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SUMMARY

Many genes are regulated at the level of a Pol 11 that is recruited to a nucleosome-free region
upstream of the +1 nucleosome. How the Mediator coactivator complex, which functions at
multiple steps, affects transcription through the promoter proximal region, including this
nucleosome, remains largely unaddressed. We have established a fully defined in vitro assay
system to delineate mechanisms for Pol 11 transit across the +1 nucleosome. Our results reveal
cooperative functions of multiple cofactors, particularly of Mediator and elongation factor Sll, in
transcribing into this nucleosome. This is achieved, in part, through an unusual activity of Sl that
alters the intrinsic catalytic properties of promoter-proximal Pol Il and, in concert with the
Mediator, leads to enhancement in transcription of nucleosomal DNA. Our data provide additional
mechanistic bases for Mediator function after recruitment of Pol Il and, potentially, for regulation
of genes controlled via nucleosome-mediated promoter-proximal pausing.

INTRODUCTION

The Mediator has emerged as the key universal regulator of the eukaryotic transcriptional
preinitiation complex (PIC), which is composed of RNA polymerase 11 (Pol 1) and its
associated general transcription factors (GTFs) (Kornberg, 2005; Malik and Roeder, 2010;
Roeder, 1998). Its ability to physically interact with both Pol Il and activators initially
suggested that Mediator fulfills its coactivator role by acting as an adaptor. However, it is
now apparent that it can play a more active role by delivering calibrated output levels of
gene activity (Malik and Roeder, 2010). Thus, Mediator function may be manifested not just
at the level of PIC formation, but also at post-recruitment steps, which include maturation of
the PIC into a full-fledged transcription elongation complex following escape of Pol Il from
the promoter. Functional interactions between Mediator and a series of transcriptional
elongation factors have pointed to a direct role of the Mediator in regulating the elongation
step of transcription. We showed that Mediator counteracts the negative effects on Pol Il of
DSIF (Spt4/Spt5) (Malik et al., 2007). Studies in yeast systems revealed a functional link
between Mediator and the elongation factor SII (TFIIS) (Guglielmi et al., 2007; Kim et al.,
2007). More recently, direct physical interactions between a Mediator subunit (MED26) and
P-TEFb and other elongation factors that form transient complexes have also been reported
(Takahashi et al., 2011).

© 2012 Elsevier Inc. All rights reserved.

"Correspondence: maliks@rockefeller.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Nock et al.

RESULTS

Page 2

The physiological significance of regulating transcription at a post-PIC recruitment level is
best attested by recent global profiling studies in metazoan cells that have suggested that
regulation of many genes may be achieved subsequent to recruitment of Pol Il (Gilmour,
2009; Margaritis and Holstege, 2008). As for the prototypical Drosophila heat shock gene
(Saunders et al., 2006), Pol 11 molecules at these promoter complexes might exist in a poised
state awaiting appropriate signals (transduced via activators) that would allow synthesis of
the full-length transcript. Potentially reflecting superimposed regulatory mechanisms, it has
also become evident that at many loci the PIC assembles within a nucleosome free region
(NFR) near the well-positioned +1 nucleosome downstream of the transcription start site
(TSS). Studies in yeast have revealed that the location of the +1 nucleosome dictates the
distinct activation strategies of various genes (Rhee and Pugh, 2012). In some cases, the PIC
and the +1 nucleosome might even constitute a single extended nucleoprotein complex.
However, the precise mechanisms by which Pol 1l is regulated in these contexts remain
unclear, especially in metazoans and, importantly, any potential role of Mediator remains
unaddressed.

Here we have established an in vitro system, reconstituted from homogeneously pure
components, to assess how Mediator regulates Pol 1 transit across the +1 nucleosome. Our
basic assay system relies on generating templates through fusion of pre-assembled
mononucleosomes to defined positions and recapitulates dependencies on previously
characterized chromatin cofactors. We focus on an interplay between Mediator and Sl|I,
which cooperate to overcome the negative effects of the nucleosome. Our analysis reveals
an Sll-induced catalytic mode of promoter-bound Pol 1, which in conjunction with
Mediator effects facilitates Pol Il transcription into the nucleosome.

An assay system to assess effect of nucleosomes positioned at specified distances
downstream of the TSS

Most previous in vitro studies on activation of chromatin templates, including our own
(Barrero and Malik, 2006), rely on chromatinized plasmids. Whereas such templates display
physiological spacing of assembled nucleosomes, they are comprised of heterogeneous
populations, especially with respect to nucleosome locations relative to the TSS. Studies that
have yielded more detailed mechanistic insights have utilized well-positioned
mononucleosomal templates (Bondarenko et al., 2006; Carey et al., 2006; Kireeva et al.,
2005). While these latter systems efficiently allow monitoring of Pol Il passage across the
nucleosome, the Pol Il typically has not been “loaded” on the template through bona fide
promoter-dependent pathways. The potential involvement of the +1 nucleosome both in
specifying how a PIC assembles and in regulating post-initiation fates of Pol 1 (e.g.,
promoter-proximal pausing) have emphasized the need for developing in vitro assay systems
that allow dissection of Pol Il mechanisms in the context of an NFR specified by a precisely
positioned +1 nucleosome.

