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Summary

Uninduced heat shock genes are poised for rapid acti-
vation, with RNA polymerase Il (Pol ll) transcriptionally
engaged, but paused or stalled, within the promoter-
proximal region. Upon heat shock, this Pol Il is promptly
released from the promoter region and additional Pol
Il and transcription factors are robustly recruited to
the gene. Regulation of the heat shock response relies
upon factors that modify the efficiency of elongation
through the initially transcribed sequence. Here, we
report that Pol Il is susceptible to transcription arrest
within the promoter-proximal region of Drosophila
hsp70 and that transcript cleavage factor TFIIS is es-
sential for rapid induction of hsp70 RNA. Moreover,
using a tandem RNAI-ChIP assay, we discovered that
TFIIS is not required to establish the stalled Pol Il, but
that TFIIS is critical for efficient release of Pol Il from
the hsp70 promoter region and the subsequent recruit-
ment of additional Pol Il upon heat induction.

Introduction

Precise control of transcription is critical for the regula-
tion of gene expression and thus the differentiation, de-
velopment, and survival of the cell. While transcription
activation often involves the coordinated recruitment of
upstream activators, transcription factors, and the RNA
polymerase to the promoter, recent evidence has under-
scored the importance of continued regulation of tran-
scription throughout mRNA synthesis. In particular, in-
creasing interest has focused on factors that influence
transcription elongation through chromatin and the cou-
pling of transcription to mRNA processing (Arndt and
Kane, 2003; Hartzog, 2003; Shilatifard et al., 2003; Sims
et al., 2004). Moreover, localization of protein factors
in vivo has revealed that a number of genes have general
transcription factors bound and an RNA polymerase
present within the promoter region prior to activation,
suggesting that these genes are regulated at a step after
the recruitment and formation of a preinitiation complex
(reviewed in Lis, 1998).

One recognized mechanism for regulating transcrip-
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tion postrecruitment of the RNA polymerase involves
modulating the efficiency of elongation through the ini-
tially transcribed region. This mechanism is fundamental
for control of gene expression in organisms as diverse
as bacteriophage A, E. coli, Drosophila, human (e.g.,
c-myc and c-fos), and HIV-1 (Krumm et al., 1992; Laspia
et al., 1993; Lis, 1998; Plet et al., 1995; Roberts et al.,
1998; Strobl and Eick, 1992). In each of these systems,
transcription factors function together with aspects of
the initially transcribed sequence to control the progres-
sion of the RNA polymerase through the promoter-proxi-
mal region. Identifying the characteristics of the nucleic
acid sequence and the protein factors that regulate the
degree and duration of pausing that occurs is thus es-
sential for understanding this method of transcription
control.

The heat shock response in Drosophila represents a
robust, highly inducible system for studying regulation
at the level of transcription elongation. The Drosophila
heat shock genes are primed for activation under unin-
duced conditions, with Pol Il engaged but “paused”
within the first ~20-45 nt (Rasmussen and Lis, 1993;
Rougvie and Lis, 1988). The properties of “paused” Pol
Il at various sites in the promoter-proximal region are
not uniform (Rasmussen and Lis, 1995); therefore, here
we adopt the term “stalled” as a more general descriptor
(Fish and Kane, 2002). The stalled Pol Il is phosphory-
lated on Ser5 of the Pol Il CTD (but not Ser2), and the
nascent mRNA is partially capped (O’Brien et al., 1994;
Rasmussen and Lis, 1993). Heat induction allows for the
rapid release of this Pol Il into the body of the gene,
followed by recruitment of additional Pol Il (Boehm et
al., 20083; Lis, 1998). Escape from the promoter-proximal
region has been shown to be the rate-limiting step in
transcription of the heat shock genes both prior to and
during the heat shock response (Lis, 1998; O’Brien and
Lis, 1991). Thus, regulating the kinetics of Pol Il recruit-
ment and elongation through the initially transcribed
sequence directly determines the levels of RNA pro-
duced.

Analysis of the Drosophila hsp70 gene has revealed
that, in addition to Pol Il, a number of transcription fac-
tors are associated with the promoter region in the unin-
duced state, including the DNA binding GAGA factor,
TATA binding protein, and the elongation factor Spt5
(Andrulis et al., 2000; Lis, 1998). Heat induction leads to
the rapid recruitment to hsp70 of Heat Shock Factor,
Mediator, the Pol Il CTD kinases P-TEFb and TFIIH,
transcription factors Spt5 and Spt6, FACT, and the RNA
processing exosome (Andrulis et al., 2000, 2002; Boehm
et al., 2003; Lis et al., 2000; Park et al., 2001; Saunders
etal., 2003; Schwartz et al., 2003). Recently, the putative
transcription elongation factor NELF has been sug-
gested to play a role in establishing a stalled Pol Il at
hsp70 (Wu et al., 2003). However, the interplay between
the general transcription factors and the factors that
specifically modulate stalling versus release of Pol Il
within the promoter-proximal region remains to be de-
termined.

In a search for elongation factors that directly affect



Molecular Cell
104

the heat shock response, we identified, and report here,
a role for the transcript cleavage factor TFIIS. Like the
bacterial Gre factors, TFIIS rescues RNA polymerase
that has undergone reverse translocation, or “back-
tracking” along the DNA template (Borukhov et al., 1993;
Fish and Kane, 2002; Wind and Reines, 2000). Backward
movement misaligns the 3’ end of the nascent RNA
with the RNA polymerase active site, thereby prohibiting
continued RNA synthesis (Komissarova and Kashlev,
1997). Transcript cleavage factors restart the arrested
RNA polymerase by inducing internal cleavage of the
RNA by the polymerase active site, creating a new 3’
end that is properly aligned for catalysis (Izban and Luse,
1992; Reines, 1992). The activity of transcript cleavage
factors has been reported to stimulate promoter escape
and transcription elongation and to decrease pausing
(Guo and Price, 1993; Hsu et al., 1995). Recently pub-
lished structural and functional analyses of transcript
cleavage factors GreB and TFIIS complexed with their
respective RNA polymerases elucidate the mechanism
of this activity (Kettenberger et al., 2003; Laptenko et
al., 2003; Opalka et al., 2003; Sosunova et al., 2003):
TFIIS inserts a long coiled-coil domain into the RNA
polymerase secondary channel, helping to coordinate
a Mg*? ion required for the reverse-catalytic reaction.
However, although the detailed mechanism of TFIIS ac-
tivity is known, the in vivo roles for this activity remain
poorly defined.

