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Pol II initiation has long been known to be rate limiting in transcrip-
tion and has been extensively studied using biochemical, structural 
and, more recently, imaging approaches1–5. As a result, there is a 
wealth of knowledge about how Pol II and the basal transcription 
factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH assemble into 
the pre-initiation complex (PIC) on active promoters4,5, unwind the 
double-stranded DNA with the help of the XPB helicase/translocase 
of TFIIH, and initiate transcription6,7.

The function of Pol II pausing is less well understood. Pol II  
pauses 30–50 bp downstream of the transcription start site (TSS), 
with the help of pausing factors such as NELF, and requires the  
P-TEFb kinase complex to continue the productive elongation  
of a full-length transcript8,9. Some promoters show a particularly 
strong tendency for Pol II pausing, and this property is tightly  
linked to the promoter’s DNA sequence10–12. Strongly paused pro-
moters can mediate faster and more synchronous gene expression 
in response to a developmental signal12,13. The high degree of paus-
ing suggests that pause release is rate limiting at these promoters,  
but how this would favorably affect expression dynamics is not 
entirely clear.

Gene expression in response to developmental or environmen-
tal signals typically involves many rounds of transcription and thus 
requires new Pol II initiation in addition to pause release. This raises 
the question of whether initiation can take place in the presence 
of paused Pol II or whether paused Pol II is released first to allow 
new initiation to occur. This is a challenging problem to resolve 
because it is difficult to study Pol II pausing and initiation with 
the same method. Biochemical approaches for assaying the PIC do 
not detect Pol II pausing, while genomics techniques such as Pol II 
ChIP–seq14,15, genome-wide permanganate footprinting16 and global 
run-on sequencing (GRO–seq and PRO–seq)11,17,18 do not capture 
the PIC. Importantly, even when Pol II was mapped by ChIP–seq in 
combination with lambda exonuclease digestion (ChIP–exo)19, which 

has the resolution to distinguish between the initiation and pausing 
positions, Pol II at the PIC stage was not detected20.

To investigate the relationship between initiation and pausing, 
we have used a robust ChIP–exo protocol called ChIP-nexus21 and 
mapped Pol II, basal transcription factors and pausing factors in the 
presence or absence of transcriptional inhibitors. We show that Pol II 
can be detected as part of the PIC after treatment with triptolide (TRI), 
a drug that binds XPB and inhibits initiation22. Together with half-life 
measurements of paused Pol II, our results suggest that paused Pol II is 
much more stable than Pol II at the PIC stage. Further analysis shows 
that PIC assembly and paused Pol II do not typically occur on the same 
promoter and that paused Pol II inhibits new initiation. This suggests 
that paused Pol II is released before new initiation can occur. We dis-
cuss our findings in the context of transcriptional bursting and noise.

RESULTS
Occupancy of the transcription machinery at high resolution
We first mapped the precise positions of Pol II and a number of basal 
transcription factors, including TFIIA, TFIIB, TFIIF, TBP, TAF2 
and XPB, by performing ChIP-nexus experiments in Drosophila  
melanogaster Kc167 cells. Exonuclease digestion is performed dur-
ing the immunoprecipitation of cross-linked chromatin and stops at 
proteins that are directly or indirectly bound to the factor of inter-
est19. After sequencing, the positions of all the stop bases are obtained 
across the genome. In this manner, a cross-linked protein leaves a 
footprint consisting of reads mapping to the positive strand upstream 
and to the negative strand downstream (Fig. 1a).

The ChIP-nexus data showed footprints for each factor at 
unprecedented resolution, much higher than that in ChIP–seq data  
(Fig. 1a). The data were highly reproducible without data smoothing, 
even at the single-gene level, identifying distinct positions for the 
footprints of TFIIA, TFIIB and Pol II relative to the TSS (Fig. 1a and 
Supplementary Fig. 1).
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To calculate the average footprint for each factor across the genome, 
we used TSS annotations determined experimentally by PRO-cap18 
and aligned and averaged the ChIP-nexus signal to the top 1,000 pro-
moters with the highest TFIIB signal. The results showed that the 
average Pol II footprint was located downstream of the TSS at +29 bp,  
the midpoint between the upstream summit (+21 bp) and the down-
stream summit (+38 bp) (Fig. 1c and Supplementary Fig. 2). As 
observed previously16,20, there was no distinct Pol II footprint at the 
expected site of PIC formation.

