protein agarose beads (Novagen,
Madison, WI). All steps were performed either on ice or at 4°C, with pre-chilled reagents.
This mixture was incubated for 2 hours with rotation, and then centrifuged for two
minutes. The supernatant was discarded, and the beads were washed 3 times, each time
with 1 ml co-IP buffer. Following the final wash, 50 ul of 2x Laemmli buffer (100 mM
Tris-Cl pH 6.8, 10 mM EDTA, 20% glycerol, 4% SDS, 0.1 ul/ml B-mercaptoethanol, and
0.8 ul/ml bromophenol blue [0.25% solution]) was added to the beads, and the tubes were
incubated at 100°C for 10 minutes. If the samples were not used immediately in SDS-
PAGE, they were stored at —20°C.

For co-immunoprecipitation experiments involving the use of ethidium bromide
(EtBr), the whole cell extracts were first treated with EtBr to interfere with protein-DNA
interactions (Lai, Herr 1992). EtBr was added to extracts to a concentration of 50 pg/ml,
followed by incubation on ice for 30 minutes. The tubes were then centrifuged for 5 min
at 4°C, and the resulting supernatant was transferred to a new tube. Co-
immunoprecipitation was carried out as described above, except that the buffer used to
wash the beads also contained EtBr at 50 pg/ml.

2.6.4 SDS-PAGE and Transfer to PVDF Membranes

Proteins were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE) using a
mini-PROTEAN II gel apparatus (Bio-Rad), as described in Ausubel et al. (1998). The
acrylamide percentage, 7.5%, 10% or 15%, depended on the size of the protein of
interest. A typical 10% separating gel was composed of 2.5 ml 1.5 M Tris-Cl pH 8.8, 100
ul 10% SDS, 3.3 ml 30% acrylamide/bisacrylamide (30:0.8), 4.05 ml ddH,0, 50 pl
ammonium persulfate and 5 ul TEMED; for other percentages, the volumes of
acrylamide/bisacrylamide and ddH,O were adjusted as needed. For all percentages of
separating gel, the stacking gel was composed of 2.5 ml 0.5 M Tris-Cl pH 6.8, 100 pl
10% SDS, 1.33 ml 30% acrylamide/bisacrylamide, 6.1 ml ddH,O, 50 pl ammonium
persulfate and 10 pl TEMED. Prior to loading, all samples were heated to 100°C for 5-10
minutes, and then centrifuged briefly to collect the sample. For samples from whole cell
extracts, an equal volume of 2x Laemmli buffer was added prior to heating at 100°C. 5 pl
of Rainbow Markers (Amersham Biosciences, Piscataway, NJ) (mixed with 5 pl 2x

Laemmli buffer) was similarly treated and used as a molecular size marker. Running
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buffer (0.3% Tris base, 1.44% glycine and 0.1% SDS) was added to the gel apparatus
prior to loading samples.

Following electrophoresis, proteins were transferred to PVDF membrane (Bio-
Rad) using a Trans-Blot SD Semi-Dry transfer unit (Bio-Rad). Prior to transfer, the
membrane was wetted with methanol, and then by Towbin transfer buffer (0.03% Tris
base, 1.44% glycine, 20% methanol); gels were soaked in Towbin buffer for 10 minutes
prior to transfer, and Whatman blotting paper was soaked briefly in Towbin buffer.
Transfer was carried out for approximately 60 minutes at 200 mA. Following transfer,
membranes were washed twice for 10 minutes each in 0.1% TBS-T buffer (10 mM Tris-
Cl pH 7.4, 140 mM NaCl, 0.1% Tween 20), and stained with India Ink (1 pl/ml; Pelikan
Inc., Pembroke, MA) to assess the quality of transfer (as described in Sambrook et al.,
1989). Membranes were then washed three times for 10 minutes each in 0.1% TBS-T.
2.6.5 Western Blotting
Prior to western blotting, membranes were incubated overnight at room temperature in
either 10% milk (Carnation non-fat milk powder) or 5% BSA (only when using
antibodies against the RNAPII CTD [0-RNAPII]) in 0.1% TBS-T buffer. Membranes
were then washed three times for 10 minutes each in 0.1% TBS-T. Incubation with
primary antibodies was then carried out as follows (all in 0.1% TBS-T): a-HA (12CAS,
Abcam, Cambridge, MA or Santa Cruz Biotechnologies, Santa Cruz, CA) at 1:2000 in
1% milk for 2 hours, o-H3 (ab1791, Abcam) at 1:5000 in 1% milk for 1.5 hours, o-
H3K4triMe (ab8580, Abcam) at 1:2000 in 1% milk for 2 hours, a-RNAPII (4HS, ab5408,
Abcam) at 1:15 000 in 5% BSA, and S-protein-HRP (Novagen) at 1:2000 in 1% milk for
2 hours. Membranes were then washed three times for 10 minutes each in 0.1% TBS-T,
followed by incubation with secondary antibodies (all in 1% milk in 0.1% TBS-T for 2
hours): goat anti-rabbit-HRP (Kirkegaard and Perry Laboratories, Gaithersburg, MD) at
1:5000 (0-H3 and a-H3K4triMe blots) or goat anti-mouse-HRP (Santa Cruz
Biotechnologies) at 1:2000 (a-HA and a-RNAPII blots). Membranes were then washed
three times for 10 minutes each in 0.1% TBS-T, and bound antibody was detected using
either the LumiGlo Chemiluminescent substrate system (Kirkegaard and Perry
Laboratories) or Western Lightning Chemiluminescent Reagent Plus substrate system
(PerkinElmer, Waltham, MA).
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Chapter3  RESULTS

3.1 Screen for Synthetic-Lethal Interactions with spt16-E857K

To gain further insight into the functions of the Spt16 subunit of FACT, a mutant version
of this protein was used in a ‘classical’ screen for synthetic-lethal interactions (Bender,
Pringle 1991). This screen identifies proteins that interact functionally with Spt16, by
searching for genomic mutations that are lethal in combination with a point-mutant
version of SPT16, in this case spt/6-E857K. Synthetic lethality between mutations in two
genes indicates a common function for their respective proteins. If the mutations in
question result in proteins with partial function, then the identification of synthetic-lethal
mutations can identify second proteins that function in the same cellular pathway, or in
the same protein complex (Figure 7) (Appling 1999, Guarente 1993). In contrast, if the
mutations in question are complete deletions, or result in non-functional proteins, then the
identification of synthetic-lethal mutations can identify parallel pathways that carry out

an overlapping function with the protein that is missing (Figure 7) (Guarente 1993). Thus,
by identifying genomic mutations that are lethal in combination with spt/6-E857K, I can
begin to ascertain which functions of the Spt16 protein are impaired by this substitution,
and also how Spt16 activity relates to those of other proteins.

The spt16-E857K mutation itself was identified in a screen for novel mutations in
the SPT16 gene that cause a dominant Spt phenotype (O'Donnell 2004). This mutant
allele was chosen for further investigations for several reasons. One reason was that it
contains a single poiht mutation, and thus any differences between the behaviour of the
mutant Spt16-E857K protein and normal Spt16 can be attributed to this change alone. A
second was that the Spt16-E85 7K protein is most likely stable, as inferred from its ability
to produce an Spt phenotype that is dominant (O'Donnell 2004), unlike the products of
previously characterized alleles such as spt/6-G132D (also known as cdc68-1), which
has been shown to produce an unstable protein (Xu, Singer & Johnston 1995). This
situation means that any observations made using the spt/6-E857K mutant allele
demonstrate an effect of a change on protein function, rather than that of an altered
abundance of Spt16 protein resulting from a mutation. Finally, the only phenotype

observed (so far) for cells containing the spt16-E857K allele as the only form of SPT16
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Figure 7. Mechanisms of synthetic-lethal interactions. This figure illustrates possible
underlying mechanisms to produce deleterious genetic interactions using either null or
non-null mutations. The first and second mechanisms deal with non-null mutations only,
while the third can be produced by either null or non-null mutations. The situation in
mechanism 1 illustrates the effects of two mutations in the same pathway, while that of
mechanism 2 illustrates the effects of two mutations affecting members of the same
complex. Mechanism 3 is slightly more complex: it illustrates the effects of mutations in
two parallel pathways that both have the same effect on a downstream target. (modified
from O'Donnell (2004))
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had been this Spt phenotype. Thus, unlike many of the other mutant alleles of SPT16,
which have multiple phenotypes, perhaps due to several different alterations of Spt16 or
FACT function, the sptl6-E857K mutation produces a relatively ‘mild’ alteration in
protein function. This makes spt/6-E857K an ideal mutant allele to use for synthetic-
lethal screening, as we might expect this mutation to produce subtle changes in protein
function, and thus affect a limited number of Spt16-mediated functions. These two
properties of the spz/6-E857K mutant allele increase the probability that any synthetic-
lethal interactions that are identified truly reflect biological interactions of a functional
nature. That is, we are likely to identify mutations in second genes that encode proteins
with functions related to those of Spt16, rather than genes encoding proteins related to
Spt16 protein stability, or other less immediate functions.
3.1.1 Screening Procedure
In a classical synthetic-lethal screen, mutations in the adenine biosyntheéis pathway are
exploited to allow a two-colour discrimination system for screening yeast colonies
(Kranz, Holm 1990)(Bender, Pringle 1991). Cells that contain mutations in the ADE?2
gene accumulate an intermediate in this biosynthetic pathway, 5-phosphoribosy! 5-
aminoimidazol, which causes the yeast colonies to appear red in colour, rather than the
normal off-white colour. The ADE3 gene product mediates a step in the pathway
upstream of that of Ade2. Thus, cells with a mutation in the ADE3 gene fail to produce
this ‘red’ intermediate compound, regardless of the status of the ADE2 gene, and
therefore produce colonies with the normal off-white colour. In the synthetic-lethal
screening procedure, the starting cells contain mutations in both the chromosomal ADE?2
and ADE3 genes, and thus appear off-white in colour. However, a plasmid is introduced
that contains a functioning ADE3 gene; cells containing this plasmid are therefore
blocked at only the Ade2 step of the pathway, thus accumulating the ‘red’ intermediate
compound and forming red colonies. Colony colour for these cells therefore indicates the
presence or absence of the ADE3 plasmid, thereby also indicating the presence or absence
of the SPT16 gene found on the same plasmid, as described below.

The ADE3 plasmid that I used, pPSNLCDCG68, also contains a wild-type copy of
the SPT16 gene, meaning that the colony-colour procedure can be used to determine

whether cells contain this plasmid-borne copy of SPT76 (and thus appear red) or do not
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(and thus appear white). In addition, two other features of this plasmid facilitate the
classical synthetic-lethal screening procedure: the URA3 gene, and a centromere that is
positioned downstream of the GAL ! promoter. The URA3 gené allows selection for cells
containing this plasmid by growth on medium lacking uracil, and also provides a means
for selecting against cells containing this plasmid (explained in detail below). Also, when
cells containing this plasmid are grown on galactose medium, the plasmid-borne GAL
promoter activates transcription through the centromeric region, providing an effective
mechanism for decreasing both plasmid centromere function and the efficiency of
plasmid inheritance at mitosis (Barbour, Zhu & Xiao 2000). Thus, cells that no longer
contain this plasmid (as a result of a failure to inherit) can be readily generated.

The haploid strain SNL-51B (MATa spt164::kanMX4 ade24 ade34 ura3-52 trpl-
A1 leu2-3,112 [pRS316-A4]) (pRS316-A4 is a URA3, SPT16 plasmid) was constructed
for synthetic-lethal screening, and transformed first with a centromeric TRP! spti6-
E857K plasmid. Next, the SPT16 plasmid pRS316-A4 was selected against; a resulting
derivative was then transformed with the pPSNLCDC68 plasmid (URA3 ADE3 SPTI6), to
create the strain SNL-51B 314-NM3(4) WT68 (all by Allyson O’Donnell, a former PhD
student in the Singer/Johnston lab) (O'Donnell 2004) (Figure 8 — top). These cells contain
two versions of the Spt16 protein, each able to provide all essential functions of Spt16.
The presence of the wild-type version of Spt16 can be determined by observing colony
colour: the ADE3 gene on pSNLCDCG68 is able to complement the ade3 A4 deletion in the
chromosome, thus allowing blockage of the adenine biosynthesis pathway at the
downstream Ade2 step and allowing the red pigment to be produced. When cells are
generated that do not contain this plasmid, due to a failure in plasmid inheritance at a
previous mitosis, they will appear white due to the loss of the Ade3 protein and a
consequent blockage of the adenine biosynthesis pathway upstream of the pigment-
forming intermediate. In this situation, the Spt16-E857K protein that remains, encoded on
the second plasmid, can still provide all essential Spt16 functions (Figure 8 — bottom
left).

Using this strain to provide starting cultures, I carried out a synthetic-lethal
screening procedure. Yeast cultures of the SNL-51B derivative containing plasmid-borne

copies of both the spr/6-E857K point-mutant and wild-type versions of the SPT/6 gene
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Figure 8. Outline of synthetic-lethal screening procedure. The haploid strain SNL-
51B 314-NM3(4) WT68, harbouring plasmids pPSNLCDC68 (URA3 ADE3 SPT16
GALIp-CEN4) and pRS314-cdc68-E857K (TRPI spt16-E857K), shown at the top, forms
red-coloured colonies. Screening is performed after UV mutagenesis to introduce new
mutations (mutl) followed by growth on galactose medium to prevent efficient
inheritance of pPSNLCDCG68. Cells that fail to inherit pPSNLCDC68 grow into white-
coloured colonies (shown at left), indicating that these cells do not possess a mutl
mutation that is synthetically lethal with spt/6-E857K. However, when a synthetic-lethal
interaction exists between the muz! mutation and spt/6-E857K, cells that fail to inherit
pSNLCDC68 will not grow, and only red-coloured colonies are produced consisting of
cells that contain pSNLCDC68 (shown at right).
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were spread onto solid medium that lacked tryptophan, to select those cells containing the
sptl16-E857K plasmid, and contained galactose, to destabilize centromere function for the
SPT16 plasmid and facilitate the failure to inherit this plasmid. I then immediately
introduced random mutations into the genome of these cells using UV light at a dose
sufficient to kill ~40% of the cells. These treated cells were then grown in the dark, to
avoid light repair of UV-induced mutagenic thymine dimers (reviewed in Sancar (2000)).
Following colony growth I looked for uniformly red colonies, an indication that the cells
in the colony must retain the wild-type SPT16 plasmid for growth. As most cells will
contain mutations that do not affect growth of cells with the spt16-E857K mutation, the
majority of colonies will appear either white or with white sectors (Figure 8 — bottom
left). The colonies of interest were uniform in the red colouring, as it is possible for
sectors of colour to appear, resulting in a colony that has both red and white ‘pie-piece
shaped’ regions within it. This is due to the growth pattern of the cells within a colony.
Each colony began as a single yeast cell and it is possible for cells lacking the SPT16
plasmid to be generated during any round of cell division. Any cells produced from a
newly generated ‘white’ cell will also lack the SPT16 plasmid, producing a white sector
of progeny cells in an otherwise red colony. A white sector thus identifies good growth of
cells relying on the spt16-E857K gene. This procedure of looking for uniformly red
colonies, without white sectors, therefore identifies candidate cells that may have
acquired a desired second mutation that is deleterious for a cell relying on the mutated
form of Spt16 for growth (Figure 8 — bottom right).

Using this method, I screened ~70 000 colonies containing the spt/6-E857K
point-mutant allele; of these, 360 colonies remained red. Each of these colonies was then
streaked onto fresh galactose medium, and allowed to generate new colonies. As
described above, galactose causes transcription to occur through the plasmid-borne
centromere, thus destabilizing this centromere function. This situation increases the
frequency with which cells are produced that have failed to inherit the wild-type SPT16
plasmid; colony formation on galactose-containing medium allows multiple rounds of
cell division to occur under growth conditions that promote the failure to inherit the

SPTI6 plasmid. Re-screening in this manner, I was able to decrease the number of



62

potential synthetic-lethal ‘hits’ from 360 to eleven that still produced uniformly red
colonies.

To provide evidence that these eleven isolates may be true synthetic-lethal hits, I
tested each derivative strain for the ability to grow on medium containing 5-fluoro-orotic
acid (5-FOA). This compound inhibits the growth of cells with a functioning URA3 gene,
and thus selects against those cells that possess the URA3 ADE3 SPT16 plasmid (Boeke
et al. 1987). The pyrimidine biosynthesis pathway, of which Ura3 is a member,
incorporates 5-FOA during the biosynthesis. This results in the production of 5-
fluorodeoxy UMP (uridine-5’-monophosphate), which is an inhibitor of thymidylate
synthase. Therefore, cells containing a functioning URA3 gene will die as a result of
thymine starvation when exposed to 5-FOA (Boeke, LaCroute & Fink 1984, Santoso,
Thornburg 1998). Any cells that contain a desired synthetic-lethal mutation will fail to
grow on medium containing 5-FOA: these cells must retain the SP716 plasmid to
survive, yet this plasmid also carries the URA3 gene, and thus these cells will not grow.
Testing in this manner reduced the number of potential hits from eleven to five: SYNL
isolates #1, #4, #7, #9, and #10 (Figure 9).

A potential, although uninteresting, way that would result in cells requiring the
SPT16 plasmid for life is that the UV-mutagenesis procedure introduced a second
mutation in the spt/6-E857K gene, rendering this now double-mutant gene unable to
support life. To eliminate this possibility, I performed a plasmid-shuffle procedure with
my putative hits. By growing the cells containing putative hits in medium that contained
tryptophan (the amino acid synthesized through actions of the TRPI marker gene on the
spt16-E857K plasmid), and then screening for derivatives that could no longer grow in
the absence of tryptophan, derivative cells were isolated from each of the putative hits
that no longer possessed the spt/6-E857K plasmid. These derivatives were then
transformed with either the non-mutagenized spt/6-E857K plasmid or an SPT16 TRPI
plasmid, as a control. The 5-FOA testing was then repeated with these new transformants,
to determine which of the isolates had true synthetic-lethal interactions. Putative hits that
contained additional mutations in tﬁe original spt16-E857K mutant allele should be able
to grow on medium that contains 5-FOA, while putative hits that are true synthetic-lethal

hits should remain unable to grow on medium containing 5-FOA. This testing resulted in
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Figure 9. 5-FOA testing of putative synthetic-lethal hits. Liquid cultures of the eleven
putative hits were grown to stationary phase, along with positive (51B) and negative
(SYNL #16 and #19) controls. Two dilutions of each culture were spotted onto TRP-
URA- and 5-FOA solid medium; the plates were incubated at 30°C for two days. The
strains SYNL #1, SYNL #4, SYNL #7, SYNL #9 and SYNL #10 were chosen for further
testing due to poor or no growth on solid medium containing 5-FOA, indicating a
requirement for the SPT16 URA3 plasmid. Strains SYNL #2, SYNL #3, SYNL #5, SYNL
#6, SYNL #8, and SYNL #11 were discarded as false positives due to growth on the
medium containing 5-FOA.



64

the identification of three true synthetic-lethal hits (SYNL #1, #9 and #10), from an initial
pool of ~70,000 colonies (Figure 10).

A small-scale screen performed by Allyson O’Donnell using the same spt]6-
E857K starting strain identified two more synthetic-lethal hits (SYNL #16 and #19, used
as controls in Figures 9 and 10) (O'Donnell 2004). These two hits were further
characterized in conjunction with the three hits that arose from my screen.

3.1.2 Identification of Genomic Mutations

Following the identification of these synthetic-lethal hits, I began the process of
determining what gene had been mutated in the genome to produce the synthetic-lethal
interaction with spt16-E857K. To accomplish this goal, I employed a cloning-by-
complementation strategy using a LEU2-based centromeric yeast genomic library (p366;
ATCC #77162) (a gift from Brenda Andrews, University of Toronto). Essentially, this
procedure is the reverse of the synthetic-lethality screen. Library transformations were
performed, and transformed cells were grown on solid medium containing uracil but
lacking both tryptophan and leucine, thereby selecting only for the spt/6-E857K and
library plasmids, respectively; the medium also contained galactose, to destabilize the
centromere function of the SPT16 plasmid and promote its failed inheritance during
mitosis. The transformants were then screened for colonies that were white in colour or
had sectors of white cells, indicating the ability of cells to grow in the absence of the
SPT16 plasmid (Figure 11). The likely interpretation is that these ‘white’ cells contain a
library plasmid that alleviates the synthetic-lethal interaction by complementation (or
suppression) of one of the synthetic-lethal mutations. Generally, the initial colonies
obtained following a library transformation had only small sectors of white cells, with a
majority of red cells. Therefore, the ability to form white colonies was confirmed by re-
streaking these cells onto fresh medium for several rounds of colony formation.
Additionally, the white cells were also grown on medium containing 5-FOA, to confirm
that the SPT716 plasmid (which also carries URA3) is no longer needed for growth.

Since a synthetic-lethal interaction is, by definition, the result of mutations in two
genes, complementation of this lethality could occur when the library-plasmid insert
contains either the unknown gene that is mutated in the genome or SPT/6 itself. The

presence of SPT6-containing library inserts thus serves as a positive control that the
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Figure 10. Plasmid-shuffling in putative synthetic-lethal hits. The original spz]6-
E857K plasmid was ‘lost” from each putative synthetic-lethal hit (and control strains 51B
and SYNL #16), and the resulting cells were re-transformed with either an SPT16
plasmid or an spt16-E857K plasmid. Liquid cultures of these transformants were grown
to stationary phase, and two dilutions were spotted onto TRP-URA- and 5-FOA solid
medium. The plates were then incubated at 30°C for two days. The strains SYNL #1,
SYNL #9 and SYNL #10 were all able to grow on medium containing 5-FOA when they
contained an SPT16 plasmid, but not when they contained an spt16-E857K plasmid,
indicating that these strains contain synthetic-lethal hits. Strain SYNL #4 was able to
grow on medium containing 5-FOA regardless of which plasmid it contained, while
SYNL #7 did not grow on either the medium containing 5-FOA or the TRP-URA-
medium; these latter two strains were therefore discarded.
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Figure 11. Outline of library screening procedure. The cells containing synthetic-
lethal hits (SYNL #1, #9, #10, #16 or #19) harbouring plasmids pSNLCDC68 (URA3,
ADE3, SPT16 and GAL1p-CEN4) and pRS314-cdc68-E857K (TRP1 spt16-ES57K),
shown at the top, form red-coloured colonies. Screening for complementation (or
suppression) of the genomic mutation (mut!) is performed by transforming the cells with
a low-copy yeast genomic library (p366 [LEU2, CEN])), followed by growth on galactose
medium to prevent efficient inheritance of pSNLCDC68. Cells that continue to retain
pSNLCDC68 (bottom left) grow into red-coloured colonies, indicating that these cells
contain a library plasmid that does not complement the genomic mutation. However, cells
that fail to inherit pSNLCDCG68 (bottom right) grow into white-coloured colonies,
indicating that the library plasmid contains on its insert a gene that complements (or
suppresses) the genomic mutation, thereby alleviating the synthetic lethality.
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library transformation protocol is working as intended, but does not provide any insight
into which genes are mutated to cause the synthetic-lethal interactions in these cells. To
identify (and thus weed out) those transformants that contain SP7/6 on the library
plasmid, I employed another plasmid-loss procedure. Isolates that contained both the
LEU2-based library plasmid and the TRP! spt16-E857K plasmid were grown for several
generations in media that lacked either tryptophan or leucine, but was supplemented with
the other. These conditions allow the growth of cells that have failed to inherit the
plasmid containing that particular amino acid biosynthetic gene: cells that no longer
contain the spt16-E857K plasmid will be able to grow in the medium that contains
tryptophan, while those that lack the library plasmid will be able to grow in the medium
containing leucine. If the library plasmid contains on its genomic insert the wild-type
copy of the mutated genomic gene, then both it and the spz/6-E857K plasmid will be
required for cell survival, and we will not be able to isolate any cells that lack either of
these plasmids. On the other hand, if a library plasmid contains SP7/6 on its genomic
insert, then this can provide all essential functions of Spt16, and we will be able to
identify cells that lack the sp?/6-E857K plasmid. For all of my synthetic-lethal hits used
for library transformations, I was able to identify transformant derivatives that were able
to grow without the spt/6-E857K plasmid, indicating that the library plasmid likely
contains SPT16 on its genomic insert.

There is the slim possibility that the cells that are able to survive without the
sptl6-E857K plasmid possess a library plasmid with a gene on its insert that is able, in
low-copy, to bypass the need for Spt16. While this possibility is unlikely, to confirm that
this was not the case I verified that five of the library transformants that were able to
survive without the spt/6-E857K plasmid did indeed contain a copy of SPT16. To
accomplish this, I subjected these cells to colony PCR to amplify sequence specific to
SPTI6: a product will be formed only from cells that contain the SPT76 gene. In all five
cases, a PCR product was formed, indicating that SPT76 sequence was present in the
cells, and a bypass had not occurred (Figure 12).

In this manner, I was able to identify complementing plasmids with genomic
inserts that do not contain the SP776 gene for four of the five synthetic-lethal hits (SYNL
#1, #9, #10 and #16); the identities of the complementing genes are discussed below.
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Figure 12. Colony PCR of library transformants lacking the spr16-E857K plasmid.
Yeast cells from transformants the no longer contained pSNLCDC68 or pRS314-cdc68-
E857K (samples 1 through 5) were tested to determine whether SPT/6 sequence was
present by amplification using the 5’Spel flank and 3’Spel flank primer pair. The
negative control (-ve) contained no cells, and therefore should have no template DNA,
while the positive control (+ve) contained cells that maintained the sptl6-E857K plasmid
and therefore has template DNA. In all five samples from the library transformants,
SPT16 sequence was amplified, indicating the presence of the SP776 gene on the library
insert and eliminating the possibility of a bypass mutation.
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3.1.2.1 Difficulties Identifying the Synthetic-Lethal Mutation in SYNL #19
For one synthetic-lethal strain, SYNL #19, I initially screened ~17 500 library-
transformant colonies without identifying any complementing plasmid (other than those
containing SPT16). One possibility that would lead to this situation is that the mutation
causing the synthetic-lethal interaction confers a phenotype that is dominant to the wild-
type form of the gene. That is, that the mutation can still exert the synthetic-lethal
phenotype even in the presence of the wild-type form of the gene. To ensure that the
synthetic-lethal mutation in this strain does not confer a dominant phenotype, the strain (a
MATa haploid, one of the two yeast mating types) was mated to a similar haploid strain
of the other mating type (MATa), creating a diploid strain with one normal copy of
whichever gene is mutated. The same kind of éolony-colour screening procedure as that
described above showed that this diploid was able to survive when the only version of
SPT1I6 in the cells was sptl6-E857K, indicating that the genomic synthetic-lethal
mutation is recessive. Following this observation, I performed one final library
transformation, screening another ~5 400 colonies without identifying a complementing
plasmid. In addition, Rosemarie Kepkay, an undergraduate summer student, continued
performing library transformations for this synthetic-lethal hit, screening ~32 400
colonies. Again, no complementing library plasmid (other than those containing SP76)
was identified. Thus, in total, ~55 000 library transformants have been screened without
identifying a complementing plasmid other than those containing the SPT16 gene. The
information for this genomic library (from ATCC) states that 1 000 clones are usually
sufficient for complete genome coverage; thus, we have theoretically covered the genome
50 times over without identifying the gene responsible for the synthetic-lethal phenotype.
There are several possible reasons for this negative result. One is that the gene of
interest is under-represented in the genomic library, thus decreasing the chances that it
will be isolated. However, unless the gene of interest is completely absent in the library,
perhaps due to toxicity in E. coli, it is likely that we would have screened colonies
containing this plasmid. A second is that the gene of interest is closely linked to SPTI6 in
the genome, thus decreasing the chances that a library-plasmid insert will exist containing
the gene of interest but not SPT/6. The average size of genomic inserts in the library

plasmids is 10 kbp. However, an examination of the region 10 kbp on each side of the
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chromosomal SPT16 locus does not yield any genes that are known to participate in
mediating chromatin transactions. It is expected that genes causing synthetic-lethal
interactions with an spt/6 mutation would be involved in similar cellular processes; that
no such gene exists in the regions flanking SPT76 in the chromosome suggests that the
gene of interest is not closely linked to SPT6.

A third possibility is that the gene of interest is located close to a centromere, such
that any genomic fragment containing this gene would also contain a centromere
sequence. This situation would produce a plasmid with two centromeres — one on the
vector backbone and one in the insert — which would not be maintained in yeast through
mitosis (Mythreye, Bloom 2003), thus excluding these plasmids from my assessment. A
survey of the centromere-proximal genes in the yeast genome yielded several possibilities
for such a gene. These are genes that encode proteins functioning in processes in which
the Spt16 protein is known to function, such as transcription and replication. A
comparison of these genes to those identified by Allyson O’Donnell in her SGA
(Synthetic Genetic Array) screening identified several centromere-proximal genes that
have known deleterious genetic interactions with mutant alleles of SP7T/6 (O'Donnell
2004). Among these genes are NHP10, which encodes a protein that may be involved in
ATP-dependent chromatin remodelling (Shen et al. 2003) and is approximately 2 kbp
from the Chr. IV centromere, and HRBI, which encodes a protein involved in the export
of mRNA to the cytoplasm (Hurt et al. 2004, Shen et al. 2003) and is approximately 4
kbp from the Chr. XIV centromere. Additionally, several of the interesting centromere-
proximal genes are essential, and thus would not be present in the collection of systematic
gene deletions used for SGA screening. The essential gene MCDI encodes a protein
involved in sister-chromatid cohesion (Guacci, Koshland & Strunnikov 1997), and is
approximately 3 kbp from the Chr. IV centromere. SWC4 encodes a protein involved in
histone acetylation and the incorporation of the variant histone Htz1 into chromatin
(Krogan et al. 2003b, Mizuguchi et al. 2004, Nourani et al. 2001), and is approximately
1.5 kbp from the Chr. VII centromere. PAPI encodes a protein involved in mRNA
polyadenylation (Brodsky, Silver 2000, Lingner, Kellermann & Keller 1991, Preker et al.
1997), and is approximately 3 kbp from the Chr. XI centromere. NOC3 encodes a protein

involved in both ribosome synthesis and initiation of DNA replication (Milkereit et al.
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2001, Zhang et al. 2002) and is approximately 3.5 kbp from the Chr. XII centromere. One
centromere-linked gene that can be excluded from this list of possibilities is RT7709,
which encodes a protein that was originally identified to help regulate Tyl transposon
transposition (Scholes et al. 2001) and has since been shown to be the histone
acetyltransferase responsible for acetylation of histone H3 lysine 56 (Driscoll, Hudson &
Jackson 2007, Han et al. 2007), and is approximately 3 kbp from the Chr. XII
centromere. Directed testing between spt/6-E857K and rtt1094, described below in
Section 3.6.2, demonstrates that there is little growth impairment at 30°C for the double-
mutant cells, which is not consistent with the lethality observed in SYNL #19.