We report herein that TFIIS influences the kinetics of
transcription of Drosophila hsp70, by modulating the
rate-limiting process of escape from the promoter-prox-
imal region. Using a combination of in vitro transcription
elongation assays and in vivo functional and ChlIP analy-
ses, we demonstrate that Pol Il is susceptible to back-
tracking and transcription arrest within the promoter-
proximal region of hsp70 and that TFIIS rescues the
arrested Pol Il so that it can be rapidly released into the
body of the gene upon heat shock. These results define
a specific in vivo target of TFIIS and reveal a mechanism
through which TFIIS-induced cleavage activity is re-
quired for gene activation.

Results

Transcription through the Promoter-Proximal
Sequence of hsp70

In vivo, Pol Il stalled on the uninduced hsp70 gene is
located primarily within the interval between +21 and
+35 nt with respect to the transcription start site (shown
in Figure 1A) (Lis, 1998). To investigate the kinetics of
Pol Il movement through this region, we established an
in vitro transcription assay that allowed us to monitor the
efficiency and rate of transcript elongation (Experimental
Procedures). Preinitiation complexes were formed on im-
mobilized DNA templates containing hsp70 sequences
(from —365 to +500) in Drosophila Kc nuclear extract
derived from non-heat-shocked cells. NTPs and heparin
were added to initiate a single round of transcription.
Aliquots were removed at the time points given (Figure
1B) and the reaction quenched immediately with EDTA.
Unincorporated nucleotides and unbound material were
washed away before analyzing the RNA species stably
associated with the transcribing Pol Il at each time point.

We note that because our template was biotinylated on
the downstream end, Pol Il did not run off the end of
our template and the full-length RNA was not released.

The data in Figure 1B reveal that the initially tran-
scribed sequence of hsp70 contains a number of spe-
cific sites at which Pol Il stalls, with much of the Pol Il
remaining in the promoter-proximal region (denoted by
a bracket) throughout the time course. Moreover, the
short, promoter-proximal RNA species actually repre-
sent a large fraction of the total transcript formed since
internal labeling of the nascent RNA results in the signal
intensity from each band being proportional to the
length of the RNA (and the number of U residues incor-
porated). The transient pauses observed in the promoter
proximal region of hsp70 in our in vitro system displayed
half-lives that are consistent with the in vivo kinetics
determined for escape from the hsp70 promoter region
in uninduced cells (t;,; for escape in vivo = 10 min [Lis,
1998]; compared to t;, = 9 min in vitro).

In order to compare the locations at which Pol |l stalls
in vitro to the distribution of stalled Pol Il determined
previously in vivo (Rasmussen and Lis, 1993, 1995), the
RNA species associated with elongation complexes
halted after 30 s of transcription were analyzed on a
denaturing gel that also contained short RNAs of known
length, derived from hsp70 by stepwise movement of
Pol Il through the initially transcribed sequence (see
Supplemental Figure S1B at http://www.molecule.org/
cgi/content/full/17/1/103/DC1/). This procedure allowed
us to map the positions of the predominant stall sites
as +26, +34, and +43 nt from the transcription start site
(Supplemental Figure S1B). Importantly, Pol |l stalled at
these particular sites in isolated nuclei could not be
efficiently stimulated to resume elongation upon heat
shock during run-on analysis, even in the presence of
sarkosyl at levels that would remove any negatively act-
ing factors (Lis, 1998). In prior work, the inability of these
particular Pol Il species to be restarted lead to two possi-
ble explanations: (i) these RNAs were premature termi-
nation products; or (i) Pol Il stalled at these particular
locations became inactive. The fact that short RNAs
of these lengths remain associated with Pol Il in vitro
through several stringent washes indicates that they are
unlikely to be termination products and suggests that
Pol |l stalled at these positions loses elongation compe-
tence.

Sarkosyl, When Added Immediately after Initiation,
Diminishes the Appearances of Pauses

We sought to determine whether factors in the nuclear
extract might alter the efficiency of transcription through
the promoter-proximal region or the duration of pauses
observed. As has been shown previously (Li et al., 1996),
transcription of the hsp70 promoter in nuclear extract
yields only a single round of initiation (Supplemental
Figure S2A), and while the addition of sarkosyl (to 0.5%)
stimulates transcription significantly, it does so only
when it is added shortly after the onset of transcription
(Supplemental Figure S2B). These results have been
interpreted to suggest that there is a limited time frame
in which removal of negatively acting factors by sarkosyl
can induce Pol Il to resume transcription (Li et al., 1996).
To evaluate the effects of sarkosyl in more detail, we
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(A) Sequence of the initially transcribed re-

gion of Drosophila hsp70. Arrows depict the

+43/44 locations at which the stalled Pol Il does not
efficiently resume elongation in vivo (Ras-

Sarkosyl mussen and Lis, 1995).
<4— 500 nt (B) Biotinylated hsp70 template was incu-
product bated in nuclear extract to allow preinitiation

complex formation. A single round of tran-
scription was initiated by addition of NTPs,
including radiolabeled a-*P-UTP, plus hepa-
rin (10 pg/ml). Samples were removed and
elongation quenched at the times indicated.
RNA that was stably associated with Pol Il
was analyzed on an 8% denaturing gel. The
full-length, 500 nt product is shown at right
by an arrow, and the promoter-proximal se-
quence shown in (A) is denoted by a bracket.

promoter- (C) Preinitiation complexes were formed as
proximal described above and split into two identical
region reactions before NTPs were added to initiate

transcription. Sarkosyl was supplied to the
reactions 10 s later, to a final concentration
of 0.05% sarkosyl (lanes at left), or 0.5% sar-

kosyl (lanes at right). Aliquots were taken and reactions quenched at 0.5, 1, 1.5, 2, 3, 5, and 10 min after transcription initiation. RNA species
were isolated and analyzed as described above. L denotes a pair of lanes containing the 100 and 10 nt denatured DNA ladders used as

relative size markers.

monitored the pattern of transcripts formed from hsp70
in the presence of a low (0.05%) or high (0.5%) concen-
tration of sarkosyl, added immediately after the NTPs.
Figure 1C shows that the presence of 0.05% sarkosyl,
a concentration frequently used to maintain a single
round of transcription, yields a pattern of transcript for-
mation that is similar to that shown in Figure 1B. In
contrast, the addition of 0.5% sarkosyl, which has been
shown to disrupt the interaction of elongation factors
with Pol I, serves to markedly enhance the apparent
rate of transcription of the hsp70 gene. Moreover, this
occurs largely through decreasing the appearance of
pauses within the promoter-proximal region. Thus,
these data are consistent with the hypothesis that nega-
tively acting factors in the extract bind to Pol Il and
increase the frequency or duration of promoter-proxi-
mal pauses.