The basal transcription factors involved in PIC formation had a 
distinct binding profile, with defined footprints at various positions 
relative to the TSS (Fig. 1b,c), consistent with their known or pre-
dicted DNA contacts based on X-ray crystallography and cryoelec-
tronmicroscopy (cryo-EM)1. The strong differences between factors 
suggest that the ChIP-nexus signal preferentially reflects direct DNA 
contacts and that indirect contacts to DNA through other components 
of transcription complexes do not dominate the detected signal.

The basal transcription factors made DNA contacts in roughly five 
regions (numbered in Fig. 1b). As discussed below, the regions near 
the initiation site closely matched those of structural models, whereas 
the regions furthest away (regions 1, 4 and 5) were unexpected.

TFIIA was found furthest upstream, consistent with X-ray or cryo-
EM structures in which it stabilizes TBP binding to the TATA box23–26.  
Unexpectedly, the footprint of TFIIA was even stronger upstream of 
the TATA box (region 1, midpoint at −46 bp; Fig. 1b,c). This suggests 
additional contacts of TFIIA in vivo, beyond the length of DNA typi-
cally used in in vitro studies.

TFIIB, TFIIF and TBP showed footprints expected from their inter-
actions with DNA between the TATA box and the TSS (region 2, 
midpoint at −12 bp; Fig. 1c and Supplementary Fig. 2). The upstream 
summit on the positive strand was located just upstream from where 
the three factors form a subcomplex that surrounds and stabilizes 
the promoter DNA during initiation26,27. The downstream summits 
for TFIIB and TFIIF on the negative strand were around the TSS, 
consistent with TFIIB and TFIIF engaging and stabilizing the melted 
DNA strands26,28–30.

In addition to binding near the TATA box, TBP also made strong 
but unexpected contacts downstream of the TSS, with a footprint that 
looked similar to that of paused Pol II (region 4, midpoint at +32; 
Fig. 1c and Supplementary Fig. 2). This additional footprint was 
reproducible and was also found in TBP ChIP–exo and ChIP-nexus 
data in human cells20,21 (Supplementary Fig. 3).

The simplest explanation is that the downstream footprint of TBP 
occurs through TFIID, a large complex, of which TBP is a part, that 
extends to the downstream promoter region31,32. However, we favor the 
idea that TBP occupies this downstream location more directly. Cross-
linking TBP to this position indirectly through TFIID would require 
multiple protein–protein cross-links32, which would be predicted to 
result in low ChIP signal. Furthermore, the ChIP-nexus profile of one 
of the TFIID components that mediates the downstream DNA contacts, 
TAF2 (refs. 32,33), was different from that of TBP. Consistent with 
structural studies32, TAF2 had a strong footprint downstream of the 
TSS (region 3, midpoint +15 bp; similar to XPB), but in addition there 
was a footprint further downstream, beyond that of TBP and paused 
Pol II (region 5, midpoint +44 bp; Fig. 1c and Supplementary Fig. 2). 
This difference between the downstream footprints of TBP and TAF2 
makes it unlikely that TBP contacts this position through TAF2.

Detection of the PIC after triptolide treatment
Our data captured each factor in a population of cells, where pro-
moters are found in different stages of transcription. Under these 

conditions, Pol II as part of the PIC is not detected, either because the 
vast majority of promoter-bound Pol II is paused rather than in a PIC 
or because the PIC stage is hard to detect in ChIP experiments. We 
therefore set out to specifically capture the ChIP-nexus profile of PICs 
or very early transcription intermediates. TRI covalently binds XPB 
and inhibits ATP-dependent promoter melting in vitro22. Treatment 
with TRI inhibits mRNA production in vivo34 and causes the ChIP 
signal of Pol II to shift upstream35. When we treated cells with TRI for 
1 h, we confirmed a decrease in Pol II Ser2 phosphorylation consistent 
with loss of transcription and found that Pol II and basal transcription 
factors were not degraded (Supplementary Fig. 4).