Given this long list of centromere-linked candidates, it may well be that the gene
mutated in this strain is located close to a centromere. It would therefore be unlikely that
a complementing library insert exists that does not also contain a centromere, making this
plasmid unable to be propagated in yeast cells. No further efforts have been undertaken to
identify the mutant gene in SYNL #19.
3.1.2.2 Identification of the Synthetic-Lethal Mutation in SYNL #16
The first synthetic-lethal mutation for which a complementing library plasmid was
identified was SYNL #16. Two independent library plasmids were identified and found to
contain overlapping inserts. This region common to these inserts contains the complete
coding sequences for BUR2 and ADY4, partial sequences for the YLR225¢ and ECM22
genes, and elements of a transposon sequence. As the only two complete genes are ADY4
and BUR2, these were the most likely candidates for the gene responsible for alleviating -
synthetic lethality. The product of the ADY4 gene is involved in forming the prospore
membrane during meiosis (Nickas, Schwartz & Neiman 2003), whereas the BUR2 gene
encodes the regulatory subunit of the Burl/Bur2 cyclin-dependent kinase complex that is
involved in transcription elongation (Yao, Neiman & Prelich 2000). Therefore, as BUR2
is involved in a common process with SPT16 while ADY4 is not, BUR2 was considered
more likely to be complementing the genomic mutation. To test this possibility, a low-
copy plasmid containing only the BUR2 gene and its flanking regions was created; this
plasmid was then transformed into cells of the SYNL #16 strain and shown to alleviate

synthetic lethality (Figure 13). Therefore, BUR?Z is indeed the active gene from the

genomic library insert.
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Figure 13. Alleviation of synthetic lethality in SYNL #16 by BUR2 plasmids.

SYNL #16 cells were transformed with the following LEU2 CEN plasmids: pRS315
(empty vector), pRS315-A4 (SPT16), pRS315-BUR2 (clones 1 and 2), and p366 16-9
and 16-11 (complementing library plasmids). The transformants were patched onto LEU-
TRP- solid medium and replica-plated onto 5-FOA solid medium. As expected, the cells
containing empty vector did not grow on 5-FOA while those with the SPT16 plasmid did.
Interestingly, only one of the two BUR2 clones allowed growth on 5-FOA, presumably
due to a PCR-induced mutation in the other. Likewise, only one of the two library
plasmids reproduced the phenotype.
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The chromosomal BUR2 locus from SYNL #16 cells was gap-repaired into a
plasmid, and the resulting DNA was sequenced. Sequence analysis revealed an insertion
of a single G residue (coding strand) following BUR2 ORF position 253, causing a
substitution of arginine for lysine at residue 85 and a frameshift that causes a premature
stop codon following residue 91, resulting in a truncated Bur2 protein of only 20% the
full-length protein. This small portion of the Bur2 protein is unlikely to provide Bur2
function: SYNL #16 cells have the characteristic slow-growth phenotype of bur2A4 cells,
which is phenotypically consistent with a non-functional BUR2 gene in these cells.

To determine whether any of the other four synthetic-lethal hits are also
complemented by BUR2, the two original BUR2 library plasmids were transformed into
these strains; no alleviation of the synthetic lethality was observed for any of these strains
(Figure 14). Therefore, the genomic mutation in each of these strains lies within a gene
other than BUR?2.
3.1.2.3 Identification of the Synthetic-Lethal Mutations in SYNL #1 and SYNL #10
Library transformations were then performed for the SYNL #1 strain, and I found three
independent library plasmids that complemented the synthetic-lethal phenotype. One of
these contains on its insert the complete sequences of four genes: SLA/, which encodes a
protein involved in the assembly of the actin cytoskeleton (Holtzman, Yang & Drubin
1993, Li, Zheng & Drubin 1995), LDB7, which encodes a component of the RSC
chromatin remodelling complex (Cairns et al. 1996, Wilson et al. 2006), YBLOOSW-A,
which encodes a putative protein of unknown function, and HIR1, which encodes a
regulator of histone abundance (Osley, Lycan 1987, Sherwood, Tsang & Osley 1993,
Spector et al. 1997); in addition, the insert contains partial sequence for ALK2, which
encodes a protein kinase involved in DNA damage (Nespoli et al. 2006). The other two
library plasmids were found to contain overlapping inserts; the overlapping region
contains the complete sequences for HIR2, which encodes a regulator of histone
abundance (Osley, Lycan 1987, Sherwood, Tsang & Osley 1993, Spector et al. 1997),
CKB?2, which encodes a subunit of casein kinase 2 (Reed, Bidwai & Glover 1994), and
GLO4, which encodes mitochondrial glyoxylase II (Bito et al. 1997); in addition partial

sequence of CYC2, which encodes a mitochondrial inner-membrane protein (Dumont et
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Figure 14. The library plasmids from SYNL #16 do not complement the synthetic
lethality in any of the other four SYNL strains. Plasmids p366 16-9 and 16-11 (along
with controls pRS315 and pRS315-A4) were transformed into cells of each of the other
four synthetic-lethal strains, and transformants were patched onto Trp- Galactose solid
medium, then replica-plated to 5-FOA solid medium. In no case did either library plasmid
allow growth on 5-FOA, indicating that these plasmids do not contain a gene that
alleviates the synthetic lethality in these strains.
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al. 1993, Pearce, Cardillo & Sherman 1998), is present on the insert overlap. Although
both types of insert contain more than one gene that may be responsible for alleviating
synthetic lethality, the H/RI and HIR2 genes were of particular interest. The Hir proteins
are known to function together in a complex (Green et al. 2005, Prochasson et al. 2005),
are involved in the regulation of histone abundance (Osley, Lycan 1987, Sherwood,
Tsang & Osley 1993, Spector et al. 1997) and facilitate replication-independent histone
deposition onto DNA (Green et al. 2005). Replication-independent histone deposition is
the assembly of nucleosomes onto DNA that occurs outside of S-phase, and mainly
occurs following the nucleosome disruption that takes place during transcription. This
role of the Hir proteins as histone chaperones indicates a common function with Spt16,
which has also been shown to function as a histone chaperone. To determine whether the
active genes on these inserts are HIRI and HIR2, respectively, low-copy single-gene
plasmids were created for both the HIR1 and HIR2 genes; these plasmids were then
transformed into cells of the SYNL #1 strain. Synthetic lethality was indeed alleviated by
the presence of these single-gene plasmids, indicating that these are the active genes from
the library inserts (Figure 15). This situation was particularly interesting, as the synthetic-
lethal interaction can be alleviated by either HIR! or HIR2. This suggests that at least one
of these genes is a suppressor of the genomic mutation in SYNL #1, rather than
complementing the genomic mutation.

As noted above, the Hirl and Hir2 proteins are known to function together in a
protein complex; it is therefore possible that, if the synthetic-lethal mutation affects one
of these proteins and causes a decrease in the physical interaction between Hirl and Hir2,
overexpression of the other protein could restore this interaction. In this situation, either
HIRI or HIR2 1s complementing the genomic mutation, while the other is functioning as
a low-dosage copy suppressor of the same mutation. To determine whether HIRI or HIR2
is in fact mutated in SYNL #1, the presumptive HIR! and HIR2 chromosomal loci of
SYNL #1 cells were gap-repaired onto plasmids, and these gap-repaired plasmids were
then transformed back into cells of strain SYNL #1, which showed that the HIR2 gap-
repaired plasmid was able to alleviate synthetic lethality while the HIR gap-repaired
plasmid was not (Figure 15). This finding suggests that a mutation affecting HIR! is

responsible for the synthetic lethality in these cells. Sequence was obtained for the
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SYNL #1 SYNL #9 SYNL #10
L-T-Gal 5-FOA L-T-Gal 5-FOA L-T-Gal 5-FOA
iRl PR .

HIR?2
HIR3
hir2(snl10)
hir2(snll)
hirl(snll)
SPT16
vector

Figure 15. Alleviation of synthetic lethality by various plasmids. Cells of strains
SYNL #1, #9 and #10 were transformed with pRS315-based LEU2 CEN plasmids
containing various versions of the HIR genes, SPT16 or a vector control. The HIRI and
HIR?2 plasmids are single-gene plasmids, while the H/R3 plasmid is the library plasmid
isolate from SYNL #9; the hir2(snl10) plasmid was gap-repaired from the SYNL #10
strain, while the Air2(snll) and Airl(snll) plasmids were gap-repaired from the SYNL #1
strain. The transformants were patched onto Leu-Trp- Galactose solid medium, then
replica-plated to 5-FOA solid medium. The synthetic lethality in SYNL #1 was alleviated
by either the HIRI, HIR2 and hir2(snll) plasmids, that in SYNL #9 was alleviated only
by the HIR3 plasmid, and that in SYNL #10 was alleviated by the HIR2 and hir2(snll)
plasmids. The failure of Air2(snl10) and Airi(snll) plasmids to alleviate the synthetic
lethality in any of these strains suggests that there are mutations in these cloned genes.
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plasmid-borne alleles of both HIRI and HIR2. The HIR?2 allele recovered by gap-repair
was found to have no mutations, while the HIR! allele recovered by gap-repair was found
to have two substitutions at the DNA level: A778G, causing an L259V polypeptide
substitution, and T2282C, causing an L760P polypeptide substitution.

The L760P substitution affects the region of the Hirl protein that is involved in
Hir2 binding (Spector et al. 1997); thus, this mutation may disrupt the physical
interaction between Hirl and Hir2. In this situation, increased amounts of Hir2 may
restore the Hirl-Hir2 interaction by increasing the frequency in which a disassociated
Hirl protein encounters another Hir2 protein. If this were the case, I might expect that a
mutant Hirl protein that contains only the L760P substitution would not alleviate the
synthetic-lethal interaction, while a mutant protein containing only the L259V
substitution might be able to. To test this possibility, I created plasmids containing each
substitution individually and transformed each one into cells of strain SYNL #1.
Consistent with this hypothesis, synthetic lethality was alleviated by the L259V mutant
allele, while no alleviation was observed for the L760P mutant allele (Figure 16). Thus
the L259V substitution may not affect Hirl activity, whereas the L760P substitution does
have negative effects.

As I did with the library plasmids from strain SYNL #16, the library plasmids
identified using synthetic-lethal strain SYNL #1 were transformed into the other
synthetic-lethal hits to determine whether these genomic inserts alleviate the synthetic
lethality observed in any of these strains. The HIR! plasmid had no effect. Interestingly,
however, the HIR2 plasmids were able to alleviate synthetic lethality in the SYNL #10
strain; no alleviation of this phenotype was observed for any of the other strains (Figure
17). To confirm that the HIR2 gene, rather than any of the other genes on the genomic
insert, is responsible for the observed effect, the low-copy HIR2 plasmid described above
was transformed into cells of strain SYNL #10 and shown to alleviate the synthetic-lethal
phenotype, indicating that HIR?2 alleviates the synthetic lethality for SYNL #10 (Figure
15). The presumptive HIR2 mutant allele from strain SYNL #10 was gap-repaired onto a
plasmid. This gap-repaired plasmid was transformed into cells of strain SYNL #10, as
was the gap-repaired HIR2 plasmid that was created from strain SYNL #1 as described
above, which harbours a wild-type HIR2 gene. While the HIR2 plasmid from SYNL #1
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L-T-Gal 5-FOA

HIRI

hirl
hirl-L259V
hirl-L760P

Figure 16. The L760P substitution in Hirl is responsible for synthetic lethality with
spt16-E857K. Cells of strain SYNL#1 were transformed with plasmids containing HIR ],
hirl gap-repaired from SYNL #1 encoding both substitutions (L259V and L760P), or
versions of hirl encoding either L259V or L760P. Transformants were patched onto Leu-
Trp- Galactose solid medium, then replica-plated to 5-FOA solid medium. Both the HIR!
and hirl-L259V plasmids facilitated growth on solid medium containing 5-FOA,
indicating that these could complement the synthetic lethality. Conversely, the hirI-
L760P plasmid was unable to facilitate growth, indicating that this mutation causes the
synthetic-lethal phenotype in SYNL #1.
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SYNL #1 SYNL #9 SYNIL #10 SYNL #19

LEU-TRP- 5-FOA  LEU-TRP- 5FOA  LEU-TRP- 5-FOA  LEU-TRP- 5-FOA
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366 1-3
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Figure 17. Library plasmids from SYNL #1 alleviate the synthetic lethality in SYNL
#10. Five library plasmids isolated from SYNL #1 were transformed back into this strain,
as well as the other SYNL strains. Transformants were patched onto Leu-Trp- solid
medium, and then replica-plated to 5-FOA solid medium. Neither p366 1-1 or p366 1-25
were able to reproduce the phenotype in SYNL #1, although p366 1-3, p366 1-12 and
p366 1-34 all allowed growth on medium containing 5-FOA, indicating that these
plasmids are able to alleviate synthetic lethality in this strain. Additionally, p366 1-12 and
1-34 were able to alleviate synthetic lethality in SYNL #10, indicating that this strain has
a genomic mutation that is complemented or suppressed by a gene on this plasmid. None
of the plasmids were able to alleviate synthetic lethality in either SYNL #9 or SYNL #19;
thus, these strains contain genomic mutations in genes that are not suppressed by these
library inserts. In addition, a high-copy plasmid containing the YNL035¢ gene was
transformed into these same strains; this encodes a WD-40 repeat-containing protein that
interacts with Spt16 via 2-hybrid interactions (O'Donnell 2004). Since both Hirl and Hir2
contain WD-40 repeats, perhaps this could suppress as well; however, no alleviation of
any synthetic lethality was observed with this plasmid.
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was able to alleviate synthetic lethality of strain SYNL #10, the plasmid from strain
SYNL #10 itself was not, supporting the hypothesis that H/R2 is mutated in this strain to
cause a synthetic-lethal interaction (Figure 15). To provide evidence that the HIR2 gene
in strain SYNL #10 does harbour a mutation, sequence was obtained for the HIR? allele
recovered by gap-repair from SYNL #10. Analysis of this sequence showed that there is a
single substitution at the DNA level: T2240G, causing the amino acid substitution
L747R. This substitution lies within the HIRA domain of the Hir2 protein — this domain
is conserved among HIRA homologues from many species (Finn et al. 2006) and is
therefore thought to be important for protein function. Thus, a mutation in this region
may perturb the ability of Hir2 to function as a histone chaperone.

3.1.2.4 Identification of the Synthetic-Lethal Mutation in SYNL #9

The synthetic-lethal mutation in strain SYNL #9 was alleviated by library plasmid p366
9-8, which contains the complete coding sequences for three genes: HIR3, YJRI41W and
YJR142W, as well as the 3’ end of a fourth gene, PMT4 (Figure 18). The PMT4 gene
encodes a protein O-mannosyltransferase that transfers mannose residues from dolichyl
phosphate-D-mahnose to serine or threonine residues on other proteins (Girrbach, Strahl
2003, Immervoll, Gentzsch & Tanner 1995). However, since less than half of the PMT4
coding region is present on the library insert, it is unlikely that this PMT4 fragment is
responsible for the alleviation of synthetic lethality. Both YJR/41W and YJR142W remain
uncharacterized, although it 1s known that YJR/41W is an essential gene while YJRI42W
is not essential for viability. A genome-wide two-hybrid analysis, as part of a high-
throughput study of many uncharacterized essential genes, has suggested that the
YJR141W gene product may be involved in mRNA processing (Hazbun et al. 2003).
However, the data presented in that study do not actually indicate any positive hits from
their two-hybrid analysis using YJRI141W as bait; thus there is no concrete support for
this functional classification. By a process of elimination, then, the most likely candidate
for the mutated gene in the SYNL #9 strain that causes synthetic lethality when combined
with spt16-E857K is HIR3. This is especially probable since HIR] and HIR2 have also
been identified in this manner, and it is known that all three of these Hir proteins function

together in a complex (Green et al. 2005, Prochasson et al. 2005).
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LEU-TRP- 5-FOA
vector
SPT16

p366 9-8

Figure 18. The library plasmid p366 9-8 alleviates synthetic lethality in SYNL #9.
This plasmid was isolated from SYNL #9 yeast cells and re-transformed back into cells
of strain SYNL #9. The transformants were patched onto Leu-Trp- solid medium and
replica-plated onto 5-FOA solid medium. Growth on medium containing 5-FOA
indicated that the genomic insert on p366 9-8 does indeed alleviate synthetic lethality in
SYNL #9.
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Attempts to make a HIR3 single-gene plasmid were unsuccessful, likely due to the
size of this gene (the coding region alone is 4947 bp) and the attendant difficulties in
obtaining PCR amplicons of that size. Likewise, attempts at gap-repairing the
presumptive mutant sir3 allele from cells of the SYNL #9 strain were also unsuccessful.
However, genome-wide synthetic genetic array analysis performed by Allyson O’Donnell
identified hir3A as having deleterious genetic interactions with spt/6-E857K (O'Donnell
2004). This finding, combined with my observations that mutations in HIRI and HIR2
have deleterious genetic interactions with spt/6-E857K, strongly suggest that the
genomic mutation in SYNL #9 lies within HIR3.

3.2 Allele Specificity of Synthetic-Lethal Interactions

Following the identification of the four genes described above that, when mutated, have
synthetic-lethal interactions with spt/6-E857K, 1 decided to determine whether this
synthetic lethality is common to other mutant alleles of SPT16. As spt16-E857K was
identified in a screen for mutant alleles of SPT16 that cause a dominant Spt phenotype, I
tested other mutant alleles identified using this same approach. In addition, I tested alleles
identified using other phenotypes, such as temperature sensitivity, that do not all
demonstrate the Spt phenotype. Using a plasmid-shuffle approach, I transformed these
other plasmid-borne spt/6 mutant alleles into cells of several sptl6A4 strains containing
the chromosomal synthetic-lethal mutations and kept alive by the SPT16 plasmid
pSNLCDC(3). The resulting transformants were then spread on medium containing
galactose, incubated for colony growth, and assessed for cells lacking the SPT16 plasmid
using the same red-white screening procedure described above for the initial synthetic-
lethal screen. First I tested several sptl6 mutant alleles that were identified in the same
way as spt16-E857K: spt16-E763G, spt16-312 and spt16-319 (O'Donnell 2004). In
addition, the original spt16-G132D (cdc68-1) allele was examined, along with two
deletion mutants that are missing most, or all, of the NTD-coding sequence: sptl6-A(6-
435) and spt16-ANTD (O'Donnell et al. 2004). The results of these investigations (Figure
19) showed that not all of the tested sp¢/6 mutant alleles demonstrated the same pattern
of synthetic-lethal interactions. In fact, of the alleles tested, only spt/6-319 demonstrated
the same pattern of synthetic-lethal interactions as did spt16-E857K.
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SYNL #1 (hirl) SYNL #9 (hir3) SYNL #10 (hir2)  SYNL#16 (bur2)
TRP-  5-FOA TRP-  5-FOA TRP-  5-FOA TRP-  5-FOA

SPTi6
spti6-E763G
sptl6-312
sprl6-319
sptl6-(r132D
sptl 6-ANTD
spt]6-A(6-435)

vector

Figure 19. Synthetic lethality with mutant alleles of sp#16. Low-copy plasmids
containing various mutant alleles of sp?/6 were transformed into derivatives of strains
SYNL #1, #9, #10 and #16 lacking the spt16-E857K plasmid; transformants were patched
onto Trp- solid medium and replica-plated onto 5-FOA solid medium. Only spt/6-319
was found to be synthetic-lethal in any of the four strains; no growth was observed on the
5-FOA medium for spt16-319 transformants of any of the strains. The slight growth
observed for spt]6-319 transformants of SYNL #16 was likely due to the longer
incubation time required for this strain due to its slow growth; this slight growth,
however, was no greater than that of empty vector, indicating a synthetic-lethal
interaction with spt/6-319 in this strain.
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To expand the spectrum of spt/6 mutant alleles assessed, I similarly tested several
temperature-sensitive spt/6 mutant alleles from the Formosa lab: spt!6-4, sptl16-6, sptl6-
7, sptl6-8, spt16-9, sptl16-9a, spt16-9b, spt16-9c, spt16-11, spti6-12, sptl16-16a, and
sptl16-24 (Formosa et al. 2001). Again, several of these alleles demonstrated synthetic-
lethal interactions while others did not (Figure 20). The alleles that were synthetically
lethal in all four of my synthetic-lethal strains, with mutations in bur2, hirl, hir2, and
hir3, are sptl6-6, spt16-9, and sptl6-16a. Additionally, spt16-11 was found to be
synthetically lethal with the bur2 mutation, but not with any of the Air mutations.

Several of these spr/6 mutant alleles that were tested have point mutations that lie
very close to that of spt/6-E857K, and thus could be imagined to have a similar effect on
Spt16 protein function. This group includes spz/6-7, encoding the amino acid
substitutions T8481, T8491, and D850Y; spt!6-9a, encoding the amino acid substitutions
G836S and P838S; and sptl6-11, encoding the amino acid substitutions T828I and
P859S. Yet these alleles do not demonstrate the same pattern of synthetic-lethal
interactions as does spt/6-E857K. Both the spt16-E857K and spt16-319 (L804P, L9468,
T1004G) alleles, which demonstrate synthetic-lethal interactions with both the bur2 and
hir mutations, have a dominant Spt phenotype, suggesting that this phenotype may be
correlated with synthetic-lethal interactions for C-terminal mutations in the Spt16 protein.

Although the spt/6 mutant alleles from the Formosa lab (except spt!6-12) have
been shown to exhibit an Spt effect when they are the only version of SPT6 in the cell
(Formosa et al. 2001), it was not known whether the spt/6 mutant alleles from the
Formosa lab have a dominant Spt effect. To assess this, I transformed the plasmid-borne
spt16 mutant alleles from the Formosa lab into cells of two different Spt-reporter yeast
strains, both containing wild-type SPT76 in the chromosome, and assessed growth of the
transformants on solid medium lacking either histidine or lysine. Only those alleles with
mutations affecting the C-terminal portion of the Spt16 polypeptide (spt16-6, spt16-7,
spt16-9a and sptl16-11) were assessed in this way for dominant Spt effects, as an unbiased
screen of the entire SPT6 open reading frame yielded mutations affecting only this
portion of the protein (O'Donnell 2004). None of these spt/6 mutant alleles were found to
have a dominant Spt phenotype (Figure 21). Therefore, since sptl6-6 is synthetic-lethal
with mutations in BUR2 and in the HIR genes, yet does not have a dominant Spt
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SYNL #1 (hirl) SYNL #9 (hir3) SYNL #10 (hir2)  SYNL #16 (bur2)
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sptl6-4
sprl6-6
sptl6-7
sprl6-8
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sptl6-9¢
sptl6-11
spti6-12
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Figure 20. Synthetic lethality with the mutant spz16 alleles from the Formosa lab.
Low-copy plasmids containing various mutant alleles of spt/6 were transformed into
derivatives of strains SYNL #1, #9, #10 and #16 lacking the spt16-E857K plasmid,
transformants were patched onto Leu- Galactose solid medium and replica-plated onto
5-FOA solid medium. Only the spt16-6, spt16-9 and spti16-16a alleles were found to
cause synthetic lethality in all four strains; spt/6-11 was found to cause synthetic lethality
in SYNL #16 only. In addition, cells containing many of the alleles remained red on
galactose-containing medium, yet grew on 5-FOA-containing medium, a phenotype
particularly evident for the transformants of SYNL #16. This may be due to a slow-
growth phenotype resulting from the combination of the mutant allele of sp¢/6 and the
genomic mutation in each strain. Thus, on galactose-containing medium, those cells
which maintained the SP7/6 URA3 ADE3 plasmid grew more quickly than those cells
which no longer contained this plasmid; however, on 5-FOA medium, only the cells that
do not contain this plasmid were able to grow.
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AW11-9a FY2393

23°C 30°C 30°C
LEU-  HIS-  LYS- LEU HIS- LYS- LEU-  HIS- Gal

SPTI6
sptl6-6
sptl6-7

sptl 6-9a
sptl6-11
sptl6-4922
vector

spt16-E857K

Figure 21. Dominant Spt phenotype testing of C-terminal spz16 mutant alleles from
the Formosa lab. Low-copy plasmids containing the indicated spz/6 alleles were
transformed into cells of strains AW11-9a (reporter genes his4-9126 and lys2-1283) and
FY2393 (reporter gene pGAL-FLO8-HIS3, which contains the HIS3 coding sequence
fused downstream of the FLO8 internal promoter, but out of frame with the FLOS coding
sequence. Thus, HIS3 will only be expressed as functional mRNA when the internal
promoter of FLOS is active. In addition, the FLOS promoter was replaced by the GALI
promoter, which is activated only when galactose is used as a carbon source. Thus,
transcription across the FLOS internal promoter can be regulated.). The resulting
transformants were patched onto Leu- solid medium at 30°C, and replica-plated to the
indicated medium and incubated at either 23°C or 30°C. The sptl6-E857K plasmid was
used as a positive control for a dominant Spt phenotype, and an empty vector was used as
a negative control. None of the spt/6 mutant alleles from the Formosa lab with C-
terminal mutations produced a dominant Spt phenotype, as evidenced by the lack of
growth on medium lacking histidine or lysine for the AW11-9a transformants, or on His-
Galactose medium for the FY2393 transformants.
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phenotype, this Spt phenotype must not be essential for synthetic-lethal interactions
involving mutations in the C-terminal portion of Spt16. Thus, mutations affecting the C-
terminal portion of Spt16 may or may not demonstrate synthetic-lethal interactions
regardless of their ability to cause a dominant Spt effect.

The two point mutations in spt/6-11, causing the substitutions T828I and P859S,
flank the mutation in spt/6-E857K, and thus it is conceivable that these two different
spt16 mutant alleles may be impaired in similar processes. That spt/6-11 was found to
have a synthetic-lethal interaction with the bur2 mutation but not with the Air mutations
was therefore interesting, because a screen for mutations synthetic-lethal with spt16-11
that was similar to the one that I used for spz16-E857K identified mutations in the HIR
genes (Formosa et al. 2002), similar to the results of my investigations using sptl6-
E857K. Therefore, why did spt16-11 fail to show genetic interactions with the hirl, hir2,
and Ahir3 mutations in my experiments?

One potential explanation for this difference is that the Formosa-lab investigations
used a chromosomally integrated form of spt16-11, while my studies used a low-copy
plasmid-borne form of this allele; therefore, a modest increase in (plasmid-borne) sptl6-
11 gene copy-number, and the accompanying increase in protein abundance, may account
for the differences observed. Supporting this possibility, results obtained using hApc24
cells (Hpc2 is found in the same complex as the Hir proteins (Green et al. 2005,
Prochasson et al. 2005)) with either a low-copy spt{6-11 plasmid or an integrated form of
spt16-11 demonstrated more severe defects in the chromosomally integrated situation
(Formosa et al. 2002). A second idea is that the genetic backgrounds used for the two sets
of studies are different: my strains have the commonly used S288c genetic background,
while the Formosa-lab strains have the A364a genetic background. It is therefore possible
that a genetic polymorphism between these two strain backgrounds accounts for the
differences seen with respect to these synthetic genetic interactions. This is a reasonable
possibility, as there are reported instances of differences in the effects of a different
mutation assessed in these two genetic backgrounds (Schlesinger, Formosa 2000).
Additionally, since the two different synthetic-lethal screens under consideration here
introduced random mutations into the genome, there may be allele-dependent interactions

with respect to the mutations affecting the HIR genes in the two screens. Indeed, while
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the mutations in the HIR genes identified by the Formosa lab cause synthetic lethality
when combined with the spz/6-11 mutation, the HIR mutations identified in my screen do
not cause this synthetic lethality. Therefore, my HIR mutations may cause less severe
effects for the cell than those identified by the Formosa lab. In particular, my hir!
mutation is suppressed by low-copy HIR2, suggesting that the detrimental effect of this

mutation is mild.

To assess this last possibility, I replaced the HIRI open reading frame in my
synthetic-lethal starting strain with the natMX4 cassette, creating a Airl A strain. Into
these cells I then transformed the spt/6-11 mutant alleles from the Formosa lab. If the
reason I did not observe synthetic lethality between spt/6-11 and my original mutant
allele of hirl is a difference in the ‘severity’ of the Air/ mutant allele, then I would expect
to see deleterious genetic effects between sptl6-11 and hirl A. This is what I found: these
double-mutant cells did not grow as well as SPT16 cells, indicating a deleterious genetic
interaction between spt/6-11 and hirl A (Figure 22). Therefore, the Air/ mutation in my
SYNL #1 strain is less severe than a HIR! deletion, as more severe genetic interactions
exist in hirl A cells. However, in this test, the spt/6-11 allele did not display true
synthetic lethality in combination with Air/ 4. This lack of synthetic lethality between
sptl16-11 and hirl A indicates that the ‘severity’ of the Air/ mutation does not account
entirely for the differences observed between my results and those reported by the
Formosa lab. Therefore, a contribution may exist from the difference in dosage between
chromosomally integrated and low-copy plasmid-borne spt16-11 alleles, and/or the
difference in genetic background between A364a and S288c cells.

In addition to the spt/6-11 mutant allele, I also assessed the other alleles with
mutations affecting the C-terminal portion of the Spt16 polypeptide: spt16-6, spt16-7,
and sptl6-9a. Both spt16-6 and spt16-7 behaved the same way in this Airl A strain as they
did in my original SYNL #1 Air/ mutant strain; that is, spt/6-6 is synthetic-lethal with
hirl A, while spt16-7 is not (Figure 22). The spt16-9a mutant allele also demonstrated
synthetic lethality in the Air/ A strain, while no synthetic-lethal interaction was observed

with spt16-9a in my original SYNL #1 Air/ mutant strain. Thus, sp¢/6-11 and sptl6-9a
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sptl6-6
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Figure 22. Synthetic lethality between the Formosa spz16 mutant alleles and AiriA.
Double-mutant spt!64 hirlA cells containing an SPT16 URA3 plasmid were transformed
with low-copy LEU2Z plasmids containing the indicated spt/6 mutant alleles.
Transformants were patched onto Leu- solid medium and replica-plated to 5-FOA solid
medium to assess growth in the absence of the SPT76 URA3 plasmid. While both spt]6-6
and sptl6-9a were synthetic-lethal with hiri4, neither spt16-7 nor spt16-11 were
synthetic-lethal with hirid.
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both show a more severe deleterious interaction with hir! A than with the Airl point
mutation.