Pol Il Is Highly Susceptible to Arrest

in the Promoter-Proximal Region of hsp70

To determine whether rapid removal of negatively acting
elongation factors from Pol Il halted within the promoter-
proximal region is sufficient to allow efficient restart of
transcription, radiolabeled early elongation complexes
(EEC) were stopped after 30 s of transcription with EDTA.
The EEC were washed extensively with sarkosyl and
high salt to remove bound elongation factors and termi-
nation products, equilibrated in transcription buffer, and
supplied with unlabeled NTPs (1 mM). Figure 2A shows
that the EEC halted within the initially transcribed region
of hsp70 are effectively unable to resume elongation.
Only the Pol Il halted beyond the promoter-proximal
region appear to retain a perceptible level of elongation
competence under these conditions (Pol Il at + 43 nt is
restarted with ~50% efficiency). Thus, the EEC formed
in vitro remain largely inactive after the removal of asso-
ciated transcription factors by sarkosyl, much like

stalled Pol Il found at these positions in vivo (Rasmussen
and Lis, 1995).

To test whether Pol Il complexes stalled within the
promoter-proximal region were inactive due to tran-
scription arrest, we investigated whether they could be
rescued by transcript cleavage factor TFIIS. Stalled EEC
formed in a partially fractionated embryo extract lacking
TFIIS (compared to crude nuclear extract in Supplemen-
tal Figure S3B) were isolated and washed before restart-
ing transcription in the presence or absence of purified
TFIIS. We note that some endogenous species (such as
tRNA) present in the extract (denoted by the bracket)
were inadvertently 3’ end labeled during this reaction
and were not fully removed during the wash steps.

The data in Figure 2B show that the addition of NTPs
(200 M) leads to little or no transcription elongation in
the absence of TFIIS (and less at 200 .M NTPs than at
1 mM as in Figure 2A). The presence of purified TFIIS
alone induced efficient cleavage of RNA products asso-
ciated with stalled Pol Il (observed as shorter RNA spe-
cies). The sensitivity of specific RNAs to TFIIS-depen-
dent cleavage signifies that these RNA species are
associated with backtracked, arrested Pol Il complexes.
Cleavage of these RNAs in the presence of TFIIS reacti-
vates the stalled complexes, allowing the labeled RNA
species to be elongated upon addition of NTPs. We
conclude that TFIIS-induced cleavage rescues the pro-
moter-proximal stalled, arrested Pol .

TFIIS Reduces the Duration of Promoter-Proximal
Stalling and Enhances Elongation Efficiency

Taken together, the above data suggest that intrinsic
pause sites within the promoter-proximal region of
hsp70 are recognized in vitro, perhaps with the aid of
regulatory elongation factors, and that Pol Il at these
locations rapidly become inactive. However, the experi-
ments demonstrating transcription arrest (Figures 2A
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These stalled Pol Il were supplied with TFIIS

(250 nM), NTPs (200 M), or both (as indicated) for the times given before the reaction was quenched and the RNA products analyzed on a

10% denaturing gel.

(C) EEC formed in a fractionated embryo extract lacking TFIIS were radiolabeled during elongation to +16 nt in the presence of a-*?P-UTP.
The sample was washed and split into two reactions that lacked (left side) or contained (right side) purified TFIIS (250 nM). Unlabeled NTPs
were added (200 M), and aliquots were removed for analysis at the following time points: 15, 30, 45, 60, 90 s, and 5 min; corresponding to
lanes 1-6 (minus TFIIS) and lanes 7-12 (plus TFIIS). The RNA cleavage products that are released as a result of TFIIS activity are denoted at

the bottom right.

and 2B) involve EEC that were artificially stalled and
stringently washed prior to analysis, which does not
accurately reflect the dynamics of hsp70 transcription.
Thus, to investigate whether Pol Il actively transcribing
through the promoter-proximal region is susceptible to
arrest and to determine the role of TFIIS in this process,
we performed a transcription assay in a fractionated
Drosophila embryo extract that lacked TFIIS (Supple-
mental Figure S3B).

EEC were radiolabeled during elongation to position
+16 nt (Figure 1A, position underlined; Figure 2C, posi-
tion denoted at right with asterisk) and washed thor-
oughly with transcription buffer plus heparin (200 pwg/ml)
to remove unincorporated NTPs and unbound extract
proteins and to prevent reinitiation. The resulting EEC
were split into two equivalent reactions, one of which
was supplemented with purified TFIIS (Figure 2C, minus
TFIIS, lanes 1-6, plus TFIIS, lanes 7-12). Unlabeled NTPs
were added to restart transcription, and aliquots were
removed at the time points indicated. In the absence of
TFIIS (lanes 1-6), Pol Il accumulated in the promoter-
proximal region and was not able to escape from sites
of stalling during the time course (lanes 1-6). In contrast,
inactive Pol Il complexes were barely detectable in the
presence of TFIIS (lanes 7-12). Instead, TFIIS stimulated
rapid and efficient elongation of the labeled +16 nt RNA
through the promoter-proximal region, leading to the
formation of increased levels of full-length transcript.
TFIIS activity also generated cleavage products that
were released from Pol Il (i.e., they were not observed
when complexes were washed), shown at the bottom
right. These data indicate that the initially transcribed
sequence of hsp70 contains intrinsic sites at which Pol
Il pauses or stalls during active transcription, and that
TFIIS is critical for efficient elongation through this
region.

TFIIS Is Required for an Optimal Heat

Shock Response In Vivo

To verify the functional relevance of TFIIS in the heat
shock response in vivo, we depleted TFIIS levels in Dro-

sophila S2 cells using RNAI. S2 cells that were untreated
or treated with dsRNA targeting TFIIS or B-galactosi-
dase (LacZ) as a negative control were heat shocked to
induce production of hsp70 RNA before harvesting cells
and isolating total RNA (Experimental Procedures). Fig-
ure 3A shows the resulting levels of TFIIS protein in the
RNAi-treated cells (HSF levels are shown below as a
loading control). The depletion of TFIIS was not com-
plete, perhaps due to the abundance or low turnover of
the TFIIS protein; nonetheless, TFIIS-depleted cells
were estimated to contain only ~10% of normal levels
of TFIIS.

Analysis of hsp70 RNA levels by quantitative RT-PCR
reveals that TFIIS-depleted cells are indeed deficient in
the heat shock response. In particular, there is a dra-
matic delay in hsp70 production in TFIIS-depleted cells,
with hsp70 levels barely increasing above background
after 2.5 min of heat shock. The significant kinetic block
in hsp70 RNA production in TFIIS-depleted cells ob-
served after a short heat shock (7- to 8-fold defect at
2.5 min, 4-fold defect at 5 min), begins to be overcome
at later time points, leading to an overall heat shock
response of approximately 50%-60% normal hsp70 lev-
els. The RT-rt-PCR results were confirmed by primer
extension analysis of induced hsp70 RNA levels (Sup-
plementary Figure S5). These data demonstrate that
TFIIS is required in vivo for maximal expression of hsp70
and suggest that TFIIS may serve to regulate the kinetics
of the heat shock response by maintaining Pol Il in a
readily inducible conformation.

