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Transcription factor (TF)IID is a central player in activated transcription initiation. Recent evidence suggests that the role and composition of TFIID are more diverse than previously understood. To investigate the effects of changing the composition of TFIID in a simple
system, we depleted TATA box-binding protein–associated factor
(TAF)1 from Drosophila cells and determined the consequences on
metal-induced transcription at an inducible gene, metallothionein B.
We observe a marked increase in the levels of both the mature message and pre-mRNA in TAF1-depleted cells. Under conditions of continued metal exposure, we show that TAF1 depletion increases the
magnitude of the initial transcription burst but has no effect on the
timing of that burst. We also show that TAF1 depletion causes delay
in the shutoff of transcription upon removal of the stimulus. Thus,
TAFs are involved in both establishing an upper limit of transcription
during induction and efﬁciently turning the gene off once the inducer is removed. Using genome-wide nascent sequencing, we identify hundreds of genes that are controlled in a similar manner,
indicating that the ﬁndings at this inducible gene are likely generalizable to a large set of promoters. There is a long-standing appreciation for the importance of the spatial and temporal control of
transcription. Here we uncover an important third dimension of control: the magnitude of the response. Our results show that the magnitude of the transcriptional response to the same signaling event,
even at the same promoter, can vary greatly depending on the composition of the TFIID complex in the cell.
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ranscription activation of protein-coding genes requires the
regulated assembly of a large macromolecular complex termed
the preinitiation complex (PIC) around the transcription start site
(TSS). Major components of this complex are the general transcription factors (TFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH, and the enzyme itself is RNA polymerase II (RNAP II). A
central player in the assembly of the PIC is the TFIID complex,
which nucleates the formation of the entire complex. In addition
to being a general transcription factor, TFIID also serves as a
coactivator required for response to transcriptional activators in
metazoan cells. TFIID puriﬁed from rapidly growing cells contains
the TATA box-binding protein (TBP) and 13 TBP-associated
factors (TAFs) (1–3).
The TFIID complex is required for activated transcription by
several classes of activators at both TATA-containing and TATAless promoters (4). Upon recruitment by an activator, TFIID subunits bind to core promoter elements surrounding the TSS, including the TATA box, initiator (Inr), and downstream promoter
element (DPE). This binding nucleates formation of the PIC. TBP
binds to the TATA box, whereas the Inr and DPE are bound by
TAFs (5–8). TBP has been shown to promote TATA-dependent
transcription over DPE-dependent transcription, whereas the
TBP-antagonizing proteins modiﬁer of transcription 1 and negative
cofactor 2 (NC2) have the opposite effect (9). A DPE-dependent
promoter is immune to TBP depletion but sensitive to TAF4 depletion (9). This suggests alternate roles for TFIID subunits in
facilitating transcription activation.
In addition to the diverse roles in transcription activation, recent work suggests that TFIID itself is much more complex and
dynamic than previously thought (10). There are tissue-speciﬁc
7678–7683 | PNAS | May 7, 2013 | vol. 110 | no. 19

forms of TFIID required for proper tissue development and
function (11, 12). TAF expression is lost in some differentiated
cell types, including hepatocytes, myotubes, and Drosophila
wings (13–15). Although the canonical TAFs are essential for
proliferating cells, they are not essential for survival or even
proliferation-independent differentiation of postmitotic cells
(16, 17). Consistent with this ﬁnding, depletion or inactivation of
some of the TAFs causes cell-cycle arrest (18–21). Finally, it
appears that embryonic stem cells contain a noncanonical
TFIID complex lacking several of the core subunits (22).
TFIID participates in the heavy metal-dependent induction of
Drosophila melanogaster metallothionein genes in a noncanonical
fashion (23). Expression of metallothionein A (MtnA) requires
TBP, but depletion of TAF subunits using RNAi in Drosophila
Schneider line 2 (S2) cells leads to an increase in MtnA expression levels, rather than the decrease in expression expected
for a TFIID-bound gene (23). Drosophila somatic cells express
a single homolog of each of the TAFs (24), and RNAi is efﬁcient
in S2 cells (25). This, combined with an easily observable TFIID
effect, provides a simple system to investigate transcription dynamics under conditions of altered TFIID in the same cell type
receiving the same signal.