To gain a more detailed picture of mutant effects on the Spt16 protein, even more
spt16 mutant alleles were assessed for genetic interactions. A further characterization of
additional dominant Spt alleles isolated by Allyson O’Donnell (O'Donnell 2004) by a
former Honours student, Troy Perry, led to the identification of six novel alleles of SPT16
that provide essential function at 30°C: spt16-INM27 (a.k.a. spt16-L804P), spt16-AM21,
spt16-IM25, spt16-IM28, spt16-IM313, and spt16-ANM318 (Perry 2005). Most of these
alleles have several mutational changes; however, in each case a limited subset of these
mutations is responsible for the dominant Spt phenotype (Dr. Chris Barnes, Dept. of
Microbiology & Immunology, Dalhousie University, personal communication). An
undergraduate student whom I mentored, Rosemarie Kepkay, tested these mutant alleles
for synthetic-lethal interactions with the bur2 and Air mutations. All of these alleles,
except for sptl16-IM25, demonstrated synthetic lethality in combination with the
mutations in BUR2 and in each of the HIR genes. In contrast, the spt/6-IM25 allele
behaved much like the spt16-11 allele, in that it displayed synthetic-lethal interactions
with the bur2 mutation, but not with the Air mutations (Rosemarie Kepkay, unpublished
observations).

A comparison of the alleles that do demonstrate synthetic-lethal interactions
suggests that a limited region in the Spt16 protein may mediate some process that is
impaired in most of these mutants (Figure 23). There are only four alleles with synthetic-
lethal interactions that do not have mutations affecting this area: spt16-IM25, spt16-IM28,
sptl16-9 and sptl16-16a. The sptl6-IM25 and spt16-IM28 alleles were identified in the
screen for dominant Spt allele carried out by Allyson O’Donnell and characterized by
Troy Perry (O'Donnell 2004, Perry 2005). In both cases, the dominant Spt phenotype is
caused by the mutations in the C-terminal half of the protein, while the N-terminal
mutations alone lack an Spt phenotype (Chris Barnes, personal communication). Thus, it
1s possible that in these two alleles the C-terminal substitutions are also responsible for
the observed synthetic lethality with mutations in BUR2 and each of the HIR genes.

The spt16-9 and spt16-16a alleles were both identified by the Formosa lab as

causing temperature sensitivity in cells where they are the only version of SPT76
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Figure 23. Schematic of spt16 Mutant Alleles having Deleterious Genetic
Interactions with bur2 and hir Mutations. For cach mutant, the Spt16 protein is shown
as a grey box, with the approximate domain boundaries indicated by the dotted lines. The
asterisks indicate the locations of the amino acid substitutions in each of the Spt16 mutant
proteins encoded by each of the indicated mutant alleles.
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(Formosa et al. 2001). The spt16-16a allele encodes four substitutions, all located within
the dispensable N-terminal domain of the protein: R204W, A273V, C290V and D318N.
That this allele causes synthetic lethality is unexpected, as a mutant allele missing the
coding sequences for this entire domain, spt!6-ANTD, does not display synthetic-lethal
interactions. One possibility for the presence of synthetic-lethal interactions with spt16-
16a is the demonstrated instability of its protein product, which appears to be a general
property caused by many N-terminal point mutants of Spt16 (O'Donnell et al. 2004).
However, why this particular mutant allele demonstrates synthetic-lethal interactions,
while none of the other N-terminal point mutations do, is not fully explained by this
reasoning. Perhaps the mutational changes in the spt/6-16a allele do cause some
impairment in Spt16 protein function as well as causing protein instability. The spt16-9
allele contains the same mutation as cdc68-1 (G132D), as well as two other mutations:
(G836S and P838S. Although the two C-terminal mutations affect the same region of the
protein as do most of the other mutations that cause synthetic lethality, these two
mutations alone, in the spt/6-9a allele, do not demonstrate synthetic-lethal interactions
with any of the bur2 or hir mutations; similarly, the cdc68-1 allele also does not display
these synthetic-lethal interactions. Only when the three substitutions are combined does
synthetic lethality occur; perhaps the two C-terminal mutations on their own do not cause
a severe enough impairment to the protein, so that the additional instability provided by
the G132D substitution is required to decrease the amount of Spt16 protein in the cell.
This would help explain the observation that spt16-9a is not synthetic-lethal with a point
mutation in IR, but is synthetic-lethal with the more severe situation of a HIR!
deletion. This possibility is reinforced by the report that, while the spz]6-9a allele is not
temperature-sensitive and the spt/6-G132D allele is temperature-sensitive only above
34°C, the spt16-9 allele is temperature-sensitive above 32°C, suggesting that spt16-9 is
more severely impaired than either the spt16-G132D allele or the sptl6-9a allele
(Formosa et al. 2001).

33 Interactions with Histones and Histone Chaperones
Three of my initial four synthetic-lethal interactions with spt/6-E857K identified

members of the HIR family of genes. The products of these genes were initially
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characterized as regulators of histone gene expression (Osley, Lycan 1987, Sherwood,
Tsang & Osley 1993, Spector et al. 1997), acting as both co-repressors and co-activators,
and have recently been discovered to play a role as histone chaperones in replication-
independent nucleosome assembly (Green et al. 2005), which occurs following processes
that require the disassembly of nucleosomes, such as transcription. The synthetic lethality
between sprl6-E857K and mutations in the HIR genes could result from either or both of
these roles of the Hir proteins.

To determine whether alterations in histone expression could be a reason for the
observed synthetic lethality between spt/6-E857K and mutations in the HIR genes, 1
decided to determine the effects of directly altering histone abundance in cells containing
four mutant versions of SPT16. These include the spt16-E857K mutant allele that my
work focuses on, and three other alleles that were identified in the same manner as spt16-
E857K: spt16-E763G, spt16-312 and spt16-319 (O'Donnell 2004). These additional
alleles were employed in the allele-specificity tests described above, and I have shown
that spt16-319 demonstrates synthetic-lethal interactions with mutations in the HIR genes,
while spt16-E763G and spt16-312 do not. Therefore, if synthetic lethality with mutations
in the HIR genes is due to altered histone abundance, I may observe a similar pattern of
effects when histone levels are altered directly in cells with these sp?/6 mutations. In
addition, due to the recently identified histone-chaperone activity of the Hir proteins
(Green et al. 2005, Prochasson et al. 2005), I also decided to assess genetic interactions
with other genes whose protein products have been shown to function as histone
chaperones.

3.3.1 Alterations in Histone Gene Expression

Several investigations have indicated that alterations in histone gene abundance can affect
the growth of cells with mutations in SP776. Allyson O’Donnell’s SGA analysis found
that deletions in HHTI or HHF I, encoding histones H3 and H4, respectively, have
deleterious genetic interactions with several mutant versions of SPT16, specifically spt!6-
E857K and spti16-319 (O'Donnell 2004). Additionally, results obtained by the Formosa
lab indicate that spz/6-11 causes a growth impairment when the abundance of histones
H3 and H4 is decreased, or when the abundance of histones H2A and H2B is increased

(Formosa et al. 2002). To test whether histone overproduction has deleterious effects on
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the spt/6 mutations that I focused on, cells with chromosomal spt/6 mutations were
transformed with high-copy plasmids individually expressing the following histone gene
pairs: HTAI-HTB1 (encoding histones H2A and H2B), HHTI-HHF1 (encoding histones
H3 and H4), and HHT2-HHF? (the other gene pair encoding histones H3 and H4). Gene
expression from each of these pairs is co-ordinately regulated, and histone proteins are
found in vivo as heterodimers, rather than as free histone monomers.

Overexpression of either of the H3—H4 gene pairs from a high-copy plasmid
appeared to impair growth somewhat in a wild-type SPT16 strain; therefore, the H3-—H4
gene pairs were also tested using low-copy plasmids, which had no deleterious effects on
SPTI6 cells (Figure 24). No further growth impairment, beyond that seen in SPT6 cells,
was seen for any of the H3-H4 plasmids in either spt16-E857K or spt16-E763G cells. A
similar situation was observed for spt/6-312, as overexpression of any of the H3—H4
plasmids did not significantly alter the growth of these cells. A slightly different scenario
was observed with spt/6-319 cells: in these cells, overexpression of H3 and H4 appeared
to provide some alleviation of the spt16-319 temperature sensitivity. That overexpression
of H3 and H4 alleviates the temperature sensitivity of spt/6-319, but not that of spt16-
312, indicates that the defects in these strains are due to different impairments of the
Spt16 protein, much like the defects associated with the spt/6-E857K and spt16-E763G
mutations.

In contrast with the situation for overexpression of histones H3 and H4,
overexpression of histones H2A and H2B had no deleterious effects on cells containing
SPT16, and thus these histones were expressed from only a high-copy plasmid. This
overproduction of H2A and H2B also did not cause any growth impairment for spt/6-
E763G cells; in contrast, sptl16-E857K cells were significantly impaired for growth when
H2A and H2B were overexpressed (Figure 25). This finding is yet another illustration of
the differences in the behaviour between these two spt/6 mutants with respect to genetic
interactions. The growth of cells containing either spt/6-312 or spt16-319 was also
impaired when the expression of H2A and H2B was increased, although the inherent
temperature sensitivity of these strains meant that growth effects at 37°C could not be
assessed. Even so, the effect of histone overexpression on spt/6-312 appears to be less

deleterious than on spt/6-319, as growth impairment was evident for spt16-319 cells at
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Figure 24. Effect of overexpressing histones H3 and H4 in Y2454 SPT16, sptl6-
E763G, spt16-E857K, spt16-312 and spt16-319 cells. Ten-fold serial dilutions of
cultures of cells of spt/6 mutant derivatives of Y2454 were spotted onto Leu- solid
medium and grown at the indicated temperature for 4 days. pRKS = HHTI-HHF1 CEN;
pRK6 = HHTI-HHFI 2pm; pRK7 = HHT2-HHF2 CEN; pRKS8 = HHT2-HHF2 2pm.
(A)-(C) High-copy expression caused slight growth impairment at all temperatures tested;
low-copy expression did not have noticeable effects. (D) None of the histone-expression
plasmids alleviated the temperature sensitivity, and pRK7 caused growth impairment at
35°C. (E) At 35°C, each of the H3-H4 plasmids improved growth. At 37°C, only cells
containing the H3-H4 plasmids grew, with high-copy HHTI-HHFI and low-copy HHT2-
HHF?2 plasmids allowing the most growth.
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30°C 35°C 37°C

SPT16 [TRT1]
SPT16 [vector]
spt16-E763G [TRT1]
sptl 6-E763C [vector]
sptl 6-E857K [TRT1]
sptl 6-E857K [vector]
- spt16-312 [TRTI1]
sptl16-312 [vector]
spt16-319 [TRTI1]
spt16-319 [vector]

Figure 25. Functional interactions between spzl6 mutant alleles and H2A-H2B
(TRT1 locus) overexpression. Cells of strains described in Figure 24 were transformed
with a high-copy TRT1 plasmid containing the HTA1-HTBI locus or empty vector. Equal
numbers of cells were spotted in 10-fold serial dilutions onto Ura- solid medium, and
then incubated at the indicated temperature for 3 days. HTAI-HTBI overexpression did
not cause impaired growth in cells with SPT16 or spt16-E763G, but a strong deleterious
genetic interaction was seen in spt16-E857K and spt16-319 cells, even at 30°C. In
addition, the spt16-312 cells were growth-impaired at 35°C. Both the spt16-312 and
spt16-319 alleles themselves cause temperature sensitivity, explaining the poor growth of
these strains at high temperatures.
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30°C while none was observed for spt/6-312 cells until the temperature was raised to
35°C. Thus, while the overexpression of histones H3 and H4 did not cause significant
effects on cells containing any of the mutant forms of Spt16, the overexpression of H2A
and H2B had detrimental effects, the magnitude of which varied depending on the mutant
allele of SPT16.

There are several possibilities for why overexpression of the H2A-H2B gene pair
causes a deleterious effect on cells containing mutant forms of SPT16. One is that the
sheer abundance of the histone H2A-H2B heterodimer is detrimental to these cells;
another is that the perturbed ratio of the histone dimers H2A-H2B to H3-H4 is
detrimental. To determine which of these possibilities might explain the impaired growth,
growth was assessed for cells with two plasmids: one expressing H2A and H2B and the
-other expressing H3 and H4. If the sheer abundance of histones H2A and H2B is
detrimental, I would still expect to see impaired growth, whereas if an altered ratio of
histones is detrimental, cell growth might then be improved compared to that of cells
overexpressing only H2A and H2B. As shown in Figure 26, overexpression of both
histone pairs did not cause any detrimental effects in cells containing SP776, aside from
the very mild impairment observed when H3 and H4 are expressed from a high-copy
plasmid. Likewise, for spt16-E763G cells, which did not show any growth impairment
when H2A and H2B were over-expressed, co-overexpression of all four histones had no
effect on growth. In contrast, in the cases of spt/6-ES857K, sptl16-312 and spt16-319,
overexpression of the H3—H4 gene pair alleviated the growth impairment observed when
H2A and H2B are overproduced in these cells. Thus, restoring a balance between the
relative expression levels of histones H2A and H2B and those of histones H3 and H4
alleviates the growth impairment observed when the expression of the H2A-H2B gene
pair is increased. This finding indicates that it may be the ratio of histones that affects
cells with mutations in SPT16, rather than the sheer abundance of the histone proteins.

To provide more evidence that it is indeed the ratio of histones that affects the
growth of cells with mutations in SPT16, I assessed whether synthetic interactions occur
in cells that contain spt/6-E857K and a deletion of either HHTI or HHF I, which encode
histones H3 and H4, respectively. Allyson O’Donnell reported a synthetic slow-growth
effect between spt/6-E857K and hhtl 4, as indicated by random-spore analysis
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Figure 26. Effect of overexpressing all four histones in sp776 mutant cells. Ten-fold
serial dilutions of transformant cells were spotted onto Leu-Ura- solid medium and grown
at the indicated temperature for 3 days. All cells contained the HTA/-HTB1 (TRTI)
plasmid and pRKS5 (HHTI1-HHFI CEN), pRK6 (HHT1-HHF] 2um), pRK7 (HHT2-
HHF?2 CEN), pRK8 (HHT2-HHF2 2pm), or a vector control. All of the spt/6 mutant
transformants containing high-copy empty vector grew better than those containing low-
copy, perhaps due to increased production of leucine. However, for all of the strains that
were impaired by the overexpression of histones H2A and H2B, co-overexpression of
histones H3 and H4 alleviated this impairment.
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(O'Donnell 2004); to more fully assess these potential interactions, I decided to use tetrad
analysis. The interactions between these histone-gene deletions and spt/6-E763G were
also assessed, to provide two mutant alleles of SP776 with which to compare the results
of histone-gene deletions with histone overproduction. If the ratio of histones is the
important factor, then both the spr16-E857K allele and the spt16-E763G allele should
exhibit similar results when combined with H3 or H4 gene deletions as they did when
histones H2A and H2B were overproduced. That is, spt!/6-E857K should show impaired
growth when combined with a deletion of either HHT! or HHF 1, while spt16-E763G
should show no difference in growth in either situation. Indeed, slight growth impairment

was observed for the sptl6-E857K hhtl A double mutants, but not for the spt/6-E857K

hhfl A double mutants (Figure 27). No such growth impairment was observed for either of
the spt16-E763G double mutants. That a genetic interaction exists between spt16-E857K
and hhtl A, but not hhf1 A, does not make immediate sense, as I would expect these two
deletions to perturb the histone balance similarly. However, it is evident that the HHT]
deletion affects cells differently than the HHFI deletion.

These results reflect those observed when histones H2A and H2B are
overproduced in cells containing either spt16-E857K or sptl16-E763G. However, the
growth impairment seen for spt/6-E857K hhtl A double mutants was not as severe as that
seen for overexpression of the H2A-H2B gene pair in sptl16-E857K cells. One
interpretation of these results is that the deletion of one of the two genes encoding H3
does not perturb the ratio of histones as severely as does the expression of histones H2A
and H2B from a high-copy plasmid. Thus, while some alteration in the ratio of histone
proteins may exist in hht1 A cells, this perturbation is not as great as that which exists in
cells overproducing H2A and H2B. Therefore, the deleterious effects observed between
spt16-E857K and either of the histone-gene deletions would not be as severe as those
observed when H2A and H2B are overproduced. While both situations reflect the effects
of altering the ratio between H2A-H2B dimers and H3-H4 dimers, the degree of
perturbation in this ratio may influence the degree of impairment observed.

There are several possibilities that could explain these observations with altered
histone abundance. One such interpretation is that overproduction of histones H2A and

H2B might titrate away a histone chaperone that binds to these histones, thereby
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hhflA
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Figure 27. Deleterious genetic interactions exist between spt16-E857K and hhtlA,
but not between sptl6-E857K and hhflA. Single and double mutants were grown in
liquid culture, and 10-fold serial dilutions were spotted onto YEPD solid medium and
were incubated at the indicated temperatures for 3 days. The sptl6-E857K hht14 double-
mutant cells grew more poorly at high temperatures than either single mutant, indicating
a deleterious genetic interaction. No such interaction was observed between spt/6-E857K
and hhfl14, indicating that these two histone-gene deletions affect cells in different ways.
The hhf1 4 single-mutant cells were also more impaired than the Akt] A single mutants,
which supports the hypothesis that these two mutations have different effects on the cell.
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impeding this chaperone from performing additional functions. Presumably this histone
chaperone would carry out a function that partially overlaps with a function of Spt16,
such that titration of this histone chaperone can be tolerated in normal Spt16 cells, but is
deleterious to cells containing mutant versions of Spt16. Overproduction of all four
histones would provide free H3-H4 tetramers in the nucleus, to which the excess H2A—-
H2B dimers could bind to form octamers, thereby freeing this putative histone chaperone
to do its normal function. However, it remains unclear whether free histone octamers are
formed in the cell. Another drawback to this interpretation is that it does not readily
explain the detrimental effects of decreased H3, as normal levels of H2ZA-H2B dimers
would presumably be present in these cells. Therefore, if this interpretation of the
mechanism of histone-overexpression effects holds true, the effects of histone-gene
deletions must be explained in a different fashion.

Another interpretation is that increased amounts of histones H2A and H2B in the
cell result in an imbalance of histones in the nucleus. Like all proteins, histone proteins
are made in the cytoplasm, and therefore must be imported into the nucleus. Napl, a
histone chaperone, has been shown to aid in the nuclear import of histones H2A and H2B
(Mosammaparast, Ewart & Pemberton 2002), but the full picture of histone import is
more complex than that. Several studies that have focused on nuclear import of histones
have identified several karyopherins that mediate the import of the four histone proteins.
Different mechanisms appear to exist for the import of histones H2A and H2B and for
that of H3 and H4, although there is some overlap in the proteins used. There appear to be
two pathways for the import of H2A and H2B, the primary pathway mediated by
Kap114, and the other mediated by Kap121 and Kap123 (Greiner, Caesar & Schlenstedt
2004, Mosammaparast et al. 2001). In contrast, only one pathway appears to mediate the
import of H3 and H4: that mediated by Kap121 and Kap123 (Greiner, Caesar &
Schlenstedt 2004, Mosammaparast et al. 2002). In both situations, additional karyopherin
proteins have been suggested to play minor roles (Greiner, Caesar & Schlenstedt 2004,
Mosammaparast et al. 2001, Mosammaparast et al. 2002).

It 1s therefore possible that, since some of the same proteins are required to
transport all four histones into the nucleus, a large increase in the amount of histones

H2A and H2B might result in a decreased amount of nucleus-localized histones H3 and
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H4. A large increase in the amount of H2A and H2B may overwhelm the Kap114-
mediated import pathway, such that the excess H2A-H2B dimers also use the Kap121-—
Kap123 import pathway, thereby excluding H3 and H4 from the nucleus through
competition effects. Since H3—H4 tetramers form the ‘core’ of nucleosomes, with two
H2A-H2B dimers on either side (Luger et al. 1997, White, Suto & Luger 2001), it is
possible that decreased amounts of available H3 and H4 could be more detrimental to
cells than decreased amounts of H2A and H2B. Nucleosome assembly occurs in a
stepwise process, with the deposition of H3—H4 tetramers occurring prior to the
deposition of H2A-H2B dimers (Smith, Stillman 1991, Worcel, Han & Wong 1978).
Results of in vitro studies indicate that it may be possible to form ‘minimal’ nucleosomes
by wrapping DNA around an H3—H4 tetramer, but that an analogous structure is not
formed by H2A-H2B dimers (Camerini-Otero, Felsenfeld 1977, Jorcano, Ruiz-Carrillo
1979, Ruiz-Carrillo et al. 1979). This potential ability to incorporate H3—H4 tetramers,
but not H2ZA-H2B dimers, would explain the detrimental effects observed when H2A and
H2B were overproduced, but not when H3 and H4 were. In addition, H3 and H4 do not
appear to use the Kap114 pathway for nuclear import (Greiner, Caesar & Schlenstedt
2004, Mosammaparast et al. 2002), leaving this pathway available to import H2A-H2B
dimers even when H3 and H4 are present in excess. When all four histones were
overproduced, similar amounts of histone protein would be available in the cytoplasm for
nuclear import, the Kap121-Kap123 pathway can again transport histones H3 and H4,
and the balance of nucleus-localized histones might be restored, thereby also restoring
proper chromatin structure. Thus, somehow, this decrease in nucleus-localized H3 and
H4 is deleterious only to cells with certain mutations in SPT16. Perhaps impaired
nucleosome reassembly in cells with spt/6 mutations, combined with a general decrease
in the ability to form proper nucleosomes, leads to chromatin that is so improperly
packaged that the cell is compromised for growth.

Unlike the first interpretation presented, this view does explain the deleterious
effects of deletion of HHT1, as these cells would also contain decreased amounts of H3
and H4 in the nucleus and would therefore be impaired in a similar manner as cells

overproducing H2A and H2B. I therefore favour the competitive-import hypothesis.
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3.3.2 Genetic Interactions with Histone Chaperones

As noted above, the Hir proteins, already known to have genetic interactions with spt/6-
E857K, are components of a histone chaperone (here termed HirC) involved in
replication-independent nucleosome reassembly (Green et al. 2005, Prochasson et al.
2005). In fact, a deletion of any of HIR1, HIR2 or HIR3 exhibits synthetic-lethal
interactions in combination with spt/6-E857K. However, the Hir complex is not the only
histone chaperone in yeast; in fact, several other such proteins exist. FACT itself, of
which Spt16 is a component, has been characterized as a histone chaperone that removes
H2A-H2B dimers from nucleosomes and also reassembles intact nucleosomes
(Belotserkovskaya et al. 2003, Orphanides et al. 1999, Rhoades, Ruone & Formosa
2004). Another histone chaperone is Chromatin Assembly Factor 1 (CAF-1), which
participates in nucleosome assembly during DNA replication (Smith, Stillman 1989). In
contrast to what is seen for the Hir complex (HirC), a deletion of any of the genes
encoding CAF-1 subunits (CACI, CAC2 or CAC3) does not produce obvious growth
effects in combination with spt/6-E857K (O'Donnell 2004). Therefore, not all histone
chaperones have genetic interactions with the spt/6-E857K mutation. To determine
whether the deleterious genetic interactions seen with mutations in the HIR genes are
limited to this HirC histone chaperone, I assessed whether similar genetic interactions
exist between spr/6-E857K and deletions of genes encoding other histone chaperones,
such as Vps75, Napl, Spt6, Rtt106 and Asfl.

3.3.2.1 Interactions Between spt16-E857K and asf1A

The Asfl protein is a chaperone for histones H3 and H4 (English et al. 2005) and is
involved in many processes requiring alterations in chromatin structure. Asfl has been
shown to participate in chromatin assembly following DNA replication (Franco et al.
2005, Tyler et al. 1999) and DNA repair (Emili et al. 2001, Le et al. 1997), aids in the
establishment of silenced chromatin (Le et al. 1997, Singer et al. 1998) and is involved in
both chromatin disassembly and reassembly during transcription (Schwabish, Struhl
2006). High-throughput SGA analysis has suggested a genetic interaction between spt16-
E857K and asflA (O'Donnell 2004), but this observation was not confirmed directly
using tetrad analysis. Therefore, to assess here whether a genetic interaction exists

between ASF1 and SPT16, tetrad analysis was carried out. Cells containing the spt16-



107

E857K mutation were crossed with asf]4 cells. The resulting diploids were sporulated,
and the haploid spore products assessed for growth ability. This analysis showed that the
spt16-E857K asflA double-mutant cells do indeed display a slow-growth phenotype that
was not exhibited by either single mutant (Figure 28). To ensure that this slow growth
was not a result of delayed germination, serial-dilution spot testing was performed for
both parental strains and two of these double-mutant segregants. This analysis
demonstrated that, although there was little difference in growth between asf1 A cells and
sptl16-E857K asfl A double-mutant cells at 30°C, the spt16-E857K asf1 A double mutants
exhibited synthetic temperature sensitivity at the higher growth temperatures of 35°C and
37°C (Figure 28).

The role of Asfl in replication-dependent chromatin assembly involves protein
interactions with the Cac2 subunit of the CAF-1 complex, and Asfl stimulates CAF-1
activity (Tyler et al. 1999, Tyler et al. 2001), while Asfl function in replication-
independent chromatin assembly involves protein interactions with the Hir complex
(Green et al. 2005). The replication-dependent chromatin-assembly role of Asfl is likely
not important in this genetic interaction with spz16-E857K, as there are no genetic
interactions between spt/6-E857K and deletions of genes encoding the CAF-1 subunits.
It is therefore possible that the role of Asfl that is important for its genetic interaction
with spt16-E857K is its role in replication-independent chromatin assembly, especially
considering that all three HIR genes also demonstrate genetic interactions with spti6-
E857K. One possible mechanism in the genetic interaction between spt/6-E857K and
asfl4 is the absence of the Asf1-HirC interaction, and the resulting decreased activity of
HirC (Green et al. 2005). The observation that a deletion of ASF/ results in synthetic
slow growth, whereas a deletion in any of the HIR genes results in synthetic lethality, is
consistent with this explanation, as the loss of Asfl results in decreased but measurable
HirC activity rather than a completely non-functional HirC.

To test whether the loss of Asf1-HirC interaction is responsible for the observed
genetic interaction with spt/6-E857K, 1 used a plasmid-borne mutant form of ASF! (asfl-
H36A4AD374, referred to here as asf1-36/37-AA). This asf] mutant allele produces an Asfl
protein that is impaired for HirC binding, yet retains its own intrinsic histone-binding and

-deposition activities (Daganzo et al. 2003, Green et al. 2005). If the synthetic impairment
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Figure 28. Deleterious genetic interactions exist between spt16-E857K and asfiA.
A) Diploid cells heterozygous for both the spt/6-E857K and asf1 A mutations were
sporulated and tetrad analysis was carried out. The spt/6-E857K asf14 double-mutant
segregants are highlighted by white boxes. In all cases, these segregants grew more
slowly than did segregants of either parental type. B) Ten-fold serial dilutions of two
different spt16-E857K asfiA double-mutant segregants were spotted onto YEPD solid
medium, along with both parental strains, and incubated at the indicated temperatures.
The double mutants exhibited significant inhibition of growth, particularly at 35°C and
37°C.



109

between spt16-E857K and asf] A is a result of the loss of the Asfl contribution to HirC
activity, then the presence of this plasmid-borne asf7 mutant allele should not improve
the growth of these double-mutant cells. On the other hand, if the synthetic impairment
between spt16-E857K and asfl A is a result of some other function of Asfl, then this
plasmid-borne asfl mutant allele might well improve the growth of these double-mutant
cells. Transformants were obtained, and serial-dilution spot testing was performed to
determine whether differences in growth could be observed. In fact, the asf1-36/37-44
plasmid was able to improve the growth of spt16-E857K asfl A cells to the same degree
as an ASFI plasmid (Figure 29). This finding suggests that the physical interaction
between Asfl and the Hir complex is not a determining factor in the genetic interactions
between spt16-E857K and asfl 4, as the Asf1-36/37-AA mutant protein is unable to make
this physical interaction, yet restores good growth to spt16-E857K asf1 A double-mutant
cells. Thus, another role of Asfl, outside of its roles with either CAF-1 or HirC, must be
responsible for the observed genetic interactions with sptl6-E857K.

3.3.2.2 Interactions Between spt16-E857K and rtt106A4

The Rtt106 protein is a recently identified histone chaperone; mutations in the RT7T106
gene cause defects in transcriptional silencing and increased mobility of the Tyl
transposon (Huang et al. 2005, Scholes et al. 2001). Binding studies have shown that
Rtt106, like the Asfl protein, binds to histones H3 and H4 and also to one of the CAF-1
subunits, Cacl (Huang et al. 2005). While little is known about the cellular functions of
Rtt106, its proposed role as a histone chaperone and its Asfl-like binding properties
warranted its direct testing for genetic interactions with spt16-E857K. High-throughput
SGA analysis has suggested a genetic interaction between spt/6-E857K and rtt1064
(O'Donnell 2004); however, this result was not confirmed directly using tetrad analysis.
To assess whether a genetic interaction exists between RT7706 and SPTI6, tetrad
analysis was carried out. Cells containing the spt/6-E857K mutation were crossed with
rtt106 4 cells, the resulting diploids were sporulated, and the haploid spore products
assessed for growth defects. The spt16-E857K rtt106A double-mutant cells did indeed
display a slow-growth phenotype that was not exhibited by either single mutant (Figure
30). To ensure that this slow growth was not a result of delayed spore germination, all of

the segregants were patched, and replica-plated for growth at several temperatures. This
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Figure 29. asf1-36/37-AA alleviates growth defects of asfiA spt16-E857K double-
mutant cells. Ten-fold serial dilutions of double-mutant cells carrying low-copy ASF 1,
asf1-36/37-AA, or SPT16 plasmids, or empty vector were spotted onto Ura- solid medium
and incubated at the indicated temperatures for 3 days. All three gene-containing
plasmids restored growth at high temperatures. However, both the ASF/ and the asf-
36/37-AA plasmids allowed slightly better growth at 37°C than did the SPT16 plasmid, as
asfl4 cells exhibit slight temperature sensitivity that is not suppressed by SPT16. The
restoration of growth by asf1-36/37-AA indicates that the loss of a physical interaction
between HirC and Asfl is not involved in the deleterious genetic interaction between
asflA and spt16-ES857K.
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A)
Tetrads 23°C 30°C 37°C

B)
Tetrads 23°C 37°C

Figure 30. Deleterious genetic interactions between spt16-E857K and rtt1064, but
not between spt16-E763G and rtt106A4. A) Diploid cells heterozygous for spt16-E857K
and r7¢1064 were sporulated, and tetrad analysis was carried out. The spt16-E857K
rtt1064 double-mutant segregants are outlined by the white circles. All segregants were
patched in the same pattern onto YEPD solid medium at 23°C, and replica-plated to
YEPD for incubation at 23°C, 30°C, and 37°C. The slow growth of the double-mutant
cells was exacerbated at higher temperatures, showing virtually no growth at 37°C. Thus,
a deleterious genetic interaction exists between spt/6-E857K and rtt1064. B) Tetrad
analysis and patch plating were performed for a cross between spt/6-E763G and rtt1064,
as described for spt16-E857K and rtt1064. In this situation, the double-mutant cells did
not exhibit poor growth at 23°C or 37°C. Therefore, no synthetic genetic interaction
exists between spt16-E763G and r1t1064.
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analysis demonstrated that, although spt/6-E857K rtt106A double-mutant cells grow
fairly normally at 23°C, these sptl6-E857K rtt1064 double mutants show poor growth at
30°C, and exhibit severe temperature sensitivity at the higher temperatures of 35°C and
37°C (Figure 30). Therefore, the Rtt106 histone chaperone behaves in a manner similar to
that of the Asfl histone chaperone, at least at the level of genetic interactions between
deletions of their respective genes and the spt/6-E857K mutant allele.