We therefore first developed an experimental system that allows site-specific installation of
a mononucleosome downstream of a TSS on a template that can be transcribed in vitro in a
promoter- and activator-dependent fashion. The overall scheme (Fig. 1A) entails salt
dialysis-mediated assembly of a nucleosome (consisting of recombinant histones [Fig. 1B])
on a biotinylated derivative of 601, the strong nucleosome positioning sequence. We used
EMSA (Fig. 1C) to ensure that the 601 fragment was efficiently chromatinized; saturation
was observed at a nominal histone:DNA ratio of 2.0 as evidenced by shifting of close to
100% of the 601 band (Fig. 1D). The mononucleosome is then ligated into specified
restriction enzyme sites downstream of the core promoter (Ad ML) and activator binding
sequences (four repeats of HNF4—cognate site A; Fig. 2A). The ligated templates (Fig. S1),
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bearing a variable but well-defined NFR (“d”) that is followed by a precisely positioned
nucleosome (the +1 nucleosome), are then immobilized via the biotin tag and subjected to in
vitro transcription.

Although high-resolution data for metazoan genes comparable to that for yeast (Rhee and
Pugh, 2012) was not available at the time we began this study, there were indications that in
CD4™* T cells, the upstream boundary of the +1 nucleosome on active genes is ca. 40 bp
from the TSS (Schones et al., 2008). We thus generated a collection of templates that
differed in the downstream spans of their NFRs (Fig. 2A). In d19B, the upstream edge of the
nucleosome (assuming a 147 bp footprint centered at the dyad axis) is 19 bp from the TSS,
whereas in d39B and d134B, the NFR extends to +39 and +134, respectively. Thus, in this
series, d39B closely simulated a documented NFR for an active gene whereas in d19B the
upstream edge of the nucleosome coincided with the downstream edge of Pol 11 in the PIC;
d134B was intended as a control template in which the nucleosome is too distal to impinge
on the PIC.

We subjected these chromatinized templates and corresponding control DNA templates,
which were generated following ligation with mock assembled 601, to in vitro transcription
in an assay system reconstituted from pure preparations of Pol Il, the GTFs (TFIIA, TFIIB,
TFID, TFIE, TFIIF, and TFIIH), Mediator, the cofactor PC4 and the orphan nuclear
receptor HNF4a (Malik and Roeder, 2003) (Fig. S2). As expected, each of the DNA
templates was efficiently transcribed by this combination of factors yielding the appropriate-
sized RNA transcript (Fig. 2B, lanes 1, 4, and 7). However, when chromatinized versions of
the same templates were assayed, transcription of full-length products was greatly reduced;
instead, smaller transcripts were observed in the case of the d39B (Fig. 2B, lane 5; but see
also Fig. 2C, lanes 1,2) and d134B templates (Fig. 2B, lane 8) but not the d19B template
(Fig. 2B, lane 2). The smaller transcripts corresponded exactly to the truncated products
expected when transcribing Pol 11 stalls at the major pause site (P; Fig. 2A; see also Fig. 2B,
lane 8 vs. lane 7; Fig. S3) located 45-50 bp into the 601 mononucleosome (Bondarenko et
al., 2006; Carey et al., 2006). These results indicate that Pol Il PICs can assemble on the
NFRs of d39B and d134B mononucleosomal templates and that after initiation and promoter
escape, Pol Il can read into the downstream nucleosome at experimentally detectable
efficiencies. By contrast, the d19B NFR does not support transcription under these
conditions (see below).

When a cocktail of chromatin cofactors (discussed in detail below) was added to the
reactions, substantial full-length transcription was recovered from the d39B (Fig. 2B, lane 6;
see also Fig. 2C, lanes 3 and 4) and d134B (Fig. 2B, lane 9) mononucleosomal templates,
but not from d19B (Fig. 2B, lane 3). Thus, not only is our system suitable for scoring
authentic promoter-initiated and nucleosome-impacted transcription but it also can be used
to assess effects of chromatin cofactors. In this regard, the behavior of the d19B
nucleosomal template was unanticipated since we had expected that in concert with various
chromatin cofactors, a functional PIC would assemble on the d19B, albeit in very close
juxtaposition with the nucleosome. Even “spiking” the reactions with total unfractionated
nuclear extract did not activate this template (not shown). However, replacing TFIID, whose
footprint extends well past +19 (Nakajima et al., 1988), with TBP, whose footprint is limited
to the TATA box, allowed efficient transcription of this template in the presence of the
chromatin coactivators (Fig. S3). In view of emerging ideas on the intimate association
between the +1 nucleosome and TAFs in TFIID, this result has important implications for
our understanding of how PICs might be established in contexts where the promoter is
occluded by a nucleosome. However, in this study we have focused on the d39B template,
which as demonstrated above nicely approximates a natural NFR-containing template in
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which a functional PIC can form and project transcription into a downstream +1 nucleosome
that abuts it.

