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ABSTRACT OF THE THESIS

hiws1 Structural Elucidation and Protein Interactions

by

Nevin Murthy

Master of Science in Biology

University of California, San Diego, 2009

Professor Katherine A. Jones, Chair
Professor James T. Kadonaga, Co-Chair

There are a number of nuclear factors that play an integral role
in franscriptional elongation. Once such factor is hiwsl, a nuclear
protein first characterized to bind the histone H3 chaperone, Spté. Our
lab previously showed that Spté binds directly to the phosphorylated

C-terminal tail of RNA polymerase Il (RNAPII), and recruits Iwsl to

Vii



control specific events that occur during elongation, including mRNA
processing, MRNA export, and histone H3K36 methylation. hilwsl
interacts directly with the histone H3K36 methyltransferase, Hypb/Set2,
as well as the mRNA export adaptor protein, REF1/Aly.
Iws1 is reportedly an essential mammalian protein, but little is know
about its structure or functional domains.

In the present study, | constructed GST tagged hiws1 protein
constructs that were subsequently used in pulldown assays to evaluate
its nuclear binding partner proteins. Pulldown assays were performed
with either HeLa whole cell extract or HeLa nuclear extract. The N-
terminal region of Iws1 (residues 1 through 495) was found to associate
with the LEDGF/p75, a protein that has been previously identified to
take part in lentiviral genome integration. In addition, | found that the
C-terminal region of Iws (residues 522 through 819) binds to the E74-like
factor 1 (EIf1). Interestingly, the hiwsl C-terminus contains a novel
domain called the LW motif, which is highly conserved in Iws1 proteins
from other species, and is also present in two transcription factors,
Med26 and TFIIS. To test the role of the LW domain, | created three
GST-lws1 point mutant proteins, which were purified and used in GST-
pulldown assays. Two residues (tyrosine-665 and tryptophan-685)
contained within the LW mofif were found to be crucial for the hlws1-

Spté interaction. By contrast, Med26 was found to also associate with
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Iws1, but this interaction was not mediated by the LW motif, and Iws]
also binds to the LEDGF factor through a region outside of the LW
sequence. Thus these findings identify a new domain that is likely to be
critical for binding of Iwsl to Spté6 and assembly of the RNAPII

elongation complex



INTRODUCTION

Transcription is a vital process to cell viability and results in the
production of messenger RNA (mRNA), which is subsequently used as a
template, for gene expression and protein biosynthesis. Transcription
elongation is the process by which RNA polymerase Il (RNAPI)
methodically moves along the template DNA strand, coding for mRNA.
There are many steps and factors involved in mRNA synthesis that occur
concomitantly with tfranscription elongation, Including pre-mRNA splicing
and 3' end formation, release of transcripts from the template DNA, and
export of mMRNA from the nucleus to the cytoplasm. In addition, several
histone modifications are tightly linked to ongoing franscription, including
histone H3 Lys4 fri-methylation (H3K4me3), which is a mark of mRNA
initiation, and promoter clearance, and H3 Lys36 tri-methylation
(H3K36me3), which is found in the transcribed region of active genes and
is associated with ongoing elongation.

The RNA CTD

Many of the factors involved in franscription elongation are
localized to the C-terminal domain (CTD) of the large subunit of RNAPIL.
The C-terminal domain essentially works as a scaffold to bind a variety of
nuclear factors that interact with nascent mRNAs and with the

nucleosomal template. The CTD of RNAPIl contains a repeated



heptapeptide consensus sequence and is highly conserved from fungi,
plants and animals (Corden, 1990). The sequence itself is of the order
YSPTSPS and is repeated 52 times in mammalian RNA polymerase. The
CTD heptad repeat is differentially phosphorylated during the process of
transcription (Meinhart et al. 2005; Chapman et al. 2007). In particular,
phosphorylation of the heptad repeat at the Ser5 position is linked with
promoter clearance and early transcription, whereas phosphorylation at
the Ser2 position is found only on actively elongating RNA polymerase
complexes.

Disrupting the heptad repeat can have lethal consequences at the
cellular level. For example, deletion of two-thirds (reduction from 26
repeats to less than 10) or more of the sequence itself resulted in non-
viable cells in yeast (Nonet et al. 1987; Zehring et al. 1988). It was also
shown that each individual heptad must be consistent in its order of
residues. Pairs of heptads can be separated via insertion of a different
amino acid, and sfill exhibit wild-type functionality; however, mutations
that alter even a single heptapeptide sequence can be lethal (Stiller and
Cook 2004).

Certain genes require that a complete CTID be present for
adequate gene transcription. In yeast cells, a removal of approximately

60% of the CTD resulted in lower expression of the GALIO gene, but did not



affect transcription of the HIS4 gene (Scafe et al. 1990). Studies have
shown that the CITD is obligatory for transcription elongation in vivo;
however, in vitro studies have elucidated that transcription itself does not
require the use of a fully functional CTD. Neither the RNA polymerases | or
Il nor the prokaryotic polymerase contains a domain resembling that of
the RNAPII CTD (Dahmus et al. 1995), indicating that its function is strictly
restricted to RNAPIl elongation in eukaryotes and is not involved in
processes such as rRNA biosynthesis.
General Transcription Factors

RNA polymerase Il initiates tfranscription and does so through the aid
of five general tfranscription factors (TFs): TFIIB, -D, -E, -F and —-H (Roeder
1996, Ohkuma 1997). Formation of the pre-initiation complex begins with
binding of TFIID to the TATA-containing element of the promoter region
(the TATA element is a sequence consisting of repeating thymine and
adenine nitrogenous bases) (Roeder 1996; Ohkuma 1997). The binding of
TFIID allows TFIIB to associate with regions upstream and downstream of
the TATA sequence as well as to RNAPII (Lagrange et al. 1998). Once
bound to TFIIB, RNAPII can locate the initiation site and begin constructing
RNA franscripts. Even before TFIIB binding, RNAPII is pre-bound to TFIIF,
which aids in jump-starting Polll at the initiation site of transcription. TFIIE is

involved in binding to all of the general transcription factors in addition to



RNAPII in order to stabilize the initiation complex (Ohkuma 1997). TFlIH is a
multi-functional protein that acts as a CTD kinase, an ATPase and DNA
helicase: all three of these functions are intricately involved in transcription
elongation (Svejstrup et al. 1996).