In ChIP-nexus experiments with TRI-treated cells, we found that 
the profiles showed changes consistent with increased detection of 
PICs. Although some Pol II was still detected at the pause position, the 
strongest Pol II footprint was located upstream of the TSS (midpoint 
at −19 bp; Fig. 1d and Supplementary Fig. 2), exactly where Pol II 
contacts DNA as part of the PIC in vitro26,30. This Pol II footprint was 
similar to those of TFIIB, TFIIF and TBP, all of which were markedly 
stronger and narrower after TRI treatment as compared to control 
conditions (Fig. 1c,d). While the positive-strand summits of TFIIB 
and TFIIF remained at the same location, the negative-strand sum-
mits shifted upstream (TFIIB from +2 to −15 bp, TFIIF from +2 to 
−8 bp; Fig. 1c,d and Supplementary Figs. 2 and 5). These footprint 
changes are consistent with a transition from an open complex to 
a closed state, in which TFIIB and TFIIF do not engage with the 
melted DNA strands26,30,36. This suggests increased detection of PICs 
or other early intermediates.

Another notable change after TRI treatment was loss of the down-
stream footprint of TBP, suggesting that downstream binding of TBP 
is not prevalent during PIC formation. Furthermore, XPB had a much 
more defined footprint downstream of the TSS (midpoint at +15 bp), 
consistent with XPB serving as a block to initiation in the presence of 
TRI37. The footprints of TFIIA and TAF2, the outermost components 
of the PIC, remained mostly unchanged (Fig. 1d and Supplementary 
Fig. 2). Thus, some PIC components such as TBP appear to change 
their footprint during transcription, while other components may 
remain behind as scaffold.

Because ChIP-nexus was able to detect Pol II as part of the PIC after 
TRI treatment, the likely reason for not detecting it under normal 
conditions is that the Pol II ChIP signal predominantly comes from 
paused Pol II. This is plausible because PIC formation occurs on the 
order of seconds in vitro and in vivo38,39, while paused Pol II can be 
very stable, with half-lives estimated from approximately 10 min at the 
Hsp70 promoter as measured by imaging studies or run-on assays40,41 
to as long as 1 h by treating cells with TRI and analyzing the loss of 
paused Pol II (ref. 35). On the basis of these measurements, paused 
Pol II is possibly orders of magnitude more stable than PIC Pol II. 
This could explain why some paused Pol II signal is still detectable 
after 1 h of TRI treatment.

Genome-wide half-life measurements of paused Pol II
We performed Pol II half-life measurements across the genome to 
globally analyze the relationship between PIC formation and Pol II 
pausing times. We treated cells with TRI and performed Pol II ChIP-
nexus in a time-course experiment (examples in Fig. 2a). As TRI 
treatment prevents new Pol II from reaching the pause position, previ-
ously existing paused Pol II is eventually lost, either by transitioning 
into elongation or due to transcript termination34. Unlike previous 
measurements, the high resolution of the ChIP-nexus data allowed us 
to specifically measure the Pol II signal at the pausing position with 
minimal influence from the site of PIC formation, where Pol II signal 
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is retained after TRI treatment (Fig. 2a, left). We also included spike-
in controls to account for the loss of total ChIP signal over time. For 
promoters with high Pol II signal and an identifiable pausing position 
(2,329 promoters), we fitted the Pol II time-course measurements to 
an exponential decay model and calculated the half-life of paused 
Pol II at each promoter (Fig. 2b,c and Supplementary Table 1). The 
promoters were then rank-ordered on the basis of their paused Pol II 
half-life and divided into five quintiles (q1 to q5; Fig. 2d).

We found that 1,798 promoters had a paused Pol II half-life shorter 
than 60 min and most half-lives fell between 5 and 20 min (example 
in Fig. 2a, left; Fig. 2b,c). However, there were some promoters where 
paused Pol II occupancy remained essentially unchanged after 30 min 
of TRI treatment (n = 531; example in Fig. 2a, right), suggesting that 
they represent stably paused promoters. These results are comparable 
to previous Pol II half-life measurements with TRI34,40 and, on the 
basis of further analysis, fit our expectations.

We found that the relative differences between the Pol II half-lives 
among the five quintiles were consistent with mRNA–seq data and Pol II  

occupancy under steady-state conditions. Promoters with longer 
pause durations tended to have a lower steady-state level of mRNA, 
as well as a higher pausing index—the ratio between Pol II at the 
pausing position and the gene body (Fig. 2e).

