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Chromatin Immunoprecipitation (ChIP) provides snapshots of the localization of transcription factors on chromatin in cell populations. However, through the development
of fluorescent proteins and subsequent live cell imaging techniques, it has become possible to address protein localization and dynamics in single living cells. Furthermore,
the application of these techniques to the naturally amplified Drosophila polytene chromosomes allows the resolution of specific chromosomal loci within the natural threedimensional state of living nuclei. Therefore, we applied live cell imaging methods to
address the recruitment, dynamics and retention at the inducible Hsp70 loci in individual Drosophila salivary gland nuclei for (1) a number of transcription factors, including
HSF, Pol II, P-TEFb, Spt6, and Topo I; (2) H2B and Poly ADP Ribose (PAR) Polymerase (PARP); and (3) a previously uncharacterized Drosophila ortholog of SET1,
dSet1.
We observed that the recruitment of the master regulator, HSF, is first detected within
20 seconds of gene activation, and that the timing of its recruitment resolves from RNA
polymerase II and P-TEFb, and these factors resolve from Spt6 and Topo I. Remarkably,
the recruitment of each factor is highly synchronous between different cells. Fluorescence Recovery after Photobleaching (FRAP) analyses show that the entry and exit of
multiple factors are progressively constrained upon gene activation, suggesting the gradual formation of a transcription compartment at the Hsp70 loci. Using live cell imaging
methods and perfusion of PJ34, a specific inhibitor of PARP catalytic activity, we were

able to show that the maintenance of the transcription compartment and subsequent retention of transcription factors is dependent on the activity of PARP, which is indicative
of the role of PAR in the transcription compartment. Furthermore, we observed the
retention of H2B and PARP at the Hsp70 loci before and after HS, even though mean
fluorescence intensity of these factors decreases after activation. Finally, we applied
these live cell imaging methods to characterize dSet1. In yeast, SET1 is responsible for
the trimethylation of Histone H3 Lysine 4 (H3K4me3) a histone mark that is required
for active elongation. Therefore, we addressed the timing of recruitment and dynamics of dSet1 at the Hsp70 loci and observed recruitment of dSet1 occurs slightly before
Pol II, indicating that H3K4me3 occurs before elongation of Pol II at the Hsp70 loci.
Together these live cell imaging assays provide an important assay which can be used
to distinguish possible mechanisms for the role of transcription factors, histones, PARP
and dSet1 in transcription activity.
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CHAPTER 1
INTRODUCTION

Regulation of gene expression is critical for the proper development and survival of
an organism. Therefore, cells have evolved intricate mechanisms to regulate the timing, location, and levels of expression for a gene product at multiple stages of gene
regulation, including transcription, RNA splicing, RNA export, translation, and posttranslational modification. In many cases, gene expression is regulated at a number of
these stages, providing redundancy in the control of gene expression. However, occasionally, these regulatory steps are bypassed causing developmental defects, formation
of cancer, and cell death.
Expression of the Heat Shock Protein 70 (Hsp70) is no exception. Hsp70 is a
molecular chaperone that is expressed in response to heat shock (HS) and other cellular stresses and functions to allow the refolding of proteins that are denatured in such
conditions [81]. In Drosophila, Hsp70 is not required for survival under normal growth
conditions, however, when stressed by a severe HS (39◦ C) Hsp70 knock out flies are
unable to survive the HS [69]. On the other hand, over-expression of Hsp70 leads to
tumorigenicity of mouse fibrosarcoma cells [91], and in a number of human cancers,
the over-expression of Hsp70 appears to be caused by the mis-regulation of transcription [29]. Interestingly, a knockout of the master regulator of the HS response, Heat
Shock Factor (HSF) 1, protects mice from forming RAS or p53 dependent tumors [43].
These links to cancer and development make the Hsp70 genes an excellent clinical
target for the study of transcriptional regulation, however, additional features of Hsp70
make it an excellent biological model system, as well. First, the Hsp70 genes are rapidly
and robustly activated, with a >100 fold increase in expression upon stimulation in less
than 3 minutes [66, 156]. These properties are beneficial for quantitative and mech1

anistic studies. Furthermore, a number of novel regulatory mechanisms discovered at
these genes, including RNA polymerase II (Pol II) pausing at the 5’ end of the gene, are
conserved between different genes and species [76].
In the introduction, I will describe mechanisms, techniques, and results pertinent
to the understanding of this thesis. In section 1.1, I will describe the regulation of
transcription generally and as it occurs at the Drosophila Hsp70 gene and identify key
factors that are involved its regulation. Then, as most of the current understanding of
the regulation of Hsp70 and other genes stems from in vivo and in vitro experiments,
which take “snap-shots” of the process and can not address the dynamics of the interactions occurring during transcription regulation, section 1.2 will describe optical methods
used to address the dynamics of transcription factors and will summarize current studies
using these techniques to identify the dynamics of the transcription factors. Finally, in
section 1.3, I will give a brief overview of the contents of this thesis.

1.1
1.1.1

Regulation of Gene Expression
General Mechanisms of Transcriptional Regulation

Transcriptional regulation of gene expression occurs at multiple stages in the transcription cycle, including activation, initiation, elongation and termination. The first stage,
transcription activation, is regulated through both binding and activity of transcription
activators at the promoter of the gene. There are a number of mechanisms to regulate
the activity of these genes by activators, which can include: (1) the temporal and spatial regulation of an activator, which occurs through the regulation of its transcription
or localization, as is the case with the dorsal-ventral patterning in Drosophila embryos
[146]; (2) the binding of the activator to the binding elements; (3) post-transcriptional
modifications and ligand-induced conformational changes; and (4) the association of
2

repressors.
Positioning of a nucleosome over the activator-binding element can inhibit the binding of most activators to their binding elements [160]. Many transcription activators,
therefore, recruit SWI/SNF and histone acetyl transferases (HATs) in order to maintain
an open chromatin conformation [151]. However binding site accessibly is not the only
way binding can be inhibited. HSF, for example, can be maintained in a conformation
that prevents DNA binding. Upon HS, HSF changes conformation and dissociates from
inhibiting factors, allowing trimerization and binding of the recognition elements [144].
Furthermore, conformational changes and post-transcriptional modifications can
play multiple roles in the regulation of activation. First, as with HSF a conformation
change is required in order to bind the recognition elements [144], however, some activators, such as the Retinoic Acid Receptor (RAR) can bind the recognition elements
before activation by the addition of ligand. When no ligand is present it recruits corepressors, but upon introduction of the ligand it now recruits co-activators [133]. As
with RAR, the binding of repressors negatively regulates gene expression. In fact, repressors can inhibit the activation of both basal and inducible genes [89]. Together the
activators and repressors interact in order to provide a cell type specific regulation of the
entire genome.
The next regulated stage of transcription is initiation, the process of positioning
Pol II at the transcription start site (TSS) in order to begin transcription. As with activators, a positioned nucleosome over the TSS can prevent initiation [128]. However,
sequence specific characteristics can also influence the strength of initiation and positioning of transcription initiation, they include promoter elements such as TATA box,
upstream Transcription Factor II (TFII) B recognition element (BREu), Initiator (Inr),
motif ten element (MTE), downstream promoter element (DPE), downstream core ele-
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ment (DCE), and X core promoter element 1 (XCPE1) [95]. These features can be found
together, in various combinations, or completely absent from core-promoter sequences.
When present these features focus the site of initiation, but when absent initiation can
still occur in dispersed manner [95].
Protein factors also affect the regulation of initiation. At TATA box regulated genes,
initiation requires the pre-assembly of the pre-initiation complex (PIC), consisting of
TATA binding protein (TBP), TFIID, TFIIA and TFIIB, which is then followed by the
recruitment of Pol II, TFIIF, TFIIE and TFIIH [212]. All of these factors except TFIIA
are essential for PIC formation at TATA box regulated genes [212]. TFIIB, TFIIE,
TFIIF, TFIIH and Pol II are encoded by single copy genes, but TBP, TFIID and TFIIA
have either parologs or variant proteins that can influence the regulation of transcription
initiation, either by recognizing different core-promoter sequences (TBP) or interacting
with different activator/co-activator complexes (TFIID or TFIIA) [6].
For a number of genes, initiation is thought to be a major rate-limiting step. Recent
global studies, however, are identifying a large number of genes that are rate-limited at
the step of proximal Pol II pausing [39, 100, 149]. Paused Pol II is a transcriptionally
engaged and competent Pol II, which is inhibited from elongating by the association
of Negative Elongation Factor (NELF) and DRB Sensitivity Inducing Factor (DSIF)
at +30 – +50 bases from the TSS [184, 64, 116]. In the paused state, the C-Terminal
Domain (CTD) of Rpb1, Pol II’s largest subunit, is phosphorylated at Serine 5 and the
RNA transcript is capped [174]. The release of Pol II from the pause occurs with the
recruitment of Positive Transcription Elongation Factor b (P-TEFb), which phosphorylates DSIF, NELF, and Serine 2 of the Pol II CTD [184].
Gene directed studies identified that a number of Drosophila developmental genes
containing a paused Pol II are synchronously activated, while developmental genes lack-
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ing the paused Pol II are stochastically activated over 20 minutes [23], suggesting that
genes that need to be rapidly activated are regulated via pausing. In fact, global studies
in Drosophila have supported this hypothesis by showing that paused Pol II genes are
enriched for developmental and stimulus response genes [149], which need to respond
rapidly.
Regulation of elongation occurs with a change in the factors associated with Pol II.
Most of the general transcription factors have dissociated from the elongation complex
after the initial bases were synthesized [179], and remain associated with the promoter
region as members of a re-initiation scaffold [241]. Additionally, transcription factors
responsible for efficient elongation are recruited, including chromatin remodelers, histone chaperones and topoisomerases [131, 184]. If Pol II arrests during elongation, it is
ubiquitylated and degraded [184].
The final stage in which transcription can be regulated is termination, where the transcribing Pol II detaches from the DNA. Termination regulation is an important step, because early termination may form incomplete and unstable transcripts, which are rapidly
degraded, and late termination may lead to the inhibition of another gene [170]. The specific mechanism of termination is not yet known, however two models exist, which may
not be mutually exclusive. One model is the torpedo model, where after Pol II transcribes the poly(A) sites and the nascent RNA is cleaved, a 5’ to 3’ exonuclease, Rat1
(yeast) or Xrn2 (humans), chews up the RNA, eventually catching up to Pol II [129].
When this happens, Pol II releases from the DNA. The second model is the allosteric
model. In this model, Pol II undergoes a conformational change after transcribing the
poly(A) site, which then allows it to dissociates from the DNA [184].
In all of these steps, regulation occurs through post-translational modifications affecting protein activity or binding or the recruitment proteins to activated genes. P-
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TEFb, is an excellent example for these multiple methods of regulation. First, the
P-TEFb complex is sequestered in a transcriptionally inactive complex consisting of
HEXIM and 7SK snRNA [238]. 7SK snRNA causes a conformational change in
HEXIM, which allows it to bind the Cyclin T (CycT), a subunit of P-TEFb, and repress the kinase activity of Cyclin Dependent Kinase 9 (Cdk9), another subunit of PTEFb [119]. Recruitment of P-TEFb to activated genes occurs through an interaction
with Brd4, which detects Histone H4 acetylation marks [50]. Interestingly, when PTEFb inhibition is perturbed, either through the degradation of the 7SK snRNA or the
knockout of HEXIM, developmental and embryonic defects linked to excess transcription occur [14, 49, 163]. Additionally, the kinase activity of Cdk9 is required for phosphorylating a number of transcription factors (as mentioned above), as well as phosphorylating the Pol II CTD, which provides a platform for binding of numerous transcription
factors involved in transcription elongation, splicing and polyadenylation [184].
P-TEFb is not the only regulated and regulatory protein associated with the transcription elongation. A number of other transcription factors also appear to have secondary
activities relating to transcription regulation. For example, in addition to its role in relieving topological stress, Topo I also phosphorylates the splicing factor SF2/ASF [180].
In turn, phosphorylation of SF2/ASF leads to the inhibition of Topo I mediated DNA
relaxation [3]. Additionally, histones are post-transcriptionally modified through acetylation and methylation of their histone tails. These histones are differentially modified
depending on the transcriptional activity of the region, and can provide a specific signal
for the binding of transcription factors to active chromatin, including Brd4 (mentioned
above) [50, 88, 105].

6

1.1.2

Transcription of the Drosophila Hsp70 genes

Upon HS, the transcription of HS protein encoding genes is rapidly activated, including
the Hsp70 genes. This process is known as the HS response and was first described
in 1962, when it was observed that heat induced the formation of a new set of “puffs”
on the chromosomes of Drosophila salivary glands [228]. However, it was not until
1973 that the cytological response was correlated with the expression of a new set of
protein encoding genes, which were regulated at the level of transcription [121]. The
HS response is not restricted to Drosophila, and has been detected in all organisms,
including bacteria, yeast and humans [121, 228]. In each of these cases, HS rapidly and
robustly induces the transcription of HS genes and can be detected by an increase in the
mRNA levels of these genes, or in Drosophila, by the appearance of transcriptionally
active “puffs” on the polytene chromosomes [228, 121].
The inducible, rapid and robust activation makes the HS genes an attractive model
system for studying transcription. Because of this, there is a lot known about the regulation of transcription for most of the HS genes, especially Hsp70. Drosophila Hsp70
is regulated by a promoter that contains 4 trimeric HSF binding elements (HSEs) located between -50 and -263 [233, 197]. The two most proximal sites are essential for
Hsp70 activation. Interspersed and overlapping the HSEs are a number of GAGA factor
binding sites, which are responsible for maintain the promoter in an open chromatin
conformation before gene activation [221]. The first nucleosome in the body of the gene
is positioned at +330 [164].
During non-heat shock (NHS), initiation of transcription occurs and is regulated by
the TBP binding to the sequence TATAAA (TATA box) and TFIID to the Inr [115, 171,
229]. After initiation Pol II transcribes a short distance before becoming paused around
two major positions +22 and +30 [174]. At +22 position, the RNA is partially capped,
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while at +30 it is completely capped [174]. Activation of transcription and escape from
the pause occurs after activation by a HS of 25◦ C to 37◦ C, through the recruitment of the
activator, HSF, co-activators and the CTD kinase, P-TEFb [184]. Even after activation
and escape from the pause, the +22 and +30 paused sites are prominent [174], and
biochemical measurements estimate that Pol II escapes from the pause at a rate of one
polymerase every 10 minutes, during NHS and every 4 seconds after HS [125].
After escaping the pause, transcription elongation is aided by the recruitment a number of elongation factors including the nucleosome remodeler, Suppressor of Ty 6 (Spt6)
and the DNA topoisomerase, Topo I [4, 61]. Finally, after transcribing 2400 bases, Pol II
transcribes the poly(A) site, which is then cleaved and polyadenylated, one of the steps
to making mature RNA. Pol II, however, does not terminate at this site. Instead, termination of the Hsp70 genes occur 200-230 nucleotides downstream of the poly(A) site.
The termination position appears to be condition-specific, as an increase in HS duration
leads to termination 450 nucleotides downstream of the poly(A) site [19].
Our lab has previously carried out a kinetic analysis of factors involved in Hsp70
transcription using Chromatin Immunoprecipitation (ChIP) of Drosophila Kc cells and
immunostaining of Drosophila polytene chromosomes [22, 185]. These studies helped
determine the timing and localization specific transcription factors are recruited to the
Hsp70 gene. Some of the factors studied were HSF, P-TEFb, Spt6, and Pol II [22, 185].
A simplistic kinetic model of transcription activation, based on these kinetic studies, is
presented in Figure 1.1.
During NHS conditions, HSF shows minimal binding to the HSEs and Pol II is transcriptionally engaged but paused at the 5’ end of the gene (Figure 1.1A) [181]. Even
though it is not shown, Pol II is known to interact with negative elongation factors NELF
and DSIF while paused [230], and the initiation complex is thought to remain associ-
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Figure 1.1: The Recruitment and Localization of Transcription Factors on the
Hsp70 gene upon HS
Localization of transcription factors to the Hsp70 gene after (A) NHS, (B) 5 seconds
HS, (C) 75 seconds HS, (D) 150 seconds HS, and (E) 5 minutes HS. Circles on the tail
of Pol II (red pentagon) represent the phosphorylation status of the CTD with black unphosphorylated Serine 2, orange phosphorylated Serine 2, and blue representing phosphorylated Serine 5. Yellow oval represents HSF; purple oval, P-TEFb; green circle,
Spt6; and the yellow cylinder represents the nucleosomes. The arrow depict the TSS.
Summarized from Boehm et al., 2003 [22] and Saunders et al., 2003 [185], not to scale.
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ated [115]. After a very short amount of HS (5 seconds), HSF begins to be recruited
to the HSEs (Figure 1.1B, although no other changes in protein association are observed [22, 185]. After 75 seconds of HS (Figure 1.1C), the initial recruitment of Pol II
and P-TEFb is observed in the kinetic ChIP studies [22, 185]. The recruitment of PTEFb and subsequent phosphorylation of the Pol II CTD, DSIF and NELF allows Pol II
to escape from the pause and begin active transcription [33, 163]. This also the time
HSF level reaches maximum enrichment at the promoter of the gene. Slightly later, 150
seconds after HS, Pol II and P-TEFb are spreading into the gene. This is also the time
that elongation factors, required for traversing nucleosomes, are recruited to the gene.
Thus, we see the increase in Spt6 binding by ChIP near the first nucleosome [22, 185].
By 5 minutes after HS (Figure 1.1E), it appears that Pol II, P-TEFb and Spt6 have all
reached maximal levels along the body of the gene, as measured by ChIP [22, 185].
A number of other transcription factors have also been localized to the Hsp70 loci
before or after HS activation. These factors are important for regulating transcription
activation, efficiency and fidelity and include chromatin remodelers [184], RNA processing factors [131], and topoisomerases [218]. In this subsection, I will focus on
describing the role and regulation of the transcription factors that are of interest to this
thesis.

HSF
HSF is the activator that mediates the HS response. Drosophila HSF is 691 amino
acids long and contains an N-terminal DNA Binding Domain (DBD) with an adjacent
trimerization domain consisting of two hydrophobic repeats. At the C-terminus, there is
another hydrophobic repeat and a transactivation domain [124, 225]. These two regions
are connected together by a long flexible region, which may be involved in repressing
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the transactivation domain [225].
During NHS, HSF is present as a monomer and in a transcriptionally inactive form,
it consists of the C-terminal hydrophobic repeat folding back and interacting with the
N-terminal hydrophobic repeats [172]. HSF can also be be sequestered by Hsp70 [234].
Then, upon HS, Hsp70 dissociates from HSF, and a conformational change in HSF allows trimerization to occur [228]. Trimerization increases the affinity of HSF to the heat
shock elements (HSEs) [228], and binding of HSF to the HSEs is required for the activation of the HS response [93]. However binding of HSF to the HSEs is not sufficient
for HS activation, as salicylate treatment of Drosophila cells leads to the recruitment
of HSF to the HSEs but no subsequent recruitment of Pol II [223]. Therefore, the activation ability of Drosophila HSF is likely due to a post-translation modification and
may be due to the differential phosphorylation of HSF, rather than the overall increase
in phosphorylation as observed in yeast and humans [62].

Pol II
Pol II is the polymerase that transcribes protein-encoding genes in eukaryotes. It is a
complex consisting of 12 subunits with a total molecular weight of over 500 kiloDaltons (kDa) and is highly conserved from yeast to humans. The initial high-resolution
structures of Pol II were determined in yeast using a 10-subunit core polymerase that
lacked the Rpb4/Rpb7 module [40, 41, 68]. Subsequent structures, including either the
Rpb4/Rpb7 module or different transcription factors, have been solved, elucidating the
mechanisms and identifying the structural basis for transcription [11, 21].
The overall structure of Pol II resembles a crab claw, with the active site, composed
of Rpb1 and Rpb2, located near the center of the molecule. The DNA gains access to the
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active site by way of a cleft. The downstream edge of the transcription bubble is at +4
from the active site, while the upstream portion of the transcription bubble is maintained
by a fork loop within Rpb1 as well as a few other structures. RNA synthesis occurs at
+1 in a process requiring two Mg++ ions, and the DNA/RNA hybrid persists for about 8
bases. At the active site, the DNA is forced to bend 90◦ because of a dense protein wall
positioned beyond the active site [68].
The surface of Pol II is extensive and allows for many possible binding sites between
Pol II and other factors for regulation. But the Rpb1 subunit also contains a large unstructured C-terminal domain (CTD), which can bind a number of proteins. The CTD
consists of heptapeptide repeats of Tyrosine Serine Proline Threonine Serine Proline
Serine (YSPTSPS), which can be differentially phosphorylated on Serine 2, by P-TEFb
or Serine 5, by TFIIH [169, 184]. The different phosphorylation states promote binding
of factors that regulate transcription. The two phosphorylation states of the CTD are
Serine 5 and both Serine 2 and Serine 5, although other combinations exist [166]. These
phosphorylation states occur at different stages of transcription with Serine 5 phosphorylation occurring mainly during initiation, but the phosphorylation mark can remain
through transcription of the gene [166]. Serine 2 phosphorylation occurs during elongation and in the case of the Drosophila Hsp70 genes is required for Pol II to escape
the pause [154]. Proteins that bind the CTD are sensitive to the phosphorylation status.
For example, the unphosphorylated CTD can interact with subunits of the co-activator
Mediator, while the phosphorylated CTD is unable to associate with it [138]. Capping enzyme binds the Serine 5 phosphorylated CTD, and in mammals its enzymatic
activity is inhibited by phosphorylation at Serine 2 [104, 83]. Finally, a number of elongation factors associate with the Serine 2 and Serine 5 phosphorylated CTD including
Poly(ADP)-Ribose Polymerase (PARP), Spt6, and Topo I [31, 167, 239].
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P-TEFb
Activation of the Hsp70 gene requires recruitment of P-TEFb, which is composed of
two subunits: Cdk9 and CycT [127]. Via Cdk9, P-TEFb phosphorylates Serine 2 of the
Pol II CTD [169], and when the kinase activity of P-TEFb is inhibited, phosphorylated
Serine 2 levels decrease [155]. Interestingly, inhibition of P-TEFb kinase activity by
flavopiridol results in the time dependent clearing of Pol II from the body of the gene
with no significant decrease in levels of paused Pol II [154]. This result suggests that
P-TEFb activity is required for escape from the pause, but the kinase activity is not
required to keep elongation progressing.
As previously mentioned, the recruitment of P-TEFb occurs after HSF recruitment [22], and using a temperature-sensitive mutant HSF strain, hsf4 , it was possible
to show that P-TEFb recruitment is also dependent on HSF [93]. However, a study using a polymeric HSE line has determined that HSF recruitment is not sufficient to recruit
P-TEFb [127]. Still the precise method by which P-TEFb is recruited to the Hsp70 loci
is unknown, but it can be speculated based on observations from yeast, that is through
the recruitment of P-TEFb to Mediator via the interaction of Brd4 [71].