Phosphorylation of the CTD

The CTD maintains a unique feature of existing in either
nonphosphorylated or hyperphosphorylated forms.  Analysis of the
phosphorylated RNAPII CTD from mouse and Hela cells has indicated that
two serine residues in the heptapeptide repeat are the primary sites of
phosphorylation.

After the formation of the initiation complex, the serine-5 residue is
targeted for phosphorylation by the kinase TFIIH (Komarnitksy et al. 2000;
Hengartner et al. 1998). These results indicate that an RNAPII complex
located at initiation sites of genes displays a CTD heavily phosphorylated
at SerS residues (Komarnitksy et a. 2000).

It was also gleaned that phosphorylation at serine-5 is both
necessary and sufficient for recruiting the capping enzyme (CE) involved
in adding a 5' cap to the nascent RNA transcript (Cho et al. 1998; Ho and
Shuman 1999). Consistent with this finding is that TFIIH (the Ser5 kinase)
associates with the capping enzyme and may also be crifical to its

recruitment (Rodriguez et al. 2000). Such processing mechanisms prevent



MRNA from being degraded upon its exit through nuclear pores. A “7-
methyl G5_ppp_N" cap is added as the transcript exits from the RNAPII
complex (it is approximately 25 base pairs long once the cap is added
and sfill being actively franscribed) (Jove and Manley 1984; Rasmussen
and Lis 1993). Studies were carried out with an RNAPII lacking a CTD and
resulted in MRNA transcripts that were poorly capped (McCracken et al.
19970).

The dimeric elongation factor DSIF (composed of the two human
homologs Spt4 and Spt5) associates with NELF to form a complex that
arrests transcription at a region slightly downstream of the promoter (this
negative effect is eventually relieved through the action of P-TEFb, which
catalyzes the phosphorylation of Ser2) (Yamaguchi et al. 1999). This
association to the elongation complex is important in that it is also
required for recruitment of CE through direct interaction with Spt5. Spt5
subsequently activates the GT domain on CE, which in turn leads to the
negative action exerted by NELF (Mandal et al. 2004). This highly
coordinated process is crucial in providing fime in which capping can be
efficiently performed (Sims et al. 2004). The CTD phosphatase Fcpl is
involved in releasing the capping enzyme from the elongation complex
by dephosphorylating the Ser5 residue as elongation progresses

(Komarnitsky et al.2000; Schroeder et al. 2000).



Recruitment of the histone methyliransferase, Setl, is also
dependent upon Ser5 phosphorylation.  Setl functions primarily at
initiation sites of actively franscribed genes and works to fri-methylate
histone H3 at lysine residue 4 (H3K4me3). As transcription elongation
progresses, H3K4me3 levels gradually decrease along with CTD Serb
phosphorylation.

Modifications also take place at the 3" end of genes. Factors
involved in processes such as polyadenylation also bind to a
phosphorylated CTD in vitro (McCracken et al. 1997b; Birse et al. 1998).
For example, the factor CFIA cross-links at the 3' end of genes and is
dependent on Ser2 phosphorylation (Licatalosi et al. 2002; Ahn et al.
2004).

During elongation, serine-2 is the primary target for phosphorylation
by the kinase P-TEFb (CTDK-l in yeast) (Marshall et al. 1996; Lee and
Greenleaf 1997; Prelich 2002). RNAPIlI located at regions of actively
transcribed genes display significantly more Ser2P than Ser5P.
Interestingly, the yeast homolog of P-TEFb, CTDK-I, preferentially
phosphorylates Ser2 residues located in repeats that already contain
previously Ser5P residues (Jones et al. 2004). Ser2P recruits another

methyltransferase, HYPB/Set2, which mediates H3K3é6me3 in the



transcribed region of active genes, as well as enzymes involved in
polyadenylation of the nascent mRNA, such as CFIA.

Set2/HYPB binds to Ser2P residues and is found at internal sites along
actively transcribed units (Li et al. 2002, 2003; Krogan et al. 2003; Schaft et
al. 2003; Xiao et al. 2003). Yeast and mammalian Set2 enzymes mediate
H3K36me3 in a manner that depends upon P-TEFb/CTDK-1 (Krogan et al
2003; Xiao et al. 2003), and the Set2 enzyme binds directly to the Ser2P
CTD. However H3K36me3 is not itself required for franscription elongation,
and studies in yeast have suggested that it instead serves to reset the
normal chromatin structure to ensure that repeated transcription does not
disrupt the nucleosome structure within transcribed regions, to prevent
cryptic or aberrant transcription from arising at long genes, and to mark
regions of the genome that are highly active.

Experiments have also shown that Ser2P plays an important role in 3’
MRNA processing (Yamamoto et al. 2001; Ahn et al. 2004). Inactivating
the P-TEFb kinase, Cdk?, in Drosophila leads to defective 3' end
processing; although franscription elongation is unaffected at some
genes. These same studies also showed that cells lacking P-TEFb fail to
cross-link 3" end processing factors to the CTD (Ahn et al. 2004).
Transcriptional termination is coupled with processing of the 3’ end of the

nascent mMRNA (Hirose and Ohkuma 2007). Addition of the poly(A) tailis a



required signal for termination (Hirose and Manley 2000). This was
subsequently verified from studies that showed that mRNAs franscribed by
CTD-truncated Pol Il were inadequately terminated (McCracken et al.
1997b).

The SPT Proteins

The CTD's main function is to serve as a scaffold upon which a
multitude of nuclear factors can bind to and manipulate franscription in
different ways. These factors bind to the CTD based upon the
phosphorylation patters elucidated. We know that CTD phosphorylation
changes as RNAPII moves along a transcriptionally active gene, which
means that the factors bound to the CTID might also change as
transcription plays out its course. This binding and interaction of these
diverse complexes confrol events such as mMRNA 5" and 3’ end processing
that are coordinated with phosphorylation of the RNAPII CTD.

Other factors involved in the process of transcription elongation
include the Spt family of proteins. These factors are conserved across
most eukaryotic species and were characterized from studies conducted
with yeast (Winston et al. 1984). They include the proteins Spt4, Spt5, and
Spté. While it is apparent that Spt4 and Spt5 are closely associated to
form a complex (DSIF), they only weakly associate with Spté (Hartzog et al.

