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RNA polymerase Il has been found to pause stably on
several metazoan genes in a promoter-proximal region
located 20—40 nt downstream from the start site of
transcription. Escape of polymerase from this paused
state has been proposed to be a rate limiting step in
transcription of some genes. A study of the human
hsp70 promoter showed that a nucleosome positioned
downstream from the transcription start was a key
component in establishing a stably paused polymerase
in one cell-free system. We tested whether these results

could be extended to the  Drosophila hsp70 promoter in

a Drosophila cell-free system and found that polymerase
paused stably on the promoter even when the length
of DNA downstream from the transcription start was

not sufficient for assembly of a nucleosome. Our
results indicate that a downstream nucleosome is not

a universal requirement for stably pausing RNA
polymerase in the promoter-proximal region.

INTRODUCTION

chromatin. For this reconstitution RNA polymerase was initiated
on an immobilized template in a HelLa cell extract and forced to
pause at +15 by withholding a nucleotide. The elongation
complex was then washed with sarkosyl, which is expected to
strip most proteins from the template while leaving the elongation
complex intact. In the absence of nucleosomes, addition of
nucleotide triphosphates allowed the polymerase to resume
elongation. A transient pause, lasting <10 min was observed.
However, if the elongation complexes were incubated in a
chromatin assembly mixture consisting ofenopusextract and
core histones, polymerase was observed to pause in regions
around 20 and 40 nt downstream of the transcription start. The
pause that occurred in the context of reconstituted chromatin
lasted for at least 6 h.

Because of the results obtained for the huhzgTOpromoter,
we were interested in determining if a nucleosome was required
for polymerase to pause on thsp70promoter ofDrosophila
Pausing on thksp70promoter oDrosophilahas been extensively
analyzedn vivo and in isolated nucleit(and references therein).
Under non-heat shock conditions whesp70is not transcribed,
RNA polymerase molecules are observed to be paused in the
region 20-40 nt downstream of the transcription start. We

Analysis of several promoters in mammalian &rdsophila recently demonstrated that promoter-proximal pausing can be
cells has revealed the presence of polymerase molecules that'§fonstituted on thérosophila hsp70 promoter in nuclear
paused on the DNA template in the region 20-40 nt downstrea@¥tracts from non-heat shockuosophilaembryos §). This

of the transcription starfi{4). Previous studies have suggested?@used polymerase was detected by treating the DNA with
that regulation of this pausing could be a key point for controllinMnO4 and analyzing the pattern of oxidation that occurred.
the cfos promoter in quiescent cell8)( This state could be due Paused polymerase react highly with permanganate. We showed
to a repressive mechanism that keeps the gene from beithigt the pattern of permanganate reactivity obsenveitro was
expressed or it might represent a potentiated state that allows §8ikingly similar to the pattern observed in isolated nuclei and
rapid activation of the tasgene if cells receive a signal to resumehave recently shown that the same pattern of permanganate
the cell cycle. A similar situation exists for thep70promoter of ~ reactivity is observed in intact salivary gland cells Here we
Drosophila (4 and references therein). In this case the pauséte t_h|s cell-free system to investigate the role of nucleosomes in
polymerase is evident when cells are under non-heat shoBRUSINg on th@rosophilahsp70promoter.

conditions, during which the gene is not expressed. When both of

these promoters are induced there is evidence that pausing $MRTERIALS AND METHODS

occurs. Hence, pausing could be a rate limiting step of transcriptigz/rpateri als

whether the gene is inactive or active.

The mechanism for promoter-proximal pausing is not knowmuclear extract was prepared from 0—1Rrbsophilaembryos as
Recent evidence suggests that a nucleosome might be involved@scribed by Biggin and TjiaB) pUC.XBShsp7@-194/+84) and
pausing polymerase near the transcription start site. To tikatens pUC.XBShsp7@-194/+42) were constructed by Emanuel and
a stably paused polymerase on the hunsai@Opromoter, Brown  Gilmour ) and purified by CsClI gradient centrifugation. The
et al (5) found that they had to assemble the DNA template intplasmids were digested wittindlll and analyzed on an agarose
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gel to confirm complete digestion (data not shown). The digest&RESULTS
plasmids were partially protected from degradation by nucleases