Spt6
As mentioned above, Spt6 is also recruited to Hsp70 [4, 185]. Spt6 is a 170 kDa protein
the consists of an acidic N-terminal end and a C-terminal regions contains an SH2 domain and a CSZ domain, consisting of two helix-hairpin-helix motifs YqgF-homologous
domain that have RNase like features [56]. It interacts directly with the Serine 2 phosphorylated Pol II CTD [239] and at the Drosophila Hsp70 genes it associates with the
nucleosome containing portion by migrates along the gene with Pol II, positively reg-
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ulating transcription [185]. At some genes, however, Spt6 is present at the promoter
region, where it instead of aiding transcription it inhibits transcription, possibly through
the positioning of histones on these promoters [56].
Spt6 is an H3/H4 histone chaperone [25] and with FACT (Facilitates Chromatin
Transcription, an H2A/H2B histone chaperone, disassembles and reassembles nucleosomes during transcription [157]. Disassembly of nucleosomes is important to allow
Pol II to transcribe through these nucleosomes efficiently, while reassembly of nucleosomes is important for the prevention of cryptic initiation along the gene [97, 226]. In
fact, Spt6 enhances the rate of Pol II in vivo, with a knockdown of Spt6 reducing that
rate of Pol II elongation at Hsp70 from ∼1.1 kilobases per minute (kb/min) to ∼0.5
kb/min [9].
The histone chaperone activity of Spt6 is not the only role Spt6 plays at active genes.
Recent studies have linked Spt6 to RNA 3’ end formation, processing and export, by
physically associating with Iws1 and the components of the exosome complex [5, 110,
96, 239], although its involvement in these activities are not yet fully understood [239].

Topo I
Topo I is a Type 1B topoisomerase, which regulates the topological state of DNA by
relaxing both positive and negative supercoils generated during transcription and chromatin remodeling [54, 213, 219]. In vitro experiments using a chromatin template show
that elongation by Pol II requires Topo I activity [143]. Additionally, it is required for
transcription along chromatin templates in vivo, with inhibition becoming apparent with
longer transcripts (>200 nucleotides) [143].
Topo I interacts with the coding region of Hsp70 upon activation, but not with the
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non-transcribed regions upstream or downstream of the gene [67]. Using camptotecin, a
drug that stabilizes the Topo I:DNA covalent complex, it was possible to map the sites of
DNA cleavage. This shows that there are no sites of DNA cleavage on Hsp70 before activation, however, after activation, there are an increase in the number of DNA cleavage
sites distributed along the coding region of the Hsp70 [109]. Furthermore, immunostaining of Drosophila polytene chromosomes show that colocalization between Topo I and
transcriptionally active regions of the chromosome occurs on a global scale [193]. Interestingly, this association with transcriptionally active sites is independent of the DBD
and catalytic activity and solely requires N-terminal domain (NTD) of Topo I [193].
Further experiments have shown that this is due to a direct interaction between Topo I
and the Serine 2 and Serine 5 phosophorylated CTD [31].

Histones
In vivo, DNA is packaged as chromatin, which must be unwrapped in order for transcription to occur. The major component of chromatin, the nucleosome consists of an
H3/H4 tetramer and two H2A/H2B dimers wrapped around 147 base pairs (bp) of DNA.
At physiological condition, Pol II cannot transcribe through nucleosomes, therefore it
has evolved to recruit histone chaperones (i.e. Spt6 and FACT) and ATP-dependent
chromatin remodelers to either reposition the nucleosome or displace it from the DNA.
Post-translation modifications on the N-terminal tails of the histones can influence
the outcome of transcriptional regulation. With certain methylation and/or acetylation
marks representative of active chromatin (including H3K4me3, H3K24me1, H3K9ac
and H4K20me1) and other methylation mark representative of inactive condensed chromatin (including H3K9me3 and H3K27me3) [88, 105]. Histone variants can also
be used as marks of transcriptional activity with H3.3 deposited during transcrip-
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tion [189, 224] and H2A.Z present at inactive promoters [75]. At the Hsp70 gene, activation leads to the rapid loss of H3 and replacement with the histone variant H3.3 [189].
One ongoing question is whether activation leads to the dissociation of histone from
the activated genes. In vivo crosslinking experiments have shown variable results depending on the domain assayed. If the globular domains of H2A/H2B are used, then
a significant loss of histones is observed [150]. If however, the histone tails were used
there is no corresponding loss [150]. Recent studies, however, have shown that there
is a rapid nucleosome loss at Hsp70 following activation and corresponding loss of
H3 [164], showing that nucleosomes are no longer directly associating with the DNA.

PARP
PARP catalyzes the formation of Poly(ADP)-Ribose (PAR) polymers from NAD+ onto
target proteins, including Histones, Pol II, Spt6 and Topo I and various other proteins [44, 108]. Like other covalent modifications, PARylation is reversible through
the endo- and exo-glycosylase activity of PAR glycohydrolase (PARG), and in vivo,
the steady state levels of PAR are maintained by the opposing activities of these two
enzymes, PARP and PARG [46, 100].
PARP is involved in the regulation of a number of nuclear processes including DNA
repair, cell death and transcription, however its activity in transcription is of interest
here. PARP acts to stimulate transcription through the displacement of H1 on nucleosomes [107] as well as modifying nucleosomes and co-activators [44]. However, it is
not solely involved in activation as there are known cases where PARPs activity in fact
represses transcription [141, 211].
In Drosophila it is required for Hsp70 puff formation, with the inhibition of PARP
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activity leading to decreased puff size and reduced Hsp70 protein levels upon HS [215].
Using a Green Fluorescent Protein-tagged to PARP, Tulin and Sprading [215] showed
that it is present at transcriptionally active puffs, as well as being broadly distributed
along the chromosome. They also showed that the product of PARPs catalytic activity,
PAR, accumulates at active puffs, including the Hsp70 loci, showing that PARP is functional at these sites [215]. Interestingly, PARP activity is also important for early steps in
transcription, as the rapid wave of H3 loss does not occur when PARP is inhibited [164].

SET1
H3K4 trimethylation (H3K4me3) has been shown to be a major mark of chromatin
at the 5’-end of transcriptionally active genes in yeast and metazoans [15, 183, 188].
In budding yeast this methylation is carried out by SET domain containing protein 1
(SET1) [183], however a homolog of SET1 has not yet been identified in Drosophila.
Instead, in Drosophila, in vitro and in vivo studies have attributed H3K4 methylation
to three different methyltransferases: Trithorax (Trx6), Trithorax-related (Trr7) and the
absent, small, or homeotic discs 1 (Ash1) [18, 28]. To date, the widely held consensus is that these factors are responsible for deposition of histone H3K4me3 mark in
Drosophila [55, 118]. However, with the exception of the aforementioned studies where
a limited number of genes were examined in vivo, no compelling evidence exists to
show these enzymes are responsible for writing the H3K4 trimethylation mark at the
global level. In this thesis, I will discuss optical methods used to characterize CG40351
a recently identified Drosophila ortholog of SET1.
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1.2

Live Cell Imaging of Nuclear Proteins

The advent of GFP and its spectral derivatives has allowed the visualization of proteins
in living cells and more specifically within cellular compartments, including the nucleus.
In 1994, Nobel laureate, M. Chalfie was the first to express GFP in living organisms,
which has provided proof-of-principle results for the use of GFP in living cells [32].
Then, in 1997, T. Misteli and D. Spector used a GFP-fusion protein, GFP-SF2/ASF
to study mRNA splicing in the nucleus [139]. Since then, live cell imaging has been
used to identify the localization of nuclear proteins and has been adapted to address the
dynamics of proteins and processes, including RNA transcription.
GFP was cloned from the jellyfish Aequorea victoria [32]. It has a major excitation
peak at 395 nm and a minor excitation peak at 475 nm, with peak emission occurring
at 509 nm [42]. Interest in the biophysical properties and optimization of GFP has led
to the generation of entire collection of variants proteins, which will be referred to in
mass as fluorescent proteins (FPs). These FPs have single excitation and emission peaks
spanning the visible light spectrum and beyond, creating a rainbow of fluorescence.
But new “colors” are not the only improvements for FPs. The GFP chromophore has
been manipulated leading to the development of photoactivatable, photoswichable and
photoconvertable FPs [37, 79, 194].
Over time, FPs have become a universal method to address protein localization and
dynamics in vivo, because they are amenable to fusions with protiens and a number of
the optical properties of FPs (listed in [37]) make it possible study using optical techniques. This section will describe optical methods to address protein localization, interactions and dynamics (Subsection 1.2.1) within the nucleus and will review the insights
obtained from these methods on transcription and its regulation (Subsection 1.2.2).
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1.2.1

Imaging Technologies

Multi-channel and/or Time-lapse Microscopy
Multi-channel microscopy provides the ability to either simultaneously or sequentially
excite two different FPs in order to determine whether these proteins localize to similar regions. However, resolution of two points in multi-channel microscopy is limited
by the defraction of light, ∼200 nm, which means two co-localizing proteins may not
be directly interacting. Therefore multi-channel microscopy does not identify direct
protein–protein interactions, but it still can be used to determine if two proteins are
found in similar domains or structures. Time-lapse microscopy, on the other hand, involves the acquisition of numerous images over the course of time and can be most
helpful in determining the general localization of proteins and how they change over
time. Together these techniques can be used to determine differences in protein movement within the nucleus and as we use in this study, whether two proteins are recruited
to specific chromosomal loci at the same time.

Fluorescence / Förster Resonance Energy Transfer
Currently, direct protein–protein interactions can only be detected, in living cells, using Fluoresence / Förster Resonance Energy Transfer (FRET). The theory for FRET
was first described in 1948 by T. Förster [152], however its application to biological
problems blossomed with the application of FPs [190]. FRET measures the transfer of
energy from one fluorophore to another, and can identify the direct interaction between
two proteins located less than 60 Å away from each other. FRET can be observed by
two methods. First, in intensity FRET there is an observed decrease in fluorescence of
the “donor” molecule and an increase in the “acceptor” molecule. The second method,
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lifetime FRET, measures the lifetime of fluorescence for the “donor” molecule, which
in the presence of a FRET interaction decreases.

Fluorescence Recovery After Photobleaching
The previous methods are used to study the localization and direct interactions between
proteins, however to address the kinetics of interactions in living cells it requires fluorescence recovery after photobleaching (FRAP). This method was developed, before FPs,
as a method to study the diffusion of lipids in the cell membrane [57], but has rapidly
been applied to FPs in the cell and nucleus in order to measure the diffusion constants
of the tagged proteins as well as the kinetics of a binding interaction. FRAP is based the
physical property of most FPs which causes an irreversible loss of fluorescence upon
exposure to high intensity excitation light [210]. Because these bleached molecules
can not re-activate, any recovery in fluorescence is due to the movement of fluorescent
molecules into the bleached area.
FRAP is accomplished by bleaching a region of interest (ROI) with high intensity
excitation light and then the fluorescence intensity is monitored over time. The fluorescence recovery profile can identify a number of features. First, the intensity where the
recovery plateaus, can identify the fraction of “mobile” versus “immobile” molecules.
Second, the time it takes to reach half of the maximum recovery (τ1/2 ) can be used to
determine the relative mobility of the “mobile” fraction [202]. Additionally, non-linear
curve fitting can be used to determine the rate of diffusion and/or the kinetics of specific
interactions occurring in the focal volume. Different equations, listed in Sprague et al.,
2004 [203] can differentiate a situation where the molecule does not bind to the chromatin or other nuclear binding site and is freely diffusing in the nucleus (pure-diffusion
dominant model), a binding reaction occurs that is faster than diffusion rate (effective
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diffusion model), or if the binding reaction is much slower than diffusion rate (reaction
dominant model) [203]. In the context of the nucleus this can identify either the diffusion coefficient of the protein, or determine the on and off rates (kon and ko f f ) of binding
DNA. I will refer to the different types of associations as freely diffusable, transiently
associating or stable for situations where the τ1/2 is equal to the estimated diffusion coefficient, or > the diffusion coefficient by recovery is still observed, or no recovery is
observed.
The specific ROI bleached can effect the interpretation of the FRAP profiles. In most
of the nuclear FRAP experiments, the ROI contains both nucleoplasm and chromatin,
which makes it essential to consider both diffusion and binding contributions of the
FP-tagged protein. However, recently, researchers have begun to address the dynamics
of transcription factors at specific genetic loci using either tandem arrays or naturally
amplified polytene chromosomes [16, 45, 142, 206, 236]. By specifically bleaching
the site chromatin where the transcription factor binds, the effect of diffusion can be
minimized.
Finally, variations on FRAP exist including the photoactivation (PA) of a photoactivatable GFP (paGFP) and a number different photobleaching methods, discussed in
Houtsmuller, 2005 [86]. PA has become a new method to study protein mobility [123].
Initially, paGFP does not fluoresce until it is activated using 405 nm light. After activation, the rate of fluorescence loss from the site of activation is monitored. PA provides
complementary experimental results as FRAP, but unlike FRAP, PA can only provide
information for ko f f .
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1.2.2

Insights into the Dynamics and Interactions of Transcription Factors in vivo

Historically, studies to determine the mechanism of chromatin dependent transcription
and its regulation have focused on biochemical techniques using in vitro systems not
designed to measure protein dynamics. This has led to the view that transcription and its
regulation is composed of numerous stable interactions [217]. Live cell imaging studies
using FP-tagged transcription factors, however, have revealed that this previous static
view of transcriptional regulation is inaccurate. In fact, as Table 1.1 illustrates, most of
the factors involved in transcription and its regulation are dynamically associated with
the chromatin and/or freely diffusing through the nucleoplasm. Additionally, live cell
imaging has identified direct interactions that occur during these processes.

Transcriptional Activators and Coactivators
As Table 1.1 illustrates, most of the factors addressed using FRAP are transcription
activators and coactivators. Activators are essential for the proper regulation of gene
expression, and are used to determine what genes are expressed at specific times. Activators typically consist of at least two regulatory domains, a sequence specific DBD
and an AD [13]. The DBD serves as a method to tether the protein to appropriate sites.
This allows the AD to recruit Pol II through interactions with co-activators and basal
transcription factors.
Inducible activators require the addition of a ligand (or activation signal) to activate transcription. Some ligand inducible activators, including Progesterone Receptor β
(PGR-β ), Androgen Receptor (AR), Estrogen Receptor (ER), and Glucocorticoid Receptor (GR), increase the stability of their interaction with chromatin in the presence
of an activation signal (Table 1.1) [103, 133, 137]. Before the addition of a ligand,
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Table 1.1: List of Nuclear Proteins and their Dynamics as Measured by FRAP
The dynamics of transcription factors involved in multiple aspects of transcription regulation were compared from multiple FRAP experiments. These experiments photobleached a variety of regions, under a number of different conditions.
1 Regions photobleached are listed as follows: cytoplasm, half nucleus, nucleoplasm
and nucleolus are random regions bleached, which provide a general, non-gene specific measurement of protein dynamics; HIV-1 TS, LacER array, LacO cassette, and the
MMTV array are tandem arrays of specific genes or binding sites and are used to detect
protein dynamics at specific loci in diploid cells; dev loci and Hsp70 loci are specific
chromosomal loci, which were bleached in polytene chromosomes, proving the dynamics of proteins in a naturally amplified system.
2 Conditions used for the FRAP experiments indicate additional experimental conditions
that influence the dynamics of transcription factors. These conditions include specific
drug treatments, temperature, protein knockdowns or mutations. Unlisted conditions
are done at standard conditions for the cell type. Specific details can be founding in the
corresponding references.
3 Species are listed as follows: Dm, Drosophila melanogaster; Hs, Homo sapiens; Ma,
Mesocricetus auratus (Chinese hamster); Mm, Mus musculas; Sc, Saccharomyces cerivisiae; Sd, Sus domestica (Pig).
‡ τ
1/2 values and/or % recoveries were estimated from FRAP curves, or from charts
presented in referenced paper because they either did not directly report these values or
they used a different definition of τ1/2 .
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Transcription Activators & Co-Activators
Protein
τ1/2 (s)
Recovery (%)
Ace1
0.08 ‡
95 ‡
0.05 ‡
100 ‡
‡
0.05
95 ‡
‡
AhR
5
100 ‡
AR
0.2
95 ‡
‡
5.5
100‡
5.0
85 ‡
ARNT
4‡
100 ‡
31
100
BRD4
4‡
100 ‡
CBP
4.2 ± 1.1
100
‡
C/EBP
7
100 ‡
ER
1.6 ± 0.3
86
0.8 ± 0.2
100
5.8 ± 0.4
66
5.9 ± 0.2
100
6.9 ± 0.7
68
‡
FBP
37.8
100 ‡
‡
Fos
10
100 ‡
GR
0.43 ± 0.04
100 ‡
0.4 ‡
75 ‡
1.36 ± 0.15
100 ‡
1.6 ± 0.09
100 ‡
1.53 ± 0.08
60 ‡
0.83 ± 0.12
100 ‡
1.46
75 ‡
∼2‡
100 ‡
Region1
nucleoplasm
nucleoplasm
nucleoplasm
half nucleus
MMTV array
nucleoplasm
MMTV array
half nucleus
nucleoplasm
half nucleus
LacER Array
half nucleus
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
half nucleus
half nucleus
nucleoplasm
nucleoplasm
nucleoplasm
MMTV Array
nucleoplasm
MMTV Array
nucleoplasm
MMTV Array
+ Dex
+ Dex
+ cortisol
+ corticosterone
+ cortisone
+ ligand

+ E2
+ E2
+ E2 + SRC

+ E2 20 min

+ hypoxia

+ ligand
TST

∆DBD

Condition2

Species3 Ref
Sc
[99]
Sc
[204]
Sc
[99]
Mm
[165]
Mm
[103]
Hs
[58]
Mm
[103]
Mm
[165]
Hs
[227]
Ma
[165]
Ma
[206]
Ma
[165]
Hs
[133]
Hs
[207]
Hs
[133]
Hs
[207]
Hs
[133]
Ma
[165]
Ma
[165]
Mm
[137]
Mm
[146]
Mm
[137]
Mm
[137]
Hs
[111]
Mm
[137]
Hs
[186]
Mm
[136]

25

Transcription Activators & Co-Activators, continued
Protein
τ1/2 (s)
Recovery (%) Region1
GRIP1
2.5 ‡
100
MMTV Array
HIF-1α
65
100
nucleoplasm
HoxB7
9.3 ‡
100 ‡
nucleoplasm
HSF
15
100 ‡
dev loci
>6 min
30 ‡
Hsp70 loci
Jun
10 ‡
100 ‡
half nucleus
‡
‡
Klf4
13
100
nucleoplasm
Mad
4‡
100 ‡
half nucleus
Max
5‡
100 ‡
half nucleus
‡
‡
0.2
80
nucleoplasm
Med6
8‡
80 ‡
nucleoplasm
13 ‡
40 ‡
nucleoplasm
‡
‡
Myc
6
100
half nucleus
NF1
4‡
100 ‡
half nucleus
NF-κB (p65)
0.8 ‡
100
nucleoplasm
‡
‡
2.5
100
nucleoplasm
p53
0.7 ‡
80 ‡
nucleoplasm
0.4 ‡
80 ‡
nucleoplasm
‡
Pax6
36.4 ± 0.1
90
nucleoplasm
Pc
.2 ‡
75 ‡
nucleoplasm
60 ‡
70 ‡
dev loci
‡
PGRβ
0.6
100
nucleoplasm
3.7
100 ‡
MMTV array
4
100 ‡
nucleoplasm
RAR
1.9 ± 0.2
82
nucleoplasm
2.3 ± 0.4
82
nucleoplasm
Sp1
13 ‡
100 ‡
nucleoplasm
SPBP
24 ‡
90 ‡
nucleoplasm

Table 1.1: (continued)

+ RA

+ R5020
+ R5020

SAP1 AD
NET AD

NHS
HS

Condition2
+ Dex
+ hypoxia

Species3 Ref
Mm
[16]
Hs
[227]
Hs
[58]
Dm
[236]
Dm
[236]
Ma
[165]
Hs
[58]
Ma
[165]
Ma
[165]
Mm
[146]
Mm
[12]
Mm
[12]
Ma
[165]
Ma
[165]
Mm
[208]
Cs
[187]
Hs
[82]
Mm
[146]
Hs
[58]
Dm
[60]
Dm
[60]
Mm
[175]
Mm
[175]
Mm
[175]
Hs
[133]
Hs
[133]
Hs
[58]
Hs
[58]
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Transcription Activators & Co-Activators, continued
Protein
τ1/2 (s)
Recovery (%) Region1
SRC-1
2.1 ± 0.8
100
LacER Array
∼2
100
nucleoplasm
7.5 ± 1.2
100
LacER Array
9.8 ± 2.9
100
nucleoplasm
30.2 ± 15.2
100
LacER Array
Tat
40 ‡
80 ‡
HIV-1 TS
THR
1.8 ± 0.3
88
nucleoplasm
1.8 ± 0.2
86
nucleoplasm
XBP
4‡
100 ‡
half nucleus
RNA Pol II and Transcription Factors
Brd4
.75 ‡
90 ‡
nucleoplasm
‡
Cdk9
35
80 ‡
HIV-1 TS
CycT
30
75 ‡
Hsp70 loci
‡
‡
Mot1
0.05
100
nucleoplasm
Nup98
1.16
∼ 95 ‡
nucleoplasm
11.8
75
Nuclear Bodies
‡
5
20
Nuclear Bodies
Pol II
83 ± 27
100
dev loci
45 ‡
91 ‡
Hsp70 loci
81
78 ‡
Hsp70 loci
‡
167
75 ‡
HIV-1 TS
72 ‡
100
MMTV Array
‡
‡
32
90
LacO cassette
125 ‡
100
nucleus
Spt6
40
60
Hsp70 loci
TAF1
0.1 ‡
90 ‡
nucleoplasm
‡
0.1
100 ‡
nucleoplasm