TFIIS Is Recruited to Induced Heat Shock Loci

The results presented above suggest that TFIIS is in-
volved in mediating the magnitude and efficiency of
the heat shock response; additionally, TFIIS has been
proposed to function broadly in transcription elongation
by Pol Il. To view the distribution of TFIIS both over
the entire genome and at heat shock loci, we stained
Drosophila polytene chromosomes with an antibody
that is highly specific for TFIIS (Figure 4). Over 150 spe-
cific loci are stained by anti-TFIIS, including several in-
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Figure 3. Depletion of TFIIS by RNAi Decreases the Level of Induced
hsp70 RNA

(A) Western analysis of protein levels in S2 cells that were untreated
or treated with dsRNA corresponding to TFIIS or LacZ (as a negative
control). The equivalent volume of cell culture loaded in each lane
is given. The membrane was probed with an antibody against TFIIS
(upper panel) and HSF (lower panel) as a loading control.

(B) Time course of hsp70 RNA accumulation during heat shock.
Cells were heat shocked for the times shown before centrifugation
and isolation of total RNA. The level of hsp70 RNA in each sample
was determined by reverse transcription followed by quantitative
real-time PCR, and was normalized for the amount of RNA in each
sample using rp49 RNA (a ribosomal protein gene) as an internal
standard. Each time point was assayed in duplicate from two inde-
pendent samples.

terbands and chromosomal puffs, which contain the Pol
lI-transcribed developmental genes (Figure 4A), the native
and transgenic heat shock genes (Figure 4B), and the
nucleolus organizer, which contains the Pol I-transcribed
rRNA genes (Figure 4B, labeled NO). The consistent,
prominent labeling of the nucleolus organizer suggests
that TFIIS plays a role in Pol | elongation. A functional
interaction between TFIIS and Pol | has been reported
previously; however, conflicting reports have indicated
that Pol I transcription is stimulated by a distinct tran-
script cleavage factor (Labhart, 1997; Schnapp et al.,
1996).

Perhaps most surprising is the strong staining of many
condensed chromosomal bands (Figure 4, see DNA/
TFIIS merges). These are sites that are not actively tran-
scribed by RNA Pol |, ll, or lll. These transcriptionally
inactive regions of TFIIS accumulation may be indicative
of an as yet uncharacterized function of TFIIS, or may
represent storage or proposed transcriptosome assem-
bly loci akin to the TFIIS-containing Cajal Bodies in Xen-
opus oocytes (Smith et al., 2003).

Upon stimulation of the heat shock response, TFIIS
accumulates at heat shock loci (Figures 4B, 4C, and 4E).
However, in contrast to many other transcription factors
(Andrulis et al., 2000; Lis et al., 2000; Ni et al., 2004;
Saunders et al., 2003; Schwartz et al., 2003), TFIIS can

still be observed at many other loci on the chromo-
somes, and in particular, the strong colocalization with
condensed DNA bands persists (DNA/TFIIS in Figure
4B). This result is consistent with recent data on the
localization of TFIIS in yeast (Pokholok et al., 2002),
where it was noted that TFIIS was not generally required
for Pol Il transcription but appeared to be specifically
recruited to actively transcribed genes during times of
cellular stress and when transcription was compromised
(i.e., 6-AU treatment or temperature shift). In agreement
with these results, Drosophila TFIIS is recruited to heat
shock loci rapidly after heat induction (Figures 4C—4E)
and TFIIS appears to travel into the body of the gene
along with Pol IlI, since it can be seen to colocalize
throughout the puff with active Pol Il (Figure 4D).

TFIIS Colocalizes with the Promoter-Proximal Pol I
Prior to Heat Shock

To analyze the localization of TFIIS at hsp70 at higher
resolution, we performed chromatin immunoprecipita-
tion (ChlP) assays followed by real-time PCR. This
method allows for quantitative analysis of both the spa-
tial and temporal distribution of TFIIS on the hsp70 gene.
As has been previously reported, Pol Il (detected using
an antibody that recognizes the Pol Il Rpb3 subunit) is
associated specifically with the promoter region of
hsp70 prior to heat shock (Figure 5B, top panel, yellow
bars and Boehm et al. [2003]). Upon heat induction, Pol
Ilis rapidly detected in the body of the gene and a robust
recruitment of additional Pol Il is observed (Figure 5B,
top panel, and Boehm et al. [2003]).

Strikingly, TFIIS is also present at the uninduced
hsp70 promoter (Figure 5B, lower panel, yellow bars).
This result is consistent with the idea that TFIIS associ-
ates with the promoter-proximal stalled Pol Il to rescue
it from arrest, thereby maintaining the Pol Il in a rapidly
responsive, active state. During heat shock, TFIIS is
further recruited to the promoter region of hsp70 and
TFIIS is seen to track along with the elongating Pol Il
into the body of the gene (Figure 5B, lower panel), in
agreement with its role as an accessory factor for tran-
scription elongation.

Depletion of TFIIS Leads to Reduced Recruitment
of Pol Il upon Heat Shock
All of the above data are consistent with the hypothesis
that the promoter-proximal stalled Pol Il has a tendency
to fall into transcription arrest and that TFIIS serves to
rescue the arrested Pol Il so that it can be induced to
elongate upon heat shock. Thus, one would predict that,
in the absence of TFIIS, Pol Il that becomes inactive
in the promoter-proximal region would remain inactive,
thereby presenting a steric obstacle to the rapid recruit-
ment of additional Pol Il molecules upon heat shock.
The Pol Il density at the hsp70 promoter before heat
shock would thus remain unchanged (i.e., one Pol Il
present within each hsp70 promoter region), but the
movement of Pol Il into the body of the gene and the
recruitment of additional Pol Il upon heat shock should
be diminished or delayed.

To test this idea, we developed a protocol to perform
ChIP on S2 cells that had been depleted of TFIIS by
RNAIi (Experimental Procedures). TFIIS and LacZ RNAi-
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Figure 4. Immunofluorescence Showing the Distribution of TFIIS on Polytene Chromosomes from Uninduced and Heat Shock-Induced Dro-
sophila Larvae

Salivary glands were dissected from third instar larvae ([A-B] Z243 fly strain; [C-E] Bg9 strain), and nuclei were spread on slides and processed
as previously described (Schwartz et al., 2004). The nucleolar organizer and major heat shock loci are indicated with lines and are labeled in
the central (merge) panel.