present in the nuclear extract by incorporation of 8P A \ye had made no attempt to reconstitute nucleosomes in our
(Tlf)lgér%d(;/rzz Tﬁg?ﬁrmzﬁgfngégﬁggn}f/!teyn%?fﬂi%??gmatesCrz‘%de extract, we questioned what role a nucleosome might have
. : in“pausing polymerase on thep70promoter inDrosophila A
primer (3-TGG GCT GCA GGT CGA CC-Bcomplementary to i the crude nature of our extract could not allow us to rule out
sequences between tHiadl|l site and the site dfsp70nsertion g hoaqipility that some nucleosomes might be assembling on the
(see F'glA) was synthesized, called PL1. The primer was labelegi a template. To investigate whether a nucleosome is involved
with [y-52PJATP by T4 polynuceotide kinase (US Biochemical) an pausing, we took advantage of two well-established facts. First
separated from unincorporated nucleotides with a Nensol sembly 1of a nucleosome requires the wrapping of 146 bF;

20 column according to the manufacturer’s protocol. around a histone coré1). Second, assembly of a nucleosome
over the TATA box and the initiator inhibits transcriptiag-{14).
We reasoned that if the DNA template was cut less than 146 bp
KMnO 4 analysis of pausingn vitro from the transcription start and transcription still occurred on this
linearized template a nucleosome could not be assembled on the

In vitro transcription reactions (40) were set up containing 30% '€gion downstream of the transcription start. If downstream
Drosophilanuclear extract, 10 ng template DNAug Hadlll- nucleosomes are !ndeed necessary for pausing, pausing should
digestedEscherichia coliDNA, 32.5 mM HEPES—K, pH 7.6, Mot occur on the digested DNA template. _

0.8 mM Tris—HCI, 0.13 mM EDTA, 6.25 mM Mgg&I50 mM FigurelB provides evidence that polymerase still pauses even
KCI, 5% glycerol and 0.5 mM DTT (all concentrations final). after the DNA has been cut at +103. Either closed circular or cut
Some reactions containedpf/ml a-amanitin and/or 0.3 mM~ DNA (see Fig.1A) was incubated iDrosophilanuclear extract
NTPs, as indicated. After a 30 min incubation &5l 0.3 M under transcription condmons. _The presence of paused polymerase
KMnO,4 were added and the sample was incubated°a &r ~ Was _dr_atermlned by monitoring the_ pattern of_ permanganate
4 min. The reactions were stopped with 5 vol. of a solutiofactivity. Permanganate hyper-reactivity was evident at +22 and
containing 50 mM EDTA, pH 8.0, 1% SDS and 0.4 m 30 for both the circular template (lanes 3 ar_ld 4) and the I_mear
2-mercaptoethanol. The mixture was treated with proteinase f€mplate (lanes 8 and 9). This hyper-reactivity was not evident
extracted with phenol/chloroform/isoamyl alcohol (24:24:1)When nucleotides were omitted (lanes 1, 5 and 6) or when
precipitated with ethanol and dissolved in water. The Taf-@manitin was present (lanes 2 and ahAmanitin inhibits
extension analysis was performed with primer PL1 usin§'ongation and prevents polymerase from elongating to the
essentially the protocol described byeL &l (). After 25 cycles ~Promoter-proximal region. L , ,

of primer extension the samples were extracted with phenol/VVe extended our observation by determining if pausing still
chloroform/isoamyl alcohol (24:24:1), precipitated with ethanolccurs when the DNA is cut 61 nt downstream of the transcription
dissolved in gel loading buffer (98% formamide, 1 mg/ml xylendt@rt (Fig.1A). It is unlikely that any type of histone multimer
cyanol, 1 mg/ml bromophenol blue, 10 mM EDTA, pH 8.0) andould exist downstream of a paused polymerase on this template.

analyzed on a 7 M urea, 8% polyacrylamide gel. Again, permanganate hyper-reactivity is evident at +22 for both
' the circular and linear templates (Fi., compare lanes 2 and 8

with lanes 1 and 7 respectively).