Cofactor requirements for a template containing a +1 nucleosome

Our overall strategy was to first assess how our d39B system responds to previously
described chromatin factors so as to also allow us to define a minimal set of factors needed
for efficient function of a PIC that is confronting a nucleosome. A second aim was to
investigate how Mediator might affect PIC formation and function on the d39B template
when the nucleosome was in effect “clamped” in place through omission of chromatin
remodeling factors.

The chromatin cofactor cocktail that was finally used in the assays shown in Fig. 2 emerged
from a systematic screen of various classes of chromatin cofactors. In this section, we
demonstrate that a combination of p300, PBAF, FACT, and Sl (Fig. S4) suffice to fully
overcome the major blocks imposed by the +1 nucleosome on the d39B template. We had
previously identified p300 as a critical HNF4a coactivator (Barrero and Malik, 2006).
PBAF also had been reported as a nuclear receptor coactivator (Lemon et al., 2001); we
found additionally that it physically interacts with HNF4a (Fig. S5). FACT had previously
been identified as a general facilitator of transcription through nucleosomes (Sims et al.,
2004). Sl1 was of particular interest not only because it facilitates transcription through
nucleosomes (Guermah et al., 2006; Kireeva et al., 2005) but also because of indications that
it functions closely with Mediator (above).

When the d39B mononucleosomal template is subjected to transcription in a standard
reaction (no additional cofactors), the predominant (>80%) product is an 85-nucleotide long
RNA species (Fig. 2C, lane 1). This reflects Pol 1 that stalls upon encountering the site of
the strongest interactions between the 601 DNA and the nucleosome (Bondarenko et al.,
2006; Carey et al., 2006). A small fraction of the Pol Il does yield the full-length (219
nucleotide) product, which reflects the stochastic tendency of transcription to proceed
through this barrier (Bondarenko et al., 2006) and not transcription from an un-
chromatinized subpopulation since saturating levels of histones were used in the assembly
reactions (Fig. 1D). In the presence of the complete set of chromatin factors, including p300,
PBAF, FACT, and SlI, efficient transcription of the full-length product (100% read-through,
RT) was elicited indicating that together these factors suffice to quantitatively eliminate
nucleosome-specific pausing of Pol 11 (Fig. 2C, lane 3 vs. lane 1). Under these conditions,
Mediator had a modest (less than 2-fold), but reproducible, effect on the total level of
transcription either in the absence (Fig. 2C, lane 2 vs. lane 1) or presence (Fig. 2C, lane 4 vs.
lane 3) of the chromatin cofactors. Similarly, Mediator also affected the RT efficiency (2-
fold) through the P site in the absence of these cofactors (Fig. 2C, lane 2 vs. lane 1).

To assess the individual contributions of the cofactors in eliminating nucleosome-induced
stalling of Pol 11, we performed the analyses with all possible combinations of the chromatin
factors (Fig. 3A). To simplify the analyses, all reactions in the first experiment contained
Mediator and acetyl CoA, the p300 substrate. When only PBAF was added to the reactions,
stalling at the P site was markedly reduced as the relative distribution (RT) of the 219-mer
and 85-mer increased to 53% from 26% in its absence (Fig. 3A, lane 3 vs. lane 1).
Consistent with previous data for Pol 11 elongation through the 601 nucleosome
(Bondarenko et al., 2006), addition of FACT alone resulted in reduced enhancement of RT
(39%; Fig. 3A, lane 5 vs. lane 3). When PBAF and FACT were added together, the RT
efficiency was 65% (Fig. 3A, lane 7). However, when S1I was added to reactions containing
either PBAF alone (Fig. 3A, lane 4) or FACT alone (Fig. 3A, lane 6), significant additional
enhancement in the RT efficiency was seen. Importantly, when all three factors were added
to the system, RT efficiency approached 100% and overall transcription was stimulated by
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about 70% (Fig. 3A, lane 8). These data suggest that Sl eliminates residual stalling at the P
site, presumably by chasing Pol Il molecules that had paused here despite the stimulatory
effects of PBAF and FACT operating through disparate mechanisms. These results are
consistent with and extend earlier data that showed that SII alone does not suffice for
efficient read-through from this site (Bondarenko et al., 2006; Luse et al., 2011).