In the current work, we examine the role of the intact TFIID
complex in transcription dynamics by assessing the effect of
TAF1 depletion on two metal-inducible genes, MtnA and MtnB,
in Drosophila cells. We chose TAF1 depletion because it leads to
the least invasive change in TFIID. TAF1 depletion leads to an
untethering of TBP from the TAFs while leaving the levels of the
core TAFs unchanged (26). In addition, TAF1 is not present in
other TAF-containing complexes such as the Spt-Ada-Gcn5Acetyl transferase complex (SAGA) (27). We observe a marked
increase in MtnB expression levels by reverse transcription followed by quantitative PCR (RT-qPCR) of pre-mRNA transcripts in TAF1-depleted cells compared with mock-treated cells,
both during continued induction and following removal of the
inducer. Under conditions of continued metal exposure, we observe that TAF1 depletion increases the magnitude of the initial
transcription burst but has no effect on the timing of that burst.
We also observed that TAF1 depletion causes a delay in the
shutoff of MtnB and MtnA transcription upon removal of the
heavy metal. Thus, TAFs are involved in both establishing an
upper limit of transcription during induction and efﬁciently
turning the gene off once the inducer is removed. Genome-wide
nascent sequencing (nascent-seq) data identiﬁed hundreds of
genes that are controlled in a similar manner, indicating that the
observations at this inducible gene are generalizable to a large
set of promoters.
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Results
Depletion of TAF Subunits Leads to an Increase in both MtnA and
MtnB mRNA Levels Following Exposure to Either Copper or Cadmium.

We used RT-qPCR to detect endogenous transcript levels for
two inducible genes, MtnA and MtnB, following depletion of
TFIID subunits in Drosophila S2 cells. Cells were treated with
dsRNA-targeting subunits of TFIID and then exposed to conditions of excess copper (Cu) or cadmium (Cd). As observed
previously, MtnA transcript levels increase following Cu exposure in TAF-depleted cells, but the expression depends on TBP
(Fig. 1A) (23). A similar result is seen for the MtnB transcript
following copper induction (Fig. 1B). We have shown that MtnA
and MtnB have a differential response to the nature of the metal
insult in S2 cells (28). The requirement for TBP, but not the
TAFs, is not metal-dependent, as a similar result is found for
both MtnA and MtnB transcripts following induction with cadmium (Fig. 1 C and D).
The magnitude of the TAF effect does depend on the metal
type and the promoter. The greatest increase in transcripts
caused by TAF depletion is observed at the MtnB gene following
induction with Cu (Fig. 1C). Thus, the MtnB gene has a larger
dynamic range with which to examine this noncanonical role for
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Fig. 1. D. melanogaster metallothionein A and B expression following depletion of TBP and TAF subunits. S2 cells treated with dsRNA targeting TFIID
or mock-treated were induced with Cu or Cd and mRNA levels were measured by RT-qPCR. MtnA (A and C) and MtnB (B and D) expression was determined by RT-qPCR and normalized to the ribosomal protein (RP)49
transcript. Values shown are fractions of the mock-treated samples. Error
bars represent SE of qPCR triplicates. Experiments were repeated in at least
two independent biological replicates, and data are consistent with those
shown. (E) RNAP II occupancy at MtnA in untreated S2 cells. (Upper) Data
signal enrichment in immunoprecipitation versus input in our S2 cells.
(Lower) Analysis of publicly available modENCODE data for comparison. (F)
RNAP II occupancy at MtnB in untreated S2 cells as in E.
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the TAF1 depletion effect at the MtnB gene following metal
induction, we heavy metal-shocked TAF1-depleted and mocktreated cells with Cu. Samples for RT-qPCR were removed at
the times indicated. The MtnB mRNA levels in the TAF1depleted cells are increased relative to the mock-treated cells at
all time points tested after induction (Fig. 2A). Similar results
were obtained when Cd was used (Fig. S3).