We also performed additional experiments to test whether the 
Pol II pausing half-lives we measured were consistent with NELF-
dependent pausing. ChIP-nexus experiments with NELF-E under 
steady-state conditions showed increased NELF-E occupancy with 
longer Pol II half-lives (Fig. 2f). Furthermore, stably paused pro-
moters (q5) maintained high NELF-E occupancy after initiation was 
blocked with TRI, while promoters with a short Pol II half-life (q1) 
showed an almost complete loss of NELF-E (Fig. 2f). Finally, when we 
knocked down NELF, the observed loss of Pol II correlated with our 
half-life measurements; the most dramatic loss of Pol II was observed 
at promoters with the longer half-lives for paused Pol II (Fig. 2g and 
Supplementary Fig. 6).

Finally, we found that promoters with different degrees of  
pausing had enrichments for different core promoter elements  
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(Fig. 2h). Promoters with the most stably paused Pol II were sig-
nificantly enriched for pause button (PB) and initiator (Inr), whereas 
promoters with the shortest Pol II half-lives were significantly 
enriched for the TCT motif and the TATA box (Fig. 2h). These results  
are consistent with previous observations that the presence of  
TATA can be associated with reduced Pol II pausing under some 
developmental conditions42,43.

Minimal PIC at promoters with stably paused Pol II
We took advantage of the Pol II half-life measurements at promoters 
to investigate the relationship between Pol II pausing and initiation. 

If a new PIC assembles in the presence of paused Pol II (‘preloading’ 
of the next Pol II), the percentage of upstream Pol II should be inde-
pendent of the pause duration and thus similar across all quintiles 
with different Pol II half-lives. Conversely, if Pol II cannot form a PIC 
in the presence of paused Pol II, one would expect an anticorrelation 
between upstream Pol II and pausing duration. This latter situation 
was exactly what we observed.

We found that, under steady-state conditions, the shorter the  
half-life of paused Pol II, the higher the percentage of upstream  
Pol II (Fig. 3a). This difference was clear when comparing the average 
Pol II profile for promoters with short half-lives (q1) to that of stably 
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paused promoters (q5). The profile for promoters in q1 showed a 
discernable footprint where Pol II forms a PIC and initiates, whereas 
that of q5 showed little evidence of Pol II initiation (Fig. 3b). Thus, the 
half-life of Pol II pausing and the occupancy of Pol II at the initiation 
site display an inverse correlation.

To investigate whether the binding of basal transcription factors 
was also lower in the presence of paused Pol II, we plotted the levels 
of each factor across the five quintiles (Fig. 3c). Similar to initiat-
ing Pol II itself, the levels of TFIIB and TFIIF decreased with longer 
half-lives of paused Pol II. Promoters with stably paused Pol II had 
much lower levels of TFIIB and TFIIF in their average profiles than 
promoters with short Pol II half-lives (Fig. 3d). This is consistent with 
biochemical experiments suggesting that TFIIB dissociates from the 
transcription machinery after initiation44–46 and suggests that TFIIF 
is also released from stably paused Pol II.

In contrast to TFIIB and TFIIF, the levels of TBP did not decrease 
to the same extent across the five quintiles (Fig. 3d). However, stably 
paused promoters showed substantial loss of TBP from the upstream 
position, where initiation takes place. TBP was mostly observed at 
the downstream position, which is likely associated with later stages 
of transcription. Thus, the distribution of TBP also argues that stably 
paused promoters are not undergoing initiation.

Paused Pol II inhibits new initiation
The lack of Pol II initiation at stably paused promoters raises the possi-
bility that paused Pol II blocks new Pol II from initiation. Alternatively, 
it could be the other way around, that Pol II pausing is stable because 
no new initiation takes place. To distinguish between these two pos-
sibilities, we treated cells with flavopiridol (FP) or 5,6-dichloro-1-
β-d-ribofuranosyl benzimidazole (DRB), two kinase inhibitors that 
block pause release by P-TEFb with different mechanisms47,48. We 
confirmed that Pol II Ser2 phosphorylation was reduced without 
affecting total Pol II levels or Ser5 phosphorylation (Supplementary 
Fig. 7). This allowed us to analyze the effect of increasing the pause 
duration at promoters where new Pol II initiation normally occurs.