In contrast, the sptl16-E763G mutant allele gave different effects. Unlike the
impaired growth observed with the spt/6-E857K mutant allele, no genetic interaction was
observed between sptl6-E763G and rtt1064, even when the cells were grown at high
temperatures (Figure 30). Thus, a deleterious genetic interaction with r#t/06A4 is not
common to all mutant alleles of SPT16.
3.3.2.3 Interactions Between spt16 and spt6
The Spt6 protein has also been characterized as a histone chaperone, and is thought to
participate in a process similar to that of FACT during transcription. Like FACT, Spt6
plays a part in maintaining chromatin structure, and mutations in the SPT6 gene cause
phenotypes consistent with impaired chromatin reassembly following transcription
(Adkins, Tyler 2006, Kaplan, Holland & Winston 2005). The Spt6 protein has been
shown to directly interact with histones, primarily with histone H3, and thus may
function as a chaperone for H3-H4 tetramers (Bortvin, Winston 1996). Like SPT/6 itself,
SPT6 is an essential gene, and therefore the effects of a gene deletion cannot be readily
analysed. Therefore, two mutant alleles of this gene, spt6-140 and spz6-1004, were used
in my investigations. The sp?6-140 allele was originally isolated by virtue of its Spt
phenotype (Winston et al. 1984), and was found to cause temperature sensitivity for
growth at 37°C (Clark-Adams, Winston 1987). While Spt6 has a role in transcription
elongation, spt6-140 causes no sensitivity to 6-azauracil, a compound that interferes with
transcription elongation (Hartzog et al. 1998). The spt6-1004 allele contains an internal
deletion removing coding sequences for amino acid residues 931-994 (Kaplan, Holland &
Winston 2005). Like spt6-140, spt6-1004 causes an Spt phenotype and is temperature
sensitive at 37°C (Kaplan, Holland & Winston 2005, Kaplan, Laprade & Winston 2003).

In addition, both of these mutant alleles have been characterized to cause defects in
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nucleosome reassembly following transcription (Adkins, Tyler 2006, Kaplan, Holland &
Winston 2005).

Double-mutant cells were generated that contained one of these sp?6 mutations in
combination with sptl6-E857K. Both the spt16-E857K spt6-140 double mutants and the
spt16-E857K spt6-1004 double mutants demonstrated increased temperature sensitivity
compared to any of the single mutants, indicating that genetic interactions exist between
the spz6 mutations and spt16-E857K (Figure 31). Also, to determine whether DNA
replication may also be affected by these mutations, the double mutants were examined
for sensitivity to hydroxyurea. Hydroxyurea-sensitivity was observed for the sptl6-
E857K spt6-1004 double-mutant cells, suggesting effects on DNA replication. However,
an analogous sensitivity was not evident for the spt/6-E857K spt6-140 double mutants,
indicating a difference between the two mutant alleles of SPT6 (Figure 31).

Similar analysis using the spt/6-E763G mutant allele also demonstrated increased
temperature sensitivity among the double-mutant cells compared to any of the single
mutants (Figure 31). Neither the spt16-E763G spt6-140 double mutants nor the spt/6-
E763G spt6-1004 double mutants displayed sensitivity to hydroxyurea, unlike what was
observed with the spt/6-E857K spt6-1004 double mutants (Figure 31). Thus, while
deleterious genetic interactions with these mutant alleles of SPT6 are common to both
mutations in SPT6 tested, differences exist between the behaviour of spt/6-E857K
double mutants and spt/6-E763G double mutants, indicating somewhat different effects
in these cells.
3.3.2.4 Interactions Between spt16-E763G and napl A
The Nap1 protein is yet another histone chaperone protein, which, like many other
histone chaperones, can facilitate nucleosome assembly in vitro (Mazurkiewicz, Kepert &
Rippe 2006). Unlike many other histone chaperones, however, Nap1 has been shown to
shuttle between the nucleus and cytosol (Miyaji-Yamaguchi et al. 2003). Although in
vitro studies using Nap1 from several species, including yeast, have shown preferential
binding to histones H3 and H4, in vivo studies have also shown interactions with H2A-
H2B dimers (Park, Luger 2006). In addition, Nap1 has been shown to be involved in the
nuclear import of histones H2A and H2B through associations with the karyopherin,
Kap114 (Mosammaparast, Ewart & Pemberton 2002). Thus, while the exact role(s) of
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Figure 31. Deleterious genetic interactions between spr16-E763G or spt16-E857K and
spt6. Replica plates of single and double mutants were grown under the indicated
conditions overnight (2 days for hydroxyurea [HU] plates at 30°C). While both spt16-
E763G and spt16-E857K have deleterious genetic interactions with both sp#6 alleles, only
the spt16-E857K spt6-1004 double mutants demonstrated synthetic hydroxyurea
sensitivity. This may indicate that while different spz76 mutations can cause deleterious
genetic interactions with mutations in SPT6, there are differences between the spt]6-
E763G and spt16-E857K alleles, and between the two spt6 mutant alleles.
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Nap1 remain unclear, in vitro transcription studies have shown that Nap1, like FACT, is
able to disassociate one H2A-H2B dimer from a nucleosome encountered by elongating
RNAPII (Levchenko, Jackson 2004).

To assess whether a genetic interaction exists between NAPI and SPT16, tetrad
analysis was carried out. Cells containing the spt16-E857K mutation were crossed with
naplA cells, the resulting diploids were sporulated, and the haploid spore products
assessed for growth defects. No deleterious genetic interaction was observed between
sptl16-E857K and naplA, even when the cells were grown at high temperatures (Figure
32). In contrast, the sptl6-E763G napl A double mutants did exhibit temperature
sensitivity that was not shown by either single mutant (Figure 32). The segregants from
this cross were patched, and replica-plated for growth at several temperatures. This
analysis demonstrated that, although spt/6-E763G napl A double-mutant cells grow fairly
normally at 23°C and 30°C, these cells exhibit severe temperature sensitivity at the higher
temperatures of 37°C and 39°C (Figure 32). Therefore, a deleterious genetic interaction
with nap 4 is not common to all mutant alleles of SPT16.

This is one of the few instances where I have observed a deleterious genetic
interaction using spt16-E763G, yet have not seen a similar interaction with spt/6-E857K.
Because of this unusual situation, allele identities were verified by sequencing the SPT16
gene to confirm that the sptl6-E763G mutation was indeed present in these cells. While
spt16-E763G-specific genetic interactions have been observed using SGA analysis, most
of the gene deletions in this set encode proteins involved in vesicular transport, rather
than direct chromatin-related processes (O'Donnell 2004). However, of the transcription-
related gene deletions identified by SGA analysis of spt16-E763G, only one, cdc734, is
common to the set obtained for spt/6-E857K. My findings with nap A therefore support
the idea that while spt/6-E763G has an effect on Spt16 function during transcription, this
effect is different than that of spt16-E857K.
3.3.2.5 Interactions Between spt16 and vps754
Vps75 was recently identified as a histone chaperone that shares similarity with Nap1 and
its homologues from other species (Selth, Svejstrup 2007). Unlike Nap1, which is
thought to shuttle between the nucleus and cytosol, Vps75 is found primarily in the

nucleus (Huh et al. 2003). In addition, ir vitro binding experiments have demonstrated
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A)
Tetrads 30°C 37°C 39°C

B)
Tetrads 30°C 37°C 39°C

Figure 32. No deleterious genetic interaction between spt16-E857K and naplA, but a
deleterious genetic interaction does exist between spt16-E763G and naplA. A) All
segregants from tetrad analysis of a diploid heterozygous for spt/6-E857K and nap1 A4
were patched in the same pattern onto YEPD solid medium at 30°C, and replica-plated to
YEPD for incubation at 30°C, 37°C and 39°C. The double-mutant segregants (outlined
by circles) grew no differently than either single mutant at any of the temperatures. B)
The same analysis was performed for the segregants of a cross between spt/6-E763G and
naplA. The double-mutant segregants displayed temperature-sensitive growth, growing
well at 30°C but poorly at 37°C and 39°C.
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that Vps75 has preference for H3—H4 tetramers over H2A-H2B dimers (Selth, Svejstrup
2007). Because of the similarity to Nap1, I decided to examine whether genetic
interactions exist between VPS75 and SPT16.

To assess whether a genetic interaction exists, tetrad analysis was carried out.
Cells containing the spt/6-E857K mutation were crossed with vps75A4 cells, the resulting
diploids were sporulated, and the haploid spore products assessed for growth defects.
This analysis produced spt!6-E857K vps754 double-mutant haploids that grew either
reasonably well or quite poorly, suggesting the presence of an unmarked mutation that is
affecting the growth rate (Figure 33). This prospective unmarked mutation either
functions as a suppressor, masking the deleterious genetic interaction between spt6-
E857K and vps754, or as an enhancer, increasing the severity of the genetic interaction
between spt16-E857K and vps75A. Thus, while a deleterious genetic interaction may
exist between these two mutations, it is difficult to determine the extent of this interaction
without further investigations.

A similar situation arose in the analysis of spt16-E763G vps754 double-mutant
segregants, although the poorly growing double-mutant segregants from this cross were
not as impaired as the poorly growing spt16-E857K vps754 double mutants (Figure 34).
Thus, if there is a deleterious genetic interaction between spt16-E763G and vps754, this
interaction is less severe than that of spt/6-E857K. This is in sharp contrast to the results
observed with napi A cells, which show a deleterious genetic interaction only with spt/6-
E763G. Thus, although Vps75 shares homology with Nap1 (Selth, Svejstrup 2007),
deletions of VPS75 and NAPI behave differently when combined with spt/6-E763G or
spt16-E857K, indicating different roles for the Vps75 and Nap] proteins.

Thus, both spt16-E857K and spt16-E763G demonstrate deleterious genetic
interactions with mutations in genes encoding histone chaperones, indicating a functional
overlap between Spt16 and other histone chaperones. These studies have also shown that
the E857K and E763G substitutions affects different aspects of Spt16 function, since
spt16-E857K cells have deleterious genetic interactions with mutations in different
histone chaperone genes than spt/6-E763G cells. The napl A findings are of particular
interest, since Napl and Spt16, unlike other histone chaperones, both mediate the

removal of H2A-H2B dimers during transcription (Belotserkovskaya et al. 2003,
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Tetrads 30°C 37°C

Figure 33. Lack of deleterious genetic interactions between spt16-E857K and vps754.
Diploid cells heterozygous for spz/6-ES857K and vps754 were sporulated, and tetrad
analysis was carried out. The sptl6-E857K G418-resistant (kanMX4) double-mutant
segregants are outlined by the white circles, and all segregants were patched in the same
pattern for analysis of growth at 30°C and 37°C. Further analysis showed that two
kanMX4 cassettes segregated in this cross; therefore, PCR analysis was performed on six
of the double mutants (1D, 2C, 8B, 11D, 12A and 13A) to determine which contain
vps754::kanMX4. All six were found to have this deletion/replacement. As half of these
double-mutant cells grew more poorly than either single mutant, while the other half had
no observable growth defects, it is difficult to determine whether a growth impairment
exists between spt16-E857K and vps754.
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Tetrads 30°C 37°C

Figure 34. Lack of deleterious genetic interactions between spt16-E763G and vps754.
Diploid cells heterozygous for spt16-E763G and vps754 were sporulated, and tetrad
analysis was carried out. The spt!6-E763G G418-resistant (kanMX4) double-mutant
segregants are outlined by the white circles, and all segregants were patched in the same
pattern for analysis of growth at 30°C and 37°C. Further analysis showed that two
kanMX4 cassettes segregated in this cross; therefore, PCR analysis was performed on six
of the double mutants (1C, 8C, 10D, 14A, 14C and 15C) to determine which contain
vps754: :kanMX4. All six were found to have this deletion/replacement. Some of these
double-mutant cells grew more poorly than either single mutant, but this poor growth is
not limited to the double mutants and not all double mutants grow poorly. Therefore,
there is no growth impairment between spt6-E763G and vps754.
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Levchenko, Jackson & Jackson 2005, Levchenko, Jackson 2004, Lorch, Maier-Davis &
Kornberg 2006). That spt16-ES857K napA cells do not exhibit any deleterious genetic
interactions suggests that Spt16 and Nap1 mediate a common process, and that this
process is impaired by the E857K substitution. The deleterious genetic interaction that
exists between spt16-E763G and napl4 would therefore mean that the E763G
substitution does not affect this common process. I have shown that Spt16-E857K co-
immunoprecipitates histone H2B less effectively than normal Spt16, whereas Spt16-
E763G shows no impairment (described below in Section 3.7.2.1). Thus, perhaps the
spt16-E857K mutation encodes a version of Spt16 with impaired histone chaperone
activity for H2A-H2B dimers, thereby affecting the same ‘pathway’ as a deletion of
NAPI. This may explain the observed deleterious genetic interactions between spt!6-
E857K and deletions of genes encoding other histone chaperone such as Asfl and Rtt106,
which have binding preference for histones H3 and H4 (English et al. 2005, Huang et al.

2005), as these mutations would affect different functional pathways.

3.4  Genetic Interactions with Transcription Elongation Components

The existence of two distinct groups of spt/6 mutant alleles with respect to genetic

- interactions led to further investigations of two of these alleles: the spt16-E763G and
spt16-E857K mutations. These mutations were chosen because they are single point
mutations that represent the two ‘classes’ of spt/6 alleles with respect to genetic
interactions with BUR2 and the HIR genes.

A Synthetic Genetic Array (SGA) analysis had already been performed using
chromosomally integrated forms of these alleles to obtain a more complete set of
synthetic interactions (O'Donnell 2004). SGA analysis using the spt/6-E763G allele
yielded a different, virtually non-overlapping, set of genetic interactions compared to
those found for spt16-E857K, suggesting that FACT mutations with the same initial
phenotype can lead to radically different requirements for other gene products (O'Donnell
2004). However, the absence from these SGA results of certain synthetic-lethal
interactions for spt/6-E857K, such as that shown here for 4iri4, indicated that there was
a non-negligible incidence of false negatives associated with this high-throughput

screening method. In addition, several gene deletions, among them bur24, are routinely
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false positives in SGA screening for reasons such as slow growth, poor mating, or poor
sporulation (Tong et al. 2001). In all, SGA analysis is thought to miss between 17 and
41% of true genetic interactions (Tong et al. 2001, Tong et al. 2004). Thus, genes that are
shown to have no interactions with the query mutation in SGA screening may
demonstrate an interaction when analysed directly. In this light, I chose a number of gene
deletions that did not come through the previous SGA screen for direct testing using
standard genetic procedures, based on the synthetic-lethal genetic interactions for sptl6-
E857K identified here and cellular actions of the proteins encoded by these interacting
genes. This directed testing was performed for both spt16-E857K and spt16-E763G to
ensure that the differences observed between these two alleles in SGA analysis were due
to biological reasons, rather than technical ones. Additionally, point mutations in several
essential genes were assessed for genetic interactions with these spt/6 mutant alleles
using this directed approach, as these genes are not represented in the deletion collection.
3.4.1 Interactions with Bur Kinase
As described above, both the ‘classical’ synthetic-lethal screening procedure described
here and directed random-spore testing using the bur2A strain from the SGA deletion
collection demonstrated that spr/6-E857K is synthetic-lethal with the bur2 frameshift
mutant allele (bur2-FS1), whose identification and characterization is described above in
Section 3.1.2.2, and with bur24 (as is spt16-319, but not spt16-E763G or spti16-312). The
Bur2 protein is the regulatory subunit of the Bur kinase (Burl is the catalytic subunit);
deletion of BUR?2 results functionally in decreased Burl activity (Yao, Neiman & Prelich
2000). Since the phenotype of a bur24 cell is abrogated by BUR! overexpression (Yao,
Neiman & Prelich 2000), I decided to test whether the synthetic lethality between spt16-
E857K and bur2-FS1 (in cells with a chromosomal BURI gene) could be alleviated by a
BURI plasmid. Indeed, this synthetic lethality was alleviated by additional Burl protein
expressed from a low-copy plasmid, but not by several mutant versions (Keogh, Podolny
& Buratowski 2003) of Burl protein expressed in the same way, indicating that
significant Burl activity is required to abrogate these negative effects of bur2-FS1 |
(Figure 35).

One possible reason for the inability of the Burl mutants to alleviate synthetic

lethality between spt16-E857K and bur2-FS1 is that these mutant alleles may not
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Figure 35. BURI, but not burl mutant alleles, suppresses the synthetic lethality
between bur2-FS1 and spt16-E857K. The indicated BURI and burl mutant alleles (on
pRS315-based plasmids) were transformed into cells of strain SYNL #16 (bur2-FS1I).
Transformants were patched on Leu-Trp- solid medium, and replica-plated to Leu-Trp-
and 5-FOA solid media to assess the growth of derivatives lacking pSLCDC68 (SPT16
URA3); growth on 5-FOA indicates alleviation of the synthetic-lethal phenotype. Only
the BURI plasmid suppressed the synthetic lethality in SYNL #16.
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abrogate the bur2A phenotype itself. To determine whether this is the case, several of
these bur! mutant alleles were transformed into cells of a bur2A BUR! strain, and the
resulting transformants were assessed by serial-dilution spot testing to determine whether
these plasmids alleviate the bur2 A slow-growth phenotype (Figure 36). The effects
observed here were subtle; however, they did demonstrate that several of the bur/ mutant
alleles were able to overcome the bur24 slow-growth phenotype, even though they were
unable to alleviate the synthetic lethality between bur2-FS1 and spt16-ES857K. Therefore,
while these mutant versions may provide enough Burl function to overcome some of the
deleterious effects of a BUR2 deletion, they are unable to compensate for the additional
effects caused by the sp?/6-E857K mutation.

Interestingly, two of the burl mutant alleles, burl(1-393) and burl-T240A4,
actually inhibited the growth of the bur2A4 cells, indicating dominance of these bur!
mutant alleles over the chromosomal BUR/ allele. These bur/ mutant alleles are the only
ones among the alleles tested that display a cold-sensitivity phenotype at 12°C when they
are the only version of BURI in the cell, with buri(1-393) having a more severe growth
defect than buri-T240A4 (Keogh, Podoiny & Buratowski 2003). Overproduction of Bur2
can suppress the cold sensitivity of burl-T240A4 but not that of burl(1-393) (Keogh,
Podolny & Buratowski 2003). The significance of why only these bur! alleles inhibit
growth of the bur2 A cells is unclear, although it is possible that the Burl proteins
encoded by these two mutant alleles may have some interference with the normal Burl
present in the cell. The bur(1-393) mutation eliminates the C-terminal portion of the
Burl protein, which is of unknown function. While Bur1(1-393) causes no Spt phenotype
and has been shown to have full kinase activity in vitro, it demonstrates decréased
association with a transcribed region (Keogh, Podolny & Buratowski 2003). This
observation suggests that Burl(1-393) protein may function less effectively during
transcription, although this may simply reflect decreased cross-linking of the truncated
protein. Perhaps the Burl(1-393) mutant protein, lacking its C terminus, is able to
associate with some other proteins required for Burl function, yet be unable to associate
effectively with transcribed regions. Thus, the mutant Burl may titrate this protein away
from the normal Burl protein present in the cell, thereby decreasing the activity of

normal Burl. The burl-T2404 mutation alters a proposed activating phosphorylation site;
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Figure 36. Effect of various BURI and burl mutant alleles in a bur24 strain. Cells of
the deletion-collection bur24 strain (Tong et al. 2001) were transformed with the
indicated BURI alleles, and also BUR2 and empty vector controls, all on LEU2 CEN
vectors. Transformants were grown in liquid culture, and 10-fold serial dilutions were
spotted onto Leu- solid medium and incubated for 4 days at the indicated temperatures.
Cells harbouring the BUR2, BURI, burl-T70A, burl-23 and buri-80 plasmids grew
slightly better than those with empty vector, indicating an alleviation of the bur24 growth
defect. Exceptions were cells with the burl(1-393) and burl-T2404 alleles, which
actually grew somewhat worse than those with empty vector, indicating a dominant
negative effect over the chromosomal BUR/ allele. Interestingly, these two alleles are the
only two with reported cold-sensitive phenotypes (at 12°C), although the functional
significance of this observation is unclear.
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cells containing bur1-T2404 exhibit an Spt phenotype, and Burl-T240A protein
demonstrates decreased kinase activity in vitro, yet has normal association with
transcribed regions (Keogh, Podolny & Buratowski 2003). The Bur1-T240A mutant
protein may therefore be able to associate with phosphorylation targets of Burl, yet be
unable to phosphorylate these proteins, thus decreasing the rate at which this
phosphorylation occurs.

Since the effect of a bur24 deletion is decreased Burl activity (Yao, Neiman &
Prelich 2000), I decided to test directly several mutant versions of BUR! for synthetic
lethality with spt16-E857K and spt16-E763G. These tests were done using a plasmid-
shuffling approach. First, spt16A burl A strains were created that contained SPT16 on a
URA3 plasmid and an allele of BURI on a LEU2 plasmid (BURI is an essential gene, so a
functioning BURI or burl gene has to be present). The spt/6 mutant alleles, on TRP1
plasmids, were then transformed in and the transformants were assessed for the ability to
produce derivatives lacking the SPT16 URA3 plasmid and therefore able to grow on
medium containing 5-FOA (Figure 37). This assessment showed that in no case did
actual synthetic lethality result from any of the combinations of spz16 and bur! alleles.
However, cells with the combination of spt/6-E857K and burl-23 grew less well than did
cells with any of the other combinations, suggesting a slow-growth interaction between
these mutant alleles. To further investigate this possibility, and to determine whether any
of the other combinations of mutations also produce subtle genetic interactions, serial-
dilution spot testing was done for the double-mutant cells. By this more sensitive
approach, several of the bur/ mutant alleles showed deleterious genetic interactions with
spt16-E857K, but not with spt16-E763G (Figure 38). In particular, cells carrying burl-
72404, a mutation that eliminates an activating phosphorylation site, or burI-23, one of
the temperature-sensitive mutations of BUR/, are further impaired when they also contain
the spt16-E857K allele in place of wild-type SPT16. Both of the burl alleles that
demonstrated synthetic interactions with spt/6-E857K have been shown to result in
decreased Bur kinase activity; conversely, several alleles reported to have no decrease in
kinase activity (burl(1-393), burl-T70A4 and buri-80) also demonstrated no deleterious
genetic interactions with spt16-E857K. These results, combined with the bur24 findings,
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Figure 37. Deleterious genetic interactions between spz16 and burl. Cells of strains
containing the indicated plasmid-borne BURI or bur! allele and pRS316-A4 (SPT16
URA3) were transformed with pRS314 plasmid containing (clockwise from left for each
plate) SPT16, spt16-E763G, spt16-ES857K, or empty vector. Transformants were plated
on Leu-Trp- and 5-FOA solid media and incubated at 30°C (growth on 5-FOA medium
indicates the ability to survive in the absence of pRS316-A4). In all cases, both spt16-
E763G and spt16-E857K permitted growth on 5-FOA, indicating a lack of severe genetic
interactions between these spt16 alleles and the mutant alleles of BURI. However, the
spt16-E857K burl-23 double-mutant cells did not grow as well on 5-FOA as did SPT16
burl-23 cells. Thus, there may be some synthetic impairment for this allele combination.
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Figure 38. Deleterious genetic interactions between spt16-E857K and burl. Cells
were grown in liquid culture to stationary phase, 10-fold serial dilutions were spotted
onto Leu-Trp- solid medium and incubated at the indicated temperature for 3 (35°C) or 4
(30°C) days. Deleterious genetic interactions were evident between spt/6-E857K and
bur1-T2404 at 35°C, and between spt6-E857K and burl-23 at both temperatures. No

deleterious genetic interactions are observed for any of the bur! alleles in combination
with the spt16-E763G mutation.
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lend support to the hypothesis that synthetic lethality is the result of decreased
phosphorylation of at least one Bur-kinase target in vivo.

It has been suggested that Bur kinase may be a yeast orthologue of P-TEFb
(Wood, Shilatifard 2006), which is a kinase that mediates transcription elongation by
phosphorylation of RNAPII on serine 2 of its C-terminal domain (CTD) repeat (Marshall
et al. 1996, Price 2000, Ramanathan et al. 2001). However, this possibility is complicated
by the fact that another kinase, CTDK-1, has also been identified as a potential yeast P-
TEFb orthologue (Lee, Greenleaf 1997, Wood, Shilatifard 2006). Although both of these
kinases have been identified as possible orthologues of P-TEFb, it has been suggested
that Bur kinase and CTDK-1 do not have the same phosphorylation targets in vivo (Cho
et al. 2001, Keogh, Podolny & Buratowski 2003, Murray et al. 2001, Patturajan et al.
1999). To determine whether analogous synthetic lethality exists between alterations in
Spt16 and in CTDK-1, I used cells that were missing Ctk1, the kinase subunit of CTDK-
1. I crossed spt16-E857K cells with ctkl A cells and performed tetrad analysis on the
meiotic products. Unlike the results with bur2A4 cells, no synthetic lethality was observed
between spt16-E857K and ctkl A. This result provides further evidence for the idea that,
while both Bur kinase and CTDK-1 phosphorylate serine 2 of the RNAPII CTD in vitro,
they do not have the same in vivo targets.

3.4.2 Interactions with Potential Bur Kinase Targets
One target of Bur kinase is Rad6, an E2 ubiquitin-conjugating enzyme (Jentsch, McGrath
& Varshavsky 1987), which ubiquitinates histone H2B on Lys123 (Wood et al. 2005).
The PafC complex, a transcription elongation complex that associates with genes
transcribed by RNAPII (Rondon et al. 2004, Rosonina, Manley 2005), aids the
recruitment of Rad6, and the resulting ubiquitin mark on K123, along with PafC itself,
aids in the recruitment of the COMPASS complex (Dover et al. 2002, Krogan et al.
2003a, Wood et al. 2003). The recruitment of COMPASS then leads to histone H3
| trimethylation on lysine 4 (K4) (Krogan et al. 2002), a hallmark of actively transcribed
regions (Ng et al. 2003, Santos-Rosa et al. 2002). Thus, one potential reason for synthetic
lethality between spz/6-E857K and bur24 would be the impairment of this histone-

methylation pathway in cells lacking Bur2 or with defective Burl kinase.
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If the impairment of this H3K4 methylation pathway is involved in the observed
synthetic lethality between spt16-E857K and bur24, then mutations in any of the
members of the pathway should also result in analogous synthetic genetic interactions. To
test this possibility, I created sptl6-E857K strains with deletions of several genes in this
ubiquitination—methylation pathway, including rad64 itself, and swdl4 and swd34
(eliminating members of COMPASS). Swdl and Swd3 form a heterodimer within
COMPASS, and deletion of either one reduces the stability of the Setl protein (the
histone methyltransferase), as well as of the COMPASS complex (Dehe et al. 2006).
Strains deleted for SWD1 or SWD3 do not exhibit methylation of H3K4, indicating that
each of the gene products is required for COMPASS activity (Krogan et al. 2002,
Schneider et al. 2005).

Initial investigations suggested that there might be a genetic interaction between
spt16-E857K and rad64, for several of the double-mutant derivatives that were obtained
grew more poorly than either parental strain (Figure 39). However, not all of the double-
mutant segregants behaved the same way, with these segregants displaying two levels of
growth; additionally, the parental rad64 strain was not temperature-sensitive, as rad64
cells have been reported to be (Ellison et al. 1991). These observations suggested that the
rad6A4 parental strain might contain a suppressor mutation that alleviates the temperature
sensitivity. It was reasonable to expect that the spt16-E857K strain would not contain this
suppressor mutation, and therefore the heterozygous diploid created upon mating these
two strains would also be heterozygous for this supposed suppressor mutation. If this
were the case, the poor growth of some of the spt/6-E857K rad64 double-mutant
derivatives may then simply reflect the growth effects of the rad64 deletion itself. To
determine whether the putative synthetic impairment between spt/6-E857K and rad6A4
simply reflected the growth of rad64 cells that were no longer suppressed for rad6 4
effects, I tested several rad64 single-mutant segregants from the same genetic cross.
These segregants also displayed two levels of growth, with the poorly growing rad64
segregants behaving similarly to the poorly growing spt/6-E857K rad6A double mutants
(Figure 39). This finding suggests that the rad64 strain in the deletion collection does

indeed harbour a suppressor mutation, and that the impaired growth observed for some of
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A)

30°C 5°C 37°C
sptl6-E857K '

radéA

sptl6-E857K, rad64 1B
sptl6-E857K, raded 2D
spt16-E857K, radéd 3D
sptl6-E857K, rad64 4C
spt16-ES57K, radod 5B

sptl6-ES857K, rad6d 7C

B)
30°C 37°C

radé4

radéd 2A

rad6d 3C

radéd 4B

radéd 5C

radéA 6C

rad64 7D

Figure 39. The apparent deleterious genetic interaction between spz16-E857K and
rad6A is the result of a suppressor in the rad6A strain. A) 10-fold serial dilutions of
spt16-E857K rad6A double mutants (and parental strains) were spotted on YEPD solid
medium and incubated at the indicated temperature for two days. B) 10-fold serial
dilutions of the rad64 parent and six rad64 segregants were spotted on YEPD solid
medium and incubated for two days at the indicated temperatures. The distribution of
poor-growing and well-growing segregants at 37°C is consistent with a single-site
suppressor. Also, the growth of the poorer-growing segregants is the same as that of the
unsuppressed double mutants in part A. Thus, there is no interaction between spt/6-
E857K and rad6/.
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the spt16-E857K rad6A double mutants in fact results simply from the loss through
genetic segregation of this suppressor mutation.