To determine whether this was a direct effect on transcription
of the MtnB gene, we used primers speciﬁc for the introncontaining MtnB pre-mRNA nascent transcripts. Most splicing
in Drosophila occurs cotranscriptionally (30), so the levels of premRNA closely reﬂect nascent transcripts and thus the levels of
active RNAP II on the gene at the time of sample collection.
MtnB pre-mRNA levels are shown in Fig. 2B. For both TAFdepleted and mock-treated cells the pre-mRNA transcript levels
initially burst, peaking at 1 h following metal addition, and then
decrease to a lower-level intermediate between the basal and the
peak burst level, plateauing at about 4 h following induction.
These kinetics are reminiscent of the burst-attenuation kinetics
seen at other signal-inducible genes.
MtnB pre-mRNA levels are increased in TAF1-depleted cells
relative to mock-treated cells throughout the induction time
course, including both the transcriptional burst and the maintenance phase. To determine whether TAF1 depletion also affects
the timing of the burst, we normalized the MtnB pre-mRNA
data for both mock-treated and TAF1-depleted samples to the
peak time point (Fig. 2C). The resulting curves are almost superimposable, illustrating that there is no change in the timing
of the burst following metal addition in TAF1-depleted cells
compared with mock-treated cells; only the magnitude of the
burst changes.
To determine whether the effects observed with nascent RNA
reﬂected TBP recruitment or RNA polymerase occupancy, we
performed chromatin immunoprecipitation with antisera against
PNAS | May 7, 2013 | vol. 110 | no. 19 | 7679
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the TAFs. In addition, MtnB provides a good model for activation because it has extremely low basal levels of expression. To
determine whether this was the result of a paused polymerase or
whether it is a classic example of an inactive gene lacking RNA
polymerase, we performed chromatin immunoprecipitation followed by microarray analysis (ChIP-chip) using antibodies directed against RNAP II (23). We also compared our results to
results from the modENCODE project using publicly available
data (29). Both sets of experiments show that whereas MtnA has
readily detectable levels of RNAP II bound at the gene in the
absence of metal shock, no RNAP II is detectable at the MtnB
locus under these same conditions (Fig. 1 E and F). Additionally,
the MtnB transcript is undetectable in deep sequencing of nascent RNA in uninduced cells (see below).
Going forward, we chose to use TAF1 depletion to investigate
the basis for the increase in mRNA levels for a number of reasons. TAF1 is efﬁciently depleted in S2 cells (Fig. S1A) (23, 26).
Depletion of TAF1 results in the most moderate effects on
TFIID overall. It disrupts the TFIID complex by untethering
TBP from the core TAFs but does not result in the loss of the
other TAFs from these cells (Fig. S1B) (26). Additionally, TAF1
is not present in other TAF-containing complexes such as
SAGA, so the effects should be limited to TFIID. To verify that
the increased transcript levels are not an off-target dsRNA effect, we depleted TAF1 and expressed an RNAi-resistant TAF1
by transient transfection. Because transfection efﬁciency is low in
these cells, we used a reporter construct expressing the ﬁreﬂy
luciferase ORF under the control of the MtnB promoter. When
the RNAi-resistant TAF1 was expressed in cells depleted of
endogenous TAF1, the increase in luciferase activity compared
with mock-treated cells was no longer observed (Fig. S2). This
demonstrates that the increase in transcript levels following
TAF1 depletion is the speciﬁc effect of TAF1 depletion, and not
an off-target effect.
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depletion results in a roughly 15-min delay in the shutoff of the
MtnB gene following removal of inducer. Similar results are
obtained at the MtnA gene (Fig. S4). This suggests that TFIID
has a role in both determining the upper limit of transcription
upon metal induction and shutting off the gene once the metal
inducer is removed.