When p300 was also included in the reactions (Fig. 3A, lanes 9-16), only modest additional
enhancement in RT efficiency was seen. In one scenario, when p300 was added to reactions
containing PBAF and Sl|I, potentially more significant effects (89% RT) may be noted (Fig.
3A, lane 12 vs. lane 4), perhaps reflecting previously observed stimulation of remodeling
activity in response to acetylation of histones (Carey et al., 2006). Otherwise, p300 (and
acetyl CoA; Fig. S6) effects are not very pronounced and may even be redundant to the
contributions of the other factors. Overall, this conclusion is consistent with the design of
our d39B template in which the PIC is allowed to form on an NFR.

Next we evaluated the contribution of the Mediator to chromatin cofactor-stimulated
transcription of the chromatinized d39B template (Fig. 3B). When PBAF, FACT, and p300
were added to the reactions in the absence of Mediator, the total amount of transcription was
significantly reduced (3-fold) relative to reactions that lacked these factors (Fig. 3B, lane 2
vs. lane 1). Addition of Mediator (which has modest effects in the absence of these cofactors
[Fig. 2C]), restored transcription to the expected levels (Fig. 3B, lane 3) although without
significant effects on the relative synthesis of the 219-mer and 85-mer transcripts (Fig. 3B,
lane 3 vs. lane 2). This result suggests that the Mediator stabilizes the PIC in the face of
nucleosome mobilization by the chromatin cofactors (presumably PBAF). As in Fig. 3A,
addition of SlI, in the absence and presence (Fig. 3B, lanes 4 and 5) of Mediator mainly had
the effect of increasing RT efficiency to nearly 100% and overall transcription by about two-
fold.

The above data define a minimal set of factors that allow transcription to efficiently proceed
through the +1 nucleosome following initiation from a PIC that forms in an NFR and are in
general agreement with previously deduced factor requirements for chromatin transcription
in vitro. The results thus validate our system as being suitable for use in dissecting Mediator
mechanisms vis a vis the +1 nucleosome.

Effect of the +1 nucleosome on early transcription steps

We performed the next series of experiments in the absence of chromatin factors (p300,
PBAF, and FACT) to ensure that the translational position of an intact +1 nucleosome
remains fixed. When transcription from chromatinized d39B templates was allowed to take
place for relatively short (12 min) periods following an extended (45 min) PIC formation
step in the absence of NTPs, total transcription (219-mer plus 85-mer) was found to be
stimulated 2.2-fold when Mediator was added to the reactions (Fig. 4A, lane 2 vs. lane 1).
Since formation of even the 85-mer, which arises from the first strong intra-nucleosomal
pause encountered by the escaped Pol 11, was also enhanced (1.9-fold) in the presence of
Mediator, its effect is manifested at an earlier step. We further found that SII and Mediator
act cooperatively to enhance total transcription under these conditions (Fig. 4A, lane 4 vs.
lanes 3 and 2). The synergistic function of these factors is particularly evident for the full-
length product for a net stimulation of more than 9-fold (Fig. 4A, lane 4 vs. lane 1). Again,
since formation of even the 85-mer was also enhanced more than 2-fold in the presence of
Sl and Mediator, their cooperativity is likely first manifested at the earliest steps. By
contrast, production of full-length transcripts on unchromatinized d39B template under the
same conditions was relatively immune to the combined effects of these factors (Fig. 4B).
We conclude that the +1 nucleosome imposes the conditions for eliciting the synergy
between SII and Mediator.
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We also examined PIC formation on the d39B template by incubating Pol Il and GTFs with
either naked DNA or chromatinized derivatives of the templates that had been bead
immobilized (Fig. 4C). As expected from the presence of the NFR on the chromatinized
d39B, PIC formation (as evidenced by recruitment of Pol Il and TFIIH) on both the DNA
and chromatin versions of the template were very similar (compare Fig. 4C, lanes 2 and 4).
Importantly, even though Mediator enhanced the amount of Pol Il and TFIIH retained on the
beads, the final extents of PIC formation were nearly equivalent for the two templates (Fig.
4C, lane 5 vs. lane 3).