(A) Chromosomal spreads from non-heat-shocked (NHS) salivary glands, showing the distribution of TFIIS (red), Ser5 phosphorylated Pol Il
(green), and DNA (blue). The Ser5-phosphorylated C-terminal domain of the largest subunit of Pol Il was detected with mouse monoclonal
antibody (H14, Covance). DNA was stained with Hoechst.

(B) TFIIS (red) colocalizes with Ser5 phosphorylated Pol Il (as in [A]) on nuclei of heat-shocked (HS) salivary glands. The representative larva
shown was heat shocked for 20 min.

(C-E) Increased magnification views of TFIIS at an hsp70-lacZ transgene, located at chromosomal position 9D. The panel on the left shows
the costaining of TFIIS and Ser5 phosphorylated Pol Il before heat shock (C), whereas the center panel represents the same costaining after
a 10 min heat shock (D). The panel on the right (E) shows the localization of TFIIS relative to the promoter-associated heat shock factor (HSF,

shown in green, antibody used at a 1:50 dilution) after a 5 min heat shock.

treated cells were crosslinked directly, or after a short,
2.5 min, heat shock. As shown in Figure 5C, depletion
of TFIIS has no effect on the level of Pol Il detected in
the hsp70 promoter region before heat shock (top panel,
yellow bars). This result, in agreement with the data
shown in Figure 2, indicates that TFIIS is not required
for Pol Il to stall within the promoter-proximal region.
However, depletion of TFIIS leads to a significant reduc-
tion in the heat shock-induced recruitment of Pol Il to
the promoter (Figure 5C, upper panel, red bars). In fact,
the Pol Il density remains equivalent to that observed
before heat induction. Moreover, the reduction in re-
cruitment of Pol Il is accompanied by a decrease in the
Pol Il signal throughout the body of the gene. This result
indicates that the stalled Pol Il is not efficiently released

into the gene in the TFIIS-depleted cells, and that this
“stuck” Pol Il blocks recruitment of additional Pol II.
As a control for the level of depletion, we also assayed
for the presence of TFIIS at hsp70 in LacZ and TFIIS-
treated cells. The 10-fold depletion of TFIIS observed
by Western analysis (Figure 3A) leads to a similar reduc-
tion in TFIIS detectable on the hsp70 gene under both
NHS and HS conditions (Figure 5C, lower panel, com-
pare the 2.5 min HS values of ~0.2% input at position
+58 in LacZ-treated cells with ~0.02% in the TFIIS-
depleted cells). Importantly, depletion of TFIIS has no
effect on the levels of HSF recruited to hsp70 upon
heat shock, indicating that TFIIS-depleted cells did not
display a general, nonspecific loss of factor recruitment
(Supplemental Figure S6). These results demonstrate
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Figure 5. TFIIS Colocalizes with Pol Il at
hsp70 and Is Required for Efficient Recruit-
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that, while TFIIS is not required to establish the stalled
Pol Il at hsp70, depletion of TFIIS interferes with efficient
release of Pol Il from the promoter region and the rapid
recruitment of additional Pol .

Discussion

Pol Il and/or general transcription factors have been
found to occupy a growing number of promoters of
preactivated genes (Dellino et al., 2004; Lis, 1998). These
varied promoters may utilize similar mechanisms for se-
lectively recruiting certain components of the transcrip-
tion machinery and for regulating transcription initiation
and elongation through the promoter-proximal region.
The efficiency of synthesis through the initially tran-
scribed sequence is particularly sensitive to perturba-
tion and is thus a prime target for gene regulation (Luse
and Samkurashvili, 1998; Pal et al., 2001). Factors that
impede the progress of the RNA polymerase within the
first 10-40 nt, which often include both protein compo-
nents and the nucleic acid sequence, have been shown
to influence transcriptional pausing, arrest, and termina-
tion efficiency (Krumm et al., 1992; Laspia et al., 1993;
Lis, 1998; Marshall and Price, 1992; Plet et al., 1995;
Price, 2000; Roberts et al., 1998; Strobl and Eick, 1992).
Identification and characterization of the factors that
modulate the regulatory pausing and/or stalling of Pol
Il within the promoter-proximal region is essential to
understanding the regulation of genes like hsp70,
wherein this step is rate limiting for gene expression.
Transcription of hsp70 in vitro revealed positions of
pausing that corresponded faithfully with locations that
had been identified in vivo as harboring Pol Il complexes
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Localization of Pol Il and TFIIS at hsp70 be-
Bk fore and after instantaneous heat shock.

g Graphs show the percent input of starting
DNA that was immunoprecipitated in different
regions of the hsp70 gene before and follow-
ing various periods of heat shock. The x axis
refers to the region of the hsp70 gene, as
shown in (A), with positions given represent-
ing the center nucleotide of the amplified
DNA. Background (Bkg) refers to a chromo-
somal region that is free of annotated genes,
and is 32 kb downstream of the third hsp70
copy at 87C. Error bars represent the SEM.
(B) Pol Il association with the hsp70 gene,
detected using an antibody against the Rpb3
subunit of Pol Il (top panel), is compared with
the localization of TFIIS (bottom panel). (C)
Analysis of the effects of TFIIS-depletion on
localization and recruitment of Pol Il (upper
panel) using an antibody that recognizes the
Pol Il Rpb3 subunit. The bottom panel repre-
sents a comparison of TFIIS levels detected
in LacZ-treated versus TFIIS-depleted cells.

58 946 1702 Bkg

that were not efficiently elongated. Likewise, Pol Il artifi-
cially halted at these positions in vitro rapidly lost the
capacity to resume transcription, even after removal of
negatively acting elongation factors through stringent
washing with sarkosyl. These results are similar to
in vitro data reported by Gilmour and colleagues (Li et
al., 1996), demonstrating that Pol Il can become inactive
within the promoter-proximal region. Our work expands
upon these observations by establishing that the inac-
tive Pol Il can be rescued by transcript cleavage factor
TFIIS and thus represent arrested species. It is interest-
ing to note that the predominant sites at which Pol Il is
found on the uninduced hsp70 gene (Rasmussen and
Lis, 1993, 1995) are positions to which Pol Il stably back-
tracks in vitro.