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common the effects of TAF1 depletion are, we identiﬁed genes
that have increased or decreased nascent RNA levels in TAF1depleted cells under normal growth conditions. Transcripts were
identiﬁed using the nascent-seq technique (30). This technique
is based on the stability of the RNAP II elongation complex.
Chromatin-associated transcripts are puriﬁed under high-stringency conditions that select for only nascent RNAs associated
with an elongating polymerase (31). The nascent RNAs are reversetranscribed and sequenced using a strand-speciﬁc deep-sequencing
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Fig. 2. Induction of MtnB following addition of Cu. S2 cells treated with
TAF1 dsRNA or mock-treated were induced with Cu for the indicated times
and RNA levels were measured by RT-qPCR. (A) MtnB mature mRNA normalized to RP49. (B) MtnB intron-containing pre-mRNA normalized to RP49
intron-containing pre-mRNA. Primer binding sites are indicated by the
arrows in the gene diagrams above the graphs. (C) MtnB pre-mRNA levels
plotted as a fraction of the 1-h time point. Error bars are SEMs of qPCR. (D)
ChIP of TBP or RNA polymerase II at the MtnB promoter at 80-min treatment
with copper. Data are plotted as the precipitation relative to the housekeeping gene RPL6. All experiments were repeated in two independent
biological replicates, and data are consistent with those shown.
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TAF1 Depletion Results in Delayed Shutoff of MtnB and MtnA Following Removal of Copper Inducer. Depletion of TAF1 from these

cells increases the levels of nascent transcripts and RNAP II
loading onto the MtnB gene following metal shock. This suggests
that TFIID functions as a governor at this gene setting an upper
limit to transcription. To determine whether the TFIID governor
function plays a role in turning off the gene following removal
of metal, we performed shutoff experiments. TAF1-depleted or
mock-treated cells were induced with Cu for 90 min. The Cu was
then chelated using the Cu-speciﬁc chelator bathocuproine sulfonate (BCS) and the cells were washed to remove the chelated
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TBP or RNAP II at the peak time point of nascent RNA synthesis. To control for ChIP efﬁciency, we determined the amount
of TBP and RNA polymerase relative to a housekeeping gene
that is unaffected by TAF1 depletion (see below). We ﬁnd no
difference in the amount of DNA precipitated relative to the
control using the TBP antisera (Fig. 2D). By contrast, DNA
precipitated by the RNAP II antisera indicates an increase in
RNAP II at MtnB when TAF1 is depleted (Fig. 2D). This is
consistent with the increase in intron-containing MtnB RNA
observed under these conditions.
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Fig. 3. Shutoff of MtnB pre-mRNA expression following removal of stimulus. (A) S2 cells treated with TAF1 dsRNA or mock-treated were induced
with Cu for 1.5 h. Cu was then chelated with BCS. Cells were washed twice
with media containing BCS and then incubated in complete media for the
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Fig. 4. Genome-wide analysis of nascent RNA in TAF1-depleted cells. (A)
RT-qPCR validation of 13 genes identiﬁed in the initial nascent-seq dataset.
(B) Motifs identiﬁed as overrepresented in the promoters of genes showing
either increased transcription or decreased transcription by nascent-seq.

protocol on the Illumina platform. The reads are then mapped to
the Drosophila reference genome.
Comparisons of reads per kb per million mapped reads (RPKM)
from the mock-treated cells with the RPKM from TAF1-depleted
cells identiﬁed a number of genes whose nascent RNA reads increase. To validate this approach, we tested 13 genes identiﬁed in
the ﬁrst round of deep sequencing by RT-qPCR in a second
biological replicate. All of the genes showed an increase in nascent RNA in the biological replicate (Fig. 4A), indicating that the
approach was valid. Encouraged by these results, we also deepsequenced the nascent RNA from the second biological replicate.
We identiﬁed 369 genes that reproducibly showed a greater
than 50% increase in nascent RNA in TAF1-depleted cells (Table
S1; example in Fig. S5), about 5.7% of detectable active genes.