1998, Wada et al. 1998). All three of these factors have a role in



transcription elongation in both yeast and humans (Hartzog et al. 1998,
Wada et al. 1998). Studies have shown that both Spté and Spt5 localize to
areas of actively transcribed genes in eukaryotic cells (Kaplan et al. 2000;
Andrulis et al. 2000). For example, the heat shock (hsp) gene in Drosophila
melanogaster exhibits a high recruitment of both Spt5 and Spté upon
induction, indicating a positive regulatory role by both Spt5 and Spté in
transcription (Winston 2001). In another instance, only Spt5 was localized
to the hsp70 locus in uninduced cells, indicating that it may also exhibit a
negative regulatory role (Kaplan et al. 2000; Andrulis et al. 2000). Spté has
been shown act as an essential transcription factor for many actively
transcribed genes, but also, importantly, has been found to function as a
histone H3 chaperone. Spté has a specific role in nucleosome reassembly
during transcription elongation (Adelman et. al. 2006).
A role for Spté and Iwsl in the function of the Ser2P RNAPII CTD

Our lab recently discovered that Spté associates selectively with the
P-TEFb/Ser2P form of RNAPII in extracts, and binds directly to the Ser2P CTD
through its SH2 domain (Yoh et al. 2007). Whereas Spté is critical for
transcription elongation, a point mutation in the SH2 domain (R1358K) that
destroys the ability of Spté to bind to the Ser2P CTD does not affect
transcription elongation, either in vivo or in vitro. Thus Spté must be

recruited to RNA polymerase and stimulate elongation independently of
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it's binding to the Ser2P C-terminal domain of RNAPII. This observation
raises the question of what role the binding of Spté to the CTD may play in
gene expression, and in partficular in the activities associated with
elongation, such as pre-mRNA processing and histone methylation.
Interestingly, the R1358K point mutation in the SH2 domain of Spté resulted
in nascent MRNAs that contained partial splicing defects (Yoh et al. 2007).

Previous biochemical studies in yeast have shown that Spté cross-
links with another protein, Iws1 (“interacts-with-Spté”) (Krogan, et al. 2002),
an interaction that persists throughout transcription elongation. Mutations
in the gene encoding the Iws1 protein results in cells with a phenotype
similar to cells with an Spté mutation (Lindstrom et al. 2003). Moreover,
chromatin immunoprecipitation studies indicate that yeast Iws1 is required
for stable binding of Spté to the RNA polymerase complex. However, this
function of Iws1 is not conserved in mammalian cells, and knockdown of
Iws1 by RNAI does not alter the binding of Spté with the transcribed region
of target genes (Yoh et al. 2008). Additional studies in yeast have shown
that Iws1 also associates with RNAPII, similar to the factors Spt4, Spt5, and
Spté (Krogan et al. 2002) and interacts with the RNAPII elongation factor
TFIIS. Iws1 is evolutionary conserved, and a protein alignment analysis has
demonstrated that the human and yeast forms share 32% amino acid

similarity.
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Importantly, knockdown of Iwsl from Hela cells revealed several
consequences for the expression of Spté target genes such as the c-Myc
gene (Yoh et al. 2007, 2008). Like the R1358K mutant of Spté, loss of Iws1 is
associated with the accumulation of partially spliced mRNAs. In addition,
ChIP experiments reveal that H3K36me3 is lost across the coding region of
Spté target genes in Iws1 RNAi-treated cells. This is associated with a failure
to recruit Hypb/Set2, the enzyme that mediates H3K36me3. Because
Hypb/Set2 is itself a CTD-binding protein, these findings reveal that stable
binding of Set2 to the RNAPII elongation complex depends both upon its
intrinsic binding to the RNAPII CTD as well as to its interaction with the Iws]
protein. This intferaction is direct and mediated by a region of Iws1 that is
largely conserved with the yeast Iwsl homolog. Interestingly, the
interaction of Iws1 with Spté is strongly enhanced in vitro by including the
Ser2P RNAPII in the reaction, which indicates that Iws1 binds tightly to Spté
only after it has bound to the RNAPII elongation complex. These findings
raise the immediate question of how Iws1 associates with Spté, whether
this interaction is regulated, and what other proteins it may bring to the
RNAPII elongation complex. In this study, | have analyzed the structure
and function of Iwsl and identify a new highly conserved motif that

mediates binding of Iws1 to Spté and the RNAPII elongation complex.



CHAPTER 1: STRUCTURAL ANALYSIS OF hIWS1

The human Iws (Interacts With Spté) protein is an 819 amino acid
polypeptide that has been identified and characterized as a factor
involved in transcription elongation in yeast. The full-length protein is
around 90 kilodaltons in size and is known to function primarily in the
nucleus. Alignment analysis illustrates that the human Iws1 (hiws1) and the
yeast (Saccharomyces cerevisiae) Iwsl  (ylwsl) proteins share
approximately 32% amino acid identity across the C-terminal region,
whereas the human and Drosophila homologs share an overall 48% amino
acid similarity.  The ylwsl shares over 85% similarity (based solely on
primary structure) across other species such as Mus musculus, Rattus
norvegicus, and Monodelphis domestica.

The metazoan Iws1 proteins contain a unique N-terminal region of
approximately 500 residues that is not found in yeast Iws1. This region is
highly acidic and contains a long stretch of predicted phosphorylation
sites for the casein kinase protein family, especially CKIl. Casein kinases
are serine/threonine selective enzymes involved in regulating signal-
fransduction pathways, including Wnt signaling, cell-cycle regulation, and
DNA repair. CKIl is tightly associated with several complexes that are
known to bind RNA polymerase I, although the exact function of CKIl in

elongation is unknown. There also exists a well-conserved sequence in
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Figure 1.1: Schematic representations of GST-tagged (checkered boxes)
polypeptides (humbered according fo amino acid residues) and the
basic structural features of the hiws1 protein. The location of NLS signals
are indicated by arrows. The LW motif is indicated with a dotfted-box. The
region containing a highly conserved sequence in both yeast and
human, including the LW motif, is showed via a shaded box. Two other
well-conserved regions that flank a substantial portion of the protein and
contain highly acidic residues are indicated by dashed boxes. The
regions to which other factors such as Spté, Aly, and RNAPIlo bind are
indicated by solid lines.
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both human and yeast Iws1, consisting of highly acidic residues indicated
by a dashed box in figure 1.1. A similar region also exits in the C-terminal
portion of the protein, also indicated by a dashed box (figure 1.1), and
Iws1 contains two distinct nuclear localization (NLS) domains. The NLS
domains are apparent in the central portion of the protein. These signals
have been elucidated to be of the order KK(X)11KKQK at position 358 and
KRRR at position 542 (figure 1.1) (Ling et al. 2006).