The Role of TFIIS in hsp70 Transcription

Our data suggest the following model for the role of TFIIS
in hsp70 gene expression (Figure 6). Under uninduced
conditions, Pol Il (red rocket) is recruited to the hsp70
promoter and begins to transcribe through the pro-
moter-proximal region. Intrinsic pause sites within the
initially transcribed sequence induce transient stops in
elongation, giving the regulatory negative-elongation
factors (shown for simplicity as a single yellow oval) time
to bind and impede further movement into the gene.
However, Pol Il stalled for an extended time at the paus-
ing sites have a tendency to backtrack along the tem-
plate, displacing the 3’ end of the RNA from the catalytic
site (purple sphere) and prohibiting further elongation.
In the absence of TFIIS (pathway shown at left), the
arrested, inactive Pol Il are unable to resume transcrip-
tion rapidly upon heat induction, even after the nega-
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Figure 6. Model Depicting the Role of TFIIS in the Regulation of
hsp70 Transcription

Pol Il (red rocket) pauses in the early phases of transcription elonga-
tion and is held in the promoter-proximal region by accessory elon-
gation factors (illustrated in yellow). Backtracking of the Pol Il along
the DNA template leads to the displacement of the 3’ end of the
RNA (black) from the Pol Il active site (purple dot). TFIIS (green)
stimulates cleavage of the backtracked RNA, aligning the new RNA
3’ end with the active site. Upon heat shock, active Pol Il (but not
the arrested Pol ll) is released from the promoter-proximal region
and TFIIS tracks with the elongating Pol Il into the body of the
gene. Movement of the initial Pol Il from the promoter region allows
recruitment of additional Pol Il.

tively acting factors have been removed. However, in
the presence of TFIIS (pathway shown at right, TFIIS
depicted as green circle), TFIIS-dependent cleavage re-
turns inactive Pol Il to a transcriptionally active confor-
mation so that, upon heat shock and the removal of
negatively acting factors, Pol Il can be rapidly released
from the promoter region. The movement of the first
Pol Il away from the promoter region allows for the
recruitment of subsequent Pol Il molecules (shown also
as red rockets). We note that this model is supported
by a recent study of factors that interact genetically with
Dst1 (the yeast gene encoding TFIIS), which suggested
a general role for TFIIS in the transition from initiation
to elongation (Malagon et al., 2004).

Conservation of TFIIS/Gre Function

Our results are reminiscent of the role of bacterial Gre
factors in mediating transcription efficiency through a
regulatory pause in the late gene operon of \ bacterio-
phage (Marr and Roberts, 2000). In the \ system, interac-
tions between the RNA polymerase ¢ subunit and the
promoter-proximal DNA sequence induce a transient
pause in transcription, during which the A\ Q protein
binds and modifies the RNA polymerase, rendering it
termination resistant. The Gre proteins modulate the

kinetics of transcription through the pause site and are
required for efficient function of the A Q protein. Simi-
larly, the activity of transcript cleavage factor TFIIS is
necessary for efficient induction of hsp70 through its
activation of promoter-proximally stalled Pol Il. Thus,
our results indicate that, in addition to structural and
mechanistic similarity between the Gre and TFIIS pro-
teins, these factors may perform similar roles in vivo,
serving to mediate the expression of genes that undergo
pausing within the initially transcribed sequence.

Experimental Procedures

Protein Purification and Clones

Biotinylated DNA containing Drosophila hsp70 sequences were gen-
erated by PCR with biotinylated primers. Nuclear extracts were pre-
pared from Drosophila Kc cells using the protocol described in Price
et al. (1987). Preparation of fractionated Drosophila embryo nuclear
extract and antibody generation is described in detail in Supplemen-
tal Data. For polytene immunofluorescence, the TFIIS antibody was
used at a 1:250 dilution, while H14 (Covance) and HSF antibodies
were used at a 1:50 dilution. TFIIS cDNA was cloned into pET19
(Novagen) vector, and the N-terminal 6His-tag was used to purify
TFIIS to homogeneity for use in enzymatic assays.

In Vitro Transcription Elongation Assays

Transcription using Drosophila Kc nuclear extracts (Figures 1 and
2A, Supplemental Figures S1 and S4) from non-heat-shocked cells
(120 p.g total protein) employed a DNA template (100 ng per reaction)
that contained hsp70 sequences from —365 to +500 and was biotin-
ylated on both ends to allow for immobilization on streptavidin-
coated magnetic beads (Dynal) and to prevent DNA degradation.
Preinitiation complexes were formed during a 30 min incubation at
room temperature in transcription buffer (20 mM HEPES [pH 7.6],
10% glycerol, 0.2 mM EDTA, 1 mM DTT, and 60 mM potassium
glutamate). NTPs were added at a final concentration of 100 pM
(except UTP, which was 5 uM unlabeled and 0.2 .M of radiolabeled
a-*2P UTP), MgCl, at 5 mM, followed 10 s later by heparin or sarkosyl
(at concentrations given in the figure legends) to maintain a single
round of transcription. Reactions were quenched at the times indi-
cated with 20 mM EDTA in wash solution (20 mM HEPES, pH 7.6,
1 M KClI, and 1% sarkosyl). Ternary complexes bound to beads
were washed three times to remove unincorporated nucleotides and
unbound material before being reequilibrated in transcription buffer,
or processed as described below. Proteins were digested with Pro-
teinase K before phenol/chloroform extraction of nucleic acids. RNA
species were precipitated, resuspended in formamide buffer, and
resolved on a denaturing gel. Full-length RNA remained bound to
Pol Il during the washes (data not shown). RNA products were
visualized using a Phospholmager and analyzed using the Im-
ageQuant software (Molecular Dynamics). The signal intensity within
the interval +15 to +45 nt was quantified at each time point (for
three experiments) and fit to exponential decay to determine the
half-life of escape of Pol Il from the promoter proximal region, yield-
ing aty, = 9 min. Transcription assays in fractionated embryo extract
(Figures 2B and 2C) were performed as described above, with the
following modifications: DNA templates bore a single biotin on the
upstream end (at —450) and the stringent sarkosyl and high-salt
washes were omitted, with free Pol Il and radiolabeled nucleotides
removed by washes in transcription buffer plus heparin (200 p.g/ml).

RNAi

dsRNA for RNAi experiments was produced as described in the
Ambion MEGAscript manual. Primers used to amplify a 944 bp seg-
ment from Drosophila TFIIS cDNA contained the T7 promoter se-
quence plus the following sequences complementary to TFIIS: (F)
5'-GAGAGCAAGATGGCCAGCGACGGC-3' and (R) 5'-GACCGCAC
TCGTTGCACATGACG-3'. S2 cells at a cell density of 0.3 X 10°
cells/ml were treated with 3.3 pg of dsRNA/ml for 72 hr. Before
harvesting cells for RNA analysis, cultures were heat shocked for
the times indicated at 36.5°C. TFIIS-depleted cells were compared
to cells that had been treated with RNAi against 3-galactosidase
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(LacZ), as a control for nonspecific effects of treatment with double-
stranded RNA. Quantitative RT-rt-PCR was used to measure the
levels of hsp70 and rp49 RNA present in each sample, using the
primers described in Ni et al. (2004). The rp49 ribosomal protein
gene was selected as an internal control because rp49 mRNA is
extremely stable (Ni et al., 2004).