We next investigated the competence of the PICs formed on the d39B template for
transcription initiation per se. For this purpose, we formed the PICs as before and monitored
a trimeric RNA product that is abortively synthesized on the AAML core promoter by Pol 11
when it is presented with just the dinucleotide CpA and a32P-CTP. Under the conditions of
the assay, PICs formed on naked d39B efficiently generate the abortive CpApC trimer (Fig.
4D) (Holstege et al., 1997); Mediator marginally enhanced formation of this trimer by 20%
(Fig. 4D, lane 2 vs. lane 1). Similarly, the chromatinized d134B template supported efficient
CpApC synthesis (Fig. 4D, lanes 5,6 vs. lanes 1,2). By contrast, chromatinized d39B was
severely compromised in its ability to synthesize the trimer, with or without the Mediator
(Fig. 4D, lanes 3 and 4). Furthermore, its abortive initiation capacity was not restored by
addition of the various chromatin cofactors that we used above (Fig. S7). These results
strongly indicate that despite the fact that PICs efficiently form on the d39B NFR, the
nucleosome nonetheless restricts actual function of the PIC, including at the level of
initiation. While this is rather surprising in view of the results above (Fig. 2A; Fig. 4A) that
under appropriate conditions transcription levels through the d39B nucleosome can be
relatively high, it points to mechanisms that underlie maturation into a functionally active
complex of a nucleosome-impacted PIC (Discussion). Because total productive transcription
levels through the nucleosome are significantly higher in the presence of Mediator and Sl|,
the results suggest that while Mediator stabilizes PICs on the d39B template to some extent,
additional effects in transcribing through the +1 nucleosome, are likely to be exerted at a
subsequent step in concert with SlI.

Sll-induced reiterative synthesis of a small RNA product at a promoter-proximal location

Since Sl is recruited to promoters (Kim et al., 2007; Kim et al., 2010), it might functionally
interact with Mediator at an early step following PIC recruitment. We investigated if Sl has
any effects on the earliest steps in transcription and found that inclusion of SlI in the
standard steady state transcription reactions with DNA templates results in the build-up of
high levels of small (8-10 nucleotides-long “n-mer””) RNA species (Fig. 5A, lane 2 vs. lane
1). To investigate the origin of the n-mer RNA, we first ascertained in control experiments
that its production is dependent on a promoter-bound PIC. Thus, a plasmid lacking a
eukaryotic promoter did not serve as a template for its synthesis (Fig. 5A, compare lanes 3, 4
with lanes 1, 2). Furthermore, n-mer synthesis was found to be dependent upon Pol Il and
the various GTFs ( not shown).

Next we tried to fully delineate nucleotide requirements for n-mer synthesis. We found that
SII did not appreciably affect abortive synthesis of the CpApC in the presence of CpA and
a32P-CTP (Fig. 5B, lane 1 vs. lane 2) suggesting that events leading up to this process are
not affected by SlI. Therefore, we carried out transcription reactions by priming with CpA
but in the presence of defined subsets of nucleotides. Additional inclusion of UTP in the
reactions, which should allow the formation of a product no longer than a 16-mer (Fig. 5E),
led to synthesis of a nested set of products (Fig. 5B, lane 5). Of these, the major species was
a longer oligomer that reflects the predominant abortive initiation product at this location
(Fig. 5B, lanes 4,5). In the presence of SlI, this complement of nucleotides (CpA, CTP,
UTP) predominantly yielded a single product that migrated like the major abortive product
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in reactions that did not contain SlI (Fig. 5B, lane 6 vs. lane 4, lane 7 vs. lane 5) but it was
dramatically enriched; Mediator marginally stimulated its synthesis (Fig. 5B, lane 7 vs. lane
6).

To eliminate the possibility that there might be some “leaky” transcription past register 15,
we also utilized a G15-STOP derivative of the template in which tandem G-residues were
inserted at this position (Fig. 5E). This template was subjected to in vitro transcription in the
presence of the nucleotides CpA, UTP, CTP and the chain blocker 3”O-methyl GTP. Under
these conditions, the expected 16-mer is readily formed (Fig. 5C, lane 4) and, in agreement
with a promoter-restricted location for its generation, the n-mer was also efficiently
generated in response to Sl (Fig. 5C, lane 5 vs. lane 4). Formation of the 16-mer, which
reflects an escaped product, remained relatively unaffected in the presence of SlI, at least on
this DNA template. We used additional G,-STOP templates (Gs, G, and Gg) to generate
short RNAs of defined lengths (6-mer, 8-mer, and 10-mer, respectively) to more precisely
measure the length of the n-mer (Fig. 5C, lanes 1-4). These templates were transcribed in
the presence of the same combination of nucleotides as the G5 template and the resulting
products were run alongside the n-mer. Based on this analysis, the Sll-induced n-mer cluster
was found to be composed of a 9-mer and a 10-mer species.