Additionally, we identiﬁed 115 genes that reproducibly showed
a decrease in nascent RNA in TAF1-depleted cells representing
about 1.8% of detectable genes (Table S2; example in Fig. S5).
We used each of these datasets in an attempt to identify sequence motifs that might be important for the transcriptional
response to TAF1 depletion. We took the DNA sequence of the
200 bp centered on the annotated transcription initiation site for
each of the genes in each of the lists and used the MEME suite
Pennington et al.

to identify overrepresented motifs (32). Fig. 4B shows the motifs
enriched for both the increased and decreased genes. In addition
to identiﬁcation of the motifs, we used the CentriMo algorithm
to determine whether there was a preferred position around the
start site of transcription (33).
For genes with increased nascent RNA, two motifs were
identiﬁed as both overrepresented and positionally constrained.
A motif resembling the TATA element is overrepresented
(Fisher exact test, P = 1.2 × 10−14). This motif was present in
36.6% of the genes identiﬁed as having increased nascent RNA.
By comparison, the TATA element is present in only 5% of
Drosophila promoters genome-wide (34). In addition, this motif
is found preferentially in the −25 to −30 position relative to the
start site of transcription in this dataset, an appropriate position
for the TATA element. The second motif identiﬁed as overrepresented (Fisher exact test, P = 8.5 × 10−15) in the dataset
resembles the initiator element CAGT. It is found in 36% of the
sequences in the dataset compared with 15% of Drosophila
promoters genome-wide (34). This element shows a preference
for positioning around the start site of transcription.
For the genes with decreased nascent RNA, two sequence
motifs were identiﬁed as both overrepresented and showing
positional constraints. A motif resembling the Inr is overrepresented (Fisher exact test, P = 5.1 × 10−7). This motif was
present in 27% of the genes identiﬁed as having decreased nascent RNA. This motif is found enriched in the region around
the start site of transcription. The second motif identiﬁed as
overrepresented (Fisher exact test, P = 3.0 × 10−3) in the decreased dataset resembles a DPE. It is found in 14% of the
sequences in the dataset, compared with 2% of Drosophila promoters genome-wide (34). This motif is found preferentially just
downstream of the start site of transcription in a position appropriate for the DPE.
Using the motifs deﬁned as speciﬁc for the TAF1 effects, we
asked how many of the genes containing these motifs are affected. Our nascent-seq data identify 6,436 genes that are transcribed in our S2 cells. Using the TATA motif, we identiﬁed 204
transcribed genes that contain a sequence matching the motif; 41
of these are affected by TAF1 depletion. Using the same type of
analysis for the DPE motif, we ﬁnd 314 genes that contain the
motif; 33 of these genes are affected by TAF1 depletion.
Discussion
The noncanonical activity of TAFs at the MtnB gene appears to
have a dual role in both imposing an upper limit to the activated
transcription by limiting the loading of RNA polymerase onto the
gene and ensuring efﬁcient shutoff of the gene following removal
of stimulus. It may be that this allows the cells to more ﬁnely
tune the transcriptional response and prevent overaccumulation
of a target transcript. TAFs may impose a rate-limiting step that
serves as a checkpoint to ensure continued activator signaling or
proper PIC assembly. Given that TFIID has been known to exist
in multiple conformers that footprint across the TSS (reviewed in
ref. 35) and that a slow isomerization of TFIID has been shown
to be rate-limiting for pol II transcription in vitro (36), it seems
reasonable that this step may be rate-limiting at a subset of
promoters in vivo. Therefore, eliminating this rate-limiting
step by depleting TAFs from the cell may facilitate a higher
transcription-initiation rate.