The absence of deleterious genetic interactions evident in spt/6-E857K rad6A
cells was mirrored by the lack of evident genetic interactions between spt/6-E857K and
the swd1A and swd3 A4 deletions affecting the COMPASS complex (Figure 40). These
findings therefore suggest that a role of the Bur kinase complex other than Rad6-
mediated ubiquitination leading to H3K4 methylation is important for the deleterious
genetic interactions between sptl6-E857K and Bur-kinase mutations.

While there is no evidence to suggest that the spt/6-E857K mutation has any
effect on histone H3 lysine 4 trimethylation, another possibility for the lack of genetic
interactions between spt!6-E857K and rad6A, swdl A and swd3A is that the spt16-E857K
mutation itself causes impairment of this histone methylation pathway. If so, then no
further impairment might be expected in the double-mutant situations described above.
To test the possibility that the spt16-E857K mutation affects histone H3K4
trimethylation, I measured the levels of H3K4 trimethylation in whole cell extracts from
cells containing either normal Spt16 or the Spt16-E857K mutant protein (Figure 41).
These western blots showed no difference in the levels of H3K4 trimethylation between
cells containing normal or mutant Spt16, indicating that this pathway is indeed
functioning properly in cells containing the spt16-E857K mutation. Thus, the H3K4
trimethylation function of Bur kinase is not involved in the functional interactions seen
between Bur kinase and the Spt16-E857K mutant component of FACT; there must be
another role of Bur kinase that is involved in this functional interaction.

Another potential target of Bur kinase is the Spt4—Spt5 complex, which is also
involved in transcription elongation (Hartzog et al. 1998, Wada et al. 1998). The Spt5
protein contains tandem repeats in its C terminus (Swanson, Malone & Winston 1991),
which in other systems have been shown to be targets for phosphorylation by Burl
analogs (Bourgeois et al. 2002, Ivanov et al. 2000, Kim, Sharp 2001, Pei, Shuman 2003,
Yamada et al. 2006). While a study of Spt5 protein interactions did not yield Burl
(Lindstrom et al. 2003), it is possible that this interaction is transient and thus would not
be identified in this manner. This same study did, however, identify Spt16 as co-

immunopurifying with Spt5, and therefore provided an incentive to evaluate genetic



132

spt16-E857K X swdlA

sptl6-E857K X swd34

Figure 40. Lack of synthetic lethality between sptl6-E857K and swdlA or swd3A.
Diploids heterozygous for sptl6-E857K and swdl A or swd3A were sporulated, and tetrad
analysis was performed. The double-mutant segregants are outlined by the white circles.
In neither cross did the double-mutant cells grow any more poorly than any single
mutant.
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o-H3

o-trimethyl K4

Figure 41. Neither spt16-E763G nor spt16-E857K mutant cells are impaired for
trimethylation at histone H3 lysine 4. Equal amounts of whole cell extracts were
resolved by 15% SDS-PAGE, transferred to PVDF, and probed with antibodies against
total H3 (top panel) or H3 trimethylated at K4 (bottom panel). Lanes: 1 - SPT16, 2 -
spt16-E763G, 3 - spt16-E857K, 4 - swd3A
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interactions between SPT16 and SPT35, regardless of whether SptS5 is a target of Bur
kinase in S. cerevisiae. Therefore, I tested two mutant alleles of SPT5 (spt3-4 and spt5-
194) for genetic interactions with spt16-E857K. The spt5-194 allele was one of the
originally isolated Spt mutations (Winston et al. 1984). The spt5-4 allele also causes an
Spt phenotype, and both spt5-4 cells and spt5-194 cells have demonstrated sensitivity to
6-azauracil, an analogue that interferes with transcription elongation (Hartzog et al.
1998). However, differences have also been observed between these two mutant alleles,
as spt5-4 cells produce prematurely terminated RNA from genes with internal but cryptic
poly(A) sites, while spt5-194 cells do not (Cui, Denis 2003).

Both of these spt5 mutant alleles demonstrated genetic interactions with spt/6-
E857K, evidenced by enhanced temperature sensitivity (Figure 42). In addition, the
spt16-E857K spt5 double mutants were more sensitive to hydroxyurea than was either
single mutant. Interestingly, these mutant alleles of SPT5 also produced analogous
enhanced temperature sensitivity when combined with spt/6-E763G, although no
hydroxyurea sensitivity was found for the spt/6-E763G spt5 double mutants (Figure 42).
In fact, this situation is one of the few instances where these two spz16 mutant alleles
show similar genetic interactions. A possible reason for this is that both FACT and the
Sptd4—-Spt5 complex are required for proper transcription, and that impairing both
complexes, in a variety of ways, is enough to impair cell growth.

The fact that functional interactions with these spz5 mutations exist for both
spt16-E857K and spt16-E763G suggests that impairment of Spt5 function in bur24 cellé
may not be the reason for synthetic lethality between bur24 and sptl6-E857K. If this
were the case, then I would expect that the genetic interactions with spt5 would be allele-
specific for spt16-E857K, mimicking the interactions with bur/ and bur2 mutant genes.
This interpretation does not rule out the possibility that Spt5 is a target of Bur kinase — it
simply suggests that Spt5 may not be a target responsible for the observed synthetic
lethality of spt16-E857K with bur2A.

Another interpretation, however, is that the impairment of Spt5 may indeed be
responsible for the observed synthetic lethality between bur24 and spt16-E857K, but that
the decreased phosphorylation by Bur kinase in these cells impairs a different aspect of

Spt5 function than do the spt5 mutant alleles that were directly tested. Synthetic lethality
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30°C 37°C  50mM HU

spt16-E763G

sptl 6-E763G spt5-4

spt5-4
sptl6-E857K

sptl16-E857K spt5-4

spt5-194

spt16-E763G
sptl6-E763G spt5-194
spt5-194

spti6-E857K

sptl16-E857K spt5-194

Figure 42. Deleterious genetic interactions between spt16-E763G or spt16-E857K and
spt5. Replica plates of single and double mutants were incubated under the indicated
conditions overnight (2 days for hydroxyurea [HU] plates at 30°C). While both spt!6-
E763G and spt16-E857K had deleterious genetic interactions with both spt5 alleles, only
the spt16-E857K double mutants demonstrated synthetic hydroxyurea sensitivity.
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between mutations in two genes can indicate that these genes affect separate pathways.
The idea here is that if a gene is deleted, its pathway is eliminated; an additional mutation
affecting that pathway will not have an additive effect, whereas a mutation in a parallel
pathway might. However, this interpretation may not always hold true when working
with essential genes, as in this situation the effect of the absence of the gene products
cannot be assessed, only that of mutated versions. Thus, while there are reported
deleterious genetic interactions between burl-2 and spt5-194 or spt5-4 (Lindstrom,
Hartzog 2001, Murray et al. 2001), that observation does not really help to determine
whether Spt5 is a target of Bur kinase. Bur kinase and Spt5 could still mediate the same
functional pathway, and decreasing the function of one or the other of these pathway
components, but not both, might allow a reasonable level of activity for this pathway.
Alternatively, they could mediate separate pathways and, again, decreasing the function
of one or the other, but not both, might allow reasonable growth. Thus, it remains
possible that impairment of Spt5 function by the effects of a bur2A deletion is responsible
for the observed synthetic lethality between spt/6-E857K and bur2A. This situation
cannot be resolved without further knowledge about which aspect(s) of Spt5 function are
affected by Bur kinase and which are impaired by the spt5 mutations employed in my
studies.

I also tested for genetic interactions between spt16-E857K and the spt44 deletion,
which eliminates the binding partner of Spt5 (Hartzog et al. 1998, Wada et al. 1998), and
found that there is indeed a synthetic slow-growth phenotype associated with these
double mutants; additionally, these double mutants exhibited synthetic temperature
sensitivity for growth (Figure 43). Synthetic temperature sensitivity was also observed
between sptl6-E763G and spt44, yet this interaction was less severe than that for spt/6-
E857K and spt44 (Figures 44 and 45). Here again, there are differences in the effects of
these two spt/6 mutant alleles. These differences may be due to the (uncharacterized)
influence of Spt4 on Spt5 activity, and thus reflect the degree of impairment of Spt5 in
the spt4 4 strains. This idea is consistent with my observations, since spt16-E857K causes
greater genetic impairment with spt44 and the spt5 mutations than does spt16-E763G.

To further pursue these investigations involving Spt4—Spt5, I created and assessed

triple-mutant derivatives that contained mutations in SP74, SPT5 and SPT16 (Figures 44
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23°C - 30°C 37°C

spt44
spt16-E857K
spt44 spt16-E857K

Figure 43. Deleterious genetic interactions between spt16-E857K and spt4A4. 10-fold
serial dilutions of spt!/6-E857K spt44 double mutants (and parental strains) were spotted
on YEPD solid medium and incubated at the indicated temperature for two days. The
spt16-E857K spt44 double mutants grew more poorly than either single mutant at all
temperatures.
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30°C  35°C 37°C 39°C

spt44

spt5-4

sptl16-E763G
spt16-E763G sptdd
spt]6-E763G spt5-4

sptdd spt5-4

spt16-E£763( sptdd spt5-4

spi4d

spt5-4

spt16-£857K
sptl16-E857K sptdd
sptl6-E85TK sp15-4

sptdd spt5-4
sptl6-ES857K sptdA spt5-4

Figure 44. The deleterious genetic interaction between spt16-E857K and spt5-4 is
exacerbated by spt4A, but an analogous effect is not seen with spt16-E763G. Replica
plates were incubated at the indicated temperature overnight. The spt16-E763G spt44
spt5-4 triple mutants were no more impaired than either the spt16-E763G spt44 or sptl6-
E763G spt5-4 double mutants. However, the spt16-E857K spt44 spt5-4 triple mutants
were significantly more impaired than either the spt16-E857K spt44 or spt16-E857K

spt5-4 double mutants, and grew poorly even at 30°C.
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30°C 35°C 37°C 39°C

sptdd

spt5-194

spt16-E763G

sptl6-E763G sprdd
sptl6-L763G spt5-194

sptdd spt5-194
sptl6-1763( spt4d spi5-194

spt4d

spt5-194

sptl6-E857K

sptl6-E857K sptdA
spt16-E857K spt5-194

sptdd spt5-194 R
spt16-ES857K sprdd spt5-194 No viable segregants obtained

Figure 45. The deleterious genetic interaction between spt16-E857K and spt5-194 is
exacerbated by spr44, but an analogous effect is not seen with spt16-E763G. Replica
plates were incubated at the indicated temperature overnight. The spt/6-E763G spt44
spt5-1944 triple mutants were no more impaired than the spt44 spt5-194 double mutants
(these being the most severe of the double mutants). However, the spt16-E857K spt44
spt5-194 triple mutants were significantly more impaired than the spr44 spt5-194 double
mutants. In fact, no viable triple mutants were obtained indicating lethality of these cells,
whereas the spr44 spt5-194 double mutant cells were merely severely growth impaired.
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and 45). In neither case (with spt5-4 or spt5-194) did the spt16-E763G spt4 A spt5 triple
mutants grow more poorly than the worst combination of double mutants. In contrast,
spt16-E857K triple mutants displayed much poorer growth with either spt5-4 or spt5-194
than any of the combinations of double mutants. In fact, no viable triple mutants were
obtained from the spt16-E857K spt4A spt5-194 combination, although every other
combination of alleles yielded viable cells. The impaired growth observed for the triple
mutants containing spt/6-E857K may reflect the result of a possible decrease in Spt5
activity in these cells due to the absence of Spt4, or the absence of both Spt4-mediated
and Spt5-mediated functions. If so, this situation does not appear to have any effect on
the growth of the triple-mutant cells containing the spt/6-E763G mutation, indicating that
this effect is not conserved among mutations in SP776. Thus, again, differences are
observed between the behaviour of spt/6-E857K and spt16-E763G. These differences in
genetic interactions likely reflect differences in how these two alleles of SPT16 are
impaired, as the severity of genetic interactions with the same mutations in SPT4 and
SPT5 differs between sptl6-E857K and spt16-E763G.

3.4.3 Interactions with Members of PafC

Another possibility for the differences seen in spt44 and spt5 genetic interactions
between sptl6-E857K and spt16-E763G may lie in the functional connection between
Spt4—-Spt5S and the PafC complex (Squazzo et al. 2002). PafC is a multi-subunit complex
involved in both transcription initiation and elongation, consisting of the proteins Pafl,
Cdc73, Leol, Rtfl, and Ctr9 (Mueller, Jachning 2002, Squazzo et al. 2002). PafC has
been shown to localize throughout the coding regions of ORFs (Qiu et al. 2006), and the
Spt4 protein is required for this PafC occupancy along ORFs and for PafC association
with RNAPII (Qiu et al. 2006). Thus it has been suggested that Spt4, and perhaps also its
binding partner Spt5, may serve as a platform to allow RNAPII recruitment of PafC (Qiu
et al. 2006). The more severe interactions observed between spt44 and spt16-E857K may
therefore indicate an effect on PafC rather than a direct effect on Spt5. If this were the
case, I would expect that spz/6-E857K would also display more severe genetic
interactions with mutations eliminating PafC components than would spt16-E763G,

mimicking the spt4 A results.
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Previous SGA analysis demonstrated deleterious genetic interactions between the
sptl6-E857K mutation and the PafC deletions cdc734 and leol A, and between the spt16-
E763G mutation and cdc734 (O'Donnell 2004). However, due to the limitations of
performing genome-wide analyses, these were the only PafC deletions examined. In the
strain collection that was used in that analysis, a ctr94 strain was not present, eliminating
the ability of assessing interactions with this PafC subunit. An r#f] 4 strain was present,
but the RTF locus is located only 55 kbp away from the SPT16 locus, and the resulting
genetic linkage between these two loci decreases the frequency with which double-
mutant segregants will by produced from a diploid heterozygous for mutations in these
genes. Additionally, the paf] 4 strain is known to be a false positive in SGA analysis
(Tong et al. 2001), presumably due to the poor growth of paf1 A cells (Shi et al. 1996),
and would therefore be difficult to assess in this manner, as both the paf7 A4 single-mutant
and the pafl A spt16 double-mutant cells would be slow-growing. Nonetheless, the
genetic interactions between cdc734 and both spt16-E857K and spt16-E763G, and
between leol A and spt16-E857K, warranted further investigation into whether such
interactions exist for other members of PafC.

To characterize the genetic interactions between members of PafC and mutant
versions of Spt16, I performed tetrad analysis using cells containing either spt/6-E857K
or spt16-E763G and a deletion of one of the genes encoding a component of PafC
(cdc734, ctr9A, leol 4, pafl A and rtf] A). In every case except rtf1 A, a synthetic genetic
interaction was observed, although the severity of this interaction differed between the
various combinations of mutations.

The initial tetrad analysis of cdc73A4 cells crossed with spt16-E857K cells and
spt16-E763G cells yielded double-mutant segregants that grew into colonies of several
different sizes (Figure 46). Because of this variability in colony growth, it was difficult to
determine whether a genetic interaction exists for either double mutant. Therefore, the
segregants were patch-plated onto solid medium, and the resulting patches were replica-
plated to several temperatures for further growth. This analysis confirmed that synthetic
genetic mteractions exist for both spt16-E857K cdc734 double-mutant cells (Figure 46)
and for spt16-E763G cdc734 double-mutant cells (Figure 46). Both the spt16-E857K



142

A)
Tetrads 23°C 37°C 39°C

B)
Tetrads 23°C 37°C 39°C

Figure 46. Deleterious genetic interaction between spt16-E763G or spt16-E857K and
cdc734. Diploids heterozygous for both mutations were sporulated, and tetrad analysis
was performed. The double-mutant segregants are outlined by the white circles (spt16-
E857K on top and spt16-E763G on bottom). All segregants from tetrad analysis were
patched in the same pattern onto YEPD solid medium at 23°C, and replica-plated to
YEPD for incubation at 23°C, 37°C and 39°C. A) Temperature sensitivity of spt/6-
E857K cdc734 double-mutant cells. The double-mutant cells grew well at 23°C but
poorly at 37°C and 39°C. B) Temperature sensitivity of spt16-E763G cdc734 double-
mutant cells. The double-mutant cells grew well at 23°C but poorly at 37°C and 39°C.
Several other segregants also displayed poor growth, which was not consistent for cells of
either single-mutant type.
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double mutants and the spt/6-E763G double mutants exhibited approximately the same
degree of impairment, displaying temperature sensitivity at 37°C.

A similar impairment was seen for spt/6-E857K ctr94 and spt16-E763G ctr94
double mutants. The results here were more straightforward than for the cdc73A crosses,
with both the spt16-E857K ctr94 double-mutant segregants and the spt16-E763G ctr94
double-mutant segregants growing consistently poorly compared to the other segregants
(Figure 47). In addition, the spt16-E857K ctr94 double-mutant segregants appeared to
grow somewhat more poorly that the spt/6-E763G ctr94 double-mutant segregants. To
verify this poorer growth, both sets of segregants were assessed by patching and replica-
plating. This analysis confirmed that the spt16-E857K ctr94 double mutants are more
severely impaired than the spt16-E763G ctr94 double mutants, the former displaying
temperature sensitivity at 30°C (Figure 47) while the latter grow reasonably well at this
temperature but exhibit temperature sensitivity at 37°C (Figure 47).

The crosses involving the spt16-E857K and spt16-E763G cells and the leol 4,
paflA and rtfl A cells yielded double-mutant segregants that did not exhibit markedly
different growth than any of the single-mutant segregants (Figures 48, 49, and 50). Thus,
from this analysis alone it was difficult to determine whether synthetic interactions exist
between any combination of these mutations. For this reason, I analysed the segregants
further by patching and replica plating. This analysis showed that both the spt16-E857K
leol A double-mutant cells and the spt16-E763G leol A double-mutant cells grow
reasonably well, although they do show a mild synthetic impairment at high temperatures
(Figure 48). Both the spt16-E857K leol A double-mutants and the spt16-E763G leol A
double-mutants were impaired to approximately the same degree, growing well at 30°C
and poorly at 39°C. In contrast, the pafl A double-mutant cells were less robust, likely
due in part to the poor growth conferred by the pafl A mutation itself. In this case, the
spt16-ES857K pafl A double-mutant cells were more impaired than the spt/6-E763G
pafl1A double-mutant cells, with the former showing temperature-sensitive growth at
30°C and above while the latter exhibited temperature sensitivity at 37°C (Figure 49). In
contrast, unlike cells deleted for the other members of PafC, the spt16-E857K rtfi A
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A)
Tetrads 23°C 30°C 37°C

Figure 47. Deleterious genetic interaction between spt16-E763G or spt16-E857K and
ctr94. Diploids heterozygous for both mutations were sporulated, and tetrad analysis was
performed. The double-mutant segregants are outlined by the white circles (spt/6-E857K
on top and sptl6-E763G on bottom). All segregants from tetrad analysis were patched in
the same pattern onto YEPD solid medium at 23°C, and replica-plated to YEPD for
incubation at 23°C, 30°C and 37°C. A) Temperature sensitivity of spt16-E857K ctr94
double-mutant cells. The double-mutant cells grew well at 23°C but poorly at 30°C and
37°C. B) Temperature-sensitivity of spt16-E763G ctr94 double-mutant cells. The double-
mutant cells grew well at 23°C but poorly at 30°C and 37°C. Several other segregants
also displayed poor growth, which was not consistent for cells of either single-mutant

type.
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A)
Tetrads 23°C 37°C 35°C

B)

Tetrads 37°C 39°C

Figure 48. Deleterious genetic interaction between spt!6-E763G or spt16-E857K and
leolA. Diploids heterozygous for both mutations were sporulated, and tetrad analysis was
performed. The double-mutant segregants are outlined by the white circles (spt16-E857K
on top and spt/6-E763G on bottom). All segregants from tetrad analysis were patched in
the same pattern onto YEPD solid medium at 23°C, and replica-plated to YEPD for
incubation at 23°C, 37°C and 39°C. A) Temperature sensitivity of spt16-E857K leolA
double-mutant cells. The double-mutant cells grew well at 23°C but poorly at 39°C. B)
Temperature sensitivity of spt16-E763G leolA double-mutant cells. The double-mutant
cells grew well at 23°C but poorly at 37°C and 39°C. Several other segregants also
displayed poor growth, which was not consistent for cells of either single-mutant type.
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A)
Tetrads 23°C 30°C 37°C

B)
Tetrads 23°C 30°C 37°C

Figure 49. Deleterious genetic interaction between spt16-E763G or sptl16-E857K and
paflA. Diploids heterozygous for both mutations were sporulated, and tetrad analysis was
performed. The double-mutant segregants are outlined by the white circles (sptl6-E857K
on top and spt/6-E763G on bottom). All segregants from tetrad analysis were patched in
the same pattern onto YEPD solid medium at 23°C, and replica-plated to YEPD for
incubation at 23°C, 30°C and 37°C. A) Temperature sensitivity of spt16-E857K paflA
double-mutant cells. The double-mutant cells grew poorly at 23°C and 30°C, but not at
all at 37°C. Several other segregants also display poor growth, which was not consistent
for cells of either single-mutant type. B) Temperature sensitivity of spt16-E763G pafiA
double-mutant cells. The double-mutant cells grew poorly at 23°C and 30°C, but not at
all at 37°C. Several other segregants also display poor growth, which was not consistent
for cells of either single-mutant type.
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double-mutant cells and the spt/6-E763G rtfl A double-mutant cells were no more
impaired than the single mutants at all temperatures tested (Figure 50).

In total, deleterious genetic interactions were seen for gene deletions eliminating
four of the five subunits of PafC, with Rtfl the only subunit without genetic interactions.
It has been shown that while deletion of RTF I causes dissociation of the remaining PafC
subunits from chromatin, Pafl is still functional in this state (Mueller, Jachning 2002).
Therefore, perhaps the deleterious genetic interactions observed here with the other PafC
deletions reflect the loss of a role for PafC independent of chromatin tethering. However,
this hypothesis is not fully supported by my observations that genetic interactions exist
between the spt/6 mutations and cdc734, as elimination of this PafC component also
causes dissociation of PafC from chromatin (Mueller, Jachning 2002). It is possible that
Cdc73 protein also functions in a role other than PafC tethering, and that the deleterious
genetic interactions observed for cdc734 cells reflects the loss of this function, rather
than loss of PafC tethering.

The degree of severity of these genetic interactions with sp?/6 mutations was
different for the various PafC deletions, with ctr94 cells and paf] A cells exhibiting more
severe growth impairment than cdc73A4 cells or leol A cells, with the leol A interactions
showing only mild growth impairment. This spectrum of effects is consistent with
previous reports that fhe phenotypes of ctr94 and pafl A cells are much more severe than
those of rtfl A, cdc73A4, or leol A cells, suggesting that Pafl and Ctr9 form the core of
PafC, and that Leol, with the least severe growth defects, is the most peripheral subunit
(Betz et al. 2002).

Severe growth impairment was seen specifically with spt16-E857K ctr94 cells
and spt16-E857K pafl A cells, but not with their spt/6-E763G counterparts. Thus, there
are more severe synthetic interactions between spt/6-E857K and deletions of PafC-
subunit genes than between spt/6-E763G and the same PafC deletions, similar to the
differences observed with the genetic interactions between these two spz/6 mutant alleles
and spt4 4, which eliminates a protein involved in recruiting PafC for transcription (Qiu et
al. 2006). Perhaps the impairment caused by the sp?/6-E857K mutation causes a greater

reliance on PafC during the transcription process than does the impairment caused by the
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A)
Tetrads 23°C 37°C 39°C

B)
Tetrads 23°C 37°C 39°C

Figure 50. No deleterious genetic interaction between spt16-E763G or spt16-E857K
and rtfl4. Diploids heterozygous for both mutations were sporulated, and tetrad analysis
was performed. The double-mutant segregants are outlined by the white circles (spz16-
E857K on top and spt16-E763G on bottom). All segregants from tetrad analysis were
patched in the same pattern onto YEPD solid medium at 23°C, and replica-plated to
YEPD for incubation at 23°C, 37°C and 39°C. A) Temperature sensitivity of sptl6-
E857K rifl1A4 double-mutant cells. The double-mutant cells grew well at 23° but not as
well at 37°C and 39°C; this growth is no worse than that of either single mutant. B)
Temperature sensitivity of spt16-E763G rtfi4 double-mutant cells. The double-mutant
cells grew well at 23°C, but not as well at 37°C and 39°C; this growth is no worse than
that of either single mutant.
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sptl6-E763G mutation. Thus, deletions affecting members of PafC would cause a more
deleterious genetic interaction in spt/6-E857K cells than in spt/6-E763G cells.

The above interpretation suggests that the more severe interaction observed
between spt4 A and spt16-E85 7K may indicate an effect on PafC in the spt4 4 cells. It has
recently been shown that there is also a decreased recruitment of PafC to RNAPII in
bur2A cells (Laribee et al. 2005). It is unclear whether this decrease is due to a direct
effect of Bur kinase on PafC recruitment, or an indirect effect, possibly through a Bur-
kinase effect on Spt4—Spt5, which in turn affects PafC recruitment. Nevertheless, this
observation suggests the possibility that the lethality observed between spt/6-E857K and
bur2A could be in part due to the effects of Bur kinase on Spt4—Spt5 and PafC.

3.5  Suppression of Synthetic Lethality

Mutational suppressor analysis of a burl4 deletion mutation has identified, as mutations
markedly improving the growth of buriA cells, several gene deletions (set24, rpd34,
sin34, eaf34 and rcolA) eliminating members of another histone-modification pathway
(Chu et al. 2006, Keogh et al. 2005). In this pathway, the Set2 protein is recruited to
actively transcribed genes by RNA polymerase II that has been phosphorylated on serine
2 of its C-terminal repeats (RNAPII Ser2-P) (Li et al. 2003, Li, Moazed & Gygi 2002),
and then methylates lysine 36 of histone H3 (H3K36) on the nucleosomes that are
reassembled in the wake of RNAPII during the transcription process (Strahl et al. 2002,
Xiao et al. 2003). This methylation then allows the recruitment, to these methylated
nucleosomes, of the Rpd3C(S) complex, which contains the proteins Rpd3, Sin3, Eaf3
and Rcol; this complex deacetylates histones, leading once again to a repressive
chromatin environment (Carrozza et al. 2005, Joshi, Struhl 2005, Keogh et al. 2005, Li et
al. 2007).

The genetic suppression findings noted above indicate that this deacetylation
activity presents a significant problem for cells that are missing the Bur kinase,
suggesting that one role of Bur kinase is to provide a counterbalance to Rpd3C(S)-
mediated histone deacetylation. Thus, it is reasonable to hypothesize that spt16-E857K
bur24 synthetic lethality might be due to the relatively unopposed action of the Rpd3C(S)
histone deacetylase (HDAC) in these cells. In this model, FACT and Bur kinase play
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different but complementing roles in overcoming the repressive effects of deacetylated
histones resulting from Rpd3C(S) activity. In the single-mutant case, where either FACT
or Bur kinase have impaired function, the remaining normal function of Bur kinase or
FACT would be enough to overcome the effects of histone deacetylation. However, when
both FACT and Bur kinase are impaired there would not be enough opposing activity,
and the effects of Rpd3C(S) are sufficient to impair cell growth. This hypothesis was

tested genetically as described below.

Prior to testing this hypothesis, I wanted to ensure that deletions of the genes
involved in this methylation—deacetylation pathway do not themselves have deleterious
genetic interactions with either spt/6-E857K or spt16-E763G. This assessment was
carried out by tetrad analysis. Cells individually containing set24, sin3A, eaf34 and
rcol A were crossed with cells containing spt16-ES857K or sptl16-E763G; the resulting
diploids were sporulated, and the haploid spore products were assessed for growth ability.
(Cells containing rpd3A were not tested, as a bona fide rpd3 A strain may not be in the
deletion collection; PCR analysis of the RPD3 locus in the so-called rpd3A4 strain showed
that RPD3 was intact in these cells, rather than replaced with the kanMX4 cassette.) In all
cases, no deleterious effects were observed for any of the resulting double-mutant cells,
indicating no synthetic genetic interaction between deletions of members of this histone-
modification pathway and either spt16-E857K or spt16-E763G. These findings therefore
made it possible to assess whether the presence of the Set2-Rpd3C(S) pathway of histone
methylation and deacetylation is deleterious to cells mutant for both Bur kinase and
Spt16, as exemplified by the synthetic lethality between bur24 and spt16-E857K.

3.5.1 Suppression of the spt16-E857K bur2A Genetic Interaction

To test the above histone-methylation-histone-deacetylation hypothesis, triple-mutant
cells were created using standard genetic procedures, starting with crossing a bur24 cell
with an spt16-ES857K set24 double-mutant cell, in which set24 eliminates the
methylation mark that recruits Rpd3C(S). The resulting diploids were sporulated, and the
meiotic segregants were characterized to identify the desired triple mutants (containing
spt16-E857K, bur2A and set24). The growth of these triple mutants showed that the ser24

gene deletion does indeed suppress the synthetic lethality between spt16-E857K and
bur2A (Figure 51).
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A)

B)

Figure 51. Suppression of spt16-E857K bur24 synthetic lethality, but not bur2A4 slow
growth, by ser24. Diploid cells heterozygous for spt16-E857K, bur2A and set2A were
sporulated, and tetrad analysis was performed. A) The spt16-E857K bur24 double-
mutant segregants are outlined by the white squares, while the spt/6-E857K bur24 set24
triple-mutant segregants are outlined by the white circles. The triple-mutant cells grew
significantly better than the double-mutant cells. B) The bur24 single-mutant segregants
are outlined by the white squares, while the bur24 set24 double-mutant segregants are
outlined by the white circles. The double mutants grew no better than the bur24 single
mutants.
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The above observation does not show definitively whether the sef24-mediated
suppression is due to the inability to recruit Rpd3C(S). It is possible that Set2-mediated
H3K36 methylation is itself detrimental to spt/6-E857K cells, and that the suppression
observed is a reflection of the improved growth of spt16-E857K cells lacking this
methylation due to the ser24 deletion. The spt/6-E857K mutation itself has few
phenotypes that can be monitored, so it is difficult to tell whether spt/6-E857K set2A
double-mutant cells grow any better than spt/6-E857K single-mutant cells. Therefore, a
different approach was taken. Recently, several histone demethylases have been
identified in yeast (Tu et al. 2007). Among these are two H3K36-specific demethylases:
Jhdl and Rph1 (Fang et al. 2007, Kim, Buratowski 2007, Tsukada et al. 2006, Tu et al.
2007). Rphl appears to primarily demethylate trimethylated K36, and, to a lesser extent,
dimethylated K36, whereas Jhd1l demethylates di- and mono-methylated K36 (Fang et al.
2007, Kim, Buratowski 2007, Tu et al. 2007). Overexpression of either Rphl or Jhd1l can
bypass the essential requirement for Burl, and both are required for normal levels of
RNAPII occupancy over coding regions (Kim, Buratowski 2007). These findings suggest
that both Jhdl and Rph1 remove the methyl groups that are added by Set2.