Since production of an abortive trimer requires neither TFIIH nor energy under these
conditions (Goodrich and Tjian, 1994), we investigated the energy requirements for n-mer
formation. When dATP (which is used in lieu of ATP in these reactions with subsets of
nucleotides; see Supplemental Experimental Procedures) was omitted from the SlI-
containing reaction, formation of both the 16-mer, and also of the n-mer was abolished (Fig.
5D, lane 2 vs. lane 1). Thus, n-mer formation requires energy either for the extended melting
necessary for its synthesis or because it may likely be linked to promoter escape, also an
energy-dependent step (Lin et al., 2005) (Discussion). These data further confirm that n-mer
formation is a bona fide promoter-centered event and rule out alternative explanations such
as generation of the n-mer as a result of Sll-dependent cleavage of longer RNAs that are
formed subsequent to promoter clearance by Pol II.

Because of the close similarity in the deduced size of the n-mer (9 ntds) and the 16-mer,
which reflects the productively escaped transcript that gives rise to a full-length RNA, we
were also able to use the data in Fig. 5D to estimate that the n-mer is produced at a 49-fold
molar excess relative to the full-length RNA. This indicates that n-mer formation is a
reiterative process even if one assumes that not all templates support productive PIC
function. [Under our conditions, upto 25% of these DNA templates may be active (Holstege
etal., 1997)].

Overall, these results are consistent with the idea that Pol Il molecules tend to become
arrested when prevented from elongating (e.g., by withholding a nucleotide or through
perturbations from a nearby nucleosome) and that SlI resets the active site to allow Pol 1l to
restart transcribing (Saunders et al., 2006). But since the situation here pertains to Pol Il that
is still in a promoter-proximal location, our results further imply that the Pol Il active site
keeps resuming transcription from the TSS and leads to superstoichiometric production of
the n-mer.

Reiterative n-mer synthesis at the promoter correlates with facilitated transcription into
the +1 nucleosome

We next asked if the n-mer formation that we characterized on DNA templates plays any
role in the context of the nucleosome. Chromatinized and control DNA versions of the d39B
template were therefore subjected to a standard transcription reaction in the presence of SlI
and the resulting products were analyzed for small RNAs (Fig. 6A). As in the preceding
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analyses, the n-mer formed efficiently from DNA templates both in the absence or presence
(Fig. 6A, lanes 1 and 2) of Mediator. It also formed, albeit at a reduced efficiency, on
chromatinized d39B (Fig. 6A, lane 3) and was only moderately stimulated by Mediator (Fig.
6A, lane 4 vs. lane 3).

We also confirmed that synthesis of the n-mer was dependent on the catalytic activity of SlI
by introducing mutations (S261A,D262A,E263A) in the conserved “RSADE” domain
(Guglielmi et al., 2007; Kim et al., 2007). The purified mutant protein (Fig. 6B, lane 2) was
tested both for its ability to induce n-mer synthesis (Fig. 6C) and to facilitate transcription
from the chromatinized d39B template (Fig. 6D). The results showed a dramatic elimination
of the ability to induce n-mer synthesis (Fig. 6C, lanes 5, 6 vs. lanes 3, 4). Importantly, this
loss correlated well with the failure of the mutant SlI to further enhance Mediator-stimulated
transcription across the nucleosomal template (Fig. 6D) and rules out alternative
explanations that n-mer synthesis reflects a futile side reaction.

From the above series of experiments in which the +1 nucleosome was maintained in a fixed
position, we infer that (i) the +1 nucleosome adversely impacts the ability of a PIC formed
in an NFR to initiate transcription; (ii) SII induces Pol 1l to enter a mode in which it
reiteratively synthesizes the n-mer; (iii) Mediator further facilitates the Sll-reactivated Pol Il
to efficiently escape and form longer transcripts; and (iv) that Pol I molecules that initiate in
the presence of Mediator display a higher propensity to read through a downstream
nucleosome-induced pause.

DISCUSSION

In this paper we describe a transcription system in which Mediator stimulates transcription
from a template bearing a precisely positioned +1 nucleosome. Our data implicate Mediator
in linking the formation of a PIC that forms in an NFR to its maturation into an elongating
complex that efficiently traverses the juxtaposed nucleosome. We also uncover an activity of
SII by which it induces reiterative oligomeric RNA synthesis at the promoter and show that
Mediator contributes to translating this activity into efficient transcription into the +1
nucleosome.