When we calculated the percentage of upstream Pol II after FP 
treatment, there was a strong decrease in comparison to the control 
(Fig. 4a). Furthermore, analysis of the Pol II profile at promoters with 
short half-lives showed that the upstream Pol II footprint present 
under normal conditions was markedly reduced after FP or DRB 
treatment (Fig. 4b). This suggests that stably paused Pol II blocks new 
transcriptional initiation.

DISCUSSION
Paused Pol II is thought to facilitate rapid and synchronous gene 
expression responses12,13, but how this occurs is not clear. Our results 
rule out the model in which paused Pol II does so by allowing new 
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initiation to occur before pause release. Instead, we find that paused 
Pol II inhibits new initiation and that basal transcription factors such 
as TFIIB and TFIIF no longer occupy the site of initiation upon pro-
longed Pol II pausing. This suggests that initiation can only take place 
after paused Pol II is released.

The mechanism by which paused Pol II inhibits new initiation is 
not known. The minimum length of DNA that Pol II occupies has 
been estimated to be ~33 bp49,50, and the site of PIC formation is 
~47 bp upstream of paused Pol II in our data. Thus, we cannot con-
clude that the inhibition is simply because the two Pol II complexes 
would spatially constrain each other. However, our data also show 
that basal transcription factors involved in initiation (for example, 
TAF2) occupy a broader area of the promoter than previously shown 
by structural studies and that some of them, including TBP, appear to 
change their contacts during transcription. This raises the possibility 
that dynamic occupancy of basal transcription factors is the reason 
that paused Pol II interferes with initiation.

The reason we could detect the change in basal transcription fac-
tors between the initiation and pausing stages is that promoters were 
found to have a wide range of paused Pol II half-lives, with hundreds 
of them stable for over 30 min. Although we cannot rule out the pos-
sibility that TRI-based measurements lead to overestimations, the 
results are consistent with previous studies on individual promoters 
and explain why paused Pol II is the most prominent form detected 
by ChIP across the genome, especially in comparison to the much 
more transient PICs. Thus, paused Pol II appears to be generally very 
stable, with half-lives on the order of minutes to hours.

How does Pol II pausing fit into a framework where transcrip-
tion occurs in bursts? It is becoming increasingly clear from imaging 
experiments that regulated metazoan genes, including those with 
paused Pol II, are transcribed in bursts51,52. Bursts are characterized 
by a rapid succession of numerous transcribing Pol II proteins, inter-
spersed by periods of inactivity lasting from minutes to hours, during 
which the gene may be refractory to activation53,54. Paused Pol II 
cannot yet be detected in these assays, but the emerging properties 
of paused Pol II strongly suggest that it is present during the periods 
of inactivity between bursts of transcription.

The stability of paused Pol II appears to be on the order of min-
utes to hours, which is much longer than Pol II could pause during 
transcription bursts but in the same range as measured refractory 
periods53,54. Paused Pol II has been shown to prevent nucleosomes 
from forming over the promoter, especially at strongly paused pro-
moters14,55. Nucleosomes reform in a period on the order of minutes 
to hours56, presumably between prolonged periods of inactivity. This 
suggests that paused Pol II excludes nucleosome formation by remain-
ing on the promoter between transcription bursts.

If paused Pol II is present during long periods of inactivity, its 
inhibitory effect on initiation could be beneficial. By preventing ini-
tiation, paused Pol II prevents basal transcription factors and further 
Pol II from being sequestered (Fig. 4c). Furthermore, paused Pol II 
itself might contribute to the refractory period. In this more specula-
tive model, the presence of paused Pol II after a transcription burst 
is one of the mechanisms that prevents another transcription burst 
from following immediately afterward.

Theoretical considerations suggest that a multistep process of regu-
lating transcriptional activation reduces noise by creating narrowly 
distributed refractory periods54,57,58. While a single rate-limiting 
step would produce periods of inactivity of exponential length, the 
presence of multiple steps that involve resetting before reactivation 
reduces the variability of the refractory periods between transcription 
bursts. We note that such a multistep activation process is consistent 

with our results (Fig. 4c). Namely, the inhibitory property of paused 
Pol II could ensure that initiation does not occur by default and that 
initiation and pause release are both regulated. After a transcription 
burst, paused Pol II could be one of the mechanisms that prevent 
immediate reactivation.