Table 1.1: (continued)

HS 10min

+ Dex

HS 15min
HS+Spt6 KD

+ DRB

HS 10min

G1

+ T3

+ E2 20min
+ E2 20min
+ E2 2hrs

Condition2

Mm
Hs
Dm
Sc
Hs
Hs
Hs
Dm
Dm
Dm
Hs
Mm
Hs
Ma
Dm
Hs
Sc

[51]
[142]
[244]
[204]
[72]
[72]
[72]
[235]
[235]
[9]
[24]
[16]
[45]
[102]
[244]
[47]
[204]

Species3 Ref
Ma
[206]
Sc
[207]
Ma
[206]
Sc
[207]
Ma
[206]
Hs
[142]
Hs
[133]
Hs
[133]
Ma
[165]
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RNA Pol II and Transcription Factors, continued
Protein
τ1/2 (s)
Recovery (%) Region1
‡
TAF5
0.1
90 ‡
nucleoplasm
TAF10
0.25
100
cytoplasm
3
100
nucleoplasm
TBP
0.1 ‡
66 ‡
nucleoplasm
‡
0.28
74 ‡
nucleoplasm
∼60
100
nucleoplasm
0.05 ‡
90 ‡
nucleoplasm
0.1 ‡
44 ‡
nucleoplasm
‡
‡
0.1
44
nucleoplasm
TFIIB
0.05 ‡
100 ‡
nucleoplasm
TFIIH
3.5 ‡
100 ‡
nucleoplasm
‡
‡
0.1
100
nucleoplasm
0.23 ‡
90 ‡
nucleoplasm
RNA Pol I and Transcription Factors
UBF1
3‡
95 ‡
nucleolus
‡
UBF2
3
95 ‡
nucleolus
‡
‡
TAFI 48
3
75
nucleolus
PAF53
5‡
75 ‡
nucleolus
RPA194
5-10 ‡
90 ‡
nucleolus
‡
‡
RPA40
5
75
nucleolus
RPA43
5-10 ‡
80 ‡
nucleolus
RPA16
10 ‡
75 ‡
nucleolus
Histones and Chaperones
ASF/SF2
18.7 ± 3.1
100
nucleoplasm
BRG1
8‡
100 ‡
nucleoplasm
0.9 ‡
100 ‡
MMTV array
‡
3.2
90 ‡
MMTV array

Table 1.1: (continued)

+ Dex

∆Mot1

TBP V71R
∆Mot1
siBTAF1

+ TAF8

Condition2

[53]
[53]
[53]
[53]
[53]
[53]
[53]
[53]
[111]
[165]
[94]
[94]

Hs
Hs
Mm
Hs
Hs
Mm,Hs
Mm,Hs
Mm,Hs
Hs,Mm
Ma
Mm
Mm

Species3 Ref
Hs
[47]
Hs
[201]
Hs
[201]
Hs
[47]
Sc
[204]
Hs
[34]
Sc
[204]
Sc
[204]
Hs
[47]
Sc
[204]
Hs
[58]
Sc
[204]
Sc
[204]

28

Histones and Chaperones, continued
Protein
τ1/2 (s)
Recovery (%)
‡
BRM
.7
100 ‡
‡
1.6
90 ‡
‡
HMGB1
2
100 ‡
HMGN1
15 ‡
100 ‡
H1
18.7 ± 5.7
94
40 ‡
90 ‡
24 ‡
54 ‡
0.49 ± 0.11
100
40.4 ± 20.8
93
‡
H2AX
hours
<5
H2B
hours ‡
45
H3
hours ‡
80
‡
H4
hours
80
HP1 β
8‡
100 ‡
‡
PARG
3
80 ‡
PARP
10 ‡
80 ‡
‡
PCAF
4
100 ‡
‡
Topo I
3
100
‡
29
83
10
80 ‡
‡
5
100
‡
19
83
Topo II α
4‡
100
8‡
100
‡
Topo II β
4.5
93 ‡
‡
12
90 ‡
Region1
MMTV array
MMTV array
nucleoplasm
nucleoplasm
nucleoplasm
euchromatin
euchromatin
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
nucleoplasm
euchromatin
euchromatin
nucleoplasm
nucleoplasm
nucleoplasm
Hsp70 loci
nucleolus
nucleolus
nucleoplasm
nucleolus
nucleoplasm
nucleolus

Table 1.1: (continued)

+ CPT

+ CPT
HS 10min

∆CTD
+ DRB

+ Dex

Condition2

Species3 Ref
Mm
[94]
Mm
[94]
Ma, Hs
[165]
Ma, Hs
[165]
Hs
[117]
Mm
[140]
Dm
[168]
Hs
[117]
Hs
[117]
Hs,Ma
[198]
Hs
[101]
Hs
[101]
Hs
[101]
Ma
[165]
Dm
[168]
Dm
[168]
Mm
[165]
Hs
[35]
Hs
[35]
Dm
[244]
Hs
[35]
Hs
[35]
Hs
[36]
Hs
[36]
Hs
[36]
Hs
[36]

the observed τ1/2 is roughly equivalent to the expected τ1/2 for diffusion of a protein
of a similar size (in the nucleus and at tandem arrays). After the addition of a ligand,
however, the τ1/2 increases at least 2 fold, suggesting that a binding event occurs. Notably, the binding of these factors is still transient, with some people suggesting that the
activator complex turns over after every round of transcription initiation [122].
Activation of HSF by HS also causes an increase in the stability of binding of HSF
to DNA as compared to NHS. In contrast to the other activators, HSF remains stably
associated with binding sites after activation (τ1/2 > 6 minutes), even if these sites do not
lead to productive activation [236]. HSF also shows unique behavior before activation
with its association with the locus, which suggests a binding interaction rather than free
diffusion. This may be due to the affinity of the transcription factor to specific sites
during NHS.
Not all activators show an increase in stability when activated. Before activation,
the τ1/2 of both RAR and THR are is greater than expected for diffusion [133, 202],
suggesting that they might already be associated with the chromatin. This is supported
by the biology and function of these receptors as both can recruit co-repressors in the
absence of ligand [133]. Thus the addition of a ligand has a different effect on RAR and
THR than with the other activators; instead of stabilizing the DBD and its interaction
with chromatin, the ligand allows it to recruit co-activators instead of co-repressors.
Co-activators also transiently bind to chromatin or transcription complexes, such
that their τ1/2 is much greater than expected for diffusion. In the case of SRC-1 and
CBP, binding of the activator to regulatory sites leads to an increase in the τ1/2 at specific binding sites. This result shows that transcription activation complexes are highly
dynamic both at the level of activator–DNA binding and at protein–protein interactions
occurring within the complex [207].
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Other live cell imaging studies of activator and/or co-activator interactions have been
performed. Bhaumik et al. [20] used FRET to identify a direct interaction between the
Tra1 subunit of SAGA and the activator Gal4 in yeast. This result begins to define
the specific interactions that are required for the transduction of the activation signal
to activation of transcription. More recently, direct interactions between activator complexes have been identified, such as in the heterodimeric activator complex Hif1 (composed of Hif-1α and ARNT), which has an increased frequency of interaction during
hypoxia [227].

RNA Pol II and Transcription Factors
The dynamics of transcription regulation in living cells is not limited to the study of
activators and co-activators, as Table 1.1 illustrates. In fact, the dynamics of a number
of transcription factors involved in transcription initiation (basal transcription factors)
have been studied in both human and yeast cells [34, 47, 204], as have the dynamics of
Pol II [9, 24, 235] and a select few elongation factors. In this thesis, I have expanded
the selection of transcription factors studied in this method to include the CycT subunit
of P-TEFb, Spt6, and Topo I (a chromatin associating factor that is required for efficient
transcription elongation in the context of chromatin).
The basal transcription factors, including the TAFs, TBP, TFIIB, and TFIIH are
highly dynamic in living cells; however, the τ1/2 for each of these factors is longer than
the expected τ1/2 for diffusion [47, 202, 204]. For the yeast experiments, it was also
shown that a DNA binding deficient form of Ace1 (Ace1∆DBD-GFP), which is a similar
size as these factors, recovers faster than the basal transcription factors [204]. Together
these observations concerning the rate of recovery indicate that basal transcription factors, like activators, transiently associate with the DNA. Contradictory results for TBP,
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suggesting a much more stable interaction were observed in human cells when TBP was
transiently over expressed [34], however when expressed at a normal level the dynamics
of TBP in human cells were similar to the observed result in yeast [47]. It is important
to note that all of these studies photobleached a region of the nucleoplasm, not specific
gene loci. Therefore, it is possible that the actual binding interaction at specific gene
loci is more stable than estimated with these studies.
In contrast to the other transcription factors and activators, Pol II is a processive enzyme, remaining bound to the chromatin as it translocates along the DNA. The average
rate of elongation for Pol II is ∼3.8 kb/min, but rate estimates range from 1.1 kb/min
to 6 kb/min [8]. For the Drosophila Hsp70 genes, the rate of RNA synthesis was estimated to be 1.2 kb/min [156]. FRAP results in Drosophila salivary glands are consistent
with this estimate. For the Hsp70 loci, where τ1/2 = 45 seconds and the gene length is
∼2.5 kb, the rate of elongation is estimated to be ∼1.5 kb/min [235]. Live cell imaging
estimates of elongation rate range from 1.2 kb/min to 4.3 kb/min.
Transcription of rDNA occurs by RNA polymerase I (Pol I), and sites of rDNA transcription are relegated to a nuclear substructure, known as the nucleolus. Like transcription by Pol II, Pol I requires the aid of multiple transcription factors to properly initiate
and elongate. Dundr et al. [53] addressed the dynamics of these factors in the nucleolus using FRAP in living cells. The dynamics of the Pol I transcription factors, UBF1,
UBF2, TAFI 48, and PAF53, have similar dynamics as Pol II transcription factors with
τ1/2 = 3 seconds, suggesting a transient binding interaction with the ribosomal genes.
Unlike Pol II, however, the subunits of Pol I have a τ1/2 of 5-10 seconds (Table 1.1),
which suggests a transient interaction with the nucleolus.
Notably, many Pol II and Pol I FRAP curves are biphasic. The faster phase likely
represents diffusion and/or non-productive initiation and the slower phase productive
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elongation. A number of studies have tried to model the biphasic (or even multi-state)
FRAP curves in order to understand the regulation of elongation and have suggested
rates of initiation and elongation [45, 102]. For Pol I, the elongation rate was measured
to be 5.7 kb/min [53].

Histones and Chaperones
In vivo, Pol II must transcribe through chromatin, which consists of DNA wrapped
around nucleosomes. To promote efficient elongation, the individual subunits of the nucleosomes, can be moved. Movement can occur through nucleosome remodelers, which
reposition the nucleosome on the DNA, or by histone chaperones, which temporarily
displace histones from the gene. Most live cell imaging studies have been restricted
to measuring the global dynamics of histones, and have discriminated between inactive
chromatin and transcriptionally active chromatin. Polytene localization of the core histone H2B shows that core histones are found at a higher concentration at condensed
regions of the chromosome [113, 244]. Therefore all global/random FRAP measurements are mostly a result of the interaction with inactive chromatin.
Photobleaching the core histones identify that they have a very stable interaction,
with τ1/2 values ranging in hours. However, the stability of H1, is much more dynamic with τ1/2 values similar to some of the more stable, but dynamic associations of
transcription factors with the chromosomes. Importantly, the inhibition of transcription
elongation by DRB does change the binding affinity between H1 and the DNA [117].
As previously noted, these observations may not represent the dynamic interactions that
occur at active sites of transcription, but they are consistent with known behaviors of the
histones.
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Unlike the core histones, and similar to transcription factors, histone chaperones
and other chromatin interacting proteins are transiently associated with DNA, with τ1/2
values representing a delayed recovery due to binding. Notably, when these factors are
associated with sites of active transcription, as illustrated with BRG1 and BRM at the
Mouse Mammary Tumor Virus (MMTV) array, and Topo I and Topo II in the nucleolus,
there is a retardation of the dynamics, showing that their interaction is stabilized with
active transcription.

1.2.3

Conclusion

In conclusion, live cell imaging has enlightened the field about the dynamic nature of
transcription. In most cases, transcription activation leads to the stabilization of transcription factors at specific loci. Nevertheless, even though these interactions are stabilized, they remain dynamic. There are exceptions. HSF stably associates with specific
loci after HS (τ1/2 >6 minutes) and some factors already transiently associate with the
chromatin before activation. However, using FRAP it has become clear that one can no
longer assume complexes are stably bound and reused over the course of activation.
Interestingly, our lab has recently identified a progressive change in the fluorescence
recovery (from 100% to 0% recovery) of Pol II at the Hsp70 loci during activation [235].
This behavior is believed to be due to the formation of a transcription compartment.
Such acompartment may permit cells to keep a local high concentration of transcription
factors around a gene in order to promote efficient and continued transcription activation
and elongation.
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1.3

Organization of Thesis

This thesis describes projects that focus on the in vivo regulation of transcription,
through the use of live cell imaging.
In Chapter 2, we describe the methods used in this thesis from expressing FP-tagged
transcription factors in salivary glands to advantages and disadvantages of different microscope systems. We also describe the specific protocols and analyses used in this
thesis.
Chapter 3 focuses on the recruitment and dynamics of transcription factors at the
Hsp70 loci in living cells, including HSF, Pol II, P-TEFb, Spt6 and Topo I. These factors are involved in multiple stages of transcription from activation to elongation. Due
to their diverse functions in transcription, they also will provide different examples of
behaviors for the extremely varied regulation of transcription. This study provides key
insights into the regulation of gene activation through the description of three features:
(1) the temporally distinct recruitment of transcription factors to the Hsp70 loci, (2) the
synchronous recruitment of these factors to the Hsp70 loci and (3) the general “compartmentalization” of transcription factors at the Hsp70 loci.
Chapter 4 addresses the structure of the transcription compartment. Interestingly,
we observe that PARP catalytic activity is involved in the progressive retention of Pol II
and other transcription factors. Furthermore, we address the localization of H2B and
PARP at the Hsp70 loci after activation, and observe that total levels of these factors do
not decrease after activation.
In Chapter 5, we address the dynamics and localization of a newly identified homolog of Set1 at the Hsp70 loci.
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In the final chapter, Chapter 6, we offer an integrated view of transcription regulation in living cells as these studies have revealed. However, this thesis also provides the
foundation for a number of mechanistic questions, which I will discuss and suggest as
possible future directions.
Appendix A describes, in detail, the generation of transgenic FP-tagged fluorescent
lines. And lists my contributions to the overall collection, which have not been used in
this thesis.
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CHAPTER 2
MATERIALS AND METHODS1

2.1

Expression of FP-tagged Transcription Factors in the Drosophila
Salivary Glands

We have assembled a growing collection of Drosophila transcription factors involved
in Hsp70 gene activation that are tagged with various FPs. Individual fly stocks were
either generated in house or acquired from large screens. The in-house transcription
factors transgenically express a FP-tagged transcription factor; while the acquired fly
stocks contain an endogenously tagged eGFP tagged transcription factor. For the former method, we generated a number of transgenic constructs that can be expressed in a
tissue specific manner using the Drosophila UAS Gal4 inducible system [52]. Transcription factors were tagged either on the N- or C- terminus using the Gateway compatible
Drosophila injection vectors containing the appropriate FP. Before cloning, we searched
available yeast and Drosophila databases (yeastgenome.org and flybase.org)
as well as the published literature to determine whether the candidate transcription factors (or their homologs) have been successfully tagged with GFP or another large affinity tag. Based on these data mining results, we created individual cloning schemes for
each of the transcription factors (described in detail in Appendix A). In addition to these
transgenic fly stocks, we acquired stocks from large screens, including FlyTrap [145]. In
the FlyTrap screen, random insertions of an artificial exon encoding GFP were identified
and mapped to specific sites. Some insertions occurred in the introns of transcriptionfactor-encoding genes [145].
For the recruitment assays, we began from the homozygous stocks listed in Table 2.1
1 Parts

of this chapter are published in Yao et al. 2008 [237] and Zobeck et al. 2010 [244]

36

Table 2.1: Genotypes of Homozygous Parental Drosophila Lines
Line
Genotype
FP-tagged Transcription Factors
mRFP-CycT w1118 ; UAS-mRFP-CycT
mRFP-H2B w1118 ; + / +; UAS-mRFP-H2B
eGFP-HSF w1118 ; + / +; UAS-eGFP-HSF Sgs3-Gal4
PARP-eGFP w1118 ; + / +; UAS-PARP-eGFP
eGFP-Pol II w1118 ; UAS-eGFP-Rpb3 C147-Gal4
mRFP-Pol II w1118 ; + / +; UAS-mRFP-Rpb3 C729-Gal4
eGFP-Set1 w1118 ; UAS-eGFP-Set1
eGFP-Spt6 w1118 eGFP-Spt6
eGFP-Topo I w1118 eGFP-Topo I
Gal4 Driver lines
Fkh-Gal4
w1118 ; Fkh-Gal4; + / +
C729-Gal4 w1118 ; + / +; C729-Gal4
and crossed an FP-tagged transcription factor with a homozygous line containing the
complementary FP-tagged Pol II. The chromosome containing the FP-tagged Pol II was
homologously recombined with a Gal4 driver [236]. Thus, using the homologously
recombined Pol II construct ensures that both Pol II, and the transcription factor will be
expressed in the salivary glands. HSF was previously recombined with the Sgs3-Gal4
driver line [236], and was not imaged directly with Pol II because the over expression
of HSF using either Fkh-Gal4, C729-Gal4 or C147-Gal4 causes salivary gland defects
and Pol lI is not expressed at sufficient levels when expressed with the Sgs3-Gal4. The
final crosses used for the recruitment assay are listed in Table 2.2.
For the FRAP assays, we began from the homozygous stocks listed in Table 2.1.
eGFP-Topo I and eGFP-Spt6 are expressed using their endogenous promoters and therefore are expressed in the salivary glands independently from the expression of the Gal4
driver. The other constructs required expression of a salivary gland driver in order to be
properly expressed. For eGFP-Pol II we used the homologously recombined construct
listed in Table 2.1. To express P-TEFb, we used the Fkh-Gal4 line, while to express
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eGFP-Set1 we used the C729-Gal4 line. The genotypes for all the FRAP crosses are
listed in Table 2.3.

2.2 Drosophila Salivary Gland Tissue Preparation
As Drosophila larvae undergo development, they begin to crawl out of the muck (early),
wander along the culture tube wall (wandering) and then stop, evert their anterior spiracles and start puparization (late). Early and wandering stages of 3rd instar larvae have
well-defined salivary gland cell structures and appear slightly opaque under transmission microscopy. The nuclei are of spherical shape with diameters ∼25–35 µm, with

early 3rd instar larvae having smaller nuclei. Late 3rd instar larva, however, show distinct morphology from the early stages: the cells layers are separated from the center
and the glands, which are filled with glue, appear more “transparent” than earlier developmental stages. Normally, polytene cells within one salivary gland are identical in
shape and show the same level of polytene endoreplication, and the polytene nucleus
closest to the coverslip surface is usually at least 30 µm deep in the tissue
All of these stages can theoretically be used for live cell imaging methods, however the wandering 3rd instar larva is preferred for a number of reasons. First, the disTable 2.2: Genotypes of Drosophila Constructs used in Recruitment Analyses
Line
Genotype
CycT × Pol II w1118 ; UAS-eGFP-Rpb3 C147-Gal4 / UAS-mRFP-CycT; + / +
H2B × Pol II w1118 ; UAS-eGFP-Rpb3 C147-Gal4 / +; UAS-mRFP-H2B / +
HSF × H2B
w1118 ; + / +; UAS-eGFP-HSF Sgs3-Gal4 / UAS-mRFP-H2B
PARP × Pol II w1118 ; + / +; UAS-PARP-eGFP / UAS-mRFP-Rpb3 C729-Gal4
Set1 × Pol II w1118 ; UAS-eGFP-Set1 / +; UAS-mRFP-Rpb3 C729-Gal4 / +
Spt6 × Pol II w1118 eGFP-Spt6; + / +; UAS-mRFP-Rpb3 C729-Gal4 / +
Topo I × Pol II w1118 eGFP-Topo I; + / +; UAS-mRFP-Rpb3 C729-Gal4 / +
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Table 2.3: Drosophila Constructs used in FRAP
Line Genotype
CycT w1118 ; UAS-mRFP-CycT/ Fkh-Gal4; + / +
Pol II w1118 ; UAS-eGFP-Rpb3 C147-Gal4
Set1 w1118 ; UAS-eGFP-Set1 / +; C729-Gal4 / +
Spt6 w1118 eGFP-Spt6
Topo I w1118 eGFP-Topo I
tinct separated morphology of late 3rd instar larva is more fragile than the well-defined
cell structures of early and wandering stages. Late 3rd instar larva also have induced
ecdysone puffs 74E & 74F making the identification of the Hsp70 loci in vivo difficult.
Second, the nuclei of early 3rd instar larva have undergone fewer endoreplications and
are therefore smaller than the wandering 3rd instar larva.
Therefore, Drosophila salivary glands from wandering 3rd instar larva were dissected as previously described [237]. Briefly, larvae are cultured in 5:1 Grace’s Medium
diluted with sterile water. Then, the dissected salivary glands are transferred with
medium to either a Bioptechs FCCS3 Closed Chamber System with a 0.2 mm spacer, or
a MatTek glass-bottom culture dish (P35G-1.0-14-C) with a glass coverslip placed on
top to reduce evaporation and movement of the glands. The dissected salivary gland tissues are then examined with transmission light where tissues damaged during dissection
are identified and excluded from imaging.
When salivary glands are maintained at room temperature, the genes involved in salivary gland development are expressed, but the Hsp70 genes are inactive. A heat shock
of the tissue at 36.5◦ C leads to a turndown in the developmental gene expression and
activation of Hsp70 gene transcription. It has previously been shown that transcription
remains active for at least 1 hour after HS in similar conditions [235], while salivary
glands remain viable and responsive to HS for at least 2 hours after dissection [237].