o ) To demonstrate that the signals at +22 and +30 are dependent

Analysis ofin vitro transcripts on the amount of DNA modified by KMn80 and 20% of the
original KMnQy-treated transcription reactions were analyzed by

In vitro transcription reactions (44) were set up as described primer extension. As expected, a significant difference in signal
above in the absence of NTPs to allow transcription preinitiatioimtensity was observed between the two amounts (Fg.
complexes to form. Transcription was initiated by addition oEompare lanes 2 and 7 with lanes 3 and 8).
NTPs to 0.3 mM. At the times indicated in Fig@e5 pg/ml So far, our results are consistent with the hypothesis that a
o-amanitin (or water) were added. Six and 30 min after NTRucleosome is not required to stably pause polymerase on the
addition, 151l of the reaction were removed and added tal55 hsp70promoter. However, similar results might also be obtained
solutions containing 8 MM HEPES—K, pH 7.6, 16 mM EDTA, pHif polymerase were to pause transiently and reinitiation were to
8, 1.1 mM MgC}, 164 mM NacCl, 9 mM KCI, 0.82% SDS, occur at a sufficient rate to fill the paused position whenever a
0.2 mg/ml yeast tRNA, 0.9% glycerol and 0.14 mg/ml proteinaspaused polymerase vacated this position.
K. The mixture was extracted with phenol/chloroform/isoamyl To address whether the polymerases that we detect are
alcohol, precipitated with ethanol, dissolved in water andransiently or stably paused, we determined if reinitiation occurs
reprecipitated in the presence 3P-labeled primer extending on our template in our reactions. Our previous analysis had
from +35 to +16 of thédisp70gene. This primer detects both indicated that reinitiation was not occurring on uncut templates
paused and read-through transcrijsThe primer was annealed under our reaction condition®)( The experiment diagrammed in
to the RNA and extended by RNase H-free MMLV reversd-igure2A was done to determine if the cut templates also lacked
transcriptase (Gibco BRL) as described byetal (6). After  reinitiation. A preinitiation complex was formed on the promoter
ethanol precipitation the cDNA was dissolved in gel loadindor 25 min before addition of NTPs. At 6 or 30 min after addition
buffer and analyzed on a 7 M urea, 8% polyacrylamide gel. BandSNTPs, the level of initiated transcripts was assayed by reverse
representing the two major reverse transcripts were guantitatednscription using a primer spanning the region from +35 to +16
using a Phosphorimadeér (Molecular Dynamics) and NIH (Fig. 2B) and quantitated (Fi®2C). For bothHindlll-digested
Image software. and undigested constructs, the level of transcripts at 30 min was
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Figure 1. Effect of cutting the template on pausinghap70in vitro. (A) Map of plasmids pUBsp7@-194/+89) and pUIsp7@-194/+42) with position of primer
PL1. Cutting at thélindll site leaves a 19 nt extension beyond the end digh@0sequence B) pUC.XBShsp7@-194/+84) was cut withlindlll and protected
from nucleases by dATFS incorporation as described in Materials and Methods (lanes 5-9). Uncut plasmid was used as a control (Iangsaltrdiscription
reactions were carried out in the presence or absence of 0.3 mM dNARgnitin (5ug/ml) was included in the indicated reactions to inhibit Pol Il transcription.
The samples were treated with 33 mM KMnp@nd the templates assayed for KMn@odification by extension of2P-labeled primer PL1.

(C) pUC.XBShsp7@-194/+42) was digested witkindlll and protected from nucleases by d&Brincorporation (lanes 4-8). Uncut plasmid was used as a control
(lanes 1-3)In vitro transcription reactions were carried out in the presence or absence of 0.3 mM dNTPs and the samples were treated witmGz ifid KM
templates were assayed for KMp@odification by extension ¢¥P-labeled primer PL-1 after they were diluted to the indicate@roportion of their original
concentration to confirm the dependence of signal intensity on template concentration.

equivalent to the level of transcripts at 6 min (R2G:). To  preincubation are consistent with the linearized template having
determine whether this was due to a lack of reinitiation or due #phalf-life of (25 min. Inactivation of the linearized template is
degradation of RNA produced early in the time coursapanitin - most likely due to exonuclease activityp). Importantly, the rate
was added 3 min after NTP addition to stop RNA production. Thef template inactivation is not sufficient to negate our conclusion
level of RNA at 30 min after addition of NTPs was found to behat there is no reinitiation in our reactions. Because reinitiation
equal to that at 6 min after addition of NTPs, demonstrating thdbes not occur, the polymerase observed in the region that
no significant loss of RNA occurs during the time course of th@cludes +22 and +30 can only be the result of a single initiation
experiment. and stable pausing event.