In the current work, we show that a transcriptional coactivator is
central to determining the upper limit of an initial transcriptional
burst in response to a signal. Although this is an ensemble observation, work on single cells shows that an increase in transcription
output is often derived from a change in the amount of bursting of
individual alleles. Others have shown that changing the amount of
activator affects the magnitude of each of these microbursts observed from doxycycline-controllable promoters in CHO cells, but
not the frequency of the microbursts (37). It seems reasonable,
therefore, that activator-dependent processes would also exhibit
similar effects. That is, changes to processes functioning downstream of activator binding to the promoter would be expected to
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modulate the magnitude of transcriptional bursts without affecting
the frequency of those bursts. This suggests that depletion of TAF1
results in increased efﬁciency of activator-dependent processes,
and does not appear to affect the processes controlling the timing
of the burst, which may involve changes in metal-responsive transcription factor 1 (MTF-1) signaling or in chromatin accessibility.
Genome-wide analysis of nascent RNA using nascent-seq reveals
hundreds of genes that are affected by TAF1 depletion. The promoters of genes whose nascent RNA increases in the TAF1depleted cells are enriched for a motif resembling the TATA box.
Consistent with this ﬁnding, both MtnA and MtnB, the original
model promoters, contain a TATA box and show an increase in
transcription in TAF1-depleted cells (23, 26). Because TAF1 depletion in Drosophila S2 cells leads to a separation of the TAF
complex from TBP (Fig. S1B) (26), this result is in good agreement
with previous ﬁndings that an increase in free TBP favors expression from TATA-containing promoters (9). Genes that have less
nascent RNA in the TAF1-depleted cells are enriched for promoters containing a DPE. This is consistent with the notion that the
TAFs are involved in binding the DPE and that a stable interaction
with TBP is required for DPE function (6). In addition, this genome-wide ﬁnding is in good agreement with reporter assays that
show TAF1 depletion has a strong negative affect when a MtnA
hybrid promoter is driven by a DPE (26).
It is important to note that although the effects of TAF1 depletion are seen at hundreds of genes, we did not identify every
TATA-containing gene as up-regulated nor every DPE gene as
down-regulated. The speciﬁc activators and signals controlling
many of these genes are unknown, but this result implies that
some activators are more dependent on an intact TFIID than
others. This also suggests that the interplay between the sequence-speciﬁc DNA-binding proteins and the TFIID complex is
important in the context of the core promoter.
The observation that TFIID subunits can have a repressive
role at a subset of genes speaks to the complexity of transcriptional regulations used by cells to maintain appropriate levels of
gene expression. Our experiments highlight the importance of
both the core promoter and the composition of the TFIID complex in the magnitude of a transcriptional response to signaling
events. Given the recent data on the diversity of the TFIID
complex in different cell types, it is reasonable to believe that the
level of activation of a target gene, even to the same signal, will
depend on the TFIID composition. There is a long-standing appreciation for the importance of the spatial and temporal control
of transcription. Here we are implicating an important third dimension of control, the magnitude of the response. Many questions still remain regarding the dynamics of transcription and the
varied roles of TAFs in facilitating an appropriate response to
cellular signals.
Materials and Methods
dsRNA Production. TAF and TBP RNAi were the same as in refs. 23 and 26. The
mock sequence is the Escherichia coli lacI ORF. For RNAi-resistant TAF1
experiments, the dsRNA targeted the 5′ and 3′ UTR of the endogenous TAF1
transcript. Transcription templates were PCR-ampliﬁed from plasmids using
T3 and T7 primers. Templates were transcribed using either T3 or T7 RNA
polymerase. The RNAs were annealed by mixing equal amounts of each
ssRNA, incubating at 95 °C for 2 min followed by 60 °C for 30 min, and then
cooling to 25 °C.
Cell Culture and RNAi. D. melanogaster Schneider line 2 cells were maintained
at 25 °C in Schneider‘s medium containing 10% (vol/vol) FBS, 100 units/mL
penicillin, and 0.1 mg/mL streptomycin. RNAi was performed as described (25)
for 1 h in serum-free media before addition of Chelex 100-treated complete
media. Cells were incubated with dsRNA for 3.5 d. For metal treatment, cells
were induced with either 0.5 mM CuSO4 or 0.05 mM CdCl2 for the indicated
times. Cells were harvested by scraping.