ChiP

ChIP assays were performed essentially as described in Boehm et
al. (2003) with several modifications. S2 cells were grown to a density
of 4-6 X 10° cells/ml in HyQ Sfx media (HyClone) before harvesting.
Crosslinked cells were resuspended at 1 ml/108 cells in sonication
buffer containing 0.5% SDS. DNA was sonicated to an average
fragment size of 500 bp by 12 X 20 s bursts on ice. Samples were
centrifuged to remove cellular debris before immunoprecipitation
(5 X 10° cells/ IP). TFIIS and HSF antibodies (lab stocks) were used
at 2 pl per immunoprecipitation, whereas 4 pl of antibody against
the Pol Il subunit Rpb3 (lab stock) was used. Immunoprecipitated
DNA was analyzed by real-time PCR, using primers for hsp70 se-
quences centered at +58 (from +4 to +112), +946 (from +872 to
+1019), and +1702 (from +1649 to +1754) as described in Boehm
et al. (2003). Each data set shown represents results from crosslink-
ing of three to four independent cell cultures.

Acknowledgments

We would like to thank Carrie Davis for the initial test suggesting a
role for TFIIS in the heat shock response and Robert Tjian for his
advice and support. We also thank Jeff Roberts, Steve Mauro, and
Nick Fuda for critical reading of this manuscript. K.A. was supported
by the National Research Service Award grant GM066661. M.T.M. is
supported by a fellowship from the Damon Runyon Cancer Research
Foundation (DRG-#1684). This work was also supported by an NIH
grant GM25232 to J.T.L.

Received: July 6, 2004
Revised: September 21, 2004
Accepted: October 22, 2004
Published: January 6, 2005

References

Andrulis, E.D., Guzman, E., Doring, P., Werner, J., and Lis, J.T. (2000).
High-resolution localization of Drosophila Spt5 and Spt6 at heat
shock genes in vivo: roles in promoter proximal pausing and tran-
scription elongation. Genes Dev. 14, 2635-2649.

Andrulis, E.D., Werner, J., Nazarian, A., Erdjument-Bromage, H.,
Tempst, P., and Lis, J.T. (2002). The RNA processing exosome is
linked to elongating RNA polymerase Il in Drosophila. Nature 420,
837-841.

Arndt, K.M., and Kane, C.M. (2003). Running with RNA polymerase:
eukaryotic transcript elongation. Trends Genet. 19, 543-550.
Boehm, A.K., Saunders, A., Werner, J., and Lis, J.T. (2003). Tran-
scription factor and polymerase recruitment, modification, and
movement on dhsp70 in vivo in the minutes following heat shock.
Mol. Cell. Biol. 23, 7628-7637.

Borukhov, S., Sagitov, V., and Goldfarb, A. (1993). Transcript cleav-
age factors from E. coli. Cell 72, 459-466.

Dellino, G.l., Schwartz, Y.B., Farkas, G., McCabe, D., Elgin, S.C., and
Pirrotta, V. (2004). Polycomb silencing blocks transcription initiation.
Mol. Cell 13, 887-893.

Fish, R.N., and Kane, C.M. (2002). Promoting elongation with tran-
script cleavage stimulatory factors. Biochim. Biophys. Acta 1577,
287-307.

Guo, H., and Price, D.H. (1993). Mechanism of DmS-II-mediated
pause suppression by Drosophila RNA polymerase Il. J. Biol. Chem.
268, 18762-18770.

Hartzog, G.A. (2003). Transcription elongation by RNA polymerase
Il. Curr. Opin. Genet. Dev. 13, 119-126.

Hsu, L.M., Vo, N.V., and Chamberlin, M.J. (1995). Escherichia coli
transcript cleavage factors GreA and GreB stimulate promoter es-

cape and gene expression in vivo and in vitro. Proc. Natl. Acad. Sci.
USA 92, 11588-11592.

Izban, M.G., and Luse, D.S. (1992). The RNA polymerase Il ternary
complex cleaves the nascent transcript in a 3'—5' direction in the
presence of elongation factor Sll. Genes Dev. 6, 1342-1356.

Kettenberger, H., Armache, K.J., and Cramer, P. (2003). Architecture
of the RNA polymerase II-TFIIS complex and implications for mRNA
cleavage. Cell 114, 347-357.

Komissarova, N., and Kashlev, M. (1997). Transcriptional arrest:
Escherichia coli RNA polymerase translocates backward, leaving
the 3’ end of the RNA intact and extruded. Proc. Natl. Acad. Sci.
USA 94, 1755-1760.

Krumm, A., Meulia, T., Brunvand, M., and Groudine, M. (1992). The
block to transcriptional elongation within the human c-myc gene is
determined in the promoter-proximal region. Genes Dev. 6, 2201-
2213.

Labhart, P. (1997). Transcript cleavage in an RNA polymerase | elon-
gation complex. Evidence for a dissociable activity similar to but
distinct from TFIIS. J. Biol. Chem. 272, 9055-9061.

Laptenko, O., Lee, J., Lomakin, I., and Borukhov, S. (2003). Tran-
script cleavage factors GreA and GreB act as transient catalytic
components of RNA polymerase. EMBO J. 22, 6322-6334.

Laspia, M.F., Wendel, P., and Mathews, M.B. (1993). HIV-1 Tat over-
comes inefficient transcriptional elongation in vitro. J. Mol. Biol.
232, 732-746.

Li, B., Weber, J.A., Chen, Y., Greenleaf, A.L., and Gilmour, D.S.
(1996). Analyses of promoter-proximal pausing by RNA polymerase
Il on the hsp70 heat shock gene promoter in a Drosophila nuclear
extract. Mol. Cell. Biol. 16, 5433-5443.

Lis, J. (1998). Promoter-associated pausing in promoter architecture
and postinitiation transcriptional regulation. Cold Spring Harb.
Symp. Quant. Biol. 63, 347-356.

Lis, J.T., Mason, P., Peng, J., Price, D.H., and Werner, J. (2000).
P-TEFb kinase recruitment and function at heat shock loci. Genes
Dev. 14, 792-803.

Luse, D.S., and Samkurashvili, I. (1998). The transition from initiation
to elongation by RNA polymerase Il. Cold Spring Harb. Symp. Quant.
Biol. 63, 289-300.