The C-terminal region of approximately 250 amino acids is highly
conserved in both yeast and humans (indicated by shaded box in figure
1.1). Recent bioinformatic studies have also indicated that this region
contains a novel domain described as the LW motif (figure 1.1). An LW
motif exists in the highly conserved N-terminal region of the transcription
elongation factor TFIIS; however, this region has not been identified to
have any catalytic activity. TFIS does not possess an NLS and only
recombinant proteins containing the LW motif are efficiently targeted to
the nucleus (Ling et al. 2006). A similar motif was also identified in the N-
terminal region of the two other nuclear factors, elongin A and MED 26
(Booth et al. 2000). The sequences containing the LW motifs in TFIIS,
elongin A, MED 26, and hlwsl contain many identical or functionally
similar residues (shaded in figure 1.2). However the LW domain does not

control the nuclear localization of Iws1, and its function is unknown.
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Figure 1.2: Sequence analysis of hiws1. (A) Full-length hiws1 sequence
with the LW motif shaded inred. (B) Comparison of LW motfif sequence
between TFIIS, elonginA, Med26, and hiwsl. Amino acids with structural or
functional similarities are shaded in grey.
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It is interesting to note that the LW motifs of TFIIS, elongin A, and MED
26 are contained within the N-terminal regions of each protein, whereas in
lws, the LW motif is located within its C-terminal half. Furthermore, nuclear
targeting of Iws is dependent only on its nuclear localization signals and
not the LW motif. Constructs of tagged Iws containing only an NLS
sequence proved to be sufficient for nuclear targeting (Ling et al. 2006).
Protein-protein interaction assays also showed that the region of TFIIS
containing the LW motif could associate with full-length hiws1 (Ling et al.
2006), which raises the possibility that LWs are self-associating domains
that could mediate formation of homo- or heterodimeric complexes.

The conserved C-terminal domain of Iws mediates its binding to a
variety of other nuclear factors, including Spté, REF1/Aly, and the Ser2P
RNAPII complex (figure 1.1). REF1/Aly, a factor implicated in RNA splicing
and export, associates with a region of Iws that does not contain the LW
motif. Spté, a histone H3 chromatin remodeling protein associates with a
region of Iws that does overlap with the LW motif; however it has yet to be
determined if the LW region mediates the Iws-Spté interaction. Previous
biochemical studies have indicated that RNAPII binds to Iws1 indirectly,
through Spté (Yoh et al. 2007).

To address the nature of the interaction of Iwsl with its various

partner proteins, | designed vectors to express different GST-lws fusion
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protein constructs to be used in GST-pulldown assays from Hela nuclear
extracts (figure 1.1). GST-tagged N-terminal construct, containing one of
the NLS sequences, was designed and utilized to assess the binding
capabilities of the N-terminal region of Iwsl. A separate construct
spanning the region between residues 522 and 819 was constructed,
containing the other NLS sequence and the LW motif to determine the

binding capabilities of the C-terminal region of Iws1.



CHAPTER 2: Iws1 PROTEIN-PROTEIN INTERACTIONS

A preliminary in vitro pulldown assay was performed using only the
GST-Iwsi-495 GST-Iwssaog19 fusion proteins to test for novel protein-protein
interactions. The recombinant fusion proteins were purified from E. coli
and then immobilized to glutathione beads, which were incubated with
pre-cleared whole cell extracts from Hela cells.
2.1: Iws Interacts with LEDGF/p75

Preliminary data from our lab indicate that Iwsl associates with a
nuclear factor designated LEDGF (Yoh et al., unpublished data). LEDGF
(Lens epithelium-derived growth factor) was originally isolated and
identified as a general transcription activator with identical features to
that of a previously characterized protein, p75. A transcriptional co-
activator, p75 has been shown to interact with components of the basal
transcriptional machinery. LEDGF/p75 has been suggested to increase
the survivability of a cell following stress-induced apoptosis events. It binds
to promoter elements of heat-shock and other stress-related proteins,
altering their expression pattern. Heat shock proteins work
antagonistically to factors that are involved in inducing apoptosis and so
prolong the cell’s lifetime. LEDGF/p75 has also been characterized as an
integrase-interacting protein involved in integration of the lentiviral

genome, specifically HIV-1. In infected cells lacking endogenous
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Figure 2.1: Western blot analysis of the physical association between
hiws1 and LEDGF after a GST-pulldown assay using GST-lws bait proteins
(and GST control) incubated with HelLa nuclear extracts. Input lane
consists of just the nuclear extract. Pulldown assays were separated by a
6% SDS-PAGE, and Western blot assay was performed with anti-LEDGF,
anti-Menin, or anti-MLL1 antisera as indicated.
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LEDGF/p75 protein, HIV-1 genome integration is significantly
compromised. Lentiviruses have a tendency to integrate their genome at
active franscription units, a process dependent on the presence of
LEDGF/p75. Studies have shown that cells devoid of LEDGF/p75 results in
integration in non-franscriptional units (Engelman et al. 2008). A nuclear
protein, LEDGF/p75 tethers the HIV-1 integrase protein to chromatin and
subsequently protects it from degradation. The ability of LEDGF/p75 to
direct viral genome integration at active transcription units suggests that it
should show some interaction with the transcriptional machinery.
Consequently, it is interesting to consider that LEDGF may direct the viral
integration complex to the RNAPII elongation complex for integration at
active genes. As shown in figure 2.1, the HelLa nuclear LEDGF protein can
interact directly with the N-terminal region of GST-lwsl. This interaction
suggests that Iws may be involved in either regulating or directing the
function of LEDGF in some manner, and raises the possibility that LEDGF is
part of the Spté:lws1 complex on the RNAPII CTD.