While our model is consistent with synchronous, less noisy expres-
sion, it does not fully explain the rapid inducibility of paused genes. As 
we ruled out permissive reinitiation in the presence of paused Pol II, 
we speculate that the inhibitory property of paused Pol II may allow 
the promoter to be in an otherwise permissive transcription state. For 
example, paused Pol II may not only keep the promoter accessible14,43 
but also allow engagement with enhancers59. In this manner, paused 
Pol II may block new initiation while at the same time keeping the 
promoter responsive to enhancer activation.

In summary, our results establish a clear relationship between  
Pol II pausing and initiation, thereby revising existing models for the 
role of Pol II in transcriptional regulation. They also illustrate how 
novel high-resolution genomics approaches such as ChIP-nexus can 
complement biochemical, structural and imaging approaches, thereby 
providing new avenues for the characterization of transcription stages 
such as paused Pol II that were previously challenging to study.

URLs. ChIP–seq and ChIP-nexus data, https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE85741; analysis code, https://github.
com/zeitlingerlab/Shao_NG_2017; instructions for accessing Linux 
virtual machine containing raw data, processed data, software tools 
and analysis scripts, http://research.stowers.org/zeitlingerlab/data.
html; FlyBase RNA–seq data, ftp://ftp.flybase.net/releases/FB2014_
03/precomputed_files/genes/gene_rpkm_report_fb_2014_03.tsv.gz.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Cell culture and transcription inhibitor treatment. Drosophila Kc167 cells 
(purchased from DGRC; negative for mycoplasma contamination) were 
grown at 25 °C in HyClone SFX-Insect Cell Culture Media. Transcription 
inhibitors were added directly into SFX media. Cells were treated with  
500 µM TRI (TOCRIS Bioscience, 3253; dissolved in DMSO), 500 nM FP 
(Santa Cruz Biotechnology, sc-202157; in DMSO) or 50 µM DRB (Sigma, 
D1916; in DMSO) at room temperature for 1 h. Equivalent amounts of DMSO 
treatment (2%) were used as the control.

ChIP-nexus. For each ChIP-nexus experiment, 1 × 107 Kc167 cells were fixed 
with 1% formaldehyde in SFX media at room temperature for 10 min. Fixed 
cells were washed with cold PBS, incubated with Orlando and Paro’s Buffer A 
(0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl, pH 8.0) 
for 10 min at room temperature with rotation, and then centrifuged and resus-
pended in S2-RIPA buffer (10 mM Tris-HCl, pH 8.0, 140 mM NaCl, 0.1% SDS, 
0.1% sodium deoxycholate, 0.5% sarkosyl, 1% Triton X-100). Sonication was 
performed with a Bioruptor Pico for four rounds of 30 s on and 30 s off. The 
ChIP-nexus procedure and data processing were performed as previously pub-
lished21, except that ChIP-nexus adaptors with a single fixed barcode (CTGA) 
or mixed fixed barcodes (CTGA, TGAC, GACT, ACTG) were used during 
adaptor ligation. Two biological replicates were performed for each factor and 
condition. ChIP-nexus samples were used for further analysis if more than  
5 million non-duplicated reads could be aligned to the genome and ChIP-
nexus signal was enriched at promoter regions (Supplementary Table 2).

Antibodies. For each ChIP-nexus experiment, 10 µg of antibody was coupled 
to 100 µl of Dynabeads coupled to protein A or protein G (Thermo Fisher, 
10008D). The following antibodies were used: rabbit polyclonal antibodies 
against full-length Drosophila TFIIA, TFIIB, TFIIF and TBP (a gift from  
J. Kadonaga, University of California, San Diego), guinea pig polyclonal anti-
bodies against Drosophila TAF2 (a gift from P. Verrijzer, Erasmus University 
Medical Center), rabbit polyclonal antibodies against human XPB (Santa 
Cruz Biotechnology, sc-293X), rabbit polyclonal antibodies against full-length 
Drosophila NELF-E (custom made from GeneScript, Zeitlinger lab 126740-7)  
and rabbit polyclonal antibodies against the full-length Drosophila Pol II 
subunit RPB3 (custom made from GeneScript, Zeitlinger lab 163185-50).  
For the spike-in control of human chromatin, rabbit polyclonal antibodies 
against human Pol II were used (N20, Santa Cruz Biotechnology, sc-899X). 
For immunoblots, mouse monoclonal antibodies against α-tubulin (Sigma, 
T9026) were used as loading control.