If the presence of H3K36 methylation is itself detrimental to spz16-E857K cells,
then deleterious interactions may exist between spt/6-E857K and jhdl A, due to the
persistence of H3K36 methylation in these cells compared to cells containing normal
JHDI. However, tetrad analysis demonstrated that no deleterious genetic interaction
existed between these two mutations (Figure 52). Therefore, the mere presence of Set2-
mediated H3K36 methylation is not likely to be deleterious for spt16-E857K cells. This
observation supports the idea that the set24-mediated suppression of spt16-E857K bur2A
synthetic lethality is due to the inability to recruit the Rpd3C(S) HDAC.

To focus specifically on Rpd3C(S), a similar genetic analysis was performed by
assessing the effects of a mutation eliminating the Rpd3C(S) complex. Rcol was chosen
since it is the only member of Rpd3C(S) that is specific for this complex (Carrozza et al.
2005, Keogh et al. 2005). For tetrad analysis, an spt/6-E857K rcolA double-mutant cell
was crossed with a bur24 cell. Analysis of the resulting haploid segregants showed that
the rcol4 gene deletion suppresses the synthetic lethality between sptl6-E857K and
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Figure 52. No deleterious genetic interaction exists between spt16-E857K and jhdlA.
Diploid cells heterozygous for spt16-E857K and jhdl A were sporulated, and tetrad
analysis was performed. The spt/6-E857K jhd1A double-mutant segregants are outlined
by white circles. These double-mutant segregants are growing no differently than either
of the single-mutant cells.
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bur24 (Figure 53), suggesting that histone deacetylation is indeed a problem for the
sptl16-E857K bur24 double-mutant cells.

The above rcol A finding also supports the hypothesis that the ser24-mediated
suppression is due to the inability to recruit Rpd3C(S) rather than to a direct effect of the
absence of Set2. If H3K36 methylation is directly inhibitory for the spt16-E857K bur24
cells, then there should have been no improvement seen in the triple mutants with rcol4,
as Set2 function is presumably normal in these cells; Set2 functions upstream of
Rpd3C(S) (Carrozza et al. 2005, Keogh et al. 2005). However, since there is suppression
of synthetic lethality in both the set24 and rcol4 triple mutants, it can be inferred that the
Rpd3C(S)-mediated histone deacetylation, rather than the Set2-mediated H3K36
methylation itself, is deleterious to cells with mutations affecting both FACT and Bur
kinase.

Suppression of synthetic lethality by rcol4 could result from suppression of the
bur2A effects or the spt16-E857K effects (or both). However, if rcol4 suppresses the
effects of bur24, then I would expect the rcol4 bur24 double mutants that were
identified through tetrad analysis to grow better than bur24 single mutants. However,
neither set2A nor rcolA improved the slow growth of bur24 cells (Figures 51 and 53),
and even though rcol 4 does suppress the synthetic lethality of spzl6-E857K bur24 cells,
the spt16-E857K rcol A bur2 A triple-mutant cells also exhibited slow growth (Figure 53),
much like that of a bur24 single-mutant cell (the same holds true for set24 — Figure 51).
These observations suggest that the suppression of synthetic lethality is a result of rcol4
suppression of the deleterious effects of the spt/6-E857K mutation in bur24 cells.

The above conclusion leads to the question of how rcol4 suppresses the
deleterious effect of buriA (Keogh et al. 2005) when it has no effect on bur24 cells. One
possible interpretation of those observations holds that FACT would be a target of Bur
kinase activity (either directly or indirectly). In this scenario, buri4 cells would be unable
to 'activate' FACT or a FACT-pathway component and thus would be unable to overcome
the effects of histone deacetylation by Rpd3C(S). However, eliminating the Rpd3C(S)
HDAC would allow the un-activated FACT to perform its job better and the cells would
be able to survive. FACT could still be 'activated' by Bur kinase in bur24 cells, although

not as well as in BUR?2 cells, and would therefore be able to overcome the effects of
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A)

B)

Figure 53. Suppression of spt16-E857K bur2A synthetic lethality, but not bur24 slow
growth, by rcolA. A) Diploid cells heterozygous for spt16-E857K, bur2A and rcol A
were sporulated, and tetrad analysis was performed. The spt16-E857K bur24 double-
mutant segregants are outlined by the white squares, while the spt16-E857K bur24 rcol4
triple-mutant segregants are outlined by the white circles. The triple mutants grew
significantly better than the double mutants. B) Diploid cells heterozygous for bur24 and
rcol A were sporulated, and tetrad analysis was performed. The bur24 single-mutant
segregants are outlined by the white squares, while the bur24 rcol4 double-mutant

segregants are outlined by the white circles. The double mutants grew no better than the
bur24 single mutants.
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Rpd3C(S). Thus, in these bur2 A cells, eliminating the HDAC would have no effect.
However, cells that are both bur24 and spt16-E857K would have an poorly activated
version of FACT that was already mutant, a situation that would severely compromise
FACT activity, to the point that this mutant FACT would be unable to overcome the
effects of Rpd3C(S). Eliminating the negative effects of the Rpd3C(S) HDAC would
improve the growth of these cells.

An alternative interpretation has it that FACT and Bur kinase mediate parallel but
non-redundant pathways, and that Bur kinase has two levels of activation of its pathway,
with low kinase activity, such as that present in bur2A cells, providing enough function
for life, but full activity being needed for robust growth. In this situation, the Rpd3C(S)
HDAC counteracts a common function carried out by both FACT and Bur kinase. Thus,
elimination of the Rpd3C(S) HDAC could overcome lethality caused by complete loss of
Bur kinase function, but could not replace the need for Bur kinase for robust growth; the
burld rcold cells would be viable, but would not grow robustly. In this scenario, #col4
would have no effect on bur24 cells, as the impaired Bur kinase in these cells is able to
provide life, yet does not have enough kinase activity to support robust growth. However,
if an impaired version of FACT, such as that produced from the spt/6-E857K mutation, is
also present in these bur2A cells, then both the FACT-mediated pathway and the Bur
kinase-mediated pathway are impaired. These spt/6-ES857K bur24 double mutants are
therefore unable to support life, and rcol4 is able to suppress the synthetic lethality. This
could result from rcol4 acting solely on the Bur kinase-mediated or FACT-mediated
pathway, or on both of these pathways.

3.5.2 Suppression of Other Genetic Interactions by rcol A4

If the maintenance of acetylated histones through inactivation of Rpd3C(S) is able to
overcome the impairment of a FACT-mediated pathway, it may be possible to overcome
other instances of synthetic lethality for spt/6-E857K by introducing a deletion of RCO1
into these cells. To determine whether the actions of the Rpd3C(S) histone deacetylase
complex are, in fact, detrimental to cells containing an spz/6 mutation in combination
with mutations in genes other than BUR2, 1 tested whether rcol4 suppresses other spt16

synthetic-lethal interactions that are characterized above.
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3.5.2.1 Suppression of the spt16 spt5 Genetic Interaction

This potential suppression by rcol A was initially tested using spt6 spt5 double mutants.
As described above, both spt16-E857K and spt16-E763G cause synthetic temperature
sensitivity when combined with the spt5-4 and spt5-194 mutant alleles. Using tetrad
analysis to produce and identify triple mutants, I found that both the spt16-E857K spt5-4
rcold and the sptl16-E857K spt5-194 rcold triple mutants grew better at high
temperatures compared to their respective sprl6-E857K spt5 double mutants, indicating
that Rpd3C(S)-mediated histone deacetylation is indeed inhibitory for these spt16 spt5
cells (Figure 54). In contrast, as shown in Figure 54, analogous suppression of
temperature sensitivity by rcol4 was not seen for the spt16-E763G spt5-4 or spt6-

E 763G spt5-194 situations, indicating at least some allele specificity for rcol4-mediated
suppression of synthetic effects. However, since Spt5 may well be a target for Bur kinase
activity (Bourgeois et al. 2002, Ivanov et al. 2000, Kim, Sharp 2001, Pei, Shuman 2003,
Yamada et al. 2006), this particular observation may not be the best indication to see if
rcold can suppress other FACT-related deleterious genetic interactions that are unrelated
to Bur kinase.

3.5.2.2 Suppression of Genetic Interactions between spz16 and Histone Chaperones
To expand the spectrum of spz/6 genetic interactions assessed, 1 determined the rcol4
effects on the deleterious genetic interactions with mutations in histone chaperones.
While some of these interactions are specific for spt/6-E857K or spt16-E763G, others are
common to both mutations. The genetic interaction with a deletion of HIR2, which
encodes a component of HirC, is specific for spt16-E857K, while that with a deletion of
NAPI is specific to spt16-E763G. In contrast, the genetic interactions with mutations in
SPT6, which encodes a histone chaperone involved in transcription elongation, are
common to both spr/6-E857K and spt16-E763G.

Assessing the triple-mutant cells generated using tetrad analysis showed that the
spt16-E857K hir24 rcol triple mutants were able to form colonies (Figure 55),
indicating that the absence of Rpd3C(S) HDAC activity suppresses the synthetic lethality
between spt16-E857K and hir2A4. This result provides more evidence in favour of the idea
that the Rpd3C(S) complex performs a function that opposes that of FACT, as Bur kinase

is not likely to be impaired in this situation. Thus, the observed suppression can be
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30°C 35°C 37°C

sptl6-E763G spt5-4
spt5-4

sptl6-E763G rcold
sptl6-E763G spt5-4 rcold

spt16-E857K spt5-4
spt5-4

spt16-E857K rcold
sptl6-ES57K spt5-4 rcold

spt16-E763G spt5-194
spt5-194

sptl6-E763G rcold
spt16-E763G spt5-194 rcold

sptl6-ES857K spt5-194
spt5-194

sptl6-E857K rcold
sptl6-E857K spt5-194 rcold

Figure 54. rcol A-mediated suppression of the deleterious genetic interactions
between mutations in SP7T16 and SPT5. Segregants from tetrad analysis were patched
on YEPD solid medium, and then replica-plated for incubation at the indicated
temperature overnight. The temperature sensitivity of both the spt/6-E857K spt5-4 and
spt16-E857K spt5-194 double mutants was alleviated in the spt16-E857K spt5 rcold
triple mutants; this suppression was not seen for either of the spt/6-E763G triple mutants.
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Figure 55. Suppression of spt16-E857K hir24 synthetic lethality by rcolA. Diploid
cells heterozygous for spt16-E857K, hir2A and rcol A were sporulated, and tetrad
analysis was performed. The spt16-E857K hir24 double-mutant segregants are outlined
by the white squares, while the spt16-E857K hir24 rcolA triple-mutant segregants are
outlined by the white circles. The triple mutants grew significantly better than the double
mutants.
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interpreted as a result of mitigating the consequences of the FACT defect in spt16-E857K
cells. This suppression also suggests that the basis for this spt16-E857K hir2 A synthetic
lethality may be loss of the nucleosome-assembly activity of Hir2 rather than histone
gene expression effects, as the Rpd3C(S) HDAC functions during transcription. Also
supporting this interpretation are the observations that alterations in histone abundance
only cause temperature sensitivity of spt/6-E857K cells, whereas mutations in HirC
cause synthetic lethality, indicating that the HirC mutations have a more severe effect on
cells relying on the Spt16-E857K mutant protein.

While I observed rcol A-mediated suppression of the synthetic lethality between
spt16-E857K and hir2 A, this was not the case for the synthetic interactions with spr6
mutations. As there are synthetic interactions between the mutant alleles of SPT6 and
béth spt16-E857K and spt16-E763G, the effects of the RCOI deletion were determined
for all of these combinations. Unlike that seen for the genetic interactions tested thus far,
no rcol A-mediated suppression was observed for any of the genetic interactions
involving mutations in SP76 (Figure 56). A similar situation was observed for the genetic
interaction between sptl6-E763G and naplA. In this situation, like that for the spt6
mutations, no rcol A-mediated suppression was observed (Figure 57).

Thus, while the absence of Rpd3C(S)-mediated histone deacetylation is able to
alleviate the lethality of the spt16-E857K hir2 A genetic interaction, it cannot overcome
the deleterious genetic interactions between spt/6 and either spt6 or napl A. Even though
all of these proteins function as histone chaperones, the mechanisms underlying the
deleterious genetic interactions between mutations in the various genes must be different,
as the absence of Rpd3C(S) activity is beneficial only for the deleterious genetic
interaction between sptl6-E857K and hir2 A.
3.5.2.3 Suppression of Genetic Interactions between spt16 and PafC
Since many of the deleterious genetic interactions involving spt/6-E857K can be
suppressed by rcol A, I decided to also examine the interactions with members of PafC.
Both spt16-E857K and spt16-E763G displayed deleterious genetic interactions with
deletions of each member of PafC except Rtfl. Thus, the genetic interactions with PafC

provide an opportunity to determine whether similar suppression patterns can be seen for
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30°C . 35°C_ 37°C

sptl6-E763G spt6-140
spt6-140

sptl6-E763G rcold
spt16-E763G spt6-140 rcold

sptl6-E857K spt6-140
spt6-140

sptl16-E857K rcold
spt16-E857K spt6-140 rcold

sptl16-E763G spt6-1004
spt6-1004

sptl6-E763G rcold
sptl6-E763G spt6-1004 rcold

spt16-E857K spto-1004
spt6-1004

spt16-E857K rcold
sptl6-E857K spt6-1004 rcold

Figure 56. No rcol A-mediated suppression of the deleterious genetic interactions
between mutations in SPT16 and SPT6. Segregants from tetrad analysis were patched
on YEPD solid medium, and then replica-plated for incubation at the indicated
temperature overnight. In no case did rcol A alter the temperature sensitivity of spt16 spt6
double-mutant cells.
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Tetrads 30°C 37°C 39°C

Figure 57. No rcol A-mediated suppression of the deleterious genetic interactions
between spt16-E763G and naplA. Diploid cells heterozygous for spt16-E763G, napl A
and rcol A were sporulated, and tetrad analysis was performed. All segregants from tetrad
analysis were patched onto YEPD solid medium at 30°C, and replica-plated to YEPD for
incubation at 30°C, 37°C and 39°C. Both the spt16-E763G napl A double mutants
(outlined by circles) and spt!6-E763G naplA rcol A triple mutants (outlined by squares)
displayed temperature-sensitive growth, growing poorly at 37°C and 39°C.
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both the spt16-E857K and sptl16-E763G mutations. Using tetrad analysis to produce and
identify triple mutants, I determined whether the »col A deletion was able to suppress any
of the deleterious genetic interactions between deletions of PafC members and either
spt16-E857K or spt16-E763G.

Neither the spt16-E857K ctr94 rcol Anor the spt16-E857K c¢dc73A rcol Atriple-
mutant segregants exhibited any better growth than their respective double mutants,
indicating that there is no rcol A-mediated suppression of these deleterious genetic
interactions (Figures 58 & 59). In contrast, rcol A-mediated suppression was observed for
the genetic interaction between spt16-E857K and pafl A. While the spt16-E857K pafl A
double mutants grew extremely poorly at 30°C, spt16-E857K pafl A rcol A triple mutants
grew fairly well at this temperature (Figure 60). This suppression is not complete,
however, as neither the double mutants nor the triple mutants are able to grow at 37°C.

While it was easy to assess suppression effects with the above three PafC
deletions, the situation with leol 4 cells was somewhat more complicated. With the
original strains used, spt16-E857K leol A double mutants are somewhat impaired for
growth at 39°C, but do not show significant growth defects even at this temperature (see
Figure 61). Thus, when spt16-E857K leol A rcol A triple mutants were generated, it
appeared that these segregants were growing slightly better at 39°C than their spt16-
E857K leol A double-mutant counterparts (Figure 61); however, the relatively mild
growth defect of the double mutants made this difficult to assess. That suppression is
observed for several of the PafC genetic interactions, but not for others, suggests that the
PafC deletions do not all have the same effect. This interpretation is supported by several
previous studies of PafC deletions, which have shown that deleting different members of
PafC have different effects on the cell (Betz et al. 2002, Mueller, Jachning 2002, Porter,
Penheiter & Jachning 2005, Rondon et al. 2004).

In contrast to the suppression observed for several of the genetic interactions
between PafC component deletions and spt/6-E857K, no such suppression was observed
for the genetic interactions involving spt/6-E763G. Although both spt16 mutations

demonstrate genetic interactions with ctr94, cdc73 4, pafl A and leol A, there was no

rcol A-mediated suppression for any of the spt/6-E763G interactions (Figures 58, 59, 60
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A)

Tetrads 23°C 37°C » 39°C

B)
Tetrads 23°C 37°C 39°C

Figure 58. No rcol A-mediated suppression of the deleterious genetic interactions
between spt16-E857K or spt16-E763G and cdc73A. Diploid cells heterozygous for
spt16-ES857K or spt16-E763G, cdc734 and rcol A were sporulated, and tetrad analysis
was performed. All segregants from tetrad analysis were patched onto YEPD solid
medium at 23°C, and replica-plated to YEPD for incubation at 23°C, 37°C and 39°C.

A) Both the spt16-E857K cdc734 double mutants (outlined by circles) and spt/6-E857K
cdc73A4 rcol A triple mutants (outlined by squares) displayed temperature-sensitive
growth, growing poorly at 37°C and 39°C. B) Both the spt/6-E763G cdc734 double
mutants (outlined by circles) and spt/6-E763G cdc734 rcol A triple mutants (outlined by
squares) displayed temperature-sensitive growth, growing poorly at 37°C and 39°C.
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A)
Tetrads 23°C 30°C ~37°C

B)
Tetrads 23°C 30°C 37°C

Figure 59. No rcol A-mediated suppression of the deleterious genetic interactions
between sptl6-E857K or spt16-E763G and ctr9A4. Diploid cells heterozygous for spti6-
E857K or spt16-E763G, ctr94 and rcol A were sporulated, and tetrad analysis was
performed. All segregants from tetrad analysis were patched onto YEPD solid medium at
23°C, and replica-plated to YEPD for incubation at 23°C, 30°C and 37°C. A) Both the
spt16-E857K ctr94 double mutants (outlined by circles) and spt16-E857K ctr9A rcol A
triple mutants (outlined by squares) display temperature-sensitive growth, growing poorly
at 30°C and 37°C. B) Both the spt16-E763G ctr9A4 double mutants (outlined by circles)
and spt16-E763G ctr94 rcol A triple mutants (outlined by squares) display temperature-
sensitive growth, growing poorly at 30°C and 37°C.
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A)
Tetrads 23°C 30°C 37°C

23°C 30°C 37°C

Figure 60. rcol A-mediated suppression of the deleterious genetic interaction
between spt16-E857K and paflA, but not between spt16-E 763G and paflA. Diploid
cells heterozygous for spt16-E857K or sptl16-E763G, pafl A and rcol A were sporulated,
and tetrad analysis was performed. All segregants from tetrad analysis were patched onto
YEPD solid medium at 23°C, and replica-plated to YEPD for incubation at 23°C, 30°C
and 37°C. A) Both the spt16-E857K pafi A double mutants (outlined by circles) and
spt16-E857K pafl A rcol Atriple mutants (outlined by squares) display temperature-
sensitive growth, growing poorly at 23°C and 30°C, but not at all at 37°C. The triple-
mutant cells appear to grow somewhat better than the double-mutant cells at 30°C,
although this suppression does not extend to growth at 37°C. B) Both the spt/6-E763G
paflA double mutants (outlined by circles) and spt/6-E763G pafl A rcol A triple mutants

(outlined by squares) display temperature-sensitive growth, growing poorly at 23°C and
30°C, but not at all at 37°C.
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A)
Tetrads 23°C 37°C 39°C

B)
Tetrads 23°C 37°C 39°C

Figure 61. rcol A-mediated suppression of the deleterious genetic interaction
between spt16-E857K and leol A, but not between spt16-E763G and leol A. Diploid
cells heterozygous for sptl16-E857K or spt16-E763G, leol A and rcol A were sporulated,
and tetrad analysis was performed. All segregants from tetrad analysis were patched onto
YEPD solid medium at 23°C, and replica-plated to YEPD for incubation at 23°C, 37°C
and 39°C. A) Both the spt16-E857K leol A double mutants (outlined by circles) and
spt16-E857K leol A rcol A triple mutants (outlined by squares) display temperature-
sensitive growth, growing poorly at 39°C. The triple-mutant cells appear to grow
somewhat better than the double-mutant cells at 39°C. B) Both the spt16-E763G leol A
double mutants (outlined by circles) and spt16-E763G leol A rcol A triple mutants

(outlined by squares) display temperature-sensitive growth, growing poorly at 37°C and
39°C.
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and 61). This general finding is consistent with the hypothesis that the genetic
interactions between spt] 6-E857K and the PafC deletions involve both the chromatin-
associated and the chromatin-independent roles of PafC, while the genetic interactions
with spt16-E763G involve only the chromatin-independent role. As Rpd3C(S), and
therefore Rcol, act on transcribed regions of DNA, it follows that rcol 4-mediated
suppression would only exist for genetic interactions that involve transcription elongation
components. It has been noted that Spt16 abundance within transcribed regions is
increased in pafi A strains (Mueller et al. 2004), perhaps indicating an increased
requirement for Spt16 to overcome transcription defects caused by the loss of Pafl. If this
idea is correct, then perhaps the Spt16-E857K mutant is impaired for the ability to
overcome the effects of a PAFI deletion. In this model, normal levels of Rpd3C(S)-
mediated histone deacetylation are inhibitory to Spt16 activity, and Spt16-E857K is
particularly sensitive to the presence of deacetylated histones. In this model, Spt16-
E763G is impaired differently than Spt16-E857K, and thus the presence or absence of
Rpd3C(S)-mediated histone deacetylation has no effect on cells carrying the spt/6-
E763G mutation.

Thus, while the absence of Rpd3C(S)-mediated histone deacetylation is able to
alleviate the lethality of several of the genetic interactions tested, it cannot overcome all
of them. While Rpd3C(S) activity can be inhibitory when Spt16 is mutated, the absence
of this activity is beneficial only for a subset of situations with deleterious spt/6 genetic
interactions, and only in those involving the spt/6-E857K mutation rather than the spt/6-
E763G mutation. Thus, there is a fundamental difference between how these two
mutations in the SPT16 gene affect Spt16 protein function. Both the spt/6-E857K
mutation and the spt16-E763G mutation have effects on the ability of the Spt16 protein to
function during transcription, as evidenced by the ability of both mutations to produce an
Spt phenotype. However, the specific perturbation of Spt16 protein function is likely
different in each situation, as the absence of Rpd3C(S)-mediated histone deacetylation is

beneficial only for genetic interactions involving the spt/6-E857K mutant allele.
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3.6  Interactions with Histone Acetyltransferases
The above results suggeét that FACT does indeed have an activity that aids in
overcoming the repressive effects of deacetylated histones that result from the activity of
Rpd3C(S). One possibility is that FACT may interact with, or recruit, a histone
acetyltransferase (HAT) complex to re-acetylate the histones that were previously
deacetylated by Rpd3C(S). Alternately, FACT may simply work better in an environment
where histones are acetylated, particularly when FACT activity is impaired due to
mutations such as spt/6-E857K.

There are many HAT complexes in yeast; however, NuA3 is a likely candidate for
a HAT activity that facilitates FACT, because the HAT catalytic subunit of NuA3, Sas3,
is known to interact physically with the N-terminal domain of Spt16 (John et al. 2000).
This NuA3-Sptl6 interaction may not be essential in otherwise wild-type cells, since
cells containing either a ANTD form of Spt16 or a deletion of S4S3 are alive and do not
display severely impaired growth (O'Donnell et al. 2004, Reifsnyder et al. 1996).
However, the loss of this NuA3—FACT interaction may account for the impaired growth
of a ANTD form of Spt16 that also contains the E857K point mutation (O'Donnell et al.
2004). These observations suggest that the absence of a Sas3 interaction with Spt16, in
combination with the impaired function of the sp¢/6-E857K version of FACT, may lead
to defects in cell growth. To assess this possibility, cells containing both spt/6-E857K
and sas34 were assessed for growth at a variety of temperatures; no synthetic growth
impairment was observed (Figure 62). These negative results suggest that, although there
may be a physical interaction between Spt16 and Sas3, the loss of this interaction is not
responsible for the impaired growth observed with an spt/6-E857K allele that is also
missing its NTD. Genetic interactions between spt16-E763G and sas3A were also
assessed; no synthetic growth impairment was observed for this combination of
mutations (Figure 62). Since there are no obvious genetic interactions between sptl6-
E857K and sas34, NuA3 is likely not a HAT complex that aids FACT significantly in
opposing Rpd3C(S)-mediated histone deacetylation.
3.6.1 Interactions with elp3A4, gcn5A4, and esal-L254P
The absence of a genetic interaction between FACT and NuA3 does not rule out the

possibility that FACT has functional interactions with another HAT complex. Several
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30°C  35°C  37°C

sas34
spt16-E763G
sptl16-E763G sas34

sas34
sptl6-E857K

sptl6-E857K sas34

Figure 62. No deleterious genetic interactions exist between spt16-E857K or sptl6-
E763G and sas34. Diploid cells heterozygous for sptl6-E857K or spt16-E763G and
sas3A were sporulated, and tetrad analysis was performed. Replica plates with patches of
single and double mutants were incubated overnight on YEPD solid medium at the
indicated temperatures. Both the spt16-E857K sas3 A double mutants and the spt16-
E763G sas34 double mutants grew as well as the single-mutant cells.
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other HAT complexes have been identified with roles in transcription (Brown et al. 2000,
Doyon, Cote 2004, Timmers, Tora 2005) — among these are ADA, SAGA, SLIK/SALSA,
Elongator, NuA4, and Piccolo. ADA, SAGA, and SLIK/SALSA share the same catalytic
subunit, GenS (Grant et al. 1997, Pray-Grant et al. 2002, Sterner, Belotserkovskaya &
Berger 2002), while Elongator has a different catalytic subunit, Elp3 (Wittschieben et al.
1999). Previous work has indicated that while Rpd3 does not appear to affect histone
acetylation by Elp3, it may play a role in removing GenS5-mediated histone acetylation
(Vogelauer et al. 2000). Cells containing elp34 or gcn54 were crossed with cells
containing spt/6-E857K or spt16-E763G and tetrad analysis was carried out to assess
genetic interactions between these genes. No significant synthetic growth impairment was
observed for either the spt16 gen54 double-mutant cells or the spt16 elp34 double-
mutants cells (Figure 63). These results indicate that, as found for NuA3, the HAT
complexes ADA, SAGA, SLIK and Elongator likely do not aid FACT significantly in
opposing the effects of Rpd3C(S)-mediated histone deacetylation.

The catalytic subunit of NuA4 (Allard et al. 1999) and Piccolo (Boudreault et al.
2003), Esal, is an essential protein, and thus a null allele of the ESA/ gene cannot readily
be used to assess genetic interactions (Clarke et al. 1999, Smith et al. 1998). While the
Piccolo HAT complex has been suggested to mediate non-targeted histone acetylation by
Esal, the NuA4 HAT complex is thought to be involved in gene-specific histone
acetylation (Boudreault et al. 2003). In addition, the NuA4 HAT complex has been
shown to promote transcription from a nucleosomal template (Allard et al. 1999), further
suggesting a role for Esal in transcription. Furthermore, Esal and Rpd3 have been shown
to mediate opposing histone acetylation and deacetylation of the same lysine residue
(H4K12) (Vogelauer et al. 2000), making Esal a likely target for aiding FACT to
overcome Rpd3C(S)-mediated histone deacetylation. Because the £SA4/ gene is essential,
I assessed genetic interactions using a point mutant form of this HAT, esal-L254P
(Clarke et al. 1999). The esal-L254P mutation causes temperature sensitivity, and
encodes a version of Esal that is both defective for HAT activity in vitro and causes
decreased levels of acetylated H4 at the restrictive temperature (37°C) in vivo (Clarke et
al. 1999).
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30°C 35°C 37°C

elp34
spt16-E763G

sptl16-E763G elp34

elp34
sptl16-ES857K

spt16-E857K elp34

gendA

spt16-E763G
spt16-E763G gendA
gendd

sptl16-E857K

sptl6-E857K genS4

Figure 63. No deleterious genetic interactions exist between spt16-E763G or sptl6-
E857K and either elp34 or gcn54. Diploid cells heterozygous for spt16-E857K or
spt16-E763G and elp3A4 or gcn5 A were sporulated, and tetrad analysis was performed.
Replica plates with patches of single and double mutants were incubated overnight on
YEPD solid medium at the indicated temperatures. All four double mutants grew as well
as the single-mutant cells.
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To assess whether a genetic interaction exists between SPT76 and ESAI, tetrad
analysis was carried out. Cells containing either the spt16-E857K mutation or the spt16-
E763G mutation were crossed with esal/-L254P cells, the resulting diploids were
sporulated, and the haploid spore products assessed for growth defects. This initial
assessment produced many spores that failed to germinate, thereby making it difficult to
analyse whether genetic interactions exist between these two genes. Therefore, one of the
esal-L254P segregants that did germinate was backcrossed to the spt/6-mutant parental
strains, and tetrad analysis was again carried out.

This second round of tetrad analysis of esa/-L254P cells crossed with spt6-
E857K cells yielded double-mutant segregants that grew into colonies of several different
sizes (Figure 64). In addition, in each cross there were still a substantial number of spores
that failed to germinate, and other spore products that grew quite poorly, regardless of
whether they carried a particular mutation. Because of this variable growth, it was
difficult to determine whether a genetic interaction exists for either double mutant.
Therefore, the segregants from these crosses were patch-plated onto solid medium, and
the resulting patches were replica-plated to several temperatures for further growth. This
type of analysis suggested that a deleterious genetic interaction does exist between spt/6-
E857K and esal-L254P (Figure 64). Hdwever, these double-mutant cells were not all
impaired to the same degree, making it difficult to determine the extent of the deleterious
interaction between these two mutations. In an attempt to eliminate this variability, one of
the better-growing spt16-E857K esal-L254P double-mutant segregants was crossed with
cells of a strain containing neither mutation, and tetrad analysis was once again carried
out. Satisfyingly, the spt16-E857K esal-L254P double-mutant segregants from this cross
all demonstrated a similar degree of impairment, exhibiting temperature-sensitive growth
at 35°C (Figure 64).