A fraction of nuclear LEDGF associates with a tumor suppressor
called Menin, which in tun binds to the H3K4me3-specific
methyltransferase protein, MLLT (Yokoyama et al. 2008). Cells lacking
menin have shown a dramatic increase in cell proliferation. Given its

interaction with MLL1, there is increasing evidence suggesting that menin
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is a crucial regulator of histone modifying proteins by acting as a scaffold
to coordinate transcription and proliferation. It has also been shown that
Menin is carried along by the franscriptional machinery in regions of
actively franscribed genes. To investigate whether MLLT and Menin might
also be part of the Spté:lwsl complex on the RNAPII CTD, | tested whether
these factors were also present with LEDGF in the GST-lwsl pulldown
fraction. Interestingly, GST-lwsl does not interact with nuclear Menin
(figure 2.1). Similarly MLL1, which is the human homolog of the yeast Set]
methyltransferase, was also not present in western blots of the GST-Iwsl
pulldown reaction. Thus, Iws associates with  the H3K36
methyltransferase HYPB/Set2, but does not bind to MLLT and Menin
(figure 2.1). MLL1 is involved in histone modification primarily during early
elongation near initiation sites, suggesting that Iws may just be involved in
histone modification during mid to late phase elongation. Consistent with
this possibility, knockdown of Iws1 in HelLa cells affects H3K3éme3 at target
genes, but does not affect H3K4me3 at the same genes. These findings
also indicate that LEDGF may play a role in gene expression or histone
modification that is separate from its association with MLLT and Menin,
and further studies are needed to assess whether its association with the
Spté:lws1:CTD complex might target the HIV-1 integrase protein to actively

transcribed cellular genes for proviral integration.
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2.2: Iwsl interacts with Spté and the Ser2P RNAPII CTD

The key functional interaction of Iwsl is with the franscription
elongation factor and histone H3 chaperone, Spté (Yoh et al. 2007). Spté
is a factor that has been characterized in yeast, Caenorhabditis elegans,
and many mammalian species, indicating its conserved nature (Hartzog
et al. 1998). It has been demonstrated that Spté acts as a histone H3
chaperone and works to reassemble nucleosomes at promoters after
transcription (Bortvin et al. 1996). Interestingly, loss of Spté function in yeast
so disrupts the local chromatin structure at endogenous promoters that
transcription is possible even in the absence of any DNA-bound activators
(Adkins and Tyler 2006). A protein roughly twice the size of Iws, Spté
consists of an N-terminal region with an abundance of acidic amino acids
and a C-terminus consisting of an SH2 domain (Yoh et al. 2007). Spté
associates with the CTD of RNAPII via its SH2 domain (Yoh et al. 2007). In
principle, based on genetic studies in yeast, Spté might also be expected
to interact with components of the DRB-sensitivity-inducing factor (DSIF),
which is composed of Spt4 and Spt5. Given the many factors that Spté
could in principle associate with, | decided to probe for nuclear proteins
that associate with Iws1 and assess whether any of these factors might be

linked to Spté indirectly, via association with Iws1.



26

DSIF is a heterodimer composed of the two factors Sp5 and Spt4
and plays roles in both stimulating and repressing transcription. Following
transcriptional initiation, RNA polymerase Il pauses around 30 nucleotides
downstream of the start site (Wada et al. 1998) upon binding of DSIF and
another factor, NELF. The CTD kinase and positive transcription elongation
factor P-TEFb then phosphorylates the CTD of RNAPII to relieve this arrest in
elongation, mediated in part by releasing NELF from the complex (Wada
et al. 1998b; Yamaguchi et al. 1999a). P-TEFb also phosphorylates the
Spt5 subunit of DSIF, which leads to further activation of elongation
(lvanov et al. 2000). Like Iws, DSIF may also be involved in cellular
processing of MRNAs (Sehgal et al. 1976). The repressive activity of DSIF is
only apparent in the presence of another protein known as DRB, thus
coining the name DRB-sensitivity inducing factor. Importantly, DSIF can
also stimulate transcription elongation by increasing the ability of Polll to
bypass pause sites in the production of long mMRNA transcripts (Guo et al.
2000), and thus it plays roles both in pausing and productive elongation.
In short, Spt4 and Sptd are primarily involved in regulating the rate of
transcription elongation and therefore can be considered part of the
“rate-limiting” step in this overall process.

Iwsl was recently shown to be involved in co-transcriptional

processing of mMRNAS, in particular splicing, and in facilitating the kinetics
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of bulk poly(A)+ mRNA export. Previous studies showed that members of
the Pafl complex are also involved in late elongation events such as pre-
MRNA  processing (Penheiter et al. 2005, Sheldon et al.
2005). The Pafl complex is composed of the factors Pafl, Ctr9, Cdc73,
Rtf1, and Leol. The members of the Pafl complex have been shown 1o
interact with other transcription-related factors including Spt4, Spt5 and
FACT (Krogan et al. 2002; Squazzo et al. 2002). In yeast, members of the
Pafl complex are also implicated in regulating phosphorylation of the
RNAPII CTD. Deletion of Pafl or Rtfl results in a dramatic decrease in
Ser2P  RNAPII within at coding regions of actively-tfranscribed genes
(Mueller et al. 2004). These studies implicated Pafl in pre-mRNA
processing as well as control of the length of polyadenylated tails of
MRNAs.

Using the biochemical GST-pulldown assay, | confirmed that the C-
terminal region of Iws1 binds Spté (Figure 2.2). This same C-terminal region
of Iws1 also pulls out Ser2P RNAPII, whereas the N-terminal region does not.
However, my experiments indicated that Iwsl does not interact strongly
with either Spt4 or Spt5. This suggests that it may not act as a regulator in
pausing/stimulating transcription elongation associated with the DSIF
complex, which is consistent with the fact that Iwsl has no effect on

transcription inifiation or elongation in vitro (Yoh et al. 2007). Moreover,
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Figure 2.2: Western blot analysis of the physical association between
hiws1 and other nuclear factors after a GST-pulldown assay using GST-lws
bait proteins (and GST control) incubated with HeLa whole cell extracts.