NELF knockdown. Drosophila Kc167 cells were treated with double-stranded 
RNA (dsRNA) against eGFP or the NELF-E and NELF-B subunits. dsRNA 
was generated from PCR templates carrying two T7 RNA polymerase pro-
moter sequences (5′-TAATACGACTCACTATAGG-3′) on each end. dsRNA 
was prepared using the MEGAscript RNAi kit (Fisher, AM 1626). For each 
knockdown experiment, 1 × 106 cells were seeded per well in a six-well plate 
and incubated at 25 °C for 30 min to allow cells to attach to the bottom of 
the plate. Cells were treated with 10 µg of dsRNA and incubated for 24 h. 
The cells were again treated with 10 µg of dsRNA and collected 48 h later to 
study the phenotypes of NELF depletion. The primers used to amplify PCR 
templates from Drosophila genomic DNA or plasmid containing eGFP are 
listed in Supplementary Table 3.

RT–qPCR. 5 × 105 Drosophila Kc167 cells after NELF or eGFP knockdown 
were transferred to a 1.5-ml tube and washed with cold PBS. Total RNA was 
extracted and purified with the Direct-zol RNA MiniPrep kit (Genesee, 11-330). 
cDNA was generated with the High-Capacity RNA-to-cDNA kit (Thermo 
Fisher, 4387406). qPCR was then performed with Fast SYBR Green Master Mix 
(Thermo Fisher, 4385610) and primers against NELF-E and NELF-B.

Immunoblotting. 5 × 105 transcription-inhibitor- or dsRNA-treated Kc167 
cells were transferred to a 1.5-ml tube and washed with cold PBS. Cells were 
then lysed with S2-RIPA buffer (10 mM Tris-HCl, pH 8.0, 140 mM NaCl, 0.1% 
SDS, 0.1% sodium deoxycholate, 0.5% sarkosyl, 1% Triton X-100). Primary 
antibodies were used at a 1:2,000 dilution.

Filtering and reannotating Drosophila TSSs. TSSs from FlyBase pro-
tein-coding genes (fb-r5.47) were reannotated to match a nearby PRO-cap 
(GSM1032759) peak summit if within 150 bp of it. Original TSS annota-
tions from FlyBase were preserved if no PRO-cap peak was detected. If a TSS  
was found within 300 bp of another TSS, both TSSs were removed from 
the promoter set. This set of reannotated TSSs (n = 14,229) was used for  
subsequent analyses.

Mapping basal transcription factor footprints. Basal transcription factors and 
Pol II ChIP-nexus data were processed and aligned to the dm3 genome. Only 
the nucleotides where the exonuclease stopped digestion (a single stop base 
for each read) were kept, and no data smoothing was performed. The top 1,000 
promoters with the highest TFIIB signal were selected by calculating the sum 
of the TFIIB ChIP-nexus signal (under normal conditions) within a 201-bp  
window centered on the TSS. For each factor, two ChIP-nexus replicates were 
merged after read count normalization. The average ChIP-nexus signal for 
the top 1,000 promoters was calculated in RPM after aligning to the TSS. The 
position of a footprint was defined as the middle point between the positive- 
and negative-strand summits (rounded down if between bases).

Paused Pol II half-life measurement. Kc167 cells were treated with TRI at 
room temperature for 5, 10, 15 and 30 min and 2% DMSO as a control. Cells 
were fixed and prepared for ChIP-nexus as referenced above, except that a 
fixed amount of spike-in was added to each ChIP to control for the loss of Pol II  
ChIP signal after TRI treatment (there was about 8% loss of Pol II signal 
after 30 min of TRI treatment). For the spike-in control, human chromatin 
extracts from the GM12878 cell line were incubated with Dynabeads coupled 
to antibodies against human Pol II (N20, Santa Cruz Biotechnology, sc-899X), 
washed four times (Buffer A-D). The mixture of Dynabeads and Pol II ChIP 
was then added equally to each Kc167 ChIP-nexus experiment. After sequenc-
ing, spiked-in samples were aligned to a dm3–hg19 combined genome. Only 
reads that uniquely aligned to each genome were used for analysis, and PCR 
duplicates with the same ChIP-nexus barcode were removed. Each Drosophila 
sample was then read count normalized on the basis of the ratio between 
human and Drosophila reads. Two biological replicates were performed for 
each condition.