Cumulatively, our data suggest the following series of events at an NFR-embedded promoter
(Fig. 7). First, a PIC is formed on the NFR in the template, analogously to one on a naked
DNA template. However, PIC function is impacted by the adjacent +1 nucleosome. While
low levels of transcription might occur in the absence of any cofactors, most of the Pol 11
molecules stall at the main pause site within the nucleosome. Whereas the chromatin factors
(p300, PBAF, FACT) enhance overall transcription levels through direct effects on the
nucleosome, the elongation factor Sll is needed to restart the paused subpopulation of Pol II.
Overlaid on this chromatin cofactor interplay, especially at earlier steps, is the contribution
of the Mediator and SlI, which together act to drive higher levels of transcription into the
nucleosome, as discussed below. Although the fate of the +1 nucleosome was not
investigated, it is reasonable to expect that the combined effects of the chromatin cofactors
lead to mobilization of the nucleosome. One outcome of this mobilization appears to be a
dynamic occlusion of the promoter and a consequent additional requirement of Mediator
(Fig. 3B). This suggests that the PIC recruitment functions of the Mediator manifest not just
at the level of loading Pol 1l but also at the level of preventing destabilization in contexts
where nucleosomes are being actively mobilized.

A more intriguing role of the Mediator uncovered here pertains to its role in “jump-starting”
PICs that fail to efficiently fire in the face of negative interference from the +1 nucleosome.
This nucleosome - as in the case of our d39B template — is closely juxtaposed against the
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PIC and, in view of potential TFIID-nucleosome interactions, is likely a part of the same
extended nucleoprotein complex. Unexpectedly, nucleosomal interference manifests already
at the level of abortive synthesis of a trimer, which is among the earliest functional
hallmarks of an active PIC. Although dinucleotide-primed abortive synthesis may not entail
stable promoter melting (Holstege et al., 1997), it would appear that the nucleosome can
severely limit even the transient template breathing events that are necessary for trimer
formation.

Our finding that SII induces Pol 11 to reiteratively synthesize a promoter-proximal 9- or 10-
mer RNA species following arrest at a promoter-proximal location suggests that this is part
of a bypass mechanism that is used by the initiating Pol 11 to establish a better foothold in
this destabilizing environment prior to transitioning productively into the elongation phase.
This property seems to be a promoter-proximal manifestation of the known ability of SlI to
re-start Pol 11 molecules arrested along the body of the gene (Saunders et al., 2006; Sims et
al., 2004). Although this property is highly reminiscent of the phenomenon of abortive
initiation it is not an autonomous Pol 1 activity. Rather, this activity arises from the ability
of SlI to stimulate Pol 1I’s intrinsic RNA cleavage activity and may be particularly relevant
for short nascent transcripts that are prone to mis-synthesis (Liu et al., 2011; Pal and Luse,
2002). Presumably, cleavage of short nascent RNAs results in release of the n-mers and
frees up the Pol Il active site to resume RNA synthesis from the +1 register of the TSS. This
function could reflect the proposed “tunability” of the Pol 11 active site by Pol Il-interacting
factors (Kettenberger et al., 2003). In the present situation, the active site is, in essence,
being retuned to alter the length of the favored abortive initiation product (from less than 6
nucleotide long to a 9- or 10-mer). This raises the issue of how induction of this Pol 11 mode
translates into more efficient transcription of the gene body, and more generally, of the role
of abortive initiation in the process. It has further been suggested that abortive initiation is a
proofreading device that ensures formation of a stable ternary complex that signifies a bona
fide PIC (Liu et al., 2011). Analogously, the Sll-induced retuning of the active site to
increase initial product length might represent an additional mechanism to ensure
appropriate formation of a PIC and its eventual maturation into an elongating complex in the
destabilizing nucleosomal environment.

How does Mediator aid in translating this reiterative n-mer synthesis mode into productive
transcription into the nucleosome? Although the catalytic activity of the yeast ortholog of
Sl is not required for its promoter-restricted functions, genetic analyses in yeast suggested
that SII and the MED31 Mediator subunit function at the same early step in transcription
(Guglielmi et al., 2007). Additional insights into how Mediator might act come from our
observation that when transcription reactions are performed for extended periods of time,
Mediator effects are partially amortized. Furthermore, it has been shown previously that
PICs at a given promoter fire at different rates, presumably because some complexes are
diverted off-line (Luse and Jacob, 1987); nonetheless, such complexes eventually fire and in
extended incubations catch up with the faster-initiating complexes. We therefore propose
that PICs that form at the d39B NFR are functionally diverse, with a significant fraction
incapable of overcoming nucleosomal interference. A post-recruitment role of Mediator is
either to speed up the transition of these complexes to active forms or to prevent descent into
non-functional states in the first place. This parallels the above role of Sll in reviving failing
Pol 1l molecules at the promoter. Indeed, without the Mediator, the SlI-induced reiterative
RNA synthesis is not effectively channeled into productive RNA synthesis. It may even be
that through Mediator’s known role in PIC stability, PICs being acted upon by Sl are held
together long enough to ensure a properly initiated transcript.