Input lane consists of just the cellular extract. Pulldown assays were
separated by a 6% SDS-PAGE, and Western blot assay was performed with
a-H5, a-Spté, a-Spt5, a-Elf1, a-Pafl, or a-Spt4 antisera as indicated.
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although it shares some similar properties to those factors of the Pafl
complex, my studies further indicate that Iws does not directly interact
with Pafl (Figure 2.2). Iwsl is known to recruit REF/Aly to actively
transcribed regions and to facilitate mRNA export from the nucleus;
however these studies indicate that this activity is independent of the role
of the endogenous Pafl or Leol proteins in these same events.
2.3: Iws associates with EIf1

My initial tests also revealed an unexpected interaction between
Hela Iws1 and the factor EIf1 (E74 like factor 1) (Figure 2.2). Elf1 is member
of the Ets franscription factor family found in humans, mice, C. elegans
and Drosophila. Most of the members of the ETS transcription factors
contain a highly conserved DNA binding domain known as the ETS
domain which binds to regions of DNA with a central GGA sequence.
More specifically, most Efs proteins bind to specific DNA sequences
centered over either GGAA or GGAT motifs. However, ElIfl and another
related Ets protein, E74, bind only GGAA motfifs. Elf1exists primarily as a 98-
kDa form in the nucleus and a 68-kDa form in the cytoplasm. Because Elfl
is a DNA-binding factor, it is not clear why it should associate with Iws].
Perhaps EIf1 recruits Iws1 to target genes prior to its association with Spté
on the RNAPII CTD, or for functions that are distinct from that of the

Spt6:CTD elongation complex. Consequently, | did not further pursue the
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mapping of the EIf1 interaction with Iws1, nor is it clear that this is a direct
association, and therefore further studies will be needed to assess the
relevance of this finding.
2.4: lws1 associates with Med2é, a subunit of the Mediator complex
Studies in yeast have suggested that Iwsl associates with TFIIS, a
protein that is an integral part of the elongation complex. TFIIS is a
general transcription factor that increases the overall transcription rate of
RNA polymerase Il by activating franscription elongation complexes that
have arrested franscription (Reines, D. 1994). The protein is conserved
from yeast to humans while homologs have been identified in Archaea
and some viral genomes. TFIIS contains a domain that interacts directly
with RNA polymerase Il as well as a region that enhances cleavage of the
nascent transcript to allow backiracking of the paused RNAPII complex,
and both are conserved from yeast to humans. A different, N-terminal
domain was recently found to contain a novel LW motif, which is also
present in several other nuclear factors, notably Med26 (also called
CRSP70) (Ryu, S. et al. 1999) and Elongin A. Med26 is an essential subunit
of the CRSP complex, contained in the central core of the mediator
complex, which is required for the activity of the enhancer-binding protein

Sp1 as well as many other activators(Pan, G. et al. 1997). Whether Med26
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Figure 2.3: Western blot analysis of the physical association between
hiws1 and CRSP70/Med?26 after a GST-pulldown assay using GST-lws bait
proteins (and GST conftrol) incubated with HelLa nuclear cell extracts.
Input lane consists of just the nuclear extract (lane 1). Lanes 2 and 3
consist of the pulldown reactions using GST-Iwsi-495s and GST-Iwss22.819,
respectively. Lane 4 consists of a pulldown reaction using GST alone.
Reactions were separated by an 8% SDS-PAGE, and Western blot assay
was performed with a-H5, a-Spté, a-CRSP70, or a-CHD1 antisera as
indicated.
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is also carried along with the RNAPII elongation complex and might have
other roles in gene expression is unknown at present. Although Med26
and TFIIS share homology in their N-terminal region, the function of these
regions has yet to be elucidated for either protein. This sequence was
later characterized as an LW motif (Ling, Y. et al. 2006) in TFIIS and also
shown to share homology with a C-terminal region of hiwsl. By
infroducing point mutations in the LW motif, it was determined that such a
region was crucial for nuclear localization in TFIS (Ling, Y. et. al. 2006) and
might possibly maintain a similar function in Med?26. Interestingly, the LW
motif found in hiws1 does not appear to be involved in nuclear targeting
(Ling, Y. et al. 2006). Further experiments also revealed that the TFIIS can
associate with hlws1 in nuclear extracts from Hela cells, and that this
association is mediated through the LW domain. Studies are underway in
the lab to assess whether or not the human TFIIS protein is carried with the
RNAPII elongation complex via association with the Spté:lws1 complex.

By means of GST-pulldown assays, | observed that hiws1 associates
with a fraction of Med26 present in HelLa extracts. As shown in figure 2.3, |
determined that the C-terminal domain of Iwsl, GST-lwssgig, interacts
with Med26, whereas the N-terminal domain fragment, GST-lwsi.495, does
not. Relative to the input, the ability of Iws to bind to Med26 is not as

strong as its ability to bind Spté or RNAPII Ser2P. This may indicate that the
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Iws-Med26 interaction might be weak or indirect, i.e., mediated through
another factor. Interestingly, Med26 was previously suggested to interact
directly with the RNA polymerase I CTD (Naar, A. et al. 2006). Thus, one
possibility is that Med26 may be present in the pulldown fraction simply as
a part of the Ser2P RNAPII elongation complex. If so, it's binding to the
CTD might depend upon Spté and Iws1, as was suggested for Hypb/Set2,
or it may bind independently of the Spté:iwsl complex and be carried
along with the RNAPII. Because the GST-lwssxgi9 construct contains the
LW motfif, it is alternately possible that Med?26 binds directly to the LW motif
of Iws1, and might in principle even compete for binding of Iws1 to Spté

and the RNAPII CTD.



Chapter 3: lws1 MUTANT PROTEIN-PROTEIN INTERACTIONS
3.1: Iws1 Mutant Proteins

Having determined that Iws1 interacts with Spté, RNAPII and Med26
through its conserved C-terminal domain, mutant GST-lws constructs were
designed to identify important residues within the LW motif itself that might
mediate the binding of Iws1 to one or more of these proteins. Ling et al.
already showed that TFIIS interacts with Iwsl through the LW motfif. In
order to determine whether the hiwsl LW motif directs binding to other
factors, | created GST expression vectors to introduce point mutations
within the Iws1 LW motif, and tested the activity of these mutant proteins
in GST pulldown reactions.