RT-qPCR. RNA extraction was performed using RNeasy Mini Kits (QIAGEN)
according to manufacturer instructions. The RNA was digested with DNase I
and ﬁrst-strand cDNA synthesis was performed using either Moloney murine
leukemia virus reverse transcriptase (MMLV-RT) or superscript III RT with
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random hexamers. The cDNA was digested with RNase H. qPCR was performed on diluted cDNAs using Promega GoTaq qPCR Master Mix and speciﬁc
primers (600 nM) directed against each target transcript (Table S3) on
a Chromo4 thermocycler (Bio-rad).
Chromatin Immunoprecipitation. Chromatin immunoprecipitation was performed as described (23) using polyclonal goat antisera raised against puriﬁed Drosophila RNA polymerase II (a generous gift of Arno Greenleaf,
Duke University, Durham, NC) or polyclonal rabbit antisera against TBP
(a generous gift of Jim Kadonaga, University of California at San Diego, La
Jolla, CA). For tiling array analysis, precipitated DNA was labeled and hybridized to Affymetrix Drosophila tiling arrays as described (38). Replicate
experiments were completed for all ChIP arrays. The proﬁles for each replicate dataset were combined using Affymetrix tiling analysis software.
Combined input arrays were used to set the background signal intensities for
the ChIP arrays. Data were visualized using the Integrated Genome Browser
(39). The .CEL ﬁles generated by the modENCODE project for RNAP II ChIPchip in S2 cells (DCCid:modENCODE_329) were downloaded and analyzed in
the same manner as the in-house experiments using the Affymetrix tiling
analysis software.
For quantitative PCR analysis, precipitated DNA was measured using SYBR
Green in a Chromo4 thermocycler. Five microliters of precipitated DNA or input
DNA was used in a 20-μL PCR containing 20 mM Tris·HCl (pH 8.8), 10 mM
(NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton X-100, 200 μM dNTPs, 1 U
Taq polymerase, 0.005 U pfu polymerase, 0.5 μM each primer, and 0.5×
SYBR Green.
Washout. Cells were induced with 0.5 mM CuSO4 for 90 min, and then treated
with 2 mM BCS, pelleted, and washed twice with Chelex 100-treated complete media containing 1 mM BCS. After washing, the cells were resuspended in Chelex 100-treated complete media lacking BCS and divided into
35-mm dishes for incubation at 25 °C. Cells were harvested at the indicated
time points for RNA extraction followed by RT-qPCR analysis. Data were
normalized to RP49 pre-mRNA and curves were ﬁt to the data using the
Matlab R2012b (8.0.0) curve-ﬁtting tool (MathWorks).
Nascent-Seq. S2 cells were treated with 40 μg/mL of dsRNA against TAF1 or
lacI for 1 h in the absence of serum. Complete medium was replaced and
cells were harvested after 4 d. Cells (6 × 107) were pelleted (1,500 × g) and
washed once with cold 1× PBS. Nascent RNA was harvested using the NUN
RNA isolation protocol as described (30) with the following addition: after
lysis and dounce homogenization in buffer AT (15 mM Hepes·KOH, pH 7.6,
10 mM KCl, 5 mM MgOAc, 3 mM CaCl2, 300 mM sucrose, 0.1% Triton X-100,
1 mM DTT, 1× SIGMAFAST), nuclei were pelleted at 1,000 × g for 5 min and
resuspended in 1 mL of fresh buffer AT before layering on buffer B (15 mM
Hepes·KOH, pH 7.6, 10 mM KCl, 5 mM MgOAc, 3 mM CaCl2, 1 M sucrose,
1 mM DTT, 1× SIGMAFAST). RNA was puriﬁed from pellets in 1 mL of TRI
Reagent (MRC).