39

2.3

Live Cell Imaging of Drosophila Salivary Glands

2.3.1

Microscopy Techniques to Image Polytene Chromosomes

The structure and function of Drosophila polytene chromosomes have been studied
microscopically using various techniques, from optical microscopy to electron microscopy [26, 192]. Dr. Sedat and colleagues developed a method with which to image the organization of the polytene chromosomes in the nucleus, using Hoechst dye
and widefield deconvolution microscopy to optically section and image different focal
planes of the nucleus [135, 1, 84, 85]. However, individual gene loci can be difficult
to identify with the image quality provided by widefield deconvolution methods (Figure 2.2), and studying the dynamics of transcription regulation at individual genes in
polytene nucleus is best accomplished with optical sectioning techniques that have high
effective resolution in relatively thick tissues.
The most widely used optical sectioning microscopy is Laser Scanning Confocal
Microscopy (LSCM) [38]. In this method, a focused laser is moved in a raster-scan
fashion to acquire a 2D image one pixel at a time. With each pixel, the laser excites
fluorescent molecules at the focal plane and above and below it. The fluorescence emission, however, is only collected for the focal plane by using a tiny pinhole that allows
the in-focus fluorescence to reach the photomultiplier tube (PMT) detector and blocks
the “out-of-focus” fluorescence from reaching the detector. Figure 2.1A shows the light
path of LSCM.
As a variation of LSCM, spinning disk confocal microscope (SDCM) provides a
higher scanning rate at the sacrifice of a loss in penetration [38]. This is largely due
to the simultaneous detection of the entire field of view using CCD array detection
versus individual pixel detection using a PMT. In this system, the laser beam is expanded
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Figure 2.1: Schematic of Imaging Light Pathways for LSCM, SDCM and MPM
(A) LSCM light path. Single photon excitation of eGFP occurs with 488 nm wavelengths (blue line). eGFP then fluoresces at 504 nm (green line) and is collected with a
photomultiplier tube (PMT) after passing through pinhole reducing collection of “outof-focus” fluorescence. (B) SDCM light path. The single photon fluorescence beam is
expanded, and then focused through the two spinning disks. Emission fluorescence from
only the focal volume can pass through the lower spinning disk providing confocality.
The fluorescence is the reflected to a CCD array and the entire field of view is collected
because the rate of spinning is faster than the exposure time. (C) MPM light path. Twophotons of 910 nm light (red line) are used to excite eGFP only at the focal volume. The
emission is then reflected into a PMT filter with out passing through a pinhole.
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to illuminate a large region of a spinning disk. In the Yokogawa CSU-X1 spinning
disk unit, the first disk contains lenses to then focus the light through the pinholes on
the second disk to the sample. Emission of eGFP is then reflected back through the
second disk providing confocal sectioning by blocking “out-of-focus” fluorescence and
is reflected onto a CCD array. The entire focal region is obtained in one image because
the spinning rate is faster than the exposure time (Figure 2.1B).
The third method, Multiphoton Microscopy (MPM) has become widely used in biological and biomedical research [48, 243]. Two-photon excitation occurs only at the
very proximal region to the focal point [48]. Therefore, the effective focal volume is
intrinsically confined in both lateral and axial axes, eliminating the autofluorescence
background, photobleaching, and photodamage from out-of-focus planes [243, 222].
The infrared laser used in MPM has deeper tissue penetration (as deep as 0.5 mm) and
less scattering [243, 222, 70]. In MPM, no pinhole is needed to reject out-of-focus fluorescence as in LSCM, which greatly enhances the image signal. A schematic of the
light path is show in Figure 2.1C.
We have tested a variety of widefield deconvolution, LSCM, SDCM, and MPM systems in imaging polytene nuclei in salivary gland tissue. Shown in Figure 2.2, images
with satisfactory quality have been achieved with the LSCM systems (i.e., Zeiss LSM
510), SDCM systems (i.e. Zeiss Cell Observer SD) and MPM systems on salivary gland
tissues expressing eGFP-tagged Pol II, however, widefield microscopy suffers from an
excess of “out-of-focus” fluorescence. For mRFP, however, we were unable to excite
it with two-photon excitation using the MaiTai laser. Therefore, we used confocal microscopy for imaging mRFP.
Each of these systems has advantages and disadvantages, which make a specific
system better in certain cases. In this thesis, I have used each of these microscopy
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Figure 2.2: Comparison of Widefield, SDCM, LSCM and MPM imaging of polytene nuclei
(A-D) Representative images of Pol II-eGFP (left panels) and Pol II-mRFP (right panels) during NHS (first and third panel) and after HS (second and forth panel), NHS
images are random focal planes, while HS images identify the Hsp70 loci. Microscopy
methods are (A) widefield microscope, (B) SDCM, (C) LSCM and (D) MPM. Note that
we were unable to excite Pol II-mRFP using MPM. Scale bars = 10 µm.
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systems as necessary.

2.3.2

Identification of Specific Chromosomal Loci

Although the visualization of individual banding pattern by DNA stain or by GFPtagged transcription factors is aesthetically pleasing, the identification and mapping of
these endogenous gene loci in a 3D-organized polytene nucleus is a significant challenge. In this thesis, we use both an “online” and “offline” method to identify specific
loci.
For FRAP, it is necessary to identify specific loci “online”, while acquiring data. We
have found that the accumulation of Pol II at endogenous heat shock gene Hsp70 loci
87A & 87C gives a distinctive doublet pattern throughout a polytene nucleus during HS,
which can be identified in real time. This pattern can be confirmed to be Hsp70 gene loci
by two criteria: (1) the doublet is not visible before HS and only appears after HS; (2)
the doublet is distinctive and the only pair throughout the entire nuclear section series.
We have used this method for studying Pol II dynamics in living cells [235]. However,
in cases where it is difficult to specifically identify specific loci, it is possible to insert
multiple LacO repeats near the loci, which bind tightly to the LacI repressor [178]. Then,
using a FP-tagged LacI, it is possible to locate the loci. This system has been used in
Drosophila [216] and can be used to mark endogenous genes, including the Hsp70 loci.
For the recruitment assays, however, we were unable to identify the Hsp70 loci
in real-time. Therefore, we collected a 4D series consisting of the entire nucleus at
numerous time points after HS. After all data points were collected it was possible to
extrapolate backward to identify the Hsp70 loci before the presence of the distinctive
Hsp70 doublet.
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2.3.3

Kinetic Analysis of Transcription Factor Recruitment to the Hsp70 loci

In Chapters 3 and 5, we address rates and timing of transcription factor recruitment to the
Hsp70 loci, by co-expressing FP-tagged transcription factors with the complementary
FP-tagged Pol II and imaging over the course of activation. It was also used to address
the retention or loss of H2B and PARP from the Hsp70 loci, as described in Chapter 4.
For these experiments, a number of Drosophila lines expressing an eGFP-tagged protein
and a mRFP-tagged protein were required. Table 2.2 lists the specific Drosophila lines
used in these experiments. Specific methods, protocols, and analyses used for these
experiments are listed below.

Image Acquisition with Spinning Disk Confocal Microscopy
For optimal temporal resolution of the recruitment of transcription factors to the Hsp70
loci, we used a Carl Zeiss Cell Observer Spinning Disk system with the Yokogawa
CSU-X1 spinning disk unit and a Hamamatsu C9100-13 EMCCD camera. Using this
microscope we were able to obtain confocal 3D stacks with 2-channels with time intervals of 10–30 seconds.
To acquire both a NHS and HS z-stacks we used two identical Plan-Apochromat
40x/1.3 Oil Iris objectives. One objective was maintained at room temperature and one
was heated on the microscope to 36◦ C using a Bioptechs Objective Heater. A 40 µm preactivation z-stack, with 1 µm sections, was taken using the room temperature objective
in both channels alternating channels every slice. Then the 36◦ C objective was moved
into position. HS times were started the moment the immersion medium contacted the
coverslip and due to the large heat capacity of the lens this contact causes a nearly
instantaneous HS [235]. Then, an xyzt series with 40 z-sections was obtained after
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readjusting the focal position. Time intervals were between 10-30 seconds and the time
series lasted 20 minutes. Images were taken at a resolution of 512x512 pixels, using
16-bit color depth.

Image Acquisition with Laser Scanning Confocal Microscopy
A Carl Zeiss LSM510 META on an upright confocal/multi-photon microscope system
was used for the kinetic analysis of Set1 recruitment to the Hsp70 loci (see Chapter 5). In
this case, we used identical C-Apochromat 61x, 1.2 NA, water immersion objectives at
room temperature and 37◦ C, heated in the same manner as above. We used a scan zoom
(1x) to image an individual nucleus from each salivary gland. A 35 µm pre-activation
z-stack, with 1 µm sections was taken in both channels alternate channels every slice,
then as with the SDCM method, the pre-heated objective was moved into position. Time
intervals were around 150 seconds and the time series lasted 20 minutes. Images were
taken at a resolution of 512x512 pixels, using 12-bit color depth.

Data Analysis
We used ImageJ v1.42 [173] to process our data before analysis. The ImageJ plugin
MultiStackReg was used to align the images that over time drifted in x, y and z (we corrected for one channel and applied these corrections to the second channel). The images
were then corrected for photobleaching using a small nuclear region and the sections
containing the Hsp70 loci were identified. T. Marian (personal correspondence) wrote a
MatLab program for the analysis. This program measures the number and intensity of
pixels above a threshold for a defined region of interest, in our case the Hsp70 loci. For
total intensity plots we used a threshold of 0; for mean intensity plots we calculated a
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threshold such that all pixels in the 20 minutes HS time point were identified.
Non-linear curve fitting to estimate the rate of recruitment was done using gnuplot
v4.2 (http://www.gnuplot.info/) using the exponential equation f (t) = A(1 − e−k(t−t0 ) ),
where A equals the plateau, k equals the rate of recruitment, t0 equals the time recruitment begins. For the time differential plots, the parameters defined by non-linear curve
fitting were used and the exponential equation solved for t, in order to calculate the time
it takes for a factor to reach a specific fluorescence intensity. The time to reach the same
fluorescence intensity for Pol II was subtracted from the transcription factor.

2.3.4

Fluorescence Recovery After Photobleaching Analysis of Transcription Factors at the Hsp70 Loci and Developmental Loci

In Chapters 3, 4, and 5, we address the dynamics of the FP-tagged transcription factors
with the Hsp70 loci or developmental loci (Chapter 5 only). The Drosophila lines used
are listed in Table 2.3, with the specifics on the experimental setup listed below.

Photobleaching with Multiphoton Microscopy and LSCM
Using the Carl Zeiss LSM510 META with a C-Apochromat 61x, 1.2 NA, water immersion objective, we were able to image and photobleach specific focal planes over
time. We used a circular ROI limited to the dimensions of the Hsp70 loci. To photobleach eGFP using MPM, we used 15-20 mW of laser power at 910 nm from a Mai Tai
laser (Spectrum Physics) measured after the objective lens. For MPM photobleaching
of mRFP photobleaching we used the same laser set to 800 nm with 40-50 mW at the
sample. These settings photobleached the samples to 40-60% initial intensity. Images
were corrected in the same manner as for the Recruitment Analysis (Subsection 2.3.3),
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and a small nuclear section was monitored for acquisition photobleaching. We also used
single photon excitation to photobleach eGFP, in this case we used a 488 nm laser and
bleached the samples between 40-60% of the initial intensity.

Fluorescence Recovery After Photobleaching Analysis
We used ImageJ v1.42 [173] to process our data. To correct for any drift in x and y
over time, we used the MultiStackReg plugin. Then, the images were corrected for
photobleaching occurring over the course of imaging by measuring the fluorescence at
a small nuclear region. In addition, the mean fluorescence intensity of the Hsp70 loci
was measured and corrected for photobleaching. FRAP curves were double normalized
so that pre-bleach images equals one, and first image after the bleach equals 0. The
τ1/2 was calculated for the “mobile” fraction using the time it takes to reach 50% of the
level of the plateau. Recovery rates were obtained by fitting the FRAP data to f (t) =
A × (1 −Ceq × e−ko f f ×t ) [203].

2.3.5

Perfusion

Using a Bioptechs Micro-Perfusion Pump in conjunction with the Bioptechs FCCS3
imaging chamber, we were able to perfuse fresh media or drugs over the sample to
asess their effect on the dynamics of the transcription factors at specific time points after
HS. Using a 0.031-inch diameter “pump” tubing, we were able to perfuse media across
the chamber at a rate of ∼350 µl/minute (manufacturers data) and have experimentally
observed that the media reaches the center of the FCCS3 chamber in 95 seconds (Figure 2.3).
To confirm the effects seen with perfusion are specific to the drug treatment we re-
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Figure 2.3: Timing for Media to Cross the FCCS3 Imaging Chamber after Perfusion
(A) Image of FCCS3 Imaging Chamber with the Micro-Perfusion Pump setup to perfuse
Blue Dextran through the chamber. Beginning, Middle and End positions are marked.
(B) Length of Perfusion required to reach appropriate position of chamber. n=3 and
error bars represent the standard error of the mean (SEM).
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ceived, all experiments were complemented with media only and no perfusion controls.
Notably, using a larger diameter “pump” tubing (0.064 inch) causes detrimental effects
on the localization and dynamics of different transcription factors, but the 0.031-inch
tubing does not cause these problems.
In chapter 4, we perfuse 3 µM PJ34 diluted with 5:1 Grace’s Media or 5:1 Graces
Media only into the FCCS3 chamber occurred as depicted in Figure 4.5. Briefly, we
used the Carl Zeiss LSM510 META, as was used for all FRAP experiments (see above),
with a pre-heated C-Apochromat 61x, 1.2 NA, water immersion objective. We instantaneously heat shocked the glands in the chamber for 35 minutes and then begin perfusing
PJ34 or media over the sample for 5 minutes. 40 minutes after HS, we stop perfusion,
identify the Hsp70 loci, photobleach the samples to 40-60% initial intensity, and monitor
fluorescence recovery for 5 minutes.

2.4

Chromatin Immunoprecipitation (ChIP) on Drosophila Salivary Glands

2.4.1

Formation of Formaldehyde Cross-linked Salivary Gland Extract for ChIP

The previously published salivary gland ChIP protocol was modified from the established cell culture ChIP protocol from the Lis lab [185] to adjust for the use of
Drosophila salivary glands as starting material [235]. Further modifications were made
to this protocol in order provide a greater amount of chromatin to be isolated.
In our modified procedure, we dissected 15-20 salivary glands per IP in 5:1 Grace’s
Media with water, isolating glands from an eGFP-tagged Pol II expression line, w1118 ;
UAS-eGFP-Rpb3 C147-Gal4. We instantaneously HS the glands by adding an equal
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amount of 48◦ C media to the glands and HS in a 37◦ C water bath for the indicated
amount of time. HS material was subsequently cooled to room temperature using icecold media before adding paraformeldehyde to a final concentration of 1% for 2 minutes.
The fixation was quenched by the addition of Glycine to a final concentration of 0.125M
for 3 minutes. Glands were then incubated for 10 minutes in 1x Sonication Buffer (0.5%
SDS, 20 mM Tris, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM PMSF, 1x Roche Complete
Protease Inhibitor) before sonicating using the Bioruptor (Diagenode) to produce fragments of 100-200 bases and then froze with liquid nitrogen.

2.4.2

ChIP

The ChIP step occurred as previously published [185, 235] with a few modifications.
Briefly, formaldehyde crosslinked salivary gland extract was diluted 1:40 with IP buffer
(0.5% Triton X-100, 2 mM EDTA, 20 mM Tris, 150 mM NaCl, 10% Glycerol) and
then pre-cleared with 30 µl of 50% Protein-A agaroses beads / IP for 1-2 hours at 4◦ C
with rotation. Pre-cleared extract from 18 salivary glands were then incubated at 4◦ C
with rotation overnight using 4 µl Rpb3 [154], 4 µl Spt6 [9], 2 µl CycT [22], or 0 µl
antibody as appropriate, and subsequently incubated with 100 µl of 50% Protein-A
agarose beads / IP for 2 hours with rotation at 4◦ C.
Immunoprecipitated complexes were washed 1x with Low Salt Wash (0.1% SDS,
1% TritonX-100, 2 mM EDTA, 20 mM Tris, 150 mM NaCl), 3x with High Salt Wash
(0.1% SDS, 1% TritonX-100, 2 mM EDTA, 20 mM Tris, 500 mM NaCl), 1x with
LiCl Wash (1 mM EDTA, 10 mM Tris, 0.25 M LiCl, 1% NP40, 1% NaDeoxycholate),
and 2x with TE. Washes were for 3–5 minutes on rotating mixer at room temperature
followed by a 1 minute spin at 1000 rpm. Chromatin was eluted from the beads with
freshly prepared elution buffer (1% SDS and 0.1 M NaHCO3 ) by incubating at room
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Table 2.4: Primers used for Real-Time PCR
Regions represent the position along the Hsp70 gene in relation to the transcription start
site (+ 1). The 87C primer set is positioned within the chromosomal puff 87C at a site
that is devoid of all transcription.
Region Primer
Sequence
– 154
Hsp70 – 200 F
5’-TGCCAGAAAGAAAACTCGAGAAA
Hsp70 – 108 R
5’-GACAGAGTGAGAGAGCAATAGTACAGAGA
+ 10
Hsp70 – 48 F
5’-AAAAGAGCGCCGGAGTATAA
Hsp70 + 68 R
5’-CAGCTGCGCTTGTTTATTTG
+ 96
Hsp70 + 56 F
5’-ACAAGCGCAGCTGAACAAGCTA
Hsp70 + 137 R
5’-ACTTGGTTGTTGGTTACTTT
+ 378
Hsp70 + 334 F
5’-CACCACGCCGTCCTACGT
Hsp70 + 423 R
5’-GGTTCATGGCCACCTGGTT
+ 1702 Hsp70 + 1649 F 5’-GGGTGTGCCCCAGATAGAAG
Hsp70 + 1754 R 5’-TGTCGTTCTTGATCGTGATGTTC
+ 2210 Hsp70 + 2155 F 5’-GGTCGACTAAGGCCAAAGAGTCTA
Hsp70 + 2266 R 5’-TCGATCGAAACATTCTTATCAGTCTCA
+ 4079 Hsp70 + 4035 F 5’-GGAAACTGCCTCCAACAACTG
Hsp70 + 4124 R 5’-AGACGCACGAGACCAATCTGTA
87C
87C–Bkgd–2F
5’-CAGGGATTTCTCAGCCATA
87C–Bkgd–2R
5’-CCGGGGAGAAGTAAAGGACT
temperature with rotation for 30 minutes.
Protein::DNA crosslinks were removed by heating the samples at 65◦ C for at least
4 hours and then proteins were digested with Proteinase K. DNA was first cleaned up
with 1 phenol/chloroform extraction and then precipitated with EtOH and pelleted by
spinning at 14,000 × g for 20 minutes. Pellets were washed and allowed to dry before
re-suspending in 100 µl H2 O. The input control was treated in the same manner as the
ChIP samples beginning with the crosslink removal step through to the resuspension,
except the input was resuspended to a final concentration of 10%.
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2.4.3

Quantitative Real-Time PCR Analysis

Specific genomic regions bound to the immunoprecipitated proteins were analyzed using real time PCR with the primers listed in Table 2.4. Real-time PCR was described
by Ni et al. [154] and was performed as described with a few modifications. Briefly, we
used SYBR green PCR mix (0.8% glycerol, 6 mM Tris (pH 8), 25 mM KCl, 2.5 mM
MgCl2 , 75 mM trehalose, 0.1% Tween, 0.1 mg of nonacetylated ultrapure bovine serum
albumin/ml, 0.067x SYBR green I (Cambrex), 0.1 mM deoxynucleoside triphosphates,
50 U of Taq DNA polymerase/ml) on a Light Cycler® 480 (Roche). A standard curve
was generated by serial diluting input samples in order to quantify the IP samples; all
values were obtained in the linear range of amplification. Values reported are reported
as the % input with the no-antibody sample subtracted. Error bars represent the standard
error of the mean (SEM).
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CHAPTER 3
RECRUITMENT AND DYNAMICS OF TRANSCRIPTION FACTORS1