From the motif analysis of Iws1 using the MIT scansite menu, it was
gleaned that there exists possible binding sites at tyrosine (Y) residue 665
and threonine (T) residue 780. Tyrosine-665 is located within the LW motif
region (figure 3.1a) while threonine-780 is located outside the LW
sequence. From figure 3.1, the red-shaded and blue-shaded sequences
indicate the regions to which other factors may associate with. A
tryptophan (W) residue, which is a signature amino acid within the LW
sequence itself, is located at position 685 and may also prove to be
critical in protein-protein interactions. Three separate mutations were

infroduced to each of these sites: the tyrosine was mutated to a

36



37

Figure 3.1: Schematic representation of the GST-lws1 mutant proteins

constructed to test for functionality of important residues. The top panel
shows the amino acid sequence between residues 631 and 787. The LW
motif boundaries are indicated by arrows on either side. Structural
analysis using the MIT scansite menu indicates that there exists an SH2
domain binding site (the region shaded in red). A PKC phosphorylation
site also exists (shaded in blue). Three mutant proteins were designed. A
tyrosine residue (Y) at position 665 was mutated to a phenylalanine (F). A
tryptophan residue (W) at position 685 was mutated to an alanine (A).
Finally, a threonine (T) residue at position 780 was mutated to an
isoleucine (I). Dashed lines indicate omitted regions of the sequence



38

10841
YSIOMMSIVOIYS SHNIAN
VG8IM
MANSYANI TIOVAANNSYSEIMIHMA
45994
MEINITIDOV@INSHS I dHAA TANATIO IDSHYTLHOSASATEOTIN TTIRIINT
/g USTODISIVOISSANAAN- -~~~ SMANSMANT TADVADINSUS DI HAA TANATIO IDSHYTLAOSASATAOTINTTATIINT | o9

L. —

JHOW M1



39

phenylalanine (F); tryptophan-685 was mutated to an alanine (A); finally,
threonine-780 was mutated to an alanine (A); finally, threonine-780 was
mutated to an isoleucine (I) (figure 3.1). Each mutation was infroduced
via PCR site-directed mutagenesis. Each protein was over-expressed and
purified from E. coli competent cells. The purified proteins were analyzed
via SDS-PAGE to ensure proper folding by comparing it to the wild-type
protein.
3.2: Tyrosine 665 and tryptophan 685 are required for binding of Iws1 to
Spté in vitro

GST pulldown assays were performed using the GST-Iwss22.819 mutant
proteins to determine whether the selected mutations affect protein-
protein interactions. The GST-Iws purified proteins were first immobilized to
glutathione S-tfransferase beads and washed extensively. Nuclear extract
was purified from growing cultures of HelLa cells then pre-cleared with GST
alone. The pre-cleared nuclear extract was then incubated with the
immobilized bait proteins. The beads were again washed extensively then
separated on an 8% SDS-PAGE then transferred to a PVDF membrane.

Figure 3.2 shows the results from the western blot conducted to test
for which factors the mutant GST-lwss22819 constructs can bind. As shown
in figure 3.2, the wild-type GST-lwsl protein readily binds to Spté, RNAPII

Ser2P, and can also associate with Med26. Importantly, the Yé65F
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Figure 3.2: Western blot analysis of the mutant GST-lws1 pulldown assay.

GST-Iws proteins or GST alone was immobilized to glutathione beads then

incubated with pre-cleared Hela nuclear extract. The input lane (lane 1),
shows just the nuclear extract. Lanes 2 through 5 show the pulldown

reactions using the different GST-lws mutant proteins. Lane 6 shows the
pulldown using just GST. The lanes are labeled with their respective

mutations (or wild-type). . Pulldown assays were separated by an 8% SDS-

PAGE, and western blot assay was performed with a-H5, a-Spté, or a-
Med26 antisera as indicated.
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mutation strongly decreased binding of the recombinant GST-Ilws1 protein
to the Hela Spté and RNAPII Ser2P proteins. A similar decrease in binding
was also observed using the Iwsl W685A mutation. By contrast, the T780I
mutation did not alter any binding of Iwsl to Spté or RNAPII Ser2P.
Interestingly, the Y665F mutation and the T685A mutation did not have
any apparent effect on the binding of Iwsl to Med26, nor was this
association affected by the Iws1 17801 mutation.

The T780I mutation is located outside of the LW motfif, while both the
Y665F and W685A mutations affect crucial residues in the LW sequence.
This indicates that binding of Iws1 to Spté is critically dependent upon the
LW motif. Loss of either tyrosine-665 or tryptophan-685 is sufficient to
destroy the binding of Iws1 to Spté. Thus these findings reveal that these
two residues within the LW core motif are of central importance to this
particular protein-protein interaction.

While it is unclear from this experiment whether the Spté-lws
interaction requires the entire LW motif, it is sufficient to say that Spté
requires both of these particular residues within the LW motif to be intact
for efficient binding to Iws. In addition, the Y665 and Wé85A bait proteins
failed to pull RNAPII Ser2P out of the nuclear extract. This finding is
consistent with previous data indicating that Iws1 does not bind directly to

RNAPII but rather contacts the elongation complex indirectly, through
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binding to the Spté protein. The finding that the interaction between Spté
and Iwsl is greatly strengthened upon binding of the former to RNAPII
raises the possibility that the conformation of Spté may change upon
binding to the CTD in a way that exposes its N-terminus in order to
recognize the LW motif present in Iwsl.

By conftrast, binding of Iws1 to Med?26 is not affected by mutation of
tyrosine-665 or tryptophan-685 within the LW motif. Therefore, Iwsl does
not associate with Med26 through the LW signature, and in addition
Med?26 does not appear to enter through the RNAPII elongation complex,
since binding of endogenous RNAPII to both mutant proteins is greatly
disrupted. Unfortunately, | was unable to assess the interaction of Iwsl
with TFIIS due to difficulties with the antisera for immunobloting, however
studies are underway in the lab to investigate whether TFIIS is recruited to
actively franscribed regions of genes in an Iwsl-dependent manner in
ChIP experiments. Studies with Med26 and other factors associated with
TFIIS, such as Med13 and Spt8, will follow if warranted. The present studies
reveal the crifical role of the LW sequence in governing the binding of
Iwsl to the Spté:RNAPII complex, and further studies analyzing the
properties of these mutant Iwsl proteins in vivo should reveal additional

new information about the function of the complex in vivo.