Ribosomal RNA was depleted from 6 μg of nascent RNA as follows: 950
pmol of a mixture of biotinylated oligos targeting ribosomal RNA (Table S3)
was bound to 0.6 mL of MagneSphere beads (Promega). The beads were
washed four times with 0.5× SSC containing 10 mM EDTA. Oligo-bound
beads were combined with nascent RNA in 2× SSC, 10 mM EDTA and heated
at 68 °C for 10 min followed by incubation at 25 °C for 15 min and held on
ice for 2 h with periodic mixing. Ribosomal-depleted RNA was collected.
Beads were washed once with 0.5× SSC, 10 mM EDTA. Ribosomal-depleted
RNA from the supernatant and wash were combined and precipitated
with alcohol.
Libraries were constructed from 400 ng of ribosomal-depleted nascent RNA.
RNA (40 μL) was fragmented at 65 °C for 5 min in 25 mM sodium carbonate
(pH 9.2), 1 mM EDTA. Fragmentation was stopped by adding 190 μL of 0.33 M
NaOAc (pH 5.2) followed by column puriﬁcation (RNA Clean & Concentrator-5;
Zymo Research). First-strand synthesis was primed with a random-tailed
adapter (sm193). Reactions contained 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM
MgCl2, 5 mM DTT, 0.5 mM dNTP, 2.5 μM primer, and 200 U MMLV-RT. Following reverse transcription, RNA was degraded with RNase H, and cDNA was
column-puriﬁed (DNA Clean & Concentrator-5; Zymo Research). Secondstrand synthesis was primed using a random-tailed adapter (sm190) in a reaction containing 10 mM Tris (pH 7.9), 10 mM MgCl2, 50 mM NaCl, 1 mM DTT,
2.5 μM primer, 1 mM dNTP, and 5 U Klenow. Duplex DNA was column-puriﬁed (DNA Clean & Concentrator-5) before ampliﬁcation. Libraries were PCRampliﬁed for 20 cycles using barcode primers (ScriptSeq Index PCR Primers;
Epicentre) and primer sm192 in a reaction containing 20 mM Tris (pH 8.8),
10 mM KCl, 10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 200 μM
dNTP, 0.2 μM each primer, and 2.5 U of a 200:1 mixture of Taq and pfu
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Determination of Genes Affected by TAF1 Depletion. Two biological replicates
of the nascent-seq preparation were performed. Reads were mapped to the

Drosophila genome using Bowtie allowing two mismatches. Mock-treated
libraries had 11,022,632 and 15,408,670 mapped reads and the TAF1 libraries had 8,674,903 and 7,025,140 mapped reads. A gene was called as
present at the 0.5 RPKM level. For these S2 cells, we identiﬁed 6,436 genes
that are present at this level. For genes called up-regulated, the gene must
be present in the TAF1 library. For genes called down-regulated, the gene
must be present in the mock-treated library. For promoter analysis, the
sequence of the 200 bp surrounding the annotated start of each gene was
used to create promoter datasets. Each dataset was interrogated using
MEME Suite software (40). The sequence motifs deﬁned as speciﬁc for each
dataset were used to probe a database containing all of the promoters
active in these S2 cells. We used FIMO software and a cutoff of P value less
than 0.0001 (41).

polymerases. Single-strand DNA was degraded with Exonuclease I. Libraries
were separated on 1.5% agarose and column-puriﬁed (EZ-10 Spin Column;
Bio Basic). Libraries were sequenced on an Illumina HiSeq 2000.
For qPCR, nascent RNA (2.75 μg) was random-primed and reversetranscribed [50 mM Tris, pH 8.3, 75 mM KCl, 3 mM MgCl2, 5 mM DTT, 0.5 mM
dNTP, 2.5 μM primer, 0.3 μg random hexamer, 200 U MMLV-RT]. Quantitative PCR reactions contained 20 mM Tris (pH 8.8), 10 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 200 μM dNTP, 0.5 μM forward
and reverse primer (Table S3), 6% ethylene glycol, 0.3× SYBR Green I (Invitrogen), and 0.05 U/μL of Taq polymerase. RNA levels for each gene were
normalized to RP49 pre-mRNA.