3.1

Introduction

A variety of cellular signals trigger the recruitment of transcription factors to specific
target genes, allowing for a myriad of biochemical processes that are required for high
levels of transcription. Our knowledge of these processes has been guided mainly by
biochemical techniques, including ChIP, that assay when, where, and to what levels
transcription factors are associated with specific regions of the DNA. These spatial and
temporal resolution assays have provided important constraints for models of transcription mechanisms in vivo [59, 184]. However, most of these studies are restricted to
assaying static images of chromatin-protein interactions in a population of cells. Recent advances in live-cell imaging technology, however, allow for the real time imaging
of transcription factors at specific loci in single cells, providing new insights into gene
regulation [77].
Drosophila salivary glands offer a unique platform to carry out live-cell imaging
studies of transcription [126]. Salivary gland nuclei contain polytene chromosomes,
comprised of thousands of aligned DNA strands showing packing similar to interphase
diploid nuclei [17]. This natural amplification allows for the imaging of the localization
and dynamics of transcription factors at specific native loci in single cells [235, 236,
237].
HS results in decondensation of transcriptionally activated chromatin at the Hsp70
loci that are visualized as a discrete pair of puffs on polytene chromosomes [177]. These
two cytological loci, 87A and 87C, are 3-dimensional structures that contain 2 and 4
1 Parts

of this chapter are published in Zobeck et al. 2010 [244]
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copies of Hsp70, respectively, as well as intervening DNA and a large spectrum of
nuclear proteins. Studies of the distribution of specific proteins before and after HS have
provided key insights into their function at the Hsp70 loci [63, 65, 184]. Importantly,
many of the proteins identified as involved in Hsp70 gene regulation have corresponding
roles at other genes and in a variety of organisms, indicating their functions during
transcription are evolutionarily conserved [184].
HS induction leads to the recruitment of the transcription activator, HSF, which
trimerizes and binds to the regulatory regions of HS genes [73, 124, 162]. Both fixed cell
analyses [220] and more recent live cell imaging have shown that HSF-eGFP resides in
the nucleoplasm and is recruited to many chromosomal sites, including the Hsp70 loci
upon HS [236]. FRAP of transcription activators has shown a dynamic associations
with the chromatin [77]. In contrast, upon HS, HSF stably associates with active Hsp70
loci to form a platform for programming many rounds of RNA Polymerase II (Pol II)
transcription before dissociating from the locus [236].
Interestingly, even before HSF binds, Pol II is transcriptionally engaged but paused
at the 5’ end of the Hsp70 gene. After HS, the paused Pol II escapes into active elongation and additional Pol II is recruited to the gene [181]. Live cell imaging studies of
Pol II have provided insights into the molecular dynamics of a transcribing locus. Intriguingly, eGFP-Pol II reaches maximum fluorescence intensity at the Hsp70 loci after
its association with chromatin reaches saturation as measured by ChIP [235]. Additionally, FRAP assays show a dramatic change in the local dynamics of eGFP-Pol II at
Hsp70 loci after activation. During the early stages of HS (20 minute HS), eGFP-Pol II
FRAP recovers completely over the course of 2 minutes, at a rate consistent with the
elongation rate; however, after 40–60 minutes of HS, little or no recovery is observed,
even though transcription continues [235]. Together these studies provide evidence for
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the accumulation of Pol II at transcriptionally active loci followed by progressive retention and recycling of Pol II over the course of activation. The accumulation and
progressive retention of Pol II at the Hsp70 loci has been termed a transcription “compartment” and is postulated to provide a mechanism for the recycling of Pol II to allow
continued rounds of transcription [235].
Transcriptional activation of the Hsp70 genes by HS, results in the recruitment of
numerous transcription factors including P-TEFb, Spt6 and Topo I [4, 67, 98, 127].
P-TEFb is a kinase responsible for phosphorylating the C-Terminal Domain (CTD) of
Pol II to permit Pol II’s escape into active elongation [132]. P-TEFb is composed of
CycT and Cdk9 and localizes to the 5’ end as well as the entire transcribed region of
Hsp70 after HS [22, 163]. Spt6 is a nucleosome chaperone [25], known to be recruited
to the nucleosome-containing region of the gene upon activation and is notably absent
from the 5’ end of the gene, which is free of nucleosomes [154, 185]. Topo I is recruited
to remove supercoils generated by transcription [219] and is strongly recruited to the
Hsp70 loci upon activation [61]. It has been identified as a hyperphosphorylated CTD
interacting protein [31] and, like Spt6, associates with the nucleosome-containing region
as opposed to the 5’ end [67, 109]. Even though these factors bind to different regions
of the Hsp70 gene, ChIP studies done after different lengths of HS, show they are all
rapidly recruited upon activation [22, 154]; however, these studies are not of sufficient
temporal resolution to resolve their order of recruitment.
In this study, we examined the recruitment of the transcription activator (HSF), the
RNA polymerase (Pol II) and the elongation factors P-TEFb, Spt6 and Topo I to the
native Hsp70 loci with unprecedented temporal resolution in living cells. Our studies
resolve the recruitment timing of these factors, providing temporal information that sets
limits for their functional roles, and identify a strikingly synchronous recruitment among
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different cells of these factors upon activation. Then using FRAP, we test the possibility
that these factors are progressively retained in a transcription “compartment” that forms
over extended gene activation.

3.2
3.2.1

Results
Localization of Transcription Factors with Pol II at Active Transcription
Loci in Living Cells

Activation of the Hsp70 genes leads to the decondensation of the chromatin at the Hsp70
loci (87A & 87C) and concomitant recruitment of Pol II to these sites. In both fixed
chromosome spreads and intact living nuclei, these sites are the only doublet of Pol II
“puffs” within HS nuclei and unambiguously identify the Hsp70 loci [236, 92]. ChIP
and immunostaining of polytene squashes have also shown that many transcription factors colocalize at the Hsp70 loci after HS [126]. We selected key factors involved in
different aspects of the transcription elongation; P-TEFb, Spt6, and Topo I, and examined their localization patterns and recruitment to the Hsp70 loci in vivo. To do this,
we generated Drosophila transgenic lines that express a fluorescent protein (FP, either
eGFP or mRFP)-tagged transcription factor and the complementary fluorophore tagged
on the Rpb3 subunit of Pol II, within third instar larval salivary glands. LSCM was used
to identify their location before and after HS activation in living cells.
LSCM shows that FP-tagged P-TEFb, Spt6 and Topo I are primarily localized within
the nucleus before and after HS. More specifically, we observed colocalization between
all three factors and FP-tagged Pol II at developmentally regulated loci in NHS nuclei
(Figure 3.1A–C and, G–I). After 20 minutes HS, the factors are depleted from the developmental loci and now colocalize with Pol II at the HS loci including the two Hsp70 loci
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(Figure 3.1D–F and J–L). These colocalization results concur with previous immunofluorescence studies on squashed polytene chromosome [4, 98, 127, 61] and confirm the
recruitment of these factors to the Hsp70 loci upon HS in living cells. Notably, these
transcription factors are not detected at the Hsp70 loci before HS (note the absence of
signal for the Hsp70 loci during NHS), unlike Pol II, which is present at these sites at low
levels before HS. Additionally, consistent with what was seen previously in squashed
polytene chromosomes [147, 61], we observe a strong recruitment of eGFP-Topo I to
the nucleolus upon HS in living salivary glands.

3.2.2

Differences in the Timing and Rates of Recruitment among Transcription
Factors

Figure 3.1 shows that mRFP-P-TEFb, eGFP-Spt6 and eGFP-Topo I are recruited to the
Hsp70 loci before 20 minutes HS. However, the precise timing and rate of this recruitment could differ, distinguishing between two possible mechanisms, whereby transcription factors are simultaneously corecruited upon activation or where they are recruited in
ordered, temporally and kinetically distinct steps. To achieve sufficient temporal resolution, we used SDCM because it provides faster data acquisition than LSCM. 3D image
stacks were collected in both green and red channels during NHS, using a 40× oil immersion objective maintained at room temperature. HS was activated by swapping in a
matched objective heated to 36◦ C. The large heat capacity of the lens causes a nearly
instantaneous HS [235] when the immersion medium contacts the cover slip (t = 0 sec).
Then, after adjusting for any changes in the focal plane, we obtained a time series consisting of 2-channel 3D image stacks over a 20-minute period at time intervals of 20–30
seconds (Figure 3.2A and Chapter 2). As previously seen [235], activation of the Hsp70
genes does not result in a relocation of the Hsp70 loci.
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Figure 3.1: Colocalization of P-TEFb, Spt6 and Topo I with Pol II at Developmental and Hsp70 Loci in Living Polytene Nuclei.
(A–F) LSCM maximum intensity projections of polytene nuclei. (A & D) express
mRFP-P-TEFb (pseudo-colored green, left panel) with eGFP-Pol II (pseudo-colored
red, middle panel). (B & E) express eGFP-Spt6 (green, left panel) with mRFP-Pol II
(red, middle panel). (C & F) express eGFP-Topo I (green, left panel) with mRFP-Pol II
(red, middle panel). (A–C) images were acquired during NHS, while (D–F) images
were taken of the same corresponding nuclei after 20 minutes HS. Images in left panel
of (A–F) represent a green/red merge between the transcription factors (green) and Pol II
(red).
(G–L) LSCM confocal optical sections, 1 µm thickness, of a the same nuclei as A–F. All
images represent a green/red merge between the transcription factors (green) and Pol II
(red). (G & J) express mRFP-P-TEFb with eGFP-Pol II. (H & K) express eGFP-Spt6
with mRFP-Pol II. (I & L) express eGFP-Topo I with mRFP-Pol II. (G–I) images were
acquired during NHS, while (J–L) images were taken of the same corresponding nuclei
after 20 minutes HS. Numbers on images represent distance from center in µm. Arrows
point to position of the Hsp70 loci. Scale bars equal 10 µm.
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By imaging pairs of FP-tagged transcription factors, we are able to measure both the
timing and rate of recruitment for both factors in the same nucleus. We measured the
recruitment in the fly lines shown in Figure 3.1 as well as a line expressing HSF-eGFP,
the activator of Hsp70 transcription. The recruitment data for each factor was averaged
using consecutive 10 seconds windows for both the mean intensity (Figure 3.2B) and
the total intensity measurement (Figure 3.2C). Remarkably, the recruitment of HSF is
detectable within 20 seconds after HS, while the recruitment of Pol II and the three
other transcription factors occurs considerably later (>100 seconds after HS). Notably,
HSF mean fluorescence intensity decreases ∼100 seconds after HS, while the HSF total
fluorescence intensity plateaus at this time. Together with the observation that the Hsp70
loci increase in volume with Pol II recruitment (Figure 3.3), these results suggest that the
decrease in HSF mean intensity is due to chromatin decondensation, not its dissociation
from the loci.
To quantify reproducible differences in the initial timing of recruitment, we fit paired
data sets with exponential curves and calculated the difference in recruitment times (∆t)
for the transcription factor and Pol II to reach the same normalized fluorescence intensity. Because HSF was not imaged with Pol II in the same cell, we used a random
sample of Pol II curves to calculate the pair-wise differences in timing of recruitment.
The time of initial recruitment, relative to Pol II, can be observed as the mean fluorescence intensities approach zero (Figure 3.2D-G). We report all measurements averaged
over multiple samples along with the standard error of the mean. If the transcription factor is recruited faster than Pol II, the curve will slope to the left if it is recruited slower
it will slope to the right. HSF is recruited 82 ± 5 seconds before Pol II. In contrast,
P-TEFb is initially recruited around the same time as Pol II (1 ± 6 seconds after Pol II),
and Spt6 and Topo I are recruited after Pol II (12 ± 4 and 22 ± 5 seconds after Pol II,
respectively).
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Figure 3.2: Recruitment Timing of Transcription Factors.
(A) SDCM was used to obtain 3D images of FP-tagged transcription factors with the
complementary FP-tagged Pol II. First, Drosophila salivary glands were imaged using
a room temperature objective, then an objective pre-heated to 36◦ C was swapped in,
causing a nearly instantaneous HS. 3D time series were then obtained continuously over
20 minutes. (B-C) Normalized transcription factor fluorescence intensities were averaged using 10 second windows (B) using mean fluorescence intensities and (C) using
total fluorescence intensities. HSF is plotted in red, Pol II in black, P-TEFb in blue,
Spt6 in green, Topo I in purple (Number of samples (n) = 10, 32, 10, 12, and 10, respectively). (D-G) Reproducible differences in recruitment times relative to Pol II were
calculated by fitting exponential curves to each set of recruitment data for each factor.
(D) HSF (n = 10), (D) P-TEFb (n = 10), (E) Spt6 (n = 12), and (F) Topo I (n = 10).
Times to reach a specific intensity were calculated and subtracted from the times for
Pol II from the same nucleus. Because HSF was not imaged with Pol II, a random set of
Pol II curves were used to calculate the paired differences. The red dotted line at ∆t = 0
represents the time Pol II reaches the corresponding fluorescence intensity. Error bars
represent SEM, where n = the values previously noted.
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Table 3.1: Recruitment Rates of Individual Transcription Factors.
P-value was calculated using the Student T Test, either using the Dependent t-test for
paired samples (Paired) based on the rates of recruitment for Pol II and the transcription
factor from the same cell, or with Independent two sample t-test for samples with equal
variance (Equal Variance). ∗∗ Represent statistical difference with confidence greater
than 95%.
Rate (k)
P-value
(×10−3 FU·s−1 )
Paired
Equal Variance
HSF
12.6 ± 2.3
N/A
6.0 × 10−8
∗∗
Pol II
8.4 ± 0.8
N/A
1.0
−3
P-TEFb
5.1 ± 0.4
6.3 × 10
2.7 × 10−2
∗∗
Spt6
7.1 ± 0.8
7.2 × 10−1
3.5 × 10−1
Topo I
4.3 ± 0.4
8.9 × 10−4
5.7 × 10−3
∗∗
The recruitment data also provide the rates of recruitment to the Hsp70 loci (Table 3.1), as assessed by fitting the data to a single exponential curve. The rate of HSF
recruitment is much faster than the rate for either Pol II or the three elongation factors,
this was also observed in Figure 3.2D by the curve sloping to the left. Additionally,
the rates of recruitment for P-TEFb and Topo I are significantly slower than Pol II (Figure 3.2E and G and Table 3.1). Spt6, however, has a rate that is indistinguishable from
that of Pol II (Figure 3.2F and Table 3.1), suggesting a proportional recruitment of these
two factors. These differences in timing and rates of recruitment for the different transcription factors demonstrate a sequential and independent recruitment of these factors
to the Hsp70 loci rather than a concerted co-recruitment of factors, supporting the view
that each factor has its own mechanism and cue for recruitment.

3.2.3

Synchrony in the Recruitment of Transcription Factors to the Hsp70 Loci

Boettiger et al. (2009) identified two patterns of developmental gene activation within
Drosophila embryos: a stochastic activation of transcription, where the first detection of
transcripts in different cells occurred over a range of 15–20 minutes, and a synchronous
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Figure 3.3: Plot of the Volume of the Hsp70 Loci and Pol II Intensities after Activation.
Plot of normalized Pol II-eGFP fluorescence intensity or volume versus time comparing the timing of recruitment for the mean fluorescence intensity (measured using a
changing volume), total fluorescence intensity (measured using a constant volume) and
expansion of the Hsp70 loci using the volume of the Hsp70 loci from the mean fluorescence intensity volumes. Error bars represent the SEM, where n = 32
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activation of transcription, where transcripts in cells are detected within a 3 minutes
range. This synchronous activation is hypothesized to facilitate the homogeneous expression of genes vital for proper development. Similarly, the coordinated and rapid
activation of HS genes may be required to survive HS [156]. Our time-lapse recruitment data provide a way to assess whether the recruitment of FP-tagged HSF, Pol II,
P-TEFb, Spt6 and Topo I to the Hsp70 loci occurs in a synchronous or stochastic manner in individual salivary gland nuclei. To assess the recruitment method, we compared
the recruitment curves from nuclei within the same salivary gland as well as different
salivary glands.
In all nuclei, even from different salivary glands, HSF is recruited to the Hsp70
loci rapidly after HS and the initial recruitment is already observed by the first time
point after HS (Figure 3.4A). Both the recruitment rates and times show little variation,
reported here as standard errors, for nuclei in the same or from different glands, with
the recruitment of HSF occurring 17 ± 1 second after HS. These data indicate rapid
and highly synchronous recruitment. The recruitment times of Pol II following HS also
show little variation, 103 ± 2 seconds (Figure 3.4B). Additionally, the recruitment times
of the three transcription factors, P-TEFb, Spt6 and Topo I, are similarly restricted, 95
± 3, 115 ± 2, and 132 ± 4 seconds, respectively (Figure 3.4C-E). Therefore, all five
factors are recruited to the Hsp70 loci in a synchronous manner.

3.2.4

Transcription Factors Progressively Retained in Transcription “compartment” over Time Course of HS

The FP-tagged transcription factors provide a means to examine their recruitment, as
well as their dynamics of association with the Hsp70 loci. For example, 10 minutes
after HS FRAP of eGFP-Pol II shows a complete and linear recovery of fluorescence
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Figure 3.4: Synchrony in the Recruitment of Transcription Factors to Hsp70 loci
Among Nuclei of the Same Gland or in Different Glands.
(A-E) Representative SDCM recruitment images, corresponding mean intensity recruitment plots, and corresponding total intensity recruitment plots for (A) mRFP-HSF, (B)
Pol II (mRFP and eGFP), (C) mRFP-P-TEFb, (D) eGFP-Spt6 and (E) eGFP-Topo I. The
1st image for each factor is the NHS image, 2nd image is the time point before recruitment, while the rest of the images are spaced to depict the recruitment kinetics of the
factors (note: HSF is recruited by the first time point after HS). Scale bars are 10 µm.
Top plot in each panel shows the normalized mean fluorescence intensities of factors’
recruitment in nuclei of the same gland (indicated by lines of same color) and nuclei
from different glands (indicated by different color lines) over the time course of a 20
minutes HS. The bottom plot, shows the normalized total fluorescence using a constant
volume. Each graph represents recruitment data from three or more glands containing 2
or more nuclei from each gland. Red arrows mark the location of the Hsp70 loci.
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that reflects the entry of new fluorescent Pol II onto the gene. In contrast, continued
HS causes the progressive decrease in both the rate and total recovery of Pol II, even
though transcription remains robust. Together, these observations indicate that there is a
progressive retention of Pol II in a transcription “compartment” that allows the recycling
of Pol II for continued rounds of transcription [235].
To address the possibility that this “compartment” is a more general feature of active
transcription, we examined 1) whether there is an accumulation of FP-tagged factors
beyond the amount needed to maximally bind the genes, and 2) if the dynamics of representative transcription factors, P-TEFb, Spt6 and Topo I, also change with the duration
of HS.
First, we have compared the time for maximum recruitment to the Hsp70 loci (Figure 3.4 Total Fluorescence Intensity Plots) and to the Hsp70 genes (Figure 3.5). Our
high-resolution recruitment assay and salivary gland ChIP of Pol II on Hsp70 (Figures 3.4B and 3.5A) agrees with the previous report that Pol II reaches maximum intensity at the loci after maximum binding has occurred on the gene [22, 235]. We observe
maximum levels at ∼3 minutes HS for chromatin by ChIP (Figure 3.5A) and ∼8 minutes HS at the locus by live cell imaging (Figure 3.4B). Salivary gland ChIP experiments
for the transcription factors P-TEFb and Spt6 also show maximal gene occupancy by
∼3 minutes (Figure 3.5B and C), while they continue to accumulate at the Hsp70 loci
achieving maximum total intensity at 10 and 8 minutes, respectively (Figures 3.4C and
D). This suggests that there is an accumulation of transcription factors at the Hsp70 loci
beyond what is required to saturate the DNA.
Second, we examined whether the dynamics of these factors change with the duration of HS using FRAP. All of the FRAP experiments were done during recruitment
equilibrium, where mean and total intensities of the transcription factor are constant over
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Figure 3.5: Salivary Gland ChIP shows maximum chromatin binding for Pol II,
Spt6 and CycT occurs 3 minutes after HS
(A–C) Salivary gland ChIP of (A) Pol II, (B) P-TEFb and (C) Spt6. Amplicons are
listed on the x-axis and were spaced throughout the Hsp70 transcription unit and were
labeled relative to the transcription start site using the center of the amplicon. Amplicons
include one in the promoter region (-154), multiply primer sets in the body of the gene,
one after the polyAdenylation site (+4079) and a background non-coding region (87C).
Primer sequences are listed in the Supplemental Experimental Procedures. Plots show
NHS in red, 3 minutes HS in green, 6 minutes HS in blue, and 12 minutes HS in pink.
Error bars represent SEM where n =3 or 4.
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time (Figures 3.6 and 3.7). At 10 minutes HS, shortly after reaching recruitment equilibrium, the FRAP profile provides critical information regarding the dynamics of association between the factor and the Hsp70 loci. The τ1/2 can be used to identify whether
recovery is limited by the dissociation of the pre-existing bleached factors from their
targets of interaction, i.e. a binding event, or if recovery is limited to diffusion [202].
For mRFP-P-TEFb, eGFP-Spt6 and eGFP-Topo I, the estimated τ1/2 for diffusion is less
than 0.030 seconds, while the observed τ1/2 for these factors are 30, 40, and 10 seconds,
respectively (Figure 3.6B, D and F). This result indicates that these transcription factors
are in fact binding at the Hsp70 loci.
Because P-TEFb, Spt6 and Topo I are Pol II interacting proteins [154, 239, 61], we
also compared their recovery curves to Pol II to see if any of these three factors were
stably binding to Pol II. If a stable interaction exists, we expect the FRAP dynamics
to mimic that of Pol II. At early times of HS, 10–20 minutes, Pol II recovers from
photobleaching linearly for 2 minutes. This recovery corresponds to the time it takes
bleached Pol II molecules to complete transcription elongation, and for new fluorescent
Pol II to refill the gene [235]. The recovery curves for the three transcription factors are
all exponential, indicating that these three transcription factors are not stably bound to
Pol II, but instead interact transiently with Pol II and/or the Hsp70 loci.
Prolonged HS also impacted the FRAP dynamics of the three transcription factors
at the Hsp70 loci. The most dramatic effect was seen with Spt6, which recovers to 50%
initial intensity after 10 minutes HS. However after a 20 minutes HS, less recovery is
observed and after 40 minutes HS no recovery is observed after FRAP (Figure 3.6C and
D). Figure 3.7 confirms Spt6 is present at similar intensities at all of these time points.
Together these results indicate that Spt6 becomes more stably associated with the Hsp70
loci with increasing HS time, and these findings are consistent with this factor, which
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Figure 3.6: FRAP Dynamics of Transcription Factors at the Hsp70 Loci Change
After Length of HS.
(A, C, and E) FRAP of the three transcription factors after different lengths of HS: (A)
mRFP-P-TEFb, (C) eGFP-Spt6 (by M. Buckley) and (E) eGFP-Topo I. Panels show
representative FRAP images. The top panel was bleached after 10 minutes HS, middle
panel was bleached after 20 minutes HS and lower panel was bleached after 40 minutes
HS (C) or 60 minutes HS (A and E). All scale bars equal 5 µm. (B, D and F) Plots
of normalized fluorescence intensity at the Hsp70 loci. (B) mRFP-P-TEFb, (D) eGFPSpt6 (by M. Buckley) and (F) eGFP-Topo I. Bleaching resulted in a decrease of 40-60%
initial intensity, however, the plots illustrated here are normalized to the initial intensity
as well as the bleach depth. Red curve, 10 minutes HS; Green curve, 20 minutes HS;
Blue curve, 40 minutes HS; Purple curve, 60 minutes HS (n =11, 10, 12, 10 for PTEFb, respectively; n =13, 6, 6 for Spt6, respectively; n =13, 20, 17, 16 for Topo I,
respectively). Error bars represent the standard error.
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is required for maximum transcription elongation rates [9], being reused and recycled
within the “compartment”.
In contrast to Spt6, Topo I and P-TEFb remains dynamic during prolonged HS.
However, increasing HS time still causes a progressive decrease in the mobile fraction
of Topo I and P-TEFb, such that the immobile fraction reaches 60% of the total population in the 60 minutes HS sample (Figure 3.6E and F). P-TEFb also appears to remain
dynamic after prolonged HS, and like Topo I shows a progressive decrease in the mobile fraction, such that the immobile fractions of both Topo I and P-TEFb reach 60%
of the total population over 60 minutes of HS (Figure 3.6A and B). The increase in the
immobile fraction observed for these two factors could be explained in a similar manner
as Spt6, whereby the immobile fraction consists of an increasing number of molecules
that can be recycled for use in transcription.
Together our salivary gland ChIP results and FRAP dynamic studies suggest that
the transcription “compartment” is a general feature of active transcription, and is not
limited to Pol II. Notably, our FRAP results emphasize that the compartmentalization
process is not simply a mechanism by which transcription factors become completely
retained at the loci after HS, but suggest differences in affinities with the loci, function,
or size may play a role in the ability of a given transcription factor to diffuse into or out
of the “compartment”.
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Figure 3.7: Starting Intensities of the Hsp70 Loci for FRAP Experiments.
(A-C) Mean fluorescence intensities of the initial image before bleaching for (A) PTEFb, (B) Spt6 and (C) Topo I. Data is plotted as a box and whisker plot to illustrate the
distribution of fluorescence intensities at specified HS times. No statistical differences
were seen between intensities (n =11, 10, 12, 10 for P-TEFb, respectively; n =13, 6, 6
for Spt6, respectively; n =13, 20, 17, 16 for Topo I, respectively).
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3.3
3.3.1