Malagon, F., Tong, A.H., Shafer, B.K., and Strathern, J.N. (2004).
Genetic interactions of DST1 in Saccharomyces cerevisiae suggest
a role of TFIIS in the initiation-elongation transition. Genetics 166,
1215-1227.

Marr, M.T., and Roberts, J.W. (2000). Function of transcription cleav-
age factors GreA and GreB at a regulatory pause site. Mol. Cell
6, 1275-1285.

Marshall, N.F., and Price, D.H. (1992). Control of formation of two
distinct classes of RNA polymerase Il elongation complexes. Mol.
Cell. Biol. 12, 2078-2090.

Ni, Z., Schwartz, B.E., Werner, J., Suarez, J.R., and Lis, J.T. (2004).
Coordination of transcription, RNA processing, and surveillance by
P-TEFb kinase on heat shock genes. Mol. Cell 13, 55-65.

O’Brien, T., and Lis, J.T. (1991). RNA polymerase Il pauses at the
5’ end of the transcriptionally induced Drosophila hsp70 gene. Mol.
Cell. Biol. 11, 5285-5290.

O’Brien, T., Hardin, S., Greenleaf, A., and Lis, J.T. (1994). Phosphory-
lation of RNA polymerase Il C-terminal domain and transcriptional
elongation. Nature 370, 75-77.

Opalka, N., Chlenov, M., Chacon, P., Rice, W.J., Wriggers, W., and
Darst, S.A. (2003). Structure and function of the transcription elonga-
tion factor GreB bound to bacterial RNA polymerase. Cell 114,
335-345.

Pal, M., McKean, D., and Luse, D.S. (2001). Promoter clearance
by RNA polymerase Il is an extended, multistep process strongly
affected by sequence. Mol. Cell. Biol. 21, 5815-5825.

Park, J.M., Werner, J., Kim, J.M.,, Lis, J.T., and Kim, Y.J. (2001).
Mediator, not holoenzyme, is directly recruited to the heat shock
promoter by HSF upon heat shock. Mol. Cell 8, 9-19.

Plet, A., Eick, D., and Blanchard, J.M. (1995). Elongation and prema-



Molecular Cell
112

ture termination of transcripts initiated from c-fos and c-myc pro-
moters show dissimilar patterns. Oncogene 70, 319-328.
Pokholok, D.K., Hannett, N.M., and Young, R.A. (2002). Exchange
of RNA polymerase Il initiation and elongation factors during gene
expression in vivo. Mol. Cell 9, 799-809.

Price, D.H. (2000). P-TEFb, a cyclin-dependent kinase controlling
elongation by RNA polymerase Il. Mol. Cell. Biol. 20, 2629-2634.
Price, D.H., Sluder, A.E., and Greenleaf, A.L. (1987). Fractionation
of transcription factors for RNA polymerase Il from Drosophila Kc
cell nuclear extracts. J. Biol. Chem. 262, 3244-3255.

Rasmussen, E.B., and Lis, J.T. (1993). In vivo transcriptional pausing
and cap formation on three Drosophila heat shock genes. Proc.
Natl. Acad. Sci. USA 90, 7923-7927.

Rasmussen, E.B., and Lis, J.T. (1995). Short transcripts of the ternary
complex provide insight into RNA polymerase Il elongational paus-
ing. J. Mol. Biol. 252, 522-535.

Reines, D. (1992). Elongation factor-dependent transcript shortening
by template-engaged RNA polymerase II. J. Biol. Chem. 267, 3795~
3800.

Roberts, J.W., Yarnell, W., Bartlett, E., Guo, J., Marr, M., Ko, D.C.,
Sun, H., and Roberts, C.W. (1998). Antitermination by bacteriophage
lambda Q protein. Cold Spring Harb. Symp. Quant. Biol. 63, 319-325.
Rougvie, A.E., and Lis, J.T. (1988). The RNA polymerase Il molecule
at the 5’ end of the uninduced hsp70 gene of D. melanogaster is
transcriptionally engaged. Cell 54, 795-804.

Saunders, A., Werner, J., Andrulis, E.D., Nakayama, T., Hirose, S.,
Reinberg, D., and Lis, J.T. (2003). Tracking FACT and the RNA poly-
merase |l elongation complex through chromatin in vivo. Science
301, 1094-1096.

Schnapp, G., Graveley, B.R., and Grummt, I. (1996). TFIIS binds to
mouse RNA polymerase | and stimulates transcript elongation and
hydrolytic cleavage of nascent rRNA. Mol. Gen. Genet. 252, 412-419.
Schwartz, B.E., Larochelle, S., Suter, B., and Lis, J.T. (2003). Cdk7
is required for full activation of Drosophila heat shock genes and
RNA polymerase Il phosphorylation in vivo. Mol. Cell. Biol. 23, 6876—
6886.

Schwartz, B.E., Werner, J.K., and Lis, J.T. (2004). Indirectimmunoflu-
orescent labeling of Drosophila polytene chromosomes: visualizing
protein interactions with chromatin in vivo. Methods Enzymol.
376, 393-404.

Shilatifard, A., Conaway, R.C., and Conaway, J.W. (2003). The RNA
polymerase Il elongation complex. Annu. Rev. Biochem. 72, 693-715.
Sims, R.J., lll, Mandal, S.S., and Reinberg, D. (2004). Recent high-
lights of RNA-polymerase-ll-mediated transcription. Curr. Opin. Cell
Biol. 16, 263-271.

Smith, A.J,, Ling, Y., and Morgan, G.T. (2003). Subnuclear localiza-
tion and Cajal body targeting of transcription elongation factor TFIIS
in amphibian oocytes. Mol. Biol. Cell 74, 1255-1267.

Sosunova, E., Sosunov, V., Kozlov, M., Nikiforov, V., Goldfarb, A.,
and Mustaev, A. (2003). Donation of catalytic residues to RNA poly-
merase active center by transcription factor Gre. Proc. Natl. Acad.
Sci. USA 100, 15469-15474.

Strobl, L.J., and Eick, D. (1992). Hold back of RNA polymerase Il at
the transcription start site mediates down-regulation of c-myc
in vivo. EMBO J. 11, 3307-3314.

Wind, M., and Reines, D. (2000). Transcription elongation factor SlI.
Bioessays 22, 327-336.

Wu, C.H., Yamaguchi, Y., Benjamin, L.R., Horvat-Gordon, M., Wash-
insky, J., Enerly, E., Larsson, J., Lambertsson, A., Handa, H., and
Gilmour, D. (2003). NELF and DSIF cause promoter proximal pausing
on the hsp70 promoter in Drosophila. Genes Dev. 17, 1402-1414.