DISCUSSION

My studies have highlighted the critical function of a novel domain,
termed the LW motfif, in the function of the human Iws1 protfein. | show
that Iws1 contacts the Spté elongation factor and associated Ser2P RNAPII
elongation complexes, through direct binding to the LW mofif.
Remarkably, two point mutations within this signature sequence, Y665 and
W85, are sufficient to destroy binding of Iws1 to Spté and RNAPII in vitro.
Another elongation protein, TFIIS, has been observed to bind to Iws1 and
to RNAPIlI elongation complexes through its own LW motif, and further
studies are required to assess whether these associations can occur within
the same complex, and whether TFIIS might access RNAPII via interaction
with Iws1. Alternatively, TFIIS and Spté might compete for binding to Iwsl
at different stages in transcription, and our lab has previously showed that
binding of Iws1 to Spté depends upon prior binding of the latter to the
RNAPII Ser2P CTD. In addition, further studies are warranted to determine
whether the interaction between Iws1 and REF1/Aly, which is direct and is
mediated by the conserved C-terminal domain of Iwsl, is affected by
mutations within the LW mofif.

Interestingly, the Med26 protein also possesses an LW motif and has
been suggested to bind to the RNAPII CTD directly. My studies suggest an

association between Iwsl and Med?26, however, this association is not
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dependent upon the LW motif of Iws1. Thus one possibility is that these are
separate interactions for distinct purposes, and further studies are needed
to evaluate whether Med?26 is carried with RNAPII and, if so, whether this is
mediated through association with Iws1 protein. Alternatively, it would be
interesting to see if Med26 association with the CTD does or does not
require the LW motif, and, if not, whether the LW motif might recruit Iws1 o
distinct Med26.CTD complexes. At present, however, there is no function
ascribed to binding of Med2é6 to the RNAPII elongation complex.

Lastly, my studies also showed that Iws1 associates with the LEDGF
cell survival protein through an N-terminal domain that is distinct from the
LW motif. This association does not include other know LEDGF-binding
proteins, such as Menin or MLL1, and therefore appears to be a distinct
function of LEDGF. Because LEDGF plays a unique role in targeting the
HIVO1 integrase protein to actively transcribed regions of chromatin, it
remains possible that the Spté:lws1 complex may play a central role in this
process, which is crucial for HIV-1 integration and replication. Thus further
studies addressing the composition and function of the Spté:lws1 complex
may continue to provide unexpected new insights intfo the basic
processes that couple MRNA capping, splicing, export and histone

modification with the active RNAPII elongation complex at target genes,
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and could reveal new intersections between cellular and viral regulatory

events.



MATERIALS AND METHODS

Recombinant proteins and nuclear extract

GST-fusion protein constructs were designed by Sunnie Yoh. The genes
corresponding to each construct were PCR-amplified and ligated into
PGEX.kg bacterial vectors containing the ampicillin-resistant and
glutathione S-franferase genes. The vectors were transformed into DH5a
competent cells and the plasmids were subsequently purified. The DNA
was verified via sequencing (Eton Bioscience). The vectors were then
transformed intfo BL21 competent cells and protein overexpression was
achieved through three-hour IPTG-induction. Cells were centrifuged and
resuspended in lysis buffer (50 mM Tris-HCL, pH 7.9; 100 mM KCI; 1% Triton
X-100). The resulting suspension was subject to three cycles of sonication
and incubation on ice then centrifuged at high speeds (30,000 rom). The
cell lysate was incubated for three hours with glutathione S-agarose
beads and thoroughly washed. Recombinant GST-lws proteins were
eluted from the beads using the appropriate buffer (50 mM Tris-HCI, pH
8.0; 125 mM reduced glutathione) and analyzed via SDS-PAGE. Nuclear
and whole cell extracts were isolated from growing cultures of HelLa cells.
Cells were seeded on large, 150 cm plates and allowed to grow until the
appropriate confluency was reached (80-90%). The cells were harvested

using DMEM with 10% FBS media, washed with cold PBS, and
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homogenized. The suspension was centrifuged at low speeds (4,000 rom)
and the nuclear pellet was incubated with the appropriate buffer for 30
minutes (50 mM HEPES, pH 7.9; 20% glycerol; 10% sucrose; 0.42 M KCI; 5
MM MgCly; 0.2 mM EDTA; T mM sodium orthovanadate; T mM sodium
fluoride, 1x protease inhibitor [Roche]; 0.2 mM PMSF).

Protein-protein interaction experiments

For the GST pulldown experiments, 5-10 ug of the GST-fusion proteins were
immobilized to glutathione-S-agarose beads. Upon binding, the beads
were thoroughly washed to eliminate any non-specifically bound proteins
(washing buffer consisted of 1x PBS, 300 mM NaCl, and 1% triton X-100).
GST alone was immobilized with glutathione beads as well, then
incubated with the nuclear extract for one hour (this step ensures
adequate pre-clearing of the extract to eliminate any non-specific
binding between GST and nuclear factors). The immobilized GST-fusion
proteins were then incubated with 100 ul of the pre-cleared nuclear
extract in a final volume of 500 ul of buffer (10 mM HEPES-HCI at pH 8.0,
300 mM KCI, 0.2 mM EDTA, 0.5% NP-40, 10% glycerol, TmM DTT, T mM
sodium orthovanadate, T mM sodium fluoride, 1x protease inhibitor, and
0.2 mM PMSF). The beads were washed extensively in the same buffer

and analyzed via SDS-PAGE and immunoblotting.



PCR Site-Directed Mutagenesis

GST-lws mutant proteins were designed following the protocol of the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). The appropriate
primers (with desired mutation) were designed through the aid of the
PrimerX website. In summation, 125 nanograms of both forward and
reverse complementary primers were incubated with 10 nanograms of

the pGEX.kg vector containing the gene for Iwssa-gis.

subject to the following conditions:

Table 1 Reaction conditions of PCR site-directed mutagenesis.
Segment | Cycles | Temperature Time
1 1 95°C 30 seconds
2 18 95°C 30 seconds
55°C 1 minute
68°C 15 minutes

Reactions were
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