Discussion
Recruitment Timing and Rates for Transcription Factors During HS

The Drosophila Hsp70 genes provide a unique system with which to examine the recruitment of transcription factors to specific chromosomal loci. They are rapidly and
robustly activated upon HS and are located at two cytological loci, whose appearance
provides a diagnostic doublet for identifying the Hsp70 loci in living cells. By measuring the intensity of transcription factors at the Hsp70 loci over the course of HS, we
have been able to distinguish differences in the initial timing and rates of recruitment of
transcription factors.
We have previously shown, in a population of cells, that HSF appeared to be recruited to the Hsp70 genes before Pol II [22], however our present study shows this more
convincingly at high temporal resolution and also demonstrates a sequential recruitment
of the other factors P-TEFb, Spt6 and Topo I to the Hsp70 loci rather than a concerted
co-recruitment of a pre-assembled transcription complex. In single cells, we observe
that HSF is recruited 80 seconds before Pol II suggesting that other co-activators or
modifications are required for Pol II recruitment. P-TEFb is first detected at Hsp70 loci
when Pol II also begins to increase, which is consistent with the P-TEFb kinase’s role
in promoting active elongation [242]. Following is the recruitment of Spt6, 10 seconds
after Pol II, which is consistent with the known role of Spt6 as a chromatin remodeler
and the time for Pol II to reach the first nucleosome. Then, Topo I, which interacts with
the phosphorylated CTD of Pol II [31], is recruited 20 seconds after Pol II and P-TEFb.
Interestingly, this raises the possibility that Pol II phosphorylation is not sufficient to
recruit Topo I, but rather that Topo I recruitment may require transcription-driven accumulation of supercoiled DNA [130]. Finally, a model has been recently proposed where
genes are recruited to nuclear sites called “transcription factories” that contain the tran76

scription factors required for transcription and its regulation [30]. The distinct kinetics
observed here regarding the recruitment of the five transcription factors and the failure
to see genes moving to new sites upon activation (here and [235]) are inconsistent with
Hsp70 genes being recruited to a preformed “transcription factory”.

3.3.2

Synchronous Recruitment of Transcription Factors

This study provides a single cell analysis with the temporal resolution to address whether
transcription factors are synchronously recruited to Hsp70 loci. Our study revealed that
HSF, Pol II and three transcription factors (P-TEFb, Spt6 and Topo I) are each synchronously recruited to the Hsp70 loci. We observed a standard error for each transcription factor’s recruitment timing to be less than 6 seconds. Interestingly genes that
have paused Pol II may in general be synchronously activated. Boettiger and Levine
examined numerous development genes in early embryos at the level of RNA accumulation in cells and observed that genes containing a paused Pol II were synchronously
activated (range of 3 min), while genes without a paused Pol II were stochastically activated (range of 20 min) [23].
We propose that the paused Pol II, present on Hsp70 genes, may facilitate the synchronous recruitment of HSF by maintaining an open chromatin state at the promoter
to provide the activator, HSF, with accessible binding sites. It has been shown that HSF
binding to Hsp70 transgenes depends on an open chromatin state that in turn requires
GAGA factor and paused Pol II [196]. More generally, the paused/stalled Pol II at
promoters has been shown to be important in keeping nucleosomes off promoters [64].
The open chromatin state may increase the probability of activator binding its target
sequence [214]. In addition, other factors may also gain more efficient access to genes
that have a promoter paused Pol II. The pre-assembled general transcription factor com-
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plex at these promoters should facilitate binding and initiation of newly recruited Pol II
following activation [115]. Synchronous recruitment of Pol II will then promote the
synchronous recruitment of the other transcription factors and synchronous transcript
accumulation. Importantly, these studies provide insights into a mechanism that ensures the rapid and uniform induction of the HS response that is vital to the viability of
organisms under stress conditions.

3.3.3

Transcription Compartment

The transcription “compartment” has previously been defined by Pol II’s progressive retention and recycling over extended lengths of gene activation [235]. By comparing the
times of maximum recruitment for the Hsp70 loci (from live cell imaging studies) and
the Hsp70 genes (by ChIP), we were able to show there is an accumulation of molecules
at the loci beyond what can bind DNA. Then, using FRAP, we showed three transcription
factors, CycT, Spt6, and Topo I, are also progressively retained at the Hsp70 loci. These
findings suggest that the transcription “compartment” is not limited to Pol II, but also
involves the retention, and perhaps recycling, of other components of the transcription
machinery.
Moreover, our results set further limitations on the structure of the “compartment”.
In the case of Pol II [235] and Spt6 (Figure 3.6D), the FRAP recoveries progressively
decrease until no recovery is observed. In contrast, a portion of P-TEFb and Topo I
continue to exchange with the nucleoplasm even after an hour of HS, but over time,
an increasing percentage of molecules remain stably associated with the locus. These
different behaviors suggest that the transcription “compartment” is not a completely
closed entity formed over time, but rather suggests either an affinity-based retention or
the formation of a porous barrier.
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Affinity-based retention and porous barrier models are not mutually exclusive.
Poly(ADP) Ribose, which accumulates at the Hsp70 and developmental loci in response
to gene activation [215], could be the foundation of the porous barrier, but could also be
responsible for the affinity-based retention of factors with strong nucleic acid affinity, as
has been documented for histones [2].
In conclusion, our kinetic analysis of transcription factor recruitment and dynamics
by live cell imaging provides insights into the overall mechanics and architecture of the
transcription loci. Future development of imaging technologies should provide the ability to examine diploid cells, and thereby address the conservation of these mechanisms
in different cell types and organisms.
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CHAPTER 4
THE TRANSCRIPTION COMPARTMENT INVOLVES THE RETENTION
H2B AND PARP AND ACCUMULATION OF POLY-ADP RIBOSE1

4.1

Introduction

Previously a novel structure that forms around the active Hsp70 loci and prevents Pol II
exchange with the nucleoplasm was identified [235]. Chapter 3 further characterized
the transcription compartment by identifying a number of transcription factors that are
similarly retained in the compartment. These results led us to the proposition that the
formation of a porous barrier with nucleic-acid-like affinity may be responsible for this
behavior (Chapter 3).
PAR, which accumulates at the Hsp70 and developmental loci in response to gene
activation [215], could be the foundation of the porous barrier and could also be responsible for the affinity-based retention of factors with strong nucleic acid affinity, as has
been documented for histones [2]. Interestingly, PAR, either attached to protein substrates or perhaps existing as free polymers, can act as a local matrix for core histones
released from destabilized nucleosomes [134, 176], suggesting that histones may also
be retained within the transcription compartment.
The question of histones association or dissociation from active genes is not new. In
vivo cross-linking of the H2A/H2B globular domains showed a decrease in association
with the Hsp70 gene after activation [150], while crosslinking of the histone tails, using
a lysine specific crosslinking protocol, does not show a corresponding loss in association with Hsp70 [150]. This result indicates that the histones are not removed from the
gene loci after activation, but are instead remain associated with the gene by interac1 Parts

of this chapter are published in Zobeck et al. 2010 [244]
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tions through the histone tails. However, recent studies from our lab have shown, using
nucleosome protection assays and ChIP, that activation leads to a dramatic loss in nucleosome density and histone H3 at the Hsp70 gene [164], suggesting that the histones
are removed from the gene.
The PAR polymerase, PARP is involved in transcription transcription activation.
In fact, the loss of nucleosome density and H3 levels on Hsp70 is dependent on
PARP act [164] and PARP activity is required for Heat Shock (HS) puff formation.
When PARP activity is inhibited, decondensation of the loci does not occur [215] in
Drosophila. Additionally, PARP has been shown to interact with nucleosomes in a
manner that is mutually exclusive with linker histone H1, and preferentially associates
with promoters [107]. PARP catalyzes the formation of PAR polymers from NAD+ onto
itself and various target proteins, including Histones, Pol II, Topo I, and other transcription factors [44]. Interestingly, the catalytic product of PARP activity, PAR, accumulates
at the Hsp70 loci after activation [215], and even though the average length of PAR is
shorter in cells which are not suffering from DNA damage, they may be long enough to
contribute to chromatin decondensation [44].
Because of the role for PARP in puff formation, it has been hypothesized that PAR
polymers form the HS puff structure and may be a means to locally retain factors at
the loci [215]. In this chapter, we assay the role of PAR in compartment formation by
using PJ34. PJ34 is a specific inhibitor of PARP catalytic activity [199], which prevents
the polymerization of NAD+ into longer PAR chains, allowing the PAR glycohydrolase, PARG to rapidly degrade PAR [44]. In this chapter we show the dynamics of
Pol II and Spt6 return to the early HS recovery dynamics upon PJ34 treatment after a
40 minute HS, suggesting that the transcription compartment is formed by the accumulation of PAR. We also assess the retention of histone H2B and PARP at the Hsp70
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loci after activation and subsequent chromatin decondensation in order to identify additional components of the transcription compartment and address whether these factors
still remain associated with the Hsp70 loci.

4.2
4.2.1

Results
H2B is Retained at the Hsp70 Loci after Activation

To address the localization of H2B in vivo we used the mRFP-tagged H2B line listed in
Table 2.2. By co-expressing mRFP-tagged H2B with an eGFP-tagged Pol II we were
able to identify the Hsp70 loci in the living cells. Using spinning disk microscopy, it
was possible to obtain a NHS and a 20-minute HS image of the same nucleus after
an instantaneous HS. In Figure 4.1, it clear that H2B is not strongly recruited to the
Hsp70 loci, like Pol II. In fact, it appears as though it is absent from the Hsp70 loci after
activation and decondensation.
Because activation also occurs with chromatin decondensation and a concurrent increase in puff volume, it is possible that the total amount of H2B present at the locus
remains constant before and after activation. To address this possibility we collected
entire z-series of the nucleus for H2B and Pol II over the course of 20 minutes, as described in Subsection 2.3.3. Using Pol II as a proxy for the Hsp70 loci, we were able to
measure the mean fluorescence intensity of mRFP-H2B at the loci over the course of activation. Not surprisingly, the mean fluorescence intensity shows a dramatic decrease in
H2B fluorescence intensities (Figure 4.2C). However, there is a corresponding increase
in Hsp70 volumes, as previously shown (Figure 3.3), which could be responsible for the
mean fluorescence intensity decrease.
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Figure 4.1: Localization of H2B and Pol II in Drosophila salivary glands
(A and B) LSCM images of the same polytene nuclei expressing mRFP-H2B and eGFPPol II (A) before HS and (B) 20 minutes after HS. For both figures the left panel is
mRFP-H2B (pseudo-colored green), in the middle panel is eGFP-Pol II (psuedo-colored
red) and the right panel is a merge of the two factors. Arrows point to the position of the
Hsp70 loci. Scale bars equal 10 µm.
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Figure 4.2: Association of H2B with Hsp70 Loci after Decondensation.
(A and B) Representative time course images illustrating the localization of (A) mRFPH2B (pseudocolored green) and (B) a merge between mRFP-H2B (green) and eGFPPol II (red) to the Hsp70 loci after HS. The 1st image (0 sec) of each panel is the NHS
image, 2nd image is the time point before additional Pol II recruitment and consecutive
images are spaced out over the course of HS. Arrows indicate the Hsp70 loci, and a
progressive decrease in mRFP-H2B fluorescence intensity (F. I.) can be seen in these
images. Scale bars are 10 µm. (C) Mean F. I. plots of mRFP-H2B using Pol II as an
indicator for the volume of the Hsp70 loci. (D) Total F. I. plots of mRFP-H2B using
a constant volume. Lines of the same color are from the same gland, while different
colors are from different glands. 3 glands containing 2-4 nuclei each are plotted.

84

To assay the total levels of H2B at the Hsp70 loci, we needed to measure the total
fluorescence intensity at the loci. However, our SDCM setup still collected some out-offocus fluorescence, which causes a systematic increase in the total fluorescence intensity
when using larger volumes. Therefore, to correct for change in volumes, we defined a
constant volume encompassing the maximum volume of the Hsp70 loci and measured
total levels of fluorescence intensity in this region over time. Notably, the total fluorescence intensity remains constant, suggesting that H2B remains associated with loci
after HS activation and chromatin decondensation (Figure 4.2D), even though, within
two minutes of HS, the nucleosome structure is disrupted on the Hsp70 gene [164].

4.2.2

PARP is Retained at the Hsp70 Loci after Activation

Tulin and Spradling [215] have previously showed that PARP, an enzyme that catalyzes
the polymerization of ADP ribose units from NAD+ [106], co-localizes with the Hsp70
loci after HS activation. By co-expressing PARP-eGFP with mRFP-Pol II we could
address whether it is strongly recruited to the Hsp70 loci. Notably, we did not observe
recruitment or strong localization of PARP with the Hsp70 loci (using Pol II to identify
them) in living cells. Similar to the observation with H2B, we observed a localized
reduction in fluorescence intensity at the Hsp70 loci after 20 minutes HS compared to
the surrounding chromatin and nucleoplasm (Figure 4.3).
Even though PARP is relatively excluded from the Hsp70 loci, there are still enough
fluorescence molecules present to be significantly over the level of cytoplasmic background after HS. Therefore we wanted to address, for the first time, whether the same
amount of PARP was associated with the Hsp70 loci before and after chromatin decondensation. As with H2B, the mean intensity of the Hsp70 loci decreases over time as
the volume of the loci increases (Figure 4.4C), but the total fluorescence intensity (using
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Figure 4.3: Localization of PARP and Pol II with Drosophila Salivary Glands.
(A and B) LSCM images of the same polytene nuclei expressing eGFP-PARP and
mRFP-Pol II (A) before HS and (B) 20 minutes after HS. For both figures the left panel
is eGFP-PARP (green), in the middle panel is mRFP-Pol II (red) and the right panel is
a merge of the two factors. Arrows point to the position of the Hsp70 loci. Scale bars
equal 10 µm.
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Figure 4.4: Association of PARP with Hsp70 Loci after Decondensation.
(A and B) Representative time course images illustrating the localization of (A) eGFPPARP (green) and (B) a merge between eGFP-PARP (green) and mRFP-Pol II (red) to
the Hsp70 loci after HS. The 1st image (0 sec) of each panel is the NHS image, 2nd image
is the time point before additional Pol II recruitment and consecutive images are spaced
out over the course of HS. Arrows indicate the Hsp70 loci, and a progressive decrease
in eGFP-PARP fluorescence intensity (F. I.) can be seen in these images. Scale bars are
10 µm. (C) Mean F. I. plots of eGFP-PARP using Pol II as an indicator for the volume
of the Hsp70 loci. (D) Total F. I. plots of eGFP-PARP using a constant volume. Lines of
the same color are from the same gland, while different colors are from different glands.
2 glands containing 2-4 nuclei each are plotted.
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a constant volume remain constant over the course of HS (Figure 4.4D). These results
indicate that PARP, like H2B, remains associated with the Hsp70 loci at the same level
before and after chromatin decondensation.

4.2.3

PARP Activity is Responsible for the Compartmentalization of Pol II

Previous studies have shown that PAR chains accumulate at the Hsp70 loci upon activation, and that the enzymatic activity of PARP, the enzyme that catalyzes PAR chain
formation, is required for the structure of HS puff [215]. Subsection 4.2.2 extended
these findings and showed that PARP continues to associate with the Hsp70 loci upon
activation. Therefore, we hypothesized that PARP catalytic activity is responsible for
the retention of factors in the transcription compartment.
To address this hypothesis, we tested the effect of specifically inhibiting PARP catalytic activity, using the drug PJ34, on the compartmentalization of eGFP-Pol II, the
defining factor of the transcription compartment [235], during late HS. The experimental setup is illustrated in Figure 4.5A. We heat shocked the glands for 35 minutes and
then perfused 3 µM PJ34, or media only, over the glands for 5 minutes after which we
acquired FRAP curves. Perfusion does not affect the compartment behavior of Pol II
when compared to a 40-minute HS no-perfusion control (Figures 4.5B and D). Strikingly, PJ34 perfusion after 40 minutes HS has a drastic effect on the FRAP dynamics of
Pol II, which now completely recovers over the course of 120 seconds (Figures 4.5B and
C). This recovery is remarkably similar to the 10 minute HS FRAP behavior of Pol II,
indicating that PARP inhibition leads to a condition resembling the pre-compartment
state. This result indicates that the catalytic activity of PARP is required for retaining
Pol II in a compartment.
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Figure 4.5: PARP Catalytic Activity is Required for the Maintenance of the Transcription Compartment.
(A) Schematic of PJ34 perfusion protocol. Media only or 3µM PJ34 was perfused over
the gland for 5 minutes starting 35 minutes after HS. FRAP of eGFP-Pol II at the Hsp70
loci was initiated as soon as perfusion stopped. (B-D) FRAP of eGFP-Pol II in PJ34
perfused glands and controls. (B) FRAP curves of eGFP-Pol II perfused with PJ34 (red,
n=3) at 40 minutes HS or with Media only at 40 minutes HS (blue, n=4) and no perfusion controls at 10 minutes HS (gray squares, n=4) and 40 minutes HS (gray circles,
n=3). Error bars represent the SEM. Representative images of (C) eGFP-Pol II after
PJ34 perfusion and (D) after Media-only perfusion. Scale bars = 5µm.
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Figure 4.6: The progressive retention of Spt6 is perturbed by PJ34 treatment.
Using the same perfusion protocol as Figure 4.5, we perfused Media only or 3µM PJ34
over the gland for 5 minutes starting 35 minutes after HS. FRAP of eGFP-Spt6 at the
Hsp70 loci was initiated as soon as perfusion stopped. (A-C) FRAP of eGFP-Spt6 in
PJ34 perfused glands and controls. (A) FRAP curves of eGFP-Spt6 perfused with PJ34
(red, n=3) at 40 minutes HS or with Media only at 40 minutes HS (blue, n=4) and
no perfusion controls at 10 minutes HS (gray squares, n=3) and 40 minutes HS (gray
circles, n=3). Error bars represent the SEM. Representative images of (B) eGFP-Spt6
after PJ34 perfusion and (C) after Media-only perfusion. Scale bars = 5µm.
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4.2.4

Spt6 also Requires PARP Activity for the Transcription Compartment

To confirm the role of PARP activity on the retention of other transcription factors in
the transcription compartment we used the same protocol as listed in Figure 4.5A and
imaged the dynamics of eGFP-Spt6. Previously, we observed an incomplete recovery,
even at early HS time points followed by a complete lack of recovery, 40 minutes after
HS (Figure 3.6). In this case, we saw similar effects, except the no-perfusion control at
the 40-minute HS time point resulted in a very fast but small amount of recovery that is
likely due to diffusion (Figure 4.6A). When we perfused in a media only at 35 minutes
after HS and used FRAP at 40 minutes after HS, we saw no significant difference from
the 40 minute no perfusion control(Figure 4.6A and C), however when PJ34 is perfused
into the imaging chamber at the same time, unbleached eGFP-Spt6 is now able to enter
the Hsp70 loci and fully recover about 80% of initial levels (Figure 4.6A and B).