To analyze the half-lives of paused Pol II from these data, promoters were 
selected if (i) the total Pol II signal in both the control and FP-treated con-
ditions was high (top 25%), (ii) a typical footprint was observed for Pol II 
(distance between positive- and negative-strand peak < 80 bp) and (iii) the 
position of the Pol II footprint was less than 80 bp downstream of the TSS; 
2,329 promoters fulfilled these criteria. For each promoter, the Pol II signal was 
calculated in a 41-bp window centered on the pausing position (the midpoint 
between Pol II–positive and Pol II–negative summits). To calculate the half-
life of paused Pol II at each promoter, the Pol II time-course measurements 
were fitted into an exponential decay model using nonlinear regression. 1,798 
promoters had a paused Pol II half-life shorter than 60 min, and promoters 
with a paused Pol II half-life of longer than 60 min (n = 531) were floored to 
60 min to eliminate inflated values due to noise. The 2,329 promoters were 
then ranked and divided into five quintiles. For display purposes (heat map 
in Fig. 2b), the Pol II measurements at each promoter were normalized to the 
maximum Pol II signal under the control condition.

Promoter element enrichments. In Figure 2h, known Drosophila promoter 
elements in each promoter were identified by the presence of the known con-
sensus sequence with zero mismatches in a specified window relative to the 
TSS (Supplementary Table 4). For each promoter quintile and each promoter 
element, the enrichment was calculated by determining the ratio between 
the fraction of promoter element in the quintile and the fraction of the same 
promoter element in the other four quintiles. The significance for the observed 
frequencies was calculated with Fisher’s exact test and corrected for multiple 
testing with the Benjamini–Hochberg method.

Other calculations. Total Pol II signal (Fig. 2f) was calculated in a 201-bp 
window around the TSS. The pausing index (Fig. 2f) was calculated as the 
average amount of Pol II ChIP-nexus signal per base pair in a 41-bp window 
centered on the pausing position divided by the average amount of Pol II signal 
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per base pair in a 101-bp window located 200 bp downstream of the pausing 
position. Initiating Pol II (Figs. 3a and 4a) was defined as the amount of Pol II  
signal in a 41-bp window upstream of the TSS divided by the total Pol II signal 
in a 201-bp window around the TSS. The basal transcription factor levels at 
each promoter were calculated as the number of ChIP-nexus reads in a 201-bp  
window centered on the TSS. P values in Figures 2e,g, 3a,c and 4a were cal-
culated with a two-sample Wilcoxon test.

Public data sets used for analysis. The human PIC structure (5IY6)26 and 
TFIID structure (5FUR)32 were downloaded from the RCSB Protein Data Bank 
and superimposed using UCSF CHIMERA60. Relevant factors are shown and 
colored appropriately. Kc167 RNA–seq data were downloaded from FlyBase 
(see URLs). PRO-cap (GSM1032759)18, human TBP ChIP-nexus (GSE55306)21 

and human TBP ChIP–exo (SRA067908)20 data were downloaded from GEO 
and the Sequence Read Archive.

Data availability. ChIP–seq and ChIP-nexus data sets have been deposited in 
GEO under accession GSE85741. All data analysis performed in this paper, 
including raw data, processed data, software tools and analysis scripts, is 
reproduced in a publically accessible Linux virtual machine. Instructions for 
accessing the virtual machine can be found at http://research.stowers.org/ 
zeitlingerlab/data.html. The analysis code is available on GitHub at https://github. 
com/zeitlingerlab/Shao_NG_2017.

60.	Pettersen, E.F. et al. UCSF Chimera—a visualization system for exploratory research 
and analysis. J. Comput. Chem. 25, 1605–1612 (2004).
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