The net outcome is that Mediator and SlI facilitate the initiation to elongation transition. We
propose that in the course of promoting PIC formation, Mediator also gives rise to Pol 1l
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molecules that are particularly amenable to promoter escape, especially in the context of
natural (chromatin) templates. It is potentially relevant that the size and ATP-dependence of
the reiteratively synthesized RNA described here is reminiscent of the requirements for
promoter escape (Pal et al., 2005). The physical basis of this effect might entail: (i)
Mediator-induced conformational changes (e.g., clamp movement) in Pol |1 (Cai et al.,
2012); (ii) Mediator stabilization in the PIC of TFIIB (Baek et al., 2006), the GTF that
oversees the transition from the abortive phase to escape and productive elongation (Pal et
al., 2005); or (iii) modulation through Mediator interactions with TFIIH, the GTF implicated
in both promoter melting and escape (Esnault et al., 2008; Lin et al., 2005; Roeder, 1998).
Although any combination of these mechanisms might prevail, the first possibility is
particularly attractive in light of the observation that Mediator effects persist at distal
locations for some Pol 11 molecules that initiated in its presence and which continue to
display enhanced processivity with respect to the P site (Fig. 4A).

The mechanisms discussed here are relevant for gene regulation at the level of the promoter-
proximally paused Pol Il. Although interplay between negatively and positively acting
elongation factors is a major determinant in regulating the pause (Gilmour, 2009), a critical
role of the +1 nucleosome is anticipated (Brown et al., 1996). Paused Pol 1l molecules
generally map to a region 50 to 100 bp downstream of the promoter in genome-wide studies,
but cases of Pol 11 localizing much closer to the promoter are also known (Nechaev et al.,
2010). Our data would predict that a “poised” Pol 1l might exist in a state in which it would
continuously generate small RNAs in conjunction with S1lI (Fig. 7). Upon transduction of
appropriate signals via activator and Mediator recruitment, Pol Il would be redirected into a
productive pathway to synthesize the full-length transcript. Because it very efficiently elicits
bona fide Pol Il pausing 85 bp downstream of the TSS, our system is also a good model for
cases in which pausing occurs in this region. Importantly, our system is responsive to a
combination of factors that counteract the nucleosome-induced pause even as it is clear that
additional factors are involved in vivo. We note that although MED26 has been implicated
in interactions with P-TEFb and associated factors, which potentially might be involved in
regulating the paused Pol Il (Takahashi et al., 2011), the Mediator effects that we report are
mainly exerted at an earlier step and are independent of these elongation factors.

EXPERIMENTAL PROCEDURES

Protein purification

Recombinant core histones, Pol Il, GTFs, Mediator and p300 were purified essentially as
described (Barrero and Malik, 2006; Malik and Roeder, 2003). Purification of these and
other factors are also presented in the Supplement.

Template constructions

The d19B, d39B and d134B templates were assembled from modular components consisting
of an arm that contained the HNF4 binding sites and the core promoter and a corresponding
“601” sequence (Lowary and Widom, 1998). For the d39B and d134B templates, promoter
arms were derived from the HNF4 cognate template pAsxMLA53 (Malik et al., 2007) by
introducing an Ava | site (CTCGGG) either 15 bp or 110 bp downstream from the TSS. The
products were subcloned into pGEM-T vectors (Promega). The arms were released by
digestion with Sca | and Ava | and gel-purified. PCR primers that introduced the Ava I site
at the 5" end and a biotinylated residue at the 3" end were used to generate 601 fragments
for ligation to the arms. The Ava | site was 97 bp upstream from the dyad center (Hha I site)
of the 601 sequence. Since 73 bp on either side of the dyad are protected by the nucleosome,
fusion with an arm with Ava | at +15 places the upstream nucleosome edge at +39 for the
d39B template and fusion with an arm with Ava | at +110 places it at +134 in the case of the
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d134B template. The “B” orientation as used here is defined by the 5’-Styl-Hhal-NotI-3"
arrangement of restriction sites (Bondarenko et al., 2006; Carey et al., 2006). Following
PCR, the products were digested with Ava | and gel-purified. For the d19B template, the
Ava | site was introduced at —4 in the core promoter and the arms were obtained as
described above. The corresponding 601 fragment was obtained by using as PCR primer a
sequence that introduced an Ava | site as well as the core promoter sequences from the
pA4xMLAS3 template that spanned from —4 to +19; ligation with the corresponding arm
places the upstream nucleosome edge at +19. Additional details are presented in
Supplemental Procedures.

The “G,-STOP” templates were also derived from pAsxMLA53 by using a PCR primer that
introduced an Ava I site (which introduces 3 tandem G residues) at the appropriate location.
The PCR products were cloned into pGEM-T.

Chromatin assembly

Mononucleosome assembly was achieved by salt-dialysis. Typically, the appropriate Ava I-
digested 601 fragment (600 ng) was mixed with 1.4 g recombinant histones in 50 pl buffer
containing 2 M