4.3
4.3.1

Discusion
Transcription Compartment

We used Pol II to test the role of PAR in compartment formation by using PJ34, a specific inhibitor of PARP catalytic activity [199] and showed that the dynamics of Pol II at
the Hsp70 loci, 40 minutes after HS, return to the early HS dynamics upon PJ34 treatment. Inhibition of PARP prevents the polymerization of more PAR, which PARG can
now rapidly degrade [44]. This reduces the overall amount of PAR at the Hsp70 loci
and allows a re-mobilization of Pol II to the 10 minutes HS behavior. We hypothesized
that the other factors were similarly re-mobilized, and therefore tested the PJ34 treatment with Spt6, the transcription factor that showed the strongest compartmentalization
phenotype over the course of HS. As expected Spt6 dynamics were similarly perturbed,
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indicating that the role of PAR plays a similar role for multiple proteins.
Based on our results, we propose a model in (Figure 4.7) in which extended HS activation leads to the accumulation of PAR chains at the Hsp70 loci. Early on (10 minutes
HS), the number or size of these chains is small enough that many proteins can easily
diffuse into and out of the area. Some factors like Spt6, however, may already be partially immobilized because of their affinity for nucleic acids. Over time (20 minutes HS
and then 40 minutes HS), the number of PAR chains increases at the Hsp70 loci reducing the ability of some factors (Topo I and CycT) to freely diffuse with the nucleoplasm
and fully preventing the exchange of Spt6 and Pol II with the nucleoplasm, although
they can be reused for continued rounds of transcription [235].
Notably, both Pol II and Spt6 are PARylated by PARP [44, 108], which may suggest a role for the direct modification of these proteins in their progressive retention
within the transcription compartment. As a large number of transcription factors are
also PARylated, including Topo I, the direct PARylation of transcription could be a general mechanism for PARs involvement in compartmentalization. When PARP catalytic
activity is inhibited, PARG is able to degrade existing PAR units, destroying the porous
barrier that was formed over the course of HS. The destruction of the barrier now allows
diffusion between the nucleoplasm and the locus, resulting in the fluorescence recovery
of Pol II and Spt6 at the loci. Presumably the other factors, which are retained in the
compartment, also will be remobilized and able to recover after treatment with PJ34.
However, a thorough study regarding the role of PAR on the compartmentalization of
transcription factors requires a future, concentrated study, and could involve a number
of different interactions that restrict transcription factors in different ways.
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Figure 4.7: Model for the progressive formation of transcription compartment during the time course of HS.
PARylated proteins accumulate at the Hsp70 loci over HS activation. The accumulation
of PAR restricts the ability of proteins to diffuse into and out of the compartment, with
individual factors behaving differently, with Spt6 and Pol II unable to exchange with the
surrounding nucleoplasm by 40 minutes HS. Treatment with PJ34, a PARP inhibitor, at
40 minutes HS, reduces the amount of PAR present and restores the ability of Pol II to
exchange with the nucleoplasm. Light shaded arrows represent the potential dynamics
of the transcription factors after PJ34 treatment.
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4.3.2

Histone and PARP retention

Finally, our study addresses whether histones remain associated with the Hsp70 loci
after activation and chromatin decondensation. This question has been debated for
decades with some experiments resulting in an observed decrease of histones from the
gene [164] and some experiments suggesting that they remain associated [150]. By addressing the retention of histones at the Hsp70 loci we are able to partially reconcile
these differences.
Interestingly, the results indicated that H2B remains associated with the loci even
though upon activation the nucleosomes rapidly dissociate from the Hsp70 genes [164].
Therefore, we suggest that the early transcription compartment may be involved in retaining H2B at the Hsp70 loci. Additionally, our observation that PARP also remains
associated with the Hsp70 loci suggests that PARP might be a component of the compartment. However, further experiments are needed to test these hypotheses.
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CHAPTER 5
CHARACTERIZATION OF THE RECRUITMENT AND DYNAMICS OF
DROSOPHILA SET11

5.1

Introduction

In eukaryotic organisms, the covalent modifications of histones impact the accessibility of nucleosomes [226]. Certain modifications are representative of transcriptionally
active and decondensed chromatin. One of these modifications, H3K4me3, is a major
mark of transcriptionally active chromatin found near the 5-end of transcriptionallyactive genes in yeast and metazoans [15, 183, 188].
In metazoans, multiple enzymes (up to 10 in mammals) have been shown to be responsible for writing the H3K4 methylation mark [118, 183]. In Drosophila, in vitro and
in vivo studies have identified three methyltransferases responsible for H3K4 methylation including: Trx6, Trr7 and Ash1 [18, 28]. To date, the widely held consensus is that
these factors are responsible for deposition of the histone H3K4me3 mark in Drosophila
[118, 55]. However, with the exception of the aforementioned studies where a limited
number of genes were examined in vivo, no compelling evidence exists to show that
these enzymes are responsible for writing the H3K4me3 mark at the global level.
Interestingly, in yeast, only one factor, SET1, is responsible for methylating histone
H3K4. Therefore, Behfar Ardehali looked for SET1 orthologs in Drosophila and identified the uncharacterized CG40351 [10] and called the novel candidate gene Drosophila
Set1 (dSet1/dKMT2, hereafter referred to as dSet1). Before its identification as a histone methlytransferase, CG40351 remained uncharacterized, except for one study where
1 Parts

of this chapter are currently being written up for publication [7]
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CG40351 was knocked down (KD) by RNAi to test its involvement in dosage compensation in flies [240].
Interestingly, recent studies using RNAi knockdown of Drosophila H3K4 methyltransferases suggest that dSet1 is the only factor responsible for maintaining H3K4me3
levels in the cell and on transcriptionally active genes [10], suggesting that dSet1 is the
principal histone H3K4 trimethyltransferase in flies. To begin to characterize its role in
transcription, we addressed the localization and dynamics of an eGFP-tagged dSet1 to
specific chromosomal loci in polytene nuclei. I observed that the recruitment of dSet1
precedes RNA polymerase II (Pol II), and like many transcription factors (Table 1.1), it
is dynamically associated with specific chromosomal loci.

5.2
5.2.1

Results
dSet1 Co-localizes with Pol II and is Recruited to the Hsp70 Loci upon Transcription Activation

To examine both the genomic distribution of dSet1 on polytene chromosomes as well as
the kinetics of association of dSet1 with the induced Hsp70 loci in vivo, we generated
a GAL4-inducible transgenic fly line expressing an eGFP-dSet1 fusion protein. First
we confirmed expression of eGFP-dSet1 in the salivary glands of 3rd instar larvae by
Western Blot (Figure 5.1A). As expected, I observed expression of a fusion protein of
predicted molecular mass (∼213 KDa) in eGFP-expressing glands. Furthermore, confocal reflection microscopy (CRM) produces images similar in appearance to traditional
differential interference contrast microscopy (DIC), and is able to detect differences in
optical densities in the sample, which allows the the nucleus (high optical density) to
appear brighter in CRM and DIC images. Therefore, CRM can be used in combination
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Figure 5.1: Expression of dSet1 in Drosophila Salivary Glands
(a)Western Blot on lysates from eGFP-dSet1 and control salivary glands showing expression of a tagged protein of the right size (∼213 KDa) in the eGFP-dSet1 animals
(by B. Ardehali). (b) Confocal reflection microscopy (CRM) and GFP image showing
nuclear localization of eGFP-dSet1 in living salivary gland cells.
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with LSCM of eGFP to reveal the nuclear association of eGFP tagged factors and has
revealed that eGFP-dSet1 predominantly localizes in the nucleus (Figure 5.1B).
Nuclear localization is not the only criterium required for a factor to be involved in
transcription processes. Therefore, I determined if dSet1 localizes to transcriptionally
active loci, including the Hsp70 loci, in living cells. To do this, I co-expressed eGFPdSet1 with mRFP-Pol II and imaged nuclei before and after HS (Figure 5.2). Before HS,
eGFP-dSet1 showed strong co-localization with mRFP-Pol II (Rpb3 subunit) at many
developmental loci (Figure 5.2A). After HS, however, these same sites disappeared and I
observed co-localization of dSet1 at the Hsp70 loci (Figure 5.2B); supporting the notion
that dSet1 is generally associated with sites of active transcription by Pol II.
We next sought to closely examine the recruitment kinetics of dSet1 to the Hsp70
loci, 87A and 87C upon HS activation. To this end, I employed LSCM in living salivary
gland cells (See Chapter 2.3.3 for Methods). Similar to what had been reported previously, Pol II was recruited to the HS loci and reached a plateau around 8 minutes after
HS [235, 244]. Interestingly, and in contrast to Pol II [235, 244], eGFP-dSet1 was recruited to the Hsp70 loci with the fluorescent intensity reaching peak intensity around 6
minutes after HS activation (Figure 5.3 C). Unlike Pol II, or any of the previously studied transcription factors at Hsp70, except HSF [244], dSet1 decreases in fluorescence
intensity, until a steady state, above background, is reached around 8 minutes after HS
(Figure 5.3 C). In Figure 5.3 A and B, this decrease in mean fluorescence intensity is
apparent.
The previously observed mean fluorescence intensity decrease of HSF was attributed
to chromatin decondensation and the subsequent increase if puff volume [244]. To address whether decondensation is a factor in the decrease in mean fluorescence intensity
of dSet1, I measured the total fluorescence intensity of dSet1 using a constant volume
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Figure 5.2: The Recruitment and Localization of Transcription Factors on the
Hsp70 gene upon HS
LSCM images of the different polytene nuclei expressing eGFP-dSet1 and mRFP-Pol II
(A) before HS and (B) 20 minutes after HS. For both figures the left panel is eGFPdSet1, in the middle panel is mRFP-Pol II and the right panel is a merge of the two
factors.
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Figure 5.3: The Kinetics of dSet1 Recruitment to the Hsp70 Loci upon HS
(A and B) Representative time course images illustrating the localization of eGFP-dSet1
over the course of HS. (A) Shows the localization of the eGFP-dSet1, while (B) a merge
between the eGFP-dSet1 (green) and Pol II (red). The 1st image (0 sec) of each panel is
the NHS image, 2nd image on represent different time points after HS. Arrows indicate
the Hsp70 loci, and a increase followed by decrease in eGFP-dSet1 intensity can be
seen in these images. Scale bars are 10 µm. (C) Mean fluorescence intensity (F. I.) and
(D) Total F. I. plots of eGFP-dSet1. Mean F. I. plot uses Pol II as an indicator for the
volume of the Hsp70 loci, Total F. I. plot uses a constant volume. Error bars represent
the standard deviation and represent 6 nuclei.
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around the Hsp70 loci. As shown in Figure 5.3D, total dSet1 fluorescence intensity
levels still drop after 6 minutes. Together with the knowledge that chromatin decondensation occurs concomitantly with Pol II recruitment, it suggests that dSet1 is in fact
partially leaving the Hsp70 loci after activation.

5.2.2

dSet1 Interacts Dynamically with Transcriptionally Active Loci

We also utilized FRAP to study the local exchange dynamics of dSet1 at the Hsp70 loci,
87A and 87C, as well as some developmental loci that are associated with dSet1 before
HS activation (Figure 5.4). I observed a fast rate of recovery (ko f f = 65 ± 4×10−3
seconds) for the Hsp70 loci at 8 minutes after HS, indicating a dynamic association
of dSet1 with the Hsp70 loci. However, dSet1 only recovered to 60% of the initial
levels. This lack of complete recovery can be explained by the timing of HS duration.
8 minutes after HS, dSet1 intensity at the Hsp70 loci has already started to decrease
(Figure 5.3C). Because the total amount of dSet1 is less after FRAP, it could not reach
complete recovery.
The single exponential recovery profile observed with dSet1 is indicative that the
majority of dSet1 participates in a dynamic interaction with the Hsp70 loci, and is distinct from the FRAP profile of Pol II, which recovers linearly over the time course of
transcription elongation [235]. Notably, the τ1/2 of dSet1 is ∼10 seconds, which is
much larger than expected if dSet1 was able to freely diffuse in around the Hsp70 loci.
Therefore, like most other transcription factors (Table 1.1), dSet1 is transiently retained
on the chromosome, and the recovery of dSet1 is most likely limited to the time it takes
for the enzymatic reaction to occur.
In addition to photobleaching the Hsp70 loci, we photobleached random loci in the
NHS nucleus and monitored their fluorescence recovery. The sites we photobleached
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Figure 5.4: FRAP Analysis of dSet1 at the Hsp70 Loci and Transcriptionally Active
Developmental Loci
FRAP analysis of dSet1 at (A) Hsp70 loci after 8 minutes of HS, and (B) developmental loci before HS. All sites photobleached co-localized with Pol II. FRAP curves were
normalized to pre-bleach equal to 1 and first image after the bleach equals 0. Error bars
in (A) represent the standard deviation and FRAP curves in (B) represent the developmental loci photobleached, with up to 4 loci being bleached in different 3 glands.
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co-localized with Pol II and therefore likely represent transcriptionally active developmental loci. In all cases, FRAP of dSet1 at developmental loci showed similar rates
of recovery, however there were differences in total amount of recovery with some loci
recovering completely and others containing a large immobile fraction (Figure 5.4B).
These differences may be due to when these genes were activated during development.
Nonetheless, in all cases, these results support the dynamic association of dSet1 with
active transcription loci.

5.3

Discussion

Characterization of dSet1, a previously uncharacterized gene, using live cell imaging has
provided novel insights into its role in transcriptional regulation. First, co-localization
between dSet1 and Pol II at specific chromosomal loci indicated dSet1 plays a role in
transcriptional regulation. Furthermore the kinetic analysis of recruitment shows that
dSet1 is recruited to the Hsp70 loci either faster or earlier than Pol II, suggesting that
dSet1 is trimethylating H3K4 before Pol II fully occupies the loci. Because the temporal
resolution is low, this could suggest two possibilities. (1) H3K4me3 occurs as soon as
Pol II begins to transcribe, therefore full recruitment of Pol II at the loci is not required
for full recruitment of dSet1 at the loci or (2) H3K4me3 precedes the escape of Pol II into
active elongation and addition recruitment of Pol II. A higher temporal resolution study
of dSet1 recruitment to the Hsp70 loci will distinguish between these two possibilities.
However, H3K4me3 can occur on genes before they are transcriptionally active [200],
indicating that H3K4me3 precedes transcription activation.
FRAP analyses have also provided insight into the association of dSet1 with the
Hsp70 loci and developmental loci. τ1/2 and recovery rates estimates describe a transient association between dSet1 and the transcriptionally active loci, however, like most
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transcription factors, the transient association of dSet1 is retarded by an interaction between dSet1 and the loci. Kinetic modeling using a single exponential equation estimates the recovery time of dSet1 and suggests that the trimethylation of H3K4 by dSet1
lasts no longer than 65 ± 4×10−3 seconds. However, this measurement could overestimate the enzymatic rate because additional non-enzymatic interactions could occur
at the loci resulting in the observed ko f f .
Live cell imaging of transcription factors at the Hsp70 loci in Drosophila polytene
nuclei has previously identified the gradual accumulation and retention of all transcription factors previously studied at a transcription compartment [235, 244]. This study,
has further characterized the interaction of proteins with the transcription compartment,
even though it did not study the change in dSet1 dynamics over different HS durations,
by FRAP, in depth. The defining results were the recruitment assays, which showed that
during early HS, dSet1 is first recruited to the loci and then partially removed from it.
dSet1 is the first example of a protein, imaged using live cell imaging, which actually
leaves the loci during HS.
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CHAPTER 6
PERSPECTIVES AND FUTURE DIRECTIONS1

This thesis provides a focused study of the Hsp70 loci of Drosophila polytene chromosomes, which indicates that HS activation precipitates the de novo assembly, accumulation, and retention of transcription factors at activated regions [244] and provides a
follow up to a previous study which identified a number of these features for Pol II [235].
In this thesis, I studied a number of mechanisms for the in vivo regulation of transcription within living cells including the recruitment of transcription factors to sites
of active transcription, their accumulation and retention in a concentrated transcription
compartment, and measured their binding affinity with native loci. In addition, I helped
characterize a newly identified Histone H3 lysine 4 trimethyltransferase, by assaying its
recruitment and dynamics to the Hsp70 loci in living cells.

6.1

Transcription Compartment

The term “transcription compartment” has been coined to describe the changes in protein dynamics leading to the progressive, local retention of transcription factors to activated loci. In this section, I will compare our observations of a transcription compartment to the previously described transcription factories and then I will discuss the
relevance and generality of the transcription compartment and future directions that can
provide a beginning to this understanding.
1 Parts

of this chapter have been submitted to the 75th Cold Spring Harbor Symposium in Quantitative
Biology for publication [74].
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6.1.1

Comparison of the Transcription Compartment with Transcription Factories

Evidence for a transcription compartment arose from MPM, LSCM, and SDCM images
of native cytological loci in living cells [235, 244]. Using FRAP at the Hsp70 loci in
polytene nuclei, it was shown that photobleached Pol II was initially replaced rapidly by
unbleached Pol II 20 minutes after HS; however, recovery was not observed 60 minutes
after HS [235]. This change from full exchange of Pol II at 20 minutes to undetectable
exchange at 60 minutes occurs in a progressive manner [235]. Additional data indicate that transcription is still occurring after 60 minutes at these sites, suggesting that
the bleached Pol II molecules are locally retained in a transcription compartment and
recycled for transcription observed at late time points [235].
While the compartment was initially characterized for Pol II, this model would predict that other transcription factors would be retained in the compartment structure. Indeed, as we have shown in this thesis, the exchange of P-TEFb, Spt6, and Topo I at
Hsp70 loci, as measured by FRAP, progressively decreases after longer HS times. Interestingly, we also showed that the transcription compartment is requires PARP catalytic
activity, further implicating PARP as an important player in the chromatin changes that
occur following HS [164, 244]. We also showed the de novo recruitment and accumulation of the transcription factors at the Hsp70 loci in Drosophila salivary glands, using
SDCM. Interestingly, maximum recruitment of Pol II and the transcription factors occur ∼8-10 minutes after HS, which correlates with the time it takes for the Hsp70 loci
to reach maximum volume, but requiring more time than maximum occupancy of the
Hsp70 genes [244].
The two defining characteristic of compartments are the progressive retention of
transcription factors and the de novo recruitment and accumulation of transcription fac106

tors at activated regions [235, 244], which have been identified through in depth studies
at the Hsp70 loci. Interestingly, compartment-like features are also found at numerous developmental loci, in Drosophila salivary glands, illustrating the generality of this
structure [235]. However, the “transcription factory” model, proposes an alternate view,
in which co-regulated genes relocate upon activation to preformed foci containing Pol II
and the transcription machinery [87]. Support for the transcription factory model stems
from fluorescence in situ hybridization (FISH) data which indicate that co-expressed
genes co-localize with Pol II foci more frequently when active, compared to when they
are inactive [158, 159].
However, the transcription factory model does not hold true for HS regulated genes,
as FISH of Hsp70 and Hsp83 revealed that the frequency of interactions of these two
loci and their distribution in the nucleus does not change upon gene activation in diploid
cells [235]. Furthermore, live cell imaging within polytene nuclei indicates that the
Hsp70 loci are not repositioned upon gene activation. Similarly, in mouse 3134 cells it
was shown that a tandem array of the MMTV promoters does not relocate within the
nucleus after activation [16]. Additionally, live cell imaging of MS2-GFP binding to the
nascent RNA of a β -globin gene construct harboring MS2 binding sites, revealed that
transcriptional activation does not cause it to move from the nuclear membrane to the
interior of the nucleoplasm [112]. These data, taken together, suggests that at minimum,
the “de novo” accumulation of factors at active loci occurs beyond the Hsp70 loci of
Drosophila and is likely a general model of gene regulation.
The main features of contention between the transcription compartment and transcription factory models, as mentioned above, are the recruitment of genes to pre-formed
transcription factories. To date, no live cell imaging methods have shown the recruitment
of activated genes to a pre-formed transcription factory, and live cell imaging studies into
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the dynamics Pol II have shown that Pol II is not stably associated with a “transcription
factory” [102]. However, some features of the transcription factory model may still be
compatible with the transcription compartment model, including the possibility that a
local accumulation of transcription factors could occur around genes that are similarly
regulated, especially if these genes already co-localize with each other [209]. In fact, it
may be a way to increase the local concentration of transcription factors at these genes.

6.1.2

Retention of Transcription Factors in the Transcription Compartment

In Chapter 3, we showed that P-TEFb, Spt6 and Topo I were all progressively retained
at the Hsp70 loci over the course of transcription activation, although the degree of retention varies between the three factors. P-TEFb and Topo I are able to partially recover
fluorescence even after 60 minutes of HS, while Spt6 becomes completely retained at
the Hsp70 loci by 40 minutes of HS. Together, the observations that the dynamics of
these three factors are affected by the length of HS, in addition to Pol II [235], suggests
that “compartmentalization”, or the progressive decrease in protein dynamics over transcription activation, is a phenomenon not limited to Pol II. However, at this time, the
transcription compartment and its effect on protein dynamics has only been studied at
the Hsp70 genes in Drosophila polytene nuclei. Therefore, in order to fully appreciate
the importance of transcription compartments on the regulation of transcription, it will
be important to address the presence of transcription compartments at other genes in
polytene nuclei, as well as within diploid cells.
As of now, the transcription compartment has only been identified at the Hsp70
loci in polytene nuclei; however, live cell imaging studies in diploid cells suggest that
some of the characteristics of a transcription compartment are conserved [16, 112]. The
following questions are critical to understand the generality of the transcription com-
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partment: (1) do other genes in polytene nuclei for a transcription compartment? (2) do
transcription factors compartmentalize at native loci in diploid cells? and (3) does compartmentalization occur in other organisms? To properly answer these questions, it may
be necessary to develop new imaging methods, in order to improve image resolution
and signal-to-noise. However, in the mean time, it may be possible to use tandem arrays
in diploid cells using either Drosophila cells or cells from other organisms, in order to
provide a first order view of this process.