The level of transcript produced by the linearized template was
consistently less than the level from the uncut template. The respliscyssion
in lane 14 indicates that this decrease in signal is likely to be due
to inactivation of the linearized template. Preincubating th&/e conclude from our experiments that nucleosomes are not
template for 49 min prior to adding NTPs results in a level ofequired for pausing RNA polymerase Il on tep70promoter
transcript that isC25% of the amount detected from uncutof Drosophila This conclusion is consistent with recent high
template. This result and the measurement from the 25 miasolution analyses of the DNase | cutting pattern observed on this
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Figure 2. Kinetic analysis of the reinitiation of polymeraseHindlll-digested pUC.XB$isp7@-194/+42). A) Schematic of kinetic analysiBrosophilanuclear
extract, salts and undigested (lanes 1-&jindlll-digested (lanes 7-18) pUC.XB8p7@-194/+42) were added to all reactions at —25 min. NTPstamanitin
were added to the reactions and aliquots of the reactions were added to transcription stop buffer at the times indimdpésiwEi@sgisualized on a 7 M urea/8%
polyacrylamide gelR) after reverse trancription usifgP-labeled primer extending from +35 to +16) Quantitative analysis of reverse transcripts. The two major
reverse transcription products in (B) were quantitated as described in Materials and Methods. The values obtainedridriamese@iaed to correct the data from

lanes 1-5 and 8-18 respectively for reverse transcripts resultin$pf@RNA already present in the nuclear extract. Where applicable the graph shows the mean
and standard deviation of identical reactions.

promoter in isolated nucler (L6). Strong cutting is observed in nucleosomel(7). That a hucleosome is not involved in pausing
the region encompassing +65, suggesting that this region pslymerase in the promoter-proximal region afnge is also

nucleosome free. consistent with the finding that the first 100 nt downstream of the
Results from analysis of thenaycpromoter are also consistent transcription start are readily cut by micrococcal nuclease in

with the notion that pausing does not require a nucleosome. In tigslated nuclei18).

case paused polymerase can be released in nuclei by treatmehtow can our results and those from past studies be reconciled

with 150 mM KCI (). In contrast, a KCI concentration in excesswith the evidence that a nucleosome is involved in pausing

of 250 mM was required in a reconstituted system for polymeragolymerase on thénsp70 promoter in human cells? One

to resume elongation when it had first been paused by mossibility is that while nucleosomes are not necessary for the
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pausing of polymerase to be stable in the time frame (30 min) veé factors, including nucleosomes, sequence-specific DNA
studied, they may help stabilize pausing beyond that point or maynding proteins and other DNA binding moleculed {,21,22).
regulate the release of paused polymerase in response to certadfeed, it is possible that individual histones, possibly present in
activators. Another possibility is that there are different mechanisnagir extracts, could still bind DNA and provide some resistance to
for pausing polymerase, with nucleosomes playing a role ipolymerase movement. The results presented here indicate that a
pausing on some promoters. In the case of tfus promoter  downstream nucleosome is not a universal requirement for stably
permanganate footprinting showed that there are two regions méiusing RNA polymerase in the promoter-proximal region.
paused polymerasé)( One is situated near the promoter in a
region 30—47 nt downstream of the start. The other appears to A KNOWLEDGEMENT
located 385 nt downstream of the transcription start in a region , "
encompassing a T-rich stretch. It remains to be determinddnis work was supported by National Insititutes of Health grant
whether the mechanism for pausing in these two locations diffel@M47477.
but certainly this is a strong possibility.
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