This deleterious genetic interaction between spt/6-E857K and esal-L254P may
mean that NuA4 and/or Piccolo is a HAT complex that aids FACT in opposing
Rpd3C(S)-mediated histone deacetylation. Based on previous results implicating NuA4
in gene-specific histone acetylation (Boudreault et al. 2003) showing that NuA4
facilitates transcription from a nucleosomal template (Allard et al. 1999, Galarneau et al.

2000), NuA4 is a more likely candidate for this function. Supporting this idea is the



174

A)
Tetrads 30°C 35°

37°

B)
Tetrads 30°C 35°C 37°C

Figure 64. Deleterious genetic interactions between spt16-E857K and esal-L254P.
Diploid cells heterozygous for spt/6-E857K and esal-L254P were sporulated, and tetrad
analysis was performed. All segregants from tetrad analysis were patched onto YEPD at
30°C, and replica-plated to YEPD for incubation at 30°C, 35°C and 37°C. A) The spt!6-
E857K esal-L254P double mutants displayed temperature-sensitive growth, growing
poorly at 35°C and 37°C. However, the double-mutant segregants are not all impaired to
the same degree. B) One of the better-growing double mutants from (A) was backcrossed
to a related strain carrying neither mutation, yielding the segregants shown here. The
spt16-E857K esal-L254P double mutants (outlined by circles) displayed temperature-
sensitive growth, growing poorly at 35°C and 37°C. The esal-L254P single mutants

(outlined by squares) also display temperature-sensitive growth, but were not as impaired
as the double mutants.
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observation that DNA replication itself appears to occur normally in esal-L254P cells
(Clarke et al. 1999). In addition, Esal and Rpd3 have been shown to mediate opposing
histone acetylation and deacetylation of the same lysine residue (H4K12) (Vogelauer et
al. 2000). This possibility warrants further investigation: if histone acetylation by Esal is
important in cells containing the spt/6-E857K mutation, perhaps a mutant form of
histone H4 that cannot be acetylated on lysine 12 would show similar deleterious
interaction as does the esal-L254P mutation. Also of note is the observation that the
esal-L254P single-mutant segregants from this cross were also uniform in behaviour, but
did not display the same degree of temperature sensitivity as had been previously
reported (Clarke et al. 1999), likely due to differences in the genetic background between
the original esal-L254P strain that I used for these studies and the spt/6 mutant strain.
This possibility might also explain the poor spore germination observed for my original
crosses and tetrad analyses involving esal-L254P.

In contrast, the spt/6-E763G mutant allele gave different effects. Unlike the
impaired growth observed with the spt16-E857K mutant allele, no deleterious genetic
interaction was observed between spt!6-E763G and esal-L254P, even when the cells
were grown at high temperatures (Figure 65). Thus, a deleterious genetic interaction with
esal-L254P is not common to all mutant alleles of SPT76. The lack of any genetic
interaction between esal-L254P and spt16-E763G is consistent with the absence of
rcol A-mediated suppression for this mutant allele of SPT16. Thus, unlike the spt16-
E857K mutation, the spt!6-E763G mutation is likely not impaired in overcoming the
repressive effects of deacetylated histones that result from the activity of Rpd3C(S).

3.6.2 Interactions with r#1094

Recently, the Rtt109 protein was shown to be required for acetylation of histone H3
lysine 56 (H3K56ac), a modification that occurs during S phase and during DNA-damage
repair (Hyland et al. 2005, Masumoto et al. 2005, Ozdemir et al. 2005, Recht et al. 2006).
This acetylation is also found along transcribed regions of DNA, suggesting a possible
link between this histone modification and transcription elongation (Schneider et al.
2006, Xu, Zhang & Grunstein 2005). Further investigations have shown that while
Rtt109 is the HAT that catalyses this acetylation of H3K56 (Driscoll, Hudson & Jackson
2007, Han et al. 2007), to perform this action Rtt109 forms separate complexes with Asfl
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Tetrads 30°C 3s5°C 37°C

Figure 65. No deleterious genetic interaction between spt16-E763G and esal-L254P.
Diploid cells heterozygous for spt/6-E763G and esal-L254P were sporulated, and tetrad
analysis was performed. All segregants from tetrad analysis were patched onto YEPD at
30°C, and replica-plated to YEPD for incubation at 30°C, 35°C and 37°C. The spt!6-
E763G esal-L254P double mutants displayed temperature-sensitive growth, growing
poorly 35°C and 37°C; however, this growth was no worse than that of the esal-L254P
single mutants.
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and Vps75, two histone chaperones (Han et al. 2007, Selth, Svejstrup 2007, Tsubota et al.
2007). These two Rtt109 complexes appear to be functionally distinct, as cells lacking
Asfl exhibit severely decreased levels of total H3K56ac (Schneider et al. 2006) whereas
cells lacking Vps75 do not (Selth, Svejstrup 2007). In addition, the Rtt109—Asfl complex
is important for genome stability, while the Rtt109—Vps75 complex is not (Selth,
Svejstrup 2007, Tsubota et al. 2007). It has been further demonstrated by in vitro
experiments that both the Rtt109—Asfl and the Rtt109-Vps75 complex acetylate only
non-nucleosomal histone H3, and cannot perform acetylation of nucleosomal H3 (Han et
al. 2007, Tsubota et al. 2007). The correlation of the H3K56ac modification with S phase,
and the ability of both Rtt109 HAT complexes to acetylate only non-nucleosomal H3,
suggest that this HAT may not aid in overcoming transcription-related Rpd3C(S)-
mediated histone deacetylation. However, the physical association between Rtt109 and
both Asfl and Vps75 suggested that further investigation into the Rtt109 HAT was
warranted. I have shown above that asf7 4 has deleterious genetic interactions with spt/6-
E857K, yet have not determined which role(s) of Asfl is important for this interaction.
Perhaps it is the absence of the Rtt109-Asfl complex, and the resulting decrease in
H3KS56ac levels, that causes the synthetic interaction between spt!6-E857K and asfl A. If
this were the case, I would expect to see a similar genetic interaction between spt/6-
ES857K and r1t109A. In addition, I have also shown above that a slight deleterious genetic
interaction may exist between spt16-E857K and vps75A4. It is therefore also possible that
a genetic interaction observed between spt/6-E857K and rit]1094 may reflect the loss of
the Rtt109—Vps75 complex, rather than the Rtt109-Asfl complex.

To assess whether a genetic interaction exists between spt/6-E857K and rtt1094,
tetrad analysis was performed to obtain double-mutant segregants. These segregants were
patched and subsequently replica-plated to assess growth at a variety of temperatures.
While there was some suggestion of synthetic growth impairment in the spt/6-E857K
rtt1094 double-mutant cells at high temperatures, these patch tests were not sensitive
enough to measure the degree of this impairment. Therefore, serial dilutions and spot
testing was performed on the spt16-E857K and rtt1094 single mutants, as well as five of
the spt16-E857K rtt1094 double-mutant segregants (Figure 66). This analysis indicated
that the spt16-E857K rtt1094 double-mutant cells grow more poorly at high temperatures
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30°C 35°C 37°C

sptl16-E857K K4

rit109A

spt16-ES857K rtt] 09A 10B
spt16-E857K rit109A 11A
sprl6-E857K riel 09A 13B
spt16-ES857K rtt] 09A 15B
sptl16-E8S57K ritl1 09A 18A

Figure 66. Deleterious genetic interaction between spt16-E857K and rtt109A.
Following tetrad analysis, ten-fold serial dilutions of cells were spotted onto YEPD solid
medium and incubated at the indicated temperatures for three days. The spt16-E857K
rtt1094 double mutants grew poorly at 37°C. One of the five double-mutant segregants
(10B) grew better than the other four at the high temperature, likely due to the presence
of a suppressor mutation. However, this improved growth is still less robust than that of
the single-mutant cells.
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(37°C and 39°C) than does either single mutant. Therefore, a deleterious genetic
interaction does exist between spt!6-E857K and rtt109A. This finding may indicate that
the absence of the Rtt109—Asf1 protein complex is a reason for the deleterious genetic
interactions between sptl6-E857K and asf1A. However, the deleterious interaction
observed between spt6-E857K and rtt109A4 is not as severe as that observed between
spt16-E857K and asfl A (see Figure 28), which suggests that the absence of the Rtt109—
Asfl complex is not the only reason for the deleterious genetic interactions between
spt16-E857K and asfl A. In addition, while a deleterious genetic interaction between
spt16-E857K and vps75A4 has yet to be confirmed, the possibility exists that the reason

behind this deleterious genetic interaction is the absence of the Rtt109-Vps75 complex.

3.7 Differences between sptl6-E857K and spt16-E763G

The results of the genetic interactions described above indicate that the spt/6-E857K and
spt16-E763G mutations affect Spt16 function in different ways. Initial investigations
performed with these two alleles on low-copy plasmids, however, did not identify any
significant differences. Both mutant alleles produce proteins that are present at normal
levels of abundance, and neither of them causes sensitivity to a wide variety of
conditions, such as high temperature, inositol starvation, or the presence of hydroxyurea
or 6-azauracil, among others (O'Donnell 2004). The first indication that the E763G
substitution and the E857K substitution are somehow functionally different came out of
studies that placed these substitutions in a version of Spt16 protein that was missing its

N-terminal domain (Spt16-ANTD). While cells containing the Spt16-AN,E857K mutant

form of Spt16 display impaired growth compared to cells with Spt16-ANTD or Spt16-
E857K, the Spt16-AN,E763G mutant form of the protein confers no additional
impairment (O'Donnell 2004, O'Donnell et al. 2004). This result, combined with the
markedly different patterns of genetic interactions observed for the two alleles encoding
these substitutions, both through SGA (O'Donnell 2004) and by directed testing as
described above, indicates that there is something different about the effects of these two
mutations. Thus, while spt/6-E857K and spt16-E763G were identified by the same
dominant Spt phenotype, they may produce this phenotype by different actions on Spt16

protein function during transcription. Therefore, I decided to examine these two
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mutations in more detail, to determine whether additional differences between them could
be identified.

3.7.1 Additional Spt Phenotypes of spt16-E857K and sptl16-E763G

The initial Spt reporter alleles used to identify the spt/6-E857K and spt16-E763G
mutations, his4-9126 and lys2-2186, have been widely used. However, these Spt reporter
alleles can be activated by mutations in genes involved in either transcription elongation
or transcription initiation (Winston 1992). As Spt16 has been reported to play a role in
transcription initiation (Biswas et al. 2005, Biswas et al. 2006) as well as tfanscription
elongation (Brewster, Johnston & Singer 2001, Orphanides et al. 1999), the spt16-E857K
and sptl6-E763G mutations may activate these two Spt reporter alleles through effects on
different aspects of FACT function. To assess whether this may be the case, I examined
the effects of sp?16-E857K and spt16-E763G in yeast strains containing several additional
Spt reporter genes.

One of these additional Spt reporters is the engineered pGALI-FLOS-HIS3
reporter gene (Prather et al. 2005), which takes advantage of an internal ‘cryptic’
promoter within the FLOS8 gene. It has been reported that FLOS contains an internal
promoter that is only activated in cells with mutations in transcription elongation factors
(Kaplan, Laprade & Winston 2003). This conclusion suggests that the internal promoter
is only accessible by transcription machinery when there has been faulty chromatin
reassembly following transcription of the full-length FLOS gene, thereby exposing the
internal promoter region. The pGALI-FLOS8-HIS3 reporter was designed to take
advantage of this situation, by fusing the HIS3 coding sequence downstream of this
internal promoter, but out of frame with the FLOS coding sequence. This ensures that
these HIS3 sequences will only be expressed as functional mRNA when the internal
promoter of FLOS is active. In addition, the endogenous FLOS8 promoter was replaced by
the GALI promoter, which is activated only when galactose is used as a carbon source.
This situation provides a means by which transcription across the FLOS internal promoter
can be regulated.

To determine whether the spt16-E857K or spt16-E763G mutations have a
dominant effect on the expression of the pGAL-FLOS-HIS3 reporter, 1 transformed cells

containing this reporter gene, and normal chromosomal SPT/6, with low-copy plasmids
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containing either spt/6-E857K or spt16-E763G. Transformants were patched onto solid
medium and then replica-plated to medium lacking histidine and containing either
glucose or galactose. Both spt/6-E857K and spt16-E763G caused activation of the
pGAL-FLOS8-HIS3 internal promoter, as evidenced by growth on the histidine-deficient,
galactose-containing medium (Figure 67). In contrast, no growth was observed on the
histidine-deficient, glucose-containing medium, indicating that, in both cases,
transcription of FLOS8 from the GALI promoter is required for activation of the internal
promoter. This observation implies that the activation of the FLOS internal promoter is
dependent on faulty chromatin reassembly during transcription of the upstream FLOS8
sequences. Thus, spt/6-E857K and spt16-E763G produce a similar dominant effect over
normal SPT16 in the context of this reporter gene.

Two other Spt reporter genes used in my investigations were his4-9176 and lys2-
173R2; these particular genes have been reported to be affected only by mutations
affecting transcription initiation, such as mutations in the genes encoding TATA-binding
protein (TBP) or components of the SAGA HAT complex, and not by mutations in SPT6
or the genes encoding histones H2A and H2B (Winston 1992). The his4-9176 gene
behaves in a manner similar to the other reporter genes, in that normal cells do not
express a transcript of this gene that is functional, while cells containing the appropriate
kind of Spt mutation do (Winston 1992, Winston et al. 1984). Therefore, while normal
his4-9176 cells are unable to grow on medium that lacks histidine, cells containing an
initiation type of Spt mutation can grow on histidine-deficient medium. The lys2-173R2
reporter gene behaves in the converse manner. Normal cells containing this reporter gene
express this gene in a functional manner and thus are able to grow on medium lacking
lysine, while cells containing an initiation type of Spt mutation have altered transcription
of this Jys2 mutant gene and cannot grow on lysine-deficient medium (Winston 1992).
These two reporter genes were used to indicate whether spt16-E857K or spt16-E763G
might have an effect on transcription initiation.

Since both of these mutant versions of SPT/6 have dominant effects on the other
Spt reporter alleles used here, I first tested whether such a dominant effect exists using
the initiation-type his4-9176 or Iys2-173R2 reporter genes. I transformed cells containing

these reporter genes and normal chromosomal SPT6 with low-copy plasmids containing
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LEU- HIS-Glu HIS- Gal

SPT16
sptl16-E857K
spt16-E763G

vector

Figure 67. Both spt16-E857K and spt16-E763G activate the pGALI-FLOS8-HIS3
cryptic promoter in a dominant fashion. Cells of the pGALI-FLO8-HIS3 strain
FY2393 were transformed with the indicated alleles on LEU2 CEN vectors; transformants
were patched on Leu- solid medium, and then replica-plated to both His- Glucose and
His- Galactose solid medium and incubated for two days to assess activation of the FLOS
internal cryptic promoter (growth on His- Galactose medium). Both spt/6-E857K and
spt16-E763G cells are able to grow on the His- Galactose solid medium, but not on the
His- Glucose solid medium. While both alleles permit growth on His- Galactose medium,
spt16-E857K appears to allow more robust growth than spt/6-E763G, although the
reason for this is unclear.
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spt16-E857K or sptl6-E763G. Transformants were patched onto solid medium and then
replica-plated to medium lacking histidine or lysine to test for growth. Neither spt/6-
E857K nor spt16-E763G caused a dominant Spt phenotype using the his4-9179 and lys2-
173R2 reporters, as evidenced by lack of growth on histidine-deficient medium, and
continued growth on lysine-deficient medium (Figure 68). Thus, neither sptl6-E857K nor
spt16-E763G produces a dominant effect over normal SPT16 in the context of these
reporter genes.

I also determined whether spt16-E857K or spt16-E763G alter expression of these
Spt reporter alleles when they encode the only version of Spt16 in the cell. To do this, I
first transformed spt16A4 cells (kept alive with a low-copy SPT16 plasmid) containing
his4-9176 and lys2-173R2 with low-copy plasmids containing spt/6-E857K or sptl6-
E763G. The original SPT16 plasmid was then selected against, and the resulting
derivatives, containing only spt16-E857K or sptl16-E763G, were patched onto solid
medium and replica-plated to medium lacking histidine or lysine to assess growth. While
spt16-E763G did not cause an Spt phenotype using the Ais4-9175 and lys2-173R2
reporters, as evidenced by lack of growth on histidine-deficient medium, and continued
growth on lysine-deficient medium, cells containing spt/6-E857K were able to grow on
medium lacking histidine (Figure 68). Thus, although spt/6-E857K does not alter
expression of the lys2-173R2 reporter gene to an extent measurable by growth effects on
lysine-deficient medium, this spt/6 mutation does allow functional transcription of the
his4-9170 reporter gene.

The production of a functional HIS4 transcript from the his4-9176 reporter gene is
thought to occur through a change in the transcription start site from the upstream delta
element to the normal HIS4 start site (Eisenmann, Dollard & Winston 1989).
Transcription of the his4-9178 gene is normally initiated within the upstream delta
element, producing a 5’-extended but non-functional transcript. In contrast, his4-9175
cells that have a mutation causing an Spt phenotype initiate transcription at the normal
HIS4 start site, and therefore produce functional HIS4 transcripts. Thus, one possibility
for the functional transcription of his4-917& observed in spt16-E857K cells is that the
Spt16-E857K protein allows use of an alternative transcription start site for the his4-9176

reporter gene. A recent report has suggested that Spt16 has a role in the formation of
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A)
YEPD  LYS-  HIS-
SPT16
FY631 vector
(SPTI6) | spti6-E763G
sptl6-E857K
spt20A
B)

LEU-  LYS- HIS- HIS-
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Figure 68. spt16-E857K has a recessive, but not a dominant, initiation Spt effect.
A) Cells of the his4-9178 and lys2-173R2 reporter strain FY631 were transformed with
various SPT16 plasmids; transformants were patched onto YEPD solid medium and
replica plated to Lys- and His- solid media. Cells with an spt20A4 mutation were also
patched as a positive control. Neither spt/6-E763G nor sptl16-E857K inhibited
transcription from the lys2-173R2 reporter, and although some background growth was
observed indicating activation of the his4-9176 reporter, this was not significantly more
than that of the vector control. B) Cells of the his4-9176 and lys2-173R2 reporter strain
RK57 was transformed with various SPT6 plasmids; derivatives lacking the SPT16
URA3 plasmid were identified and patched onto Leu- solid medium and replica plated to
Lys- and His- solid media. Cells relying on spt16-ES857K activated the his4-9176
reporter, although growth was not significant until 7 days after replica plating.
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initiation complexes at promoters (Biswas et al. 2005), so it is not unreasonable to
suggest that mutations in SPT16 may affect the ability of the Spt16 protein to mediate
initiation complex formation at various sites.

These experiments showed that spt16-E857K and spt16-E763G have different
effects on the expression of Spt reporter genes, with sptl6-E857K apparently having
effects on both transcription initiation and elongation, while spt/6-E763G affects only
transcription elongation. Thus, the original effects on the his4-9126 and lys2-1286
reporter genes could result from either the initiation or elongation defects of the spt/6-
E857K mutation, but only from an elongation defect for the spt16-E763G mutation.
These results support the hypothesis, suggested by the different patterns of genetic
interactions, that these two spt6 mutations affect different aspects of Spt16 function.
3.7.2 Protein Interactions of Spt16-E857K and Spt16-E763G
To help determine whether the spt16-E857K and sptl6-E763G mutations have different
effects on Spt16 protein function during the transcription process, I performed co-
immunoprecipitation experiments using the Spt16-E857K and Spt16-E763G mutant
proteins. Previous studies of various transcription components have identified Spt16 in
complexes with numerous proteins involved in transcription (Krogan et al. 2002,
Lindstrom et al. 2003, Simic et al. 2003, Squazzo et al. 2002), and thus it is possible that
the E857K or the E763G substitution affects binding to certain proteins in a way that
would be detectable by co-immunoprecipitation.

For these experiments, specific reagents directed against Spt16 were needed for
immunoprecipitation. As our polyclonal anti-Spt16 antibody strongly detects a non-
specific band at 40 kDa (O'Donnell 2004), I decided to use a tagged version of the Spt16
protein for these experiments. In these studies, the C terminus of Spt16 was fused to the
S-tag (Novagen), a small fifteen-residue peptide that is part of the bovine RNase S
ribonuclease enzyme (amino acids 1-15). Much like an epitope-antibody interaction, the
S-tag binds to the S-protein (amino acids 21-124 of RNase S) with high affinity (Kq=1.1
x 107 M) (Raines et al. 2000). Thus, S-protein, rather than an anti-S antibody, is used for
detection and precipitation of S-tagged fusion proteins. Troy Perry, a former Honours
student, had previously used the S-tag with Spt16. He has shown that C-terminal S-tag

fusions do not interfere with normal Spt16 function, and that S-protein-HRP, used for
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western blot detection, does not croés—react with other yeast proteins (Perry 2005).
‘Therefore, I chose to use S-tagged forms of Spt16 in my analyses of mutant Spt16 protein
interactions.

Following construction of the C-terminally S-tagged versions of Spt16-E857K
and Spt16-E763@, I transformed plasmids containing the two alleles into yeast, and
confirmed through a plasmid-shuffling procedure that the S-tag does not interfere with
the ability of these two mutant proteins to provide essential Spt16 function. To ensure
that these S-tagged forms of Spt16 can be detected by western blot, I prepared whole cell
extracts from cells containing S-tagged Spt16, Spt16-E857K, or Spt16-E763G and from
cells containing untagged Spt16. Indeed, the S-tagged form of Spt16 was detected in two
independent extracts of each S-tagged cell type, while no signal was detected for the
extracts prepared from untagged Spt16 cells (Figure 69). Therefore, I proceeded to use
these S-tagged versions for Spt16 for my co-immunoprecipitation analyses.
3.7.2.1 Interactions with Histones H2B and H3
Because the primary function of Spt16 is thought to be its role as a histone chaperone,
and since altered chromatin reassembly can cause an Spt phenotype using the elongation-
type Spt reporters (a phenotype of both of these mutations), I first decided to examine
whether these mutations caused an altered co-immunoprecipitation of histone proteins.
First, | assessed whether histone H2B could be pulled down with any of the three
versions of Spt16. As the interaction between Spt16 and histones is likely to be transient,
the protein extractions were performed using several different salt concentrations and
using potassium acetate, rather than sodium chloride. Previous work assessing the
binding between Spt16 and Nhp6, a transiently associated subunit of FACT, showed that
this interaction could be observed using potassium acetate, but not using sodium chloride
(Brewster, Johnston & Singer 2001). The whole cell extracts were treated with S-protein
agarose beads to pull down Spt16, and this precipitated material was then resolved using
SDS-PAGE. This analysis showed that all three forms of Spt16 — Spt16, Spt16-E763G,
and Spt16-E857K — were able to pull down histone H2B under all three salt conditions
tested (Figure 70). For all three Spt16 proteins, substantially more H2B was recovered
from the 50 mM pull-down than from the 100 mM or 150 mM pull-downs. However, the

difference was more noticeable for the Spt16-E857K mutant, which pulled down less
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Spt16 Sptl6-S  E763G-S  E857K-S

A B A B A B A B

Figure 69. Detection of S-tagged Spt16. Whole cell extracts were prepared from two
different cultures of cells containing either untagged Spt16, Spt16-S, Spt16-E763G-S or
Spt16-E857K-S. Equal amounts of total protein were resolved by SDS-PAGE, transferred
to PVDF, and probed using S-protein HRP.
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Sptlé Spt16-E763G Spt16-E857K
50 100 150 50 100 150 50 100 150 mM KOAc
CO-1P
H2B
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CO-IP
Spt16
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B)
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Figure 70. Spt16-E857K shows decreased pull-down of histone H2B, and DNA
mediates the interaction between Spt16 and H2B. A) Whole cell extracts were
prepared from cells containing S-tagged versions of the indicated form of Spt16, and
Spt16 was pulled down using S-protein agarose beads (50 mM, 100 mM, or 150 mM
KOACc buffer). The immunoprecipitated material was resolved by SDS-PAGE and
transferred to PVDF. H2B was detected using a-HA (1:2000) and Spt16 using S-protein
HRP (1:2000). H2B was polled fown by all three forms of Spt16. B) Whole cell extracts
were prepared (100 mM KOACc buffer), precipitated and analysed as in (A), except that
EtBr was present to disrupt protein-DNA interactions. H2B was not pulled down by any
of the three forms of Spt16.
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H2B at the higher salt concentrations than did either Spt16 or Spt16-E763G. Thus, the
interaction between Spt16-E857K and histone H2B is weaker, compared to that of normal
Spt16, while that of Spt16-E763G is not.

The E857K and E763G substitutions change a negatively charged amino acid to
either a positively charged one (E857K), or a neutral one (E763G), and thus this change
in charge could have an effect on protein-protein interactions. The impaired H2B pull-
down in Spt16-E857K extracts could mean that the negative-to-positive change is more
detrimental to the ability of Spt16 to pull down H2B than is the negative-to-neutral
change. This hypothesis seems reasonable, as the histone proteins are basic, and therefore
positively charged. Another possibility is that the E857K and E763G affect different
portions of the Spt16 protein, and only the E857K change lies in a region that affects
H2B pull-down.

Regardless, the ability to pull-down histone H2B leads to the question of whether
Spt16 is pulling down H2A-H2B dimers, or is interacting with whole nucleosomes. To
assess this question, the pull-downs were repeated and the western blots probed for the
presence of histone H3. This time, only the 100 mM salt concentration was used, as this
1s where a difference was observed between Spt16 and Spt16-E857K on the H2B blots.
Unlike what was observed for histone H2B, no detectable levels of histone H3 were
observed from any of the pull-downs (Figure 71). This finding suggests that Spt16 is
interacting primarily with free H2A-H2B dimers, rather than whole nucleosomes. This
interpretation is consistent with the proposed role for Spt16 as a histone chaperone that
removes one H2ZA-H2B dimer to allow passage of the elongating polymerase, then
reassembles the nucleosome following polymerase passage (Belotserkovskaya et al.
2003).

Another question was whether protein—DNA interactions are required for the
interaction between Spt16 and histone H2B. It is possible that the interaction between
Spt16 and H2B is facilitated by the presence of nucleosomal DNA, and that Spt16 does
not bind well to free histones. To assess this possibility, I treated the whole cells extracts
with ethidium bromide (EtBr) to disrupt DNA structure, and maintained the same level of
EtBr throughout the incubation with S-protein agarose beads and subsequent washes.

This protocol has been previously shown to discriminate between protein interactions that
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CO-IP WCE

Sptl6 E763G E857K Sptl6 E763G  E857K

Figure 71. Histone H3 does not co-immunoprecipitate with Spt16. Whole cell extracts
were prepared from cells containing S-tagged versions of the indicated mutant form of
Spt16 (100 mM KOAc), and Spt16 was pulled down using S-protein agarose beads. The
immunoprecipitated material was resolved by SDS-PAGE and transferred to PVDF.
Histone H3 was detected using a-H3 (1:5000) and Spt16 using S-protein HRP (1:2000).
No detectable levels of H3 were present in any of the pull-downs.



191

are mediated through DNA and those that are DNA-independent (Lai, Herr 1992). Unlike
the result obtained when EtBr was absent, no detectable levels of H2B were observed
when the Spt16 pull-down was performed in the presence of EtBr (Figure 70). This
observation suggests that the interaction between Spt16 and histone H2B is mediated by
DNA-protein interactions. However, it is also possible that the addition of EtBr and the
subsequent removal of DNA from solution may affect the solubility of the histone
proteins and cause them to precipitate out of solution, thus decreasing the amount of
soluble H2B. To examine this possibility, I resolved equivalent amounts of EtBr-treated
and untreated whole cell extracts, and probed for total levels of H2B. This experiment
showed that, indeed, levels of total H2B were decreased in the EtBr-treated samples
(Figure 72). Thus, the decreased pull-down of H2B by Spt16 in the EtBr samples may
simply be due to a decrease in total H2B levels, rather than an absolute requirement for
DNA to mediate this interaction.
3.7.2.2 Interactions with RNA Polymerase II
Since the Spt phenotype, as demonstrated by both Spt16-E857K and Spt16-E763G, is
associated with altered patterns of transcription, I also determined whether either of these
mutants displayed altered pull-down of RNAPII, compared to normal Spt16. Pull-downs
were performed as described above for H2B and H3, and the western blot probed for the
presence of RNAPII. This work showed that RNAPII was pulled down by all three
versions of Spt16 (Figure 73). In addition, unlike what was seen for H2B, no decrease in
RNAPII pull-down was observed for either mutant form. Thus, although Spt16-E857K is
impaired in its interaction with histone H2B, no analogous impairment is observed for its
interaction with RNAPIL. Therefore, the E857K substitution does not cause a general
defect in protein interactions related to transcription elongation.

Similar to that performed for the histone H2B pull-down, the interaction between
Spt16 and RNAPII was also examined in the presence of EtBr. While the detection of
RNAPII in this western blot was poor, this procedure suggested that RNAPII can still be
pulled down by Spt16, even in the presence of EtBr. There also appeared to be no
significant differences between normal Spt16 and either mutant version in this interaction
(Figure 73). Thus, the interaction between Spt16 and RNAPII is not mediated exclusively
through DNA. Again, to establish whether total levels of RNAPII were similar in the
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H2B
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Figure 72. The amount of H2B, but not of RNAPII, in whole cell extract is affected
by EtBr treatment. Whole cell extracts were prepared from cells containing S-tagged
versions of the indicated mutant form of Spt16 (100 mM KOAc buffer), and either treated
with EtBr to disrupt protein-DNA interactions or left untreated. The material was
resolved by SDS-PAGE and transferred to PVDF. RNAPII was detected using o-
RNAPII-CTD (1:15000) and H2B using a-HA (1:2000). The control is a non-specific
band detected by the a-HA antibody. The amount of RNAPII is unaffected by EtBr
treatment (the lower mobility band in the RNAPII blot appears in all blots with this
antibody, which might be detecting a less phosphorylated form of RNAPII). In contrast,
the amount of H2B is decreased in the extracts treated with EtBr.
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Figure 73. RNAPII co-immunoprecipitates with Spt16, and this interaction is not
mediated by DNA. A) Whole cell extracts were prepared from cells containing S-tagged
versions of the indicated form of Spt16 (100 mM KOAc buffer), and Spt16 was pulled
down using S-protein agarose beads. The immunoprecipitated material was resolved by
SDS-PAGE and transferred to PVDF. RNAPII was detected using o-RNAPII-CTD
(1:15000) and Spt16 using S-protein HRP (1:2000). RNAPII was pulled down by all
three forms of Spt16. B) Whole cell extracts were prepared, precipitated and analysed as
in (A), except that EtBr was present to disrupt protein-DNA interactions. RNAPII was
pulled down by all three forms of Spt16.
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EtBr-treated and untreated extracts, I ran equivalent amounts of EtBr-treated and
untreated whole cell extracts, and probed for RNAPIL Unlike the result obtained for
histone H2B, total levels of RNAPII appeared unchanged by treatment with EtBr (Figure
72).