6.1.3

Role of PAR in the Retention of Transcription Factors in the Transcription
Compartment

Inhibition of PARP catalytic activity leads to the prevention of chromatin decondensation upon activation, which indicates that PAR plays a role in the chromatin decondensation of transcriptionally active puffs [215]. Furthermore, PAR is covalently attached as a
post-translational modification onto acceptor proteins, including PARP, Histones, Pol II,
Spt6 and Topo I, through the activity of PARP [44, 108]. Therefore in Chapter 4, we
addressed the role of PARP catalytic activity on the retention of Pol II and Spt6 within
the transcription compartment, and observed a dramatic increase in transcription factor
dynamics compared to a control.
The complete remobilization of Pol II and Spt6 at the Hsp70 loci, suggests that
through the inhibition of PARP, the levels of PAR at the Hsp70 loci are not only prevented from accumulating, but also are actively degraded during the 5 minutes inhibition
of PARP. As steady state levels of PAR in the cell are regulated through the opposing
activities of PARP and PARG [44], this result indicates that PARG is also present at the
Hsp70 loci and is actively regulating the levels of PAR at the Hsp70 loci. In order to
better understand the role of PAR in transcription compartment formation, we need to
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address the opposing activities of PARP and PARG. Preliminary results suggest that the
RNAi knockdown of PARG leads to the early formation of the transcription compartment (unpublished data). However, further studies are required to address the interplay
between these PARP and PARG and their effect on the transcription compartment.

6.2

Synchronous Recruitment of Individual Transcription Factors

Previously, the synchronous transcription activation of genes in the Drosophila embryo
has been addressed and it was observed that genes containing a paused Pol II were synchronously activated (within 3 minutes of each other) while genes without a paused
Pol II were stochastically activated over the course of 20 minutes [23]. Our observation
that the HSF, Pol II, P-TEFb, Spt6 and Topo I are all individually and synchronous recruitment to the Hsp70 loci correlates with this observation, as the Hsp70 genes contain
the best studied paused Pol II, and it shows the transcriptional activation of the Hsp70
genes, can occur synchronously, through the synchronous recruitment of transcription
factors involved in both activation and elongation.
Using the Hsp70 loci, we were not able to identify a transcription factor that is
stochastically recruited, indicating either that the presence of a paused Pol II leads to
the synchronous recruitment of all transcription factors or that the polytene chromosomes, and amplification of chromatids, leads to an apparent synchrony in recruitment
due to the sheer number of potential interactions occurring at the loci. The ideal assay to address both of these possibilities is to measure the recruitment of transcription
factors to native loci in diploid cells. However, the optical technology is not yet at the
point where this measurement is possible, although currently advances are being made
to provide brighter fluorophore or higher optical resolution [80, 195].

110

With current technology, however, it is still possible to address the role of paused
Pol II in the synchronous recruitment of transcription factors using polytene chromosomes, or tandem arrays in diploid cells. Specifically, I believe that studying the
inducible recruitment of transcription factors to genes either containing or lacking a
paused Pol II would provide a more rigorous study of the role in pausing for the synchronous recruitment of transcription factors. Furthermore, if it were possible to see the
stochastic recruitment of transcription factors in polytene chromosomes at genes lacking
a paused Pol II, it would show that this observation is not a general feature of polytene
chromosomes.

6.3

Retention and Dynamics of PARP and Histones

In this thesis, we addressed whether transcription factors associated with the loci before
activation, such as PARP and H2B remained associated with the loci after activation
and saw that these factors were retained at the Hsp70 loci after activation. Although
in both of these cases, we observed the retention of these factors, we do not yet know
if it is a general mechanism of these types of transcription factors and propose that
a broader understanding regarding the retention of pre-activation associated factors at
the Hsp70 loci requires the study of other factors including DSIF, NELF, and GAF.
However, the results we observed indicate that the observation of a mean fluorescence
intensity decrease does not correspond to the removal of PARP and H2B from the Hsp70
loci and requires the change in volume to be considered.
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6.3.1

PARP

In this thesis, we identified a new function for PARP in transcriptional regulation, its
involvement in the formation of the transcription compartment after long lengths of HS
(up to 60 minutes HS). However, we were not able to see the recruitment of PARP to
the Hsp70 loci upon activation, and observed the mean fluorescence intensity at the
Hsp70 loci become less intense. The Spradling lab also showed that PARP is present at
the Hsp70 after HS; however, if you look closely the levels of PARP appear to be at a
lower concentration than the regions surrounding the loci [215]. Therefore, in this thesis
we addressed whether there was a recruitment of PARP to the Hsp70 loci, or the same
amount of PARP was associated with the Hsp70 loci before and after activation, or there
was a decrease in total PARP levels with the Hsp70 loci. Interestingly, we observed the
total levels of PARP remained constant over the course of a 20 minute HS.
The assay looking at total fluorescence intensities does not address protein dynamics
and it is possible that PARP is transiently associating with the Hsp70 loci at these times.
Therefore a complete study of the dynamics of PARP upon HS at the Hsp70 loci would
define what the mechanism of retention is for PARP upon activation. Furthermore, as
the catalytic activity of PARP is responsible for the progressive retention of transcription
factors at the transcription compartment, it would be interesting to determine whether
the inhibition of PARP with PJ34 would lead to its dynamic association with the Hsp70
loci or the eventual loss of PARP from the loci.

6.3.2

Histones

We also addressed the retention of the histone H2B within the loci, which was of interest
because ChIP and nucleosome protection assays suggest that histones may be lost from
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the Hsp70 gene after HS [164]. However, HS requires the recruitment and activity of
histone chaperones and nucleosome remodelers and previous experiment looking at the
accumulation of PAR at transcriptional active loci on polytene chromosomes hypothesized a role for PAR at the loci was to keep transcription factors and histones associated
with the loci [215]. This hypothesis correlates with our observation that the accumulation of PAR at the Hsp70 loci is responsible for the progressive retention of transcription factors at the Hsp70 loci and therefore we suggested histones would similarly be
retained.
The results presented in this thesis show that the total levels of H2B remain constant
before and after activation. Like the PARP studies, this result does not address dynamics of the interaction between H2B and the loci; therefore studies addressing this are
required. Furthermore, we would like to address whether the initial population of H2B
is reassembled on the Hsp70 loci after recovery from a HS. A complete understanding
the role of histone retention however should also include histones with known variant
factors that associate with the gene after activation, such as H3 and H3.3. Together
these results will identify whether histones are dynamically associated with the Hsp70
loci and furthermore it will show whether there is a directed or indirected replacement
of histones upon activation.

6.4

Characterization of Uncharacterized Transcription Factors

In Chapter 5, we applied live cell imaging methods that were applied in Chapters 3
and 4, in order to understand the recruitment and dynamics of a previously uncharacterized protein. Multiple enzymes which can trimethylate H3K4me3 have been identified
in Drosophila, however, there is little in vivo evidence linking these factors to the methylation mark on a global scale. Interestingly, the only yeast H3K4 methylase, SET1, was
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not previously identified in Drosophila until recently [7]. Therefore, we identified the
localization and dynamics of dSet1 at the Hsp70 loci and developmental loci, in order
to set limits on its activity in transcription.
First, dSet1 was shown to be a nuclear localized protein that also co-localized with
Pol II at developmental active loci and the active Hsp70 loci. These results, indicate that
dSet1 was involved in transcription regulation, as was suggested by its homology to the
yeast SET1. Furthermore, by monitoring the recruitment of dSet1 to the Hsp70 loci, we
observed its recruitment either earlier than Pol II or at a rate that is faster than Pol II, or a
combination of both, using LSCM. Using a higher temporal resolution method, such as
SDCM, it would be possible to distinguish between the two different possibilities. The
current results, however, suggest that dSET1 is required at a slightly earlier step than
Pol II, which is consistent with the previous observation that the H3K4me3 mark can
occur before Pol II recruitment [200]. Finally we measured the dynamics of dSet1 at the
Hsp70 loci and developmental loci and showed that dSet1 is transiently associated with
transcriptionally active loci.
Interestingly, after dSet1 reached maximum recruitment at the loci there is a decrease
in mean fluorescence intensity. Notably, this decrease does not correspond to chromatin
decondensation and the total fluorescence intensity also showed a decrease. This is the
first case where we saw a protein leave the Hsp70 loci after activation and indicates
that at early time points (before 20 minutes HS), factors can enter and exit the loci.
Notably, dSet1 is not completely lost, but appears like it is at least partial retained at
the loci. Further experiments into other proteins that have a early role in activation may
help define what the transcription compartment is and how proteins are effected by its
presence.
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APPENDIX A
GENERATION OF TRANSGENIC DROSOPHILA LINES AND CROSSES

In order to generate transgenic fly lines, we used the Invitrogen Gateway® recombination cloning technology with FP-tagged Drosophila expression vectors. We then had
the DNA injected into the Drosophila germline and selected flies for positive p-element
integrations using the expression of the w+ gene. Details into the specific cloning steps
are listed below.

A.1

Gateway Cloning

The Invitrogen Gateway® recombination cloning technology is a convenient and flexible method for generating epitope tagged proteins for multiple uses [90]. It was first
developed as a recombination cloning technology by Hartley et. al and is based on the
site-specific recombination of bacteriophage λ [78].
Bacteriophage λ uses site-specific recombination to integrate into the bacterial host
genome during the lysogenic phase and to excise from the host genome during the lytic
phase [114]. Integrative recombination, during the lysogenic phase, occurs between the
viral encoded attP site and the bacterial encoded attB site mediated by integrase (Int)
and bacterial encoded integration host factor (IHF) to produce the hybrid sites attL and
attR [114]. Excisive recombination, during the lytic phase, occurs between the attL and
attR to produce attP and attB and requires the use of an additional protein excisionase
(Xis) [114, 78].
Hartley et al. adapted this system to provide an in vitro recombination cloning
method using two modified sets of att sites [78]. In this method, the gene of interest
is amplified with two different attB sites on either end. Then, through incubation with
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Figure A.1: Model of Gateway® Recombination Reactions.
(A) BP reaction using an attB flanked PCR product for the attB substrate. Addition of Int
and IHF catalyzes the recombination of the attB substrate with the “Donor vector” (attP
substrate to form an “Entry” vector containing attL sites and a lethal by-product. (B)
LR reaction using the “Entry” vector created with the BP reaction and a “Destination”
vector containing attR sites. Addition of Int, IHF, and Xis catalyze this reaction for
form the “Expression” vector, containing attB sites, and a lethal by-product. The ccdB
gene is a selection marker that inhibits the growth of specific E. coli strains. Modified
from [90].
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Int, IHF, and a “Donor” vector containing complementary attP sites permit recombination between the two constructs. This reaction creates an “Entry” vector containing
the hybrid attL sites and a lethal by-product containing the attR sites (Figure A.1A ).
Further incubating the “Entry” vector with a “Destination” vector containing attR sites
along with the enzymes Int, IHF and Xis promotes recombination between the two vectors yielding an attB containing “Expression” clone and a lethal by-product, due to the
presence of an expressed ccdB gene (Figure A.1B).
“Destination” vectors have been created for a number of uses including bacterial
expression [90], N- or C-terminal fusions [90] and Drosophila expression [148]. For our
studies, we used the Drosophila Gateway® vectors, provided by the Murphy Lab [148],
to generate epitope tagged proteins that can then be expressed in flies by integrating
the plasmid into the Drosophila genome using P-element transformation [148]. These
“Destination” vectors contain P-element binding sites which flank both the white (w)
gene and the FP tagged Gateway® cassette under the control of the UASt promoter. The
UASt promoter consist of the Upstream Activating Sequence (UAS), containing five
Gal4 binding sites, followed by an hsp70 TATA box and transcription start site.
For the Drosophila constructs generated by Gateway® Recombination (Table A.1,
method: Gateway), we first amplified the cDNA with Pfu polymerase using the Gateway primers listed in Table A.2, which contain the necessary attB sites. The BP and
LR reactions were done according to the manufacturers recommendation using half the
volume. Briefly, 75 ng attB PCR product was incubated with 75 ng pDONR221 vector
in the presence of BP Clonase I (or II) enzyme mixture. The reaction was allowed to
proceed for 1 hour and terminated using 1 µg Proteinase K. 1 µl for reaction was transformed into E. coli and transformants were confirmed by sequencing [90]. Then, 75 µg
of the transcription factor “Entry” vectors were incubated with an 75 µg of the appropri-
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Table A.1: Drosophila Constructs Generated in the Lab
CJF–Chris J. Fecko, JY–Jie Yao, KLZ–Katie L. Zobeck, H.R.–Homologous Recombination
References (Refs) are for the source of DNA, which was amplified from w118 fly lines
in the cases where no reference was listed. The Rpb3-eGFP and HSF-eGFP fly lines
were previously published [236, 235].
Protein
CycT
H2B
H2B
HSF
Med17
PARP
pRpb1
Rpb2
Rpb2
Rpb3
Rpb3
Rpb9
Rpb9
Spt6
Topo I
Topo I

Tag
mRFP
mRFP
paGFP
eGFP
mRFP
eGFP
eGFP
eGFP
mRFP
eGFP
mRFP
eGFP
mCherry
eGFP
eGFP
paGFP

Placement
N-terminus
C-terminus
C-terminus
C-terminus
N-terminus
C-terminus
base of CTD
C-terminus
C-terminus
N-terminus
N-terminus
C-terminus
C-terminus
first intron
first intron
N-terminus

Method
Gateway
Gateway
Gateway
Gateway
Gateway
Gateway
H.R.
Gateway
Gateway
Gateway
Gateway
Gateway
Gateway
FlyTrap
FlyTrap
Gateway

By
KLZ
CJF
CJF
JY
KLZ
SJP
KLZ
KLZ
KLZ
JY
JY
KLZ
CJF
N/A
N/A
KLZ

DNA Source
pBAC-P-TEFb
dm500
dm500
SD02833
SD10038
RE04933
w1118 DNA
LD22387
LD22387
GH07456
GH07456
w1118 DNA
w1118 DNA
N/A
N/A
RE58921

Refs
[161]
[120]
[120]
[182]
[182]
[205]
[182]
[182]
[182]
[182]
[27]
[27]
[205]

ate “Destination” vector with the LR Clonase I (or II) enzyme mixture and transformed
in to E. coli in the same manner as the BP reaction above [90]. N-terminal eGFP, Nterminal mRFP and C-termianl eGFP tags used the Murphy Lab vectors pTGW, pTRW
and pTWG, respectively. While the N-terminal paGFP and C-terminal mCherry tagged
vectors were modified from the Murphy vectors by Katherine Kiekhaffer and Chris
Fecko to include either photoactivatable GFP (paGFP) or mCherry a more stable RFP.
The final “Expression” vector was sent off for injection to either Best Gene Inc. or
Genetic Services Inc. These companies co-inject w1118 flies with the DNA construct and
P-element transposase in order to get a semi-random integration of the DNA construct
into the Drosophila genome. Germline transformants can be identified by the expression
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of w+ in F1 progeny of injected embryos, and single chromosome insertions are isolated
and balanced with the appropriate “balancer” chromosome.
Because a UASt promoter drives the FP-tagged gene, the resulting transformants do
not express the FP-tagged transcription factor. Expression of the protein requires the
expression of the yeast transcriptional activator Gal4 within the fly. Notably, there is
a large collection of potential Gal4 expression lines, which express Gal4 in different
tissues and stages of development using either known promoters to drive the expression
of Gal4 or expression through the random p-element integration into natural enhancers.
In this study we mainly used one of four Gal4 expression lines to drive the expression
of the FP-tagged factors in the salivary glands. They are Sgs3-Gal4, C729-Gal4, C147Gal4 and Fkh-Gal4. The specific crosses to express the transcription factors used in this
thesis are listed in Figures 2.2 and 2.3.

A.2

Obtaining Additional Fly Lines

Not all of the transcription factors used in this thesis were generated in house, or via
Gateway P-element transformation. Some of the transcription factors (Spt6 and Topo I)
were obtained as a result of a large-scale protein trap screen initiated in 2001 by the
Chia lab in order to endogenously tag proteins with eGFP. In this screen they used
a protein trap p-element transposon, which carries an artificial exon encoding eGFP
flanked by splice acceptor and donor sequences. Random integration of the P-element
into the genome will generate some insertions within introns of expressed genes, which
can be identified by the expression of GFP [145]. Over the years, the Chia, Cooley and
Spradling labs have isolated proteins endogenously tagged with eGFP using this method,
including Spt6 and Topo I (Flytrap names CC01414 and CA07692, respectively) [27],
two of the major factors involved in this study. The insertion of eGFP into these two
119

Table A.2: Primer Sequences
Protein
Primer
Gateway attB Primers
CycT fwd
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAG
TCTCCTAGC
CycT rev
5’-GGGGACCACTTTGTACAATAAAGCTGGGTTCTTGTTG
TAGACGGG
Topo I fwd
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGGATC
CAGTGGGGATGTGGCTGCC
Topo I rev
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCACGATA
ATTCTCATCGGCCATATG
Rpb2 fwd
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAT
GTACGACAACGAGGAAGAA
Rpb2 rev
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTAGGTGAC
CATCAGGCGTGG
Rpb9 fwd
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAC
GACTGCCTTTGATGC
Rpb9 rev
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTACTCCGT
CCAACGGTGGG
Homologous Recombination Primers
Rpb1-3’-fwd
5’-TGGAATGTGCAGAAGATCTTTCAC
Rpb1-3’-rev
5’-TAACTGCTAGCGTCTTCGCTCTCCTCGAACGT
Rpb1-dwn-fwd 5’-TATATATTAGCGGCCGCTGAGGAAGGGAGGACGGG
Rpb1-dwn-rev 5’-TATATATTAGCGGCCGCTCGTACATTATTTATGGATAAC
CC
GFP-NheI-fwd 5’-AAACGGCTAGCTTTGTGAGCAAGGGCGAGGAGCTGT
TCA
GFP-NotI-rev
5’-AAAAGGAAAGCGGCCGCGTCACTTGTACAGCTCGTC
CATGCCGAG
genes did not cause any defects in the transcription and splicing of the genes, aside from
adding a eGFP exon.
We also obtained fly line through the generous contributions of individual labs, especially the Hsieh lab. The Hsieh lab provided us with a YFP-Top3α (+/+; Sco/CyO;
Top3α-YFP), a YFP-Top3β (+/+; Top3β -YFP) and eGFP-Topo II (+/+; Topo IIeGFP) [232, 231]. Although, they were not used in the main thesis research, we imaged
these factors and did not observe any recruitment to the Hsp70 loci upon HS (unpub-
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lished data).

A.3

Homologous Recombination Attempts for Rpb1

The transcription unit of the largest subunit of Pol II, Rpb1, consists of multiple exons and introns. A full-length cDNA of Drosophila Rpb1 has not been isolated nor
has the Rpb1 gene endongenously tagged with eGFP intron using the FlyTrap screen.
Therefore, we had three options, 1) to isolate a full-length cDNA of Rpb1, 2) to clone a
full-length cDNA of Rpb1 by PCR amplifying the individual exons, or 3) to use homologous recombination to endogenously tag Rpb1 with eGFP.
Homologous recombination provides multiple benefits unavailable with the other
two techniques including the expression of Rpb1 using it endogenous promoter and
100% expression of the eGFP-tagged factor. There are two methods for homologous
recombination Ends In and Ends Out, which differ based on the position of double
strand break position and final product. Ends In homologous recombination breaks the
DNA within the homologous sequence and produces a duplication of the homologous
sequence, while Ends Out homologous recombination makes a double stranded break
outside of the homologous region, resulting in the replacement, not duplication, of the
homologous sequence.
Because of the issue with gene duplication, we decided to used Ends Out homologous recombination and generated a homologous recombination competent plasmid
based on the pP{whiteOut2} plasmid from the Sekelsky Lab [191]. This plasmid
contains the necessary FRT recombination sites and I-SceI restriction sites needed for
proper excision of homologous DNA and recombination events, p-element recombination sites and a mini-white gene for screening for p-element integration events. Between
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the I-SceI sites, we added 3 kb homologous sequence to the 3’ end of the gene, eGFP
sequence (in the proper frame) and three kb homologous sequence to the downstream sequences using the primers listed in Table A.2. Notably, our homologous recombination
competent Rpb1-eGFP vector contained an 80 bp insert after the eGFP stop codon before the down stream DNA element, but because the insert occurs after the stop codons,
we do not believe it should have a large effect on the protein expression.
The final vector containing the 3’ end of Rpb1, eGFP and the downstream DNA
(pRpb1-eGFP) was injected into w1118 flies and then balanced by Best Gene Inc. To induce homologous recombination, we crossed a 2nd chromosome insertion of the pRpb1eGFP to a fly line carrying heat shock inducible Flippase (Flp) and I-SceI endonuclease
(ry; 70-Flp v+23 ; 70-I-SceI v4a / Tm3) and heat shocked the F1 progeny twice on days 3
and 5 for an hour each at 36.5◦ C. F1 females were then crossed to w1118 males. 16–20
hour staged embryos were screened for eGFP expression using a 10x objective on widefield epi-fluorescence microscope. However, no positive transformants were isolated,
presumably because the background autofluorescence of the embryos were too high,
and the positive control for GFP embryos (eGFP-Rpb3 x mTubulin) could not be distinguished from wild-type embryos, suggesting the screening protocol was flawed. Any
future attempts at homologous recombination should include a detectable marker such
as y+ . However, because the homologous recombination of eGFP onto Rpb1 failed, we
plan to transgenically express a FP-tagged α-Amanitin resistant version of Rpb1. Because the inhibition of Rpb1 with α-Amanitin causes the specific degradation of Rpb1,
not the α-Amanitin resistant form of Rpb1 [153], we can then increase the ratio of FPtagged Pol II to un-tagged by treating the salivary glands with α-Amanitin, increasing
the probability of observing a FRET interaction.
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