These investigations have shown that the Spt16 protein co-immunoprecipitates
with both histone H2B and RNAPII, consistent with a role for Spt16 in mediating
nucleosome dynamics during transcription. Although these experiments do not resolve
whether these interactions are a result of direct protein interactions or are mediated
through other proteins in a larger complex, the E857K substitution does lead to impaired
interactions with histone H2B. In contrast, the relatively normal interaction of the Spt16-
E857K mutant protein with RNAPII suggests that this substitution does not result in a

general decrease in transcription-related protein interactions.
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Chapter4  DISCUSSION

4.1 FACT as a Transcription Elongation Complex

The FACT complex, composed of Spt16 and Pob3 (in yeast cells), is thought to modulate
chromatin structure during processes such as transcription, DNA replication, and DNA
repair (reviewed in (Belotserkovskaya et al. 2004, Formosa 2003, Neves-Costa, Varga-
Weisz 2006)). Of these processes, the role of FACT in transcription has been the most
studied; FACT has a well-documented role in transcription elongation (reviewed in
(Belotserkovskaya, Reinberg 2004, Reinberg, Sims 2006), as well as a more recently
identified role in transcription initiation (Biswas et al. 2005, Biswas et al. 2006). During
transcription elongation, FACT is thought to function as a histone chaperone, removing
one H2A-H2B dimer from nucleosomes ahead of elongating RNAPII and then
reassembling the nucleosomes following RNAPII passage to help restore chromatin
structure (Belotserkovskaya, Reinberg 2004, Reinberg, Sims 2006). Little remains
known, however, about the other functional interactions engaged in by FACT in its roles
in transcription, replication, and repair. My studies, as described in this thesis, have
identified proteins engaged in processes functionally related to those carried out by Spt16

by determining genetic interactions for point-mutant versions of Spt16.

4.2  Genetic Studies can Improve our Understanding of FACT Function

Previous genetic studies of the Spt16 component of FACT relied on temperature-sensitive
mutations that have multiple effects on Spt16 protein function; the two most widely used
mutations in these studies have been the alleles spz16-G132D (Lycan et al. 1994, Malone
et al. 1991, Prendergast et al. 1990) and spt16-11 (Formosa et al. 2001). However, there
are several drawbacks to the usage of these particular alleles in genetic screens. The
spt16-G 132D allele has been shown to produce an unstable protein (Xu, Singer &
Johnston 1995), thereby making it difficult to interpret whether observations made with
this allele reﬂect the effects of altered Spt16 protein function, rather than the
demonstrably altered protein abundance. The spt16-11 allele, on the other hand, produces
an Spt16 protein impaired for DNA replication, for transcription initiation and for

transcription elongation (Biswas et al. 2005, Formosa et al. 2001), thereby making it
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difficult to determine which of these roles is involved in genetic interactions with
mutations affecting other genes whose protein products are similarly involved in multiple
processes.

As an attempt to avoid these ambiguities, and to gain a more complete picture of
the functional interactions with proteins that are involved in processes similar to those
carried out by Spt16 during transcription, I have focused on the spt16-E857K mutant
allele. This allele was identified in a search for mutations in SP716 that give rise to a
dominant Spt phenotype, and has also been shown to cause an Spt phenotype when
present as the only version of SPT76 in the cell (O'Donnell 2004). In addition, spti6-
E857K has been shown to lack many other phenotypes (O'Donnell 2004), suggesting that
this mutational change may specifically affect the transcriptional role of Spt16. My
genetic studies using spt/6-E857K shed more light on which other proteins are involved
in similar processes during transcription, and which roles of Spt16 are affected by the
E857K substitution. My investigations using other mutant alleles of SPT/6 indicate that
not all mutations in SPT76 have the same effect on Spt16 protein function, and that Spt16
is likely to have several different roles during the transcription process.

The genetic interactions that I identified in my work are listed in Tables 4 and 5.

4.3 Genetic and Physical Interactions Suggest that the Spt16-E857K Mutant
Protein has Impaired Nucleosome Interactions

Using the spt16-E857K mutant allele, I identified other mutations that have deleterious
genetic interactions with this spt/6 allele, and determined which of these deleterious
genetic interactions can be alleviated by inactivation of the Rpd3C(S) histone
deacetylase, suggesting that these deleterious interactions reflect transcriptional defects. I
also showed that Spt16-E857K is impaired for the ability to co-immunoprecipitate
histone H2B (Figure 70), suggesting that interactions between Spt16-E857K and the
H2A-H2B dimer are weakened. Taken together, these results suggest that the spt/6-
E857K mutant allele encodes a version of Spt16 protein that is impaired for its
interactions with nucleosomes and/or nucleosome components, affecting the ability to
reassemble nucleosomes following RNA polymerase passage.

This hypothesis can explain many of the observations that have been made using

the spt16-E857K allele. Central among these is the Spt phenotype, which can be created
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Table 5. Summary of spt16-E857K and sptl6-E763G Genetic Interactions

Gene Tested spt16-E857K sptl16-E763G
ASFI L e No
BURI No
BUR?Z No
CDC73 R
CIK1 NT
CTRY SS-NS
EAF3 No
ELP3 No
ESAI No
GCN5 No
HHF1
HHTI
HIR]
HIR2
HIR3
JHDI
LEOI
NAPI
PAF]
RADG
RCOI
RTFI
RTTI06
RITI09
5453
SET2
SIN3
SPT4
SPT5
SPT6
SWDI
SWD3
VPS75

SL = Synthetic-Lethal
SS = Synthetic-Sick
No = No Deleterious Genetic Interaction
M = Potential Deleterious Genetic Interaction — needs verification
NT = Not Tested
Where rcol A-mediated suppression was tested:
- S = Suppression
- NS = No Suppression



199

by the ability to access and initiate transcription from sequences that are not normally
used for transcription initiation because they are repressed by chromatin structure. One
possible mechanism by which these so-called ‘cryptic’ promoters, specifically those that
lie within a transcribed region, can be made accessible to RNAPII is the impaired
reassembly of the nucleosomes that have been disassembled during transcription from the
upstream promoter (Kaplan, Laprade & Winston 2003). In this light, the decreased
physical interaction linking Spt16-E857K and histone H2B as suggested by my co-
immunoprecipitation studies may provide a mechanism to explain the Spt phenotype
observed in these mutant cells. The Spt16-E857K protein is probably able to mediate the
disassembly of nucleosomes during transcription, because cells relying on the Spt16-
E857K protein grow fairly normally. However, the decreased interaction between this
mutant Spt16 protein and the histone H2A-H2B dimer extracted from the nucleosome
may result in a loss of this histone dimer before the nucleosome can be reassembled,
leading to improperly reassembled histones. This improper nucleosome reassembly, in
turn, impairs chromatin repression, which leads to initiation of transcription from
‘cryptic’ promoters that are normally repressed by chromatin structure.

The dominant Spt phenotype of spt16-E857K can be understood in a similar
manner. In this situation, where there are approximately equal amounts of normal Spt16
and mutant Spt16-E857K protein present in the cells, each version of Spt16 will be found
in roughly half of the total amount of FACT complex. Thus, competition will exist
between the normal and mutant FACT complexes for this disassembly and reassembly of
nucleosomes encountered by the elongating RNAPII. Therefore, the nucleosomes that
would otherwise occlude a ‘cryptic’ promoter will be improperly reassembled some of
the time, when the Spt16-E857K-containing FACT is responsible for reassembly of that
nucleosome. This degree of poor assembly would thereby allow transcription to occur
from this promoter.

Several recent studies have suggested that exchange of histones within
nucleosomes occurs more frequently than previously thought, with exchange of histone
H2B occurring at both active and inactive genes, while that of histone H3 is localized
primarily to active promoter regions, in addition to chromatin boundary elements (Dion et

al. 2007, Jamai, Imoberdorf & Strubin 2007). These high rates of histone exchange
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identified in these studies suggests that during transcription it is unlikely that a
nucleosome is reassembled with the same H2A-H2B dimer that was displaced from the
nucleosome. This inference may mean that, although Spt16 plays a role in the reassembly
of nucleosomes following polymerase passage, there is exchange of the displaced histone
dimers with a pool of non-nucleosomal histone dimers. Perhaps one Spt16 molecule is
responsible for the removal of the histone dimers ahead of the elongating RNAPII, while
another Spt16 molecule reassembles the nucleosomes following polymerase passage,
using H2A-H2B dimers from the histone pool. In this model, if Spt16-E857K is impaired
for interactions with H2A-H2B dimers, perhaps nucleosome disassembly remains
possible, but Spt16-E857K may be less able to shuttle an H2A-H2B dimer from the
histone pool to the site of nucleosome reassembly, and therefore cannot properly
reassemble nucleosomes.

The spt16-E857K mutation also causes deleterious consequences upon alterations
in histone-gene dosage, particularly those which increase the relative expression of
histones H2A and H2B compared to that of histones H3 and H4 (Figure 25). Increased
amounts of H2A-H2B may result in an imbalance of histones in the nucleus, with a
relative decrease in the amounts of H3 and H4. This hypothesis is based on the proposed
mechanisms for nuclear import of histones, with H2A-H2B dimers able to use both a
unique nuclear-import pathway as well as the primary H3-H4 import pathway (Greiner,
Caesar & Schlenstedt 2004, Mosammaparast et al. 2001), whereas H3 and H4 cannot use
the H2A—-H2B import pathway (Greiner, Caesar & Schlenstedt 2004, Mosammaparast et
al. 2002). Thus, an increase in the amount of H2A and H2B would result in a decreased
nuclear import of H3 and H4, as a competition for the H3-H4 import pathway would
exist. Somehow, this hypothesized decrease in nucleus-localized H3—H4 is deleterious to
cells relying on spt16-E857K. Perhaps the proposed impairment of nucleosome
reassembly in spt16-E857K cells, combined with a general decrease in the ability to form
proper nucleosomes resulting from a scarcity of histones H3 and H4, leads to chromatin
that is so improperly packaged that the cell is compromised for growth.

The deleterious genetic interactions between sptl6-E857K and mutations in other
genes involved in transcription also support the hypothesis that the E857K substitution

affects the ability of Spt16 protein to function during the transcription process. Some of



201

these results also suggest that the acetylation state of nucleosomes is important to cells
containing the spt/6-E857K mutation. Two observations that support this hypothesis are
the deleterious genetic interaction between spt/6-E857K and esal-L254P (encoding a
mutant histone acetyltransferase) (Figure 64), and the ability of a deletion of RCO/
(encoding a component of the Rpd3C(S) histone deacetylase complex) to suppress other
deleterious genetic interactions for spt/6-E857K. Esal, as a component of the NuA4
HAT, is required for transcriptional regulation (Allard et al. 1999, Galarneau et al. 2000,
Nourani et al. 2004), and cells relying on esal-L254P exhibit decreased levels of histone
acetylation, particularly after incubation at a restrictive temperature (Clarke et al. 1999).
In contrast, cells lacking the Rcol protein show an increase in histone acetylation within
coding regions of genes (Carrozza et al. 2005, Keogh et al. 2005), suggesting that
Rpd3C(S) activity removes acetyl groups from histones that have been acetylated during
transcription, thereby restoring nucleosomes to a less acetylated state (Carrozza et al.
2005, Keogh et al. 2005). Thus, both esal-L254P and rcol A would alter the acetylation
properties of nucleosomes encountered by the Spt16 protein (and thus also FACT), and
may thereby affect how effectively the FACT complex can process these nucleosomes.
This idea suggests that one function of the Spt16-E857K mutant protein is facilitated by
acetylated histones (as maintained in rcol 4 cells), but impaired when histone acetylation
levels are decreased (as in esal-L254P cells). One possibility is that poorly acetylated
histones due to the esa/-L254P mutation are not reassembled by the Spt16-E857K
version of FACT as effectively as are properly acetylated histones, thus leading to
severely dysfunctional chromatin. An alternative possibility is that the spt/6-E857K
mutation might impair nucleosome disassembly, as triggered by RNAPIL, in addition to
impairing nucleosome reassembly, and that poorly acetylated nucleosomes are not
disassembled effectively in cells with the Spt16-E857K version of FACT, thus preventing
effective transcription by RNAPIIL.

4.4  Other sptl6 Mutant Alleles have Deleterious Genetic Interactions Similar to
those of spt16-E857K

To gain a more complete understanding of the kinds of mutations in SP7/6 that cause

deleterious genetic interactions similar to those of spt16-E857K, 1 assessed the genetic
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interactions of numerous other spt/6 mutant alleles. These investigations were carried out
using my four original synthetic-lethal strains, containing mutations in BUR2, HIRI,
HIR2 and HIR3. 1 found that, of the large number of spz/6 mutant alleles tested, only a
subset exhibited deleterious genetic interactions with these bur2 or hir mutations.
Interestingly, all of the spt/6 mutant alleles in this subset (except sptl6-16a) contain
point mutations that alter the same region of the C terminus of the Spt16 protein (Figure
23). These observations suggest that only a small portion of the Spt16 protein mediates
whichever common function is impaired in all of these mutant alleles.

As suggested for spt16-E857K, these other spt/6 mutant alleles may also impair
the nucleosome reassembly function of Spt16. In support of this hypothesis, all of the
spt16 alleles that displayed deleterious genetic interactions similar to those of spt16-
E857K also cause an Spt phenotype (Formosa et al. 2001, O'Donnell 2004, Perry 2005).
In addition, many (but not all) of these spt/6 mutant alleles also cause a dominant Spt
phenotype, similar to that of sp7/6-E857K (O'Donnell 2004, Perry 2005). These
observations suggest that all of these alleles encode versions of Spt16 that are impaired

for nucleosome reassembly.

4.5  Mutant Alleles of SPT16 lacking the Genetic Interactions of spt16-E857K:
spt16-E763G as an Example

While many of the spz/6 mutant alleles that I assessed had deleterious genetic
interactions similar to those of spt!6-E857K, many others were unlike spt/6-E857K and
did not demonstrate deleterious genetic interactions with the mutations in BUR2, HIRI,
HIR2 or HIR3. This difference suggests that these alleles encode versions of Spt16 that
are not impaired in the same way as Spt16-E857K is, and would therefore possess normal
nucleosome reassembly activity. However, several of these spz/6 mutant alleles that do
not display these deleterious genetic interactions do cause an Spt phenotype (Formosa et
al. 2001, O'Donnell 2004). Among this set, two mutant alleles — spt/6-E763G and spt! 6-
312 (E763G, R784G, S819P) — also cause a dominant Spt phenotype (O'Donnell 2004).
That these alleles cause an Spt phenotype, particularly for those that cause an Spt
phenotype that is dominant, seems contrary to the hypothesis that these mutations do not

affect the ability of Spt16 protein to properly reassemble nucleosomes.
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To determine whether the lack of deleterious genetic interactions with the bur2
and Air mutations is a misleading anomaly, and to better understand the effects of this
type of sptl6 mutation, I experimented with the spt/6-E763G mutant allele in more
detail. This allele was chosen because it is one of the two mutant alleles with a dominant
Spt phenotype that lack deleterious genetic interactions with the bur2 and Air mutations,
and the E763G substitution is also present in spt6-312, the other allele with a dominant
Spt phenotype lacking bur2 and hir genetic interactions. Genome-wide assessment of
deleterious genetic interactions for spt/6-E763G resulted in a set of interactions that is
almost completely different from that for spz/6-E857K (O'Donnell 2004). While, by that
analysis, spt16-E857K has a spectrum of genetic interactions that primarily involve gene
deletions eliminating proteins that function in transcription, the same cannot be said about
spt16-E763G. These findings suggest that the effects of these two mutations on Spt16
protein function are, in fact, different and that the lack of deleterious genetic interactions
between spt/6-E763G and the bur2 and hir mutations is not simply an anomalous result.

The deleterious genetic interaction between spz16-E763G and napl A (Figure 32)
provides some insight into the defects associated with this mutant Spt16 protein. Cells
lacking Nap1 protein show decreased levels of nucleus-localized reporters for H2A and
H2B (Mosammaparast, Ewart & Pemberton 2002), suggesting that Nap1 plays a role in
the import of these histones into the nucleus. The same study suggested that nap/ A cells
demonstrate decreased transcription from the Tyl promoter, presumably due to decreased
deposition of H2A-H2B dimers onto chromatin, and might therefore exhibit an Spt
phenotype (Mosammaparast, Ewart & Pemberton 2002). Thus, perhaps the Spt16-E763G
mutant protein does not function well in an environment where chromatin assembly is
impaired (due to the lack of Nap1 and its nucleosome-assembly function). My histone
pull-down studies using Spt16-E857K and Spt16-E763G demonstrated that, while there
is a weakened interaction linking Spt16-E857K to histone H2B, this interaction appears
normal for Spt16-E763G. I found that, unlike spt16-E763G, spt16-E857K does not have
deleterious genetic interactions with napl A4 (Figure 32). If nap14 cells are already
impaired for histone H2A-H2B assembly into chromatin, perhaps the weakened
interaction linking these histones to Spt16-E857K does not impair the cells any further.

That is, impaired chromatin reassembly in spt/6-E857K cells may not produce a more
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deleterious situation when chromatin structure has already been impaired (in the same
way) by nap 1 A. In contrast, if spt16-E763G affects a different Spt16 function, cells
containing this mutation may be further impaired by the impaired nucleosome assembly
caused by nap1A. Perhaps the spt/6-E763G mutation causes an impaired interaction
between the Spt16 protein and some other protein involved in transcription, rather than a
direct nucleosome reassembly defect. The Spt phenotype observed in spt16-E763G cells
may therefore reflect a more direct effect on transcription, rather than an indirect effect
manifested through nucleosome structure.

It remains possible that histone interaction with Spt16 is subtly impaired by the
E763G substitution, but not to the same degree as by the E857K substitution, leading to
only occasional failure to reassemble nucleosomes and consequent activation of cryptic
promoters. The observation that growth resulting from activation of the internal promoter
in the pGALI-FLOS-HIS3 reporter gene is ‘less for spt16-E763G cells than for spt16-
E857K cells (Figure 67) supports this hypothesis, as activation of this internal promoter
almost certainly depends on faulty nucleosome reassembly following transcription from
the upstream promoter. Another possibility is that the E763G substitution impairs Spt16
interactions with another, non-histone, protein that is involved in mediating transcription.
Perhaps the Spt16-E763G mutant protein interacts poorly with another hiétone chaperone,
thus indirectly impairing nucleosome reassembly, but in a manner distinct from that when
Spt16 itself is impaired for its nucleosome reassembly activity. In this scenario, an
interaction between Spt16 and this histone chaperone would be required for the
nucleosome reassembly activity of the second histone chaperone, but not of FACT itself.
The E763G substitution, by impairing the interaction with this second histone chaperone,
impairs its ability to reassemble nucleosomes, thereby causing an Spt phenotype by an
indirect mechanism. If this were the case, then deletion of this second histone chaperone
may cause no additional deleterious phenotypes in an spt/6-E763G cell. Therefore, based
on my investigations, possible candidates for this second histone chaperone are Asfl,
Rtt106, or HirC, as deletions of the genes encoding any of these proteins do not have
deleterious genetic interactions with spt/6-E763G.

In spite of these differences, some similarity exists between the genetic

interactions of spt/6-E857K and spt16-E763G. In particular, both spt/6 mutations show
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deleterious genetic interactions with mutations in SP74, SPT5 or SPT6, or when genes
encoding various members of PafC are deleted. All of those mutations affect important
elements in transcription elongation, which is particularly evident by the facts that both
SPT5 and SPT6 encode essential genes (Clark-Adams, Winston 1987, Swanson, Malone
& Winston 1991), and that pafi 4 cells grow poorly (Shi et al. 1996). This genetic
similarity between spt16-E857K and spt16-E763G suggests that, although these
mutations may have different effects on Spt16 protein function, there must be some
similarities in how these mutations affect the ability of Spt16, and therefore FACT, to

carry out its roles during the transcription process.

4.6  Functional Differences between Spt16-E857K and Spt16-E763G

From my studies it is clear that, although spt/6-E857K and spt16-E763G were both
identified by virtue of the same dominant Spt phenotype, the two encoded substitutions
cause different alterations of Spt16 function in many aspects. These differences are
evident in the patterns of genetic interactions, the abilities to produce an Spt effect using
various reporter genes, and the physical linkage to histone H2B. Both of these Spt16
protein substitutions alter an acidic amino acid residue; however, the E857K substitution
causes a change to a basic residue whereas E763G causes a change to a neutral residue.
Thus, one possible explanation for the differences observed with these two alleles is that
the change from a negatively charged amino acid to a positively charged one (E857K)
causes a more significant effect on Spt16 function than does the negative-to-neutral
change (E763G). Many histone-chaperone proteins contain regions of acidic residues that
are thought mediate interactions with the basic histone proteins. Thus, a change from an
acidic amino acid to a basic residue, such as that in spt/6-E857K, could affect binding to
histone proteins more severely than an acidic-to-neutral change, such as that in spt/6-
E763G.

It has previously been shown that the C-terminal portion of Spt16, in which both
of these substitutions are located, is required for essential function. In fact, a mutant form
of Spt16 that terminates at the HindIII site, the same site altered in the E763G
substitution, does not support life (Evans et al. 1998). In addition, in vitro studies using a

version of human Spt16 missing its C terminus demonstrated that this portion of the
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Spt16 protein is required for interactions with mononucleosomes and for the facilitation
of transcription (Belotserkovskaya et al. 2003). In terms of protein structure, both the
E763G and E857K substitutions lie within a predicted double pleckstrin-homology (PH)
domain in the Spt16 polypeptide (Dr. Richard Singer, personal communication,
http://toolkit.tuebingen.mpg.de/hhpred), a motif that might mediate protein-protein
interactions. However, the substituted residues are located nearly 100 amino acids apart,
and thus may have different effects on protein function. It is possible that, if this region of
the Spt16 protein mediates multiple protein interactions, the E857K substitution may
affect different protein interactions than does the E763G substitution.

Regardless of the molecular basis for the functional differences observed between
spt16-E857K and spt16-E763G, it is important to note that spt16-E857K is not simply a
more severe version of the same kind of mutation. If this were the case, then I would
expect that spt16-E763G cells would simply exhibit a subset of the spt/6-E857K
deleterious genetic interactions. This is clearly not the case, as these two mutant alleles
have nearly non-overlapping sets of deleterious genetic interactions when analysed by
genome-wide SGA analysis (ODonnell 2004), and a limited overlap of deleterious
genetic interactions in my investigations. Although mutations in a few genes do have
similar genetic interactions with both spz/6 mutations, most of these exhibit some
differences in phenotype between spt16-E857K and spt16-E763G. One such difference is
the ability of rcol A to mediate suppression of deleterious genetic interactions for spt/6-
E857K, but not for spt16-E763G (for example, Figure 54). These observations suggest
that these deleterious genetic interactions are, at least partially, manifested for different

reasons.

4.7  The C-terminal Domain of Spt16 Mediates Multiple Protein Interactions

As noted above, Spt16 is predicted to contain a double-PH domain, which is affected by
many of the point mutations I have studied. Interestingly, the only protein that has
actually been demonstrated to possess a double-PH domain is Pob3, the other subunit of
yeast FACT (VanDemark et al. 2006). Although PH domains are generally considered to
be lipid-binding modules, this specificity is not always the case. In fact, some PH

domains mediate binding to peptides or proteins, indicating a diverse function for this
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structural feature (Lemmon 2004). All of the known mutations affecting Spt16 that give
rise to a dominant Spt phenotype alter the predicted double-PH domain, suggesting that
this portion of the polypeptide is important for the activities of Spt16 in transcription, and
may well be responsible for the interactions between Spt16 and histone proteins.

Despite the possible linkage between histone interactions and the double-PH
domain, the patterns of deleterious genetic interactions that I have found suggest that
mutations affecting this predicted domain do not all have the same effect on Spt16
protein function. Several mutant alleles encoding Spt16 proteins altered in this predicted
domain, such as spt/6-E763G and sptl6-312, although producing a dominant Spt
phenotype suggestive of alterations in nucleosome reassembly, do not have synthetic-
lethal interactions with mutations in BUR2 or the HIR genes. Conversely, other mutant
alleles altering this portion of Spt16, such as spt6-6, spt16-7, spt16-9a and spt16-11, do
not cause a dominant Spt phenotype, yet all but spt/6-7 show deleterious genetic
interactions with one or all of the transcription and histone-related mutations tested here.
Taken together, these findings indicate that not all mutations affecting the predicted
double-PH domain have the same effect on Spt16 protein function, suggesting that this
portion of the Sptl6 protein may mediate several different interactions.

In support of this hypothesis are certain observations using a second mutation
affecting residue 857 of the Spt16 polypeptide. This mutation, in the mutant allele sp¢/6-
E8570Q, changes the glutamic acid residue at position 857 to glutamine, rather than to
lysine as in spt16-E857K. The sptl16-E857Q mutation has been identified by Dr. Andrea
Duina (personal communication) as a suppressor of defects caused by a substitution
mutation altering histone H3 (H3-L61W) (Duina, Winston 2004). A second mutation,
spt16-E790K, was also found to have the same suppressive effect in cells containing H3-
L61W (Andrea Duina, personal communication). These two spt/6 mutations were the
focus of the B.Sc. Honours research carried out in our lab by Rosemarie Kepkay, and her
results have shown that these two alleles also have different phenotypes than those of
spt16-E857K (Kepkay 2007). While growth inhibition is observed for both spt16-E857Q
and spt16-E790K mutant cells upon histone H2A-H2B overexpression, similar to the
inhibition seen for spt16-E857K cells, neither of these two spt/6 mutant alleles exhibits

deleterious genetic interactions with my mutations in BUR2 or the HIR genes, and neither



208

causes an Spt phenotype ((Kepkay 2007)and unpublished observations). In addition, the
inhibition observed for spt/6-E857Q cells upon H2A-H2B overexpression is less severe
than that observed for spt16-E857K cells, suggesting that the E-to-Q substitution may
cause less of a perturbation to Spt16 function than the E-to-K substitution. This idea is
reasonable, as one could expect a negative-to-neutral change (E857Q) to be less
disruptive than a negative-to-positive change (E857K) at the same position. If this were
the case, one might expect that spt/6-E857K would exhibit the same phenotypes as
sptl16-E857Q, as sptl16-E857K would be a more ‘severe’ version of the same kind of
mutation. However, spt16-E857K does not suppress the defects associated with H3-
L61W, making it less likely that spt/6-E857Q is simply a less severe version of the
sptl16-E857K mutation (Andrea Duina, personal communication). Thus, mutations at the
same residue of the Spt16 polypeptide can have different effects on Spt16 function,
further evidence that the region of the Spt16 protein surrounding position 857 may have
several binding partners.

The multifaceted nature of the spt/6 mutant alleles studied here makes it difficult
to define a particular region of the Spt16 protein that is responsible for the function(s)
affected by the spt16-E857K mutation. Among the many mutant alleles of SPT16 that I
examined, there is no group of alleles that possesses all the same phenotypes in every
test. Not all alleles with a dominant Spt phenotype demonstrate the same pattern of
genetic interactions as spt/6-E857K, and not all alleles with the same genetic interactions
exhibit a dominant Spt phenotype. Even spt16-E857K and spt16-E763G, while having
nearly non-overlapping sets of deleterious genetic interactions when analysed by
genome-wide SGA analysis (O'Donnell 2004), behave similarly in some instances.
Overall, it appears that the C-terminal region of Spt16 may mediate interactions with
several different proteins, and that different mutations affecting this region have effects
on specific subsets of these interactions. Thus, different alterations of Spt16 affect
different functions of the Spt16 protein. This hypothesis rationalizes how the various

mutations analysed here, and elsewhere, have such varied phenotypes.
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4.8 Overall Conclusions
My studies, focusing mainly on the spt/6-E857K mutation, shed more light on the role of
Spt16, and therefore FACT, during the transcription process. I have shown that this
mutation has deleterious genetic interactions with mutations in other genes encoding
proteins that participate in transcription elongation, and that many of these deleterious
interactions can be alleviated by inactivation of the Rpd3C(S) histone deacetylase
complex. In these rcol A cells, histones in transcribed regions remain acetylated following
RNAPII passage; this situation may mediate easier passage of the next RNAPII
elongation complex, which would not require renewed acetylation of these nucleosomes.
This view suggests that the Spt16-E857K mutant protein is impaired in its ability to
overcome the impediment to transcription provided by deacetylated nucleosomes.
Supporting this idea, spt16-E857K also has deleterious genetic interactions with
mutations in £S41, which encodes a histone acetylase that has been shown to act on the
same amino acid as the Rpd3 histone deacetylase. The Esal-L254P mutant protein shows
poor acetylation of histones, and the NuA4 HAT complex that contains the Esal enzyme
has been suggested to be required for effective transcription. The poor acetylation of
histones in esal-L254P cells, combined with the suggested impairment caused by Spt16-
E857K in overcoming the impediment to transcription provided by deacetylated
nucleosomes, may lead to an inability of RNAPII to effectively transcribe genes. In
addition, I have shown that spt16-E857K cells are impaired when combined with
mutations in genes coding for other histone chaperones, when the ratio of histone proteins
is altered such that histone H2A-H2B levels are increased compared to those of H3—-H4,
and that the Spt16-E857K protein shows decreased immunoprecipitation of histone H2B
compared to normal Spt16. These results may indicate that nucleosome reassembly is
impaired in spt/6-E857K cells. When this deficiency is combined with a general decrease
in the ability to form proper nucleosomes resulting from impairments in other histone
chaperones or a scarcity of histones H3 and H4, it leads to chromatin that is so
improperly packaged that the cell is compromised for growth.

A detailed comparison was carried out using a second mutation, spt/6-E763G,
showing that this mutant allele demonstrates genetic effects different than those for

spt16-E857K. These differences exist despite the fact that both of these spz/6 mutant
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alleles were isolated by virtue of the same dominant Spt phenotype, a marker of altered
nucleosome reassembly during transcription. Furthermore, many other mutant alleles of
SPT16 were tested for deleterious genetic interactions similar to those for spt/6-E857K,
with nearly equal numbers having these deleterious genetic interactions and not having
such interactions. Thus, my findings indicate that FACT may participate in several
different interactions to mediate transcription. Among these interactions would be those
with histones H2A and H2B, and with proteins such as RNAPII, other histone

chaperones, HAT complexes, and transcription elongation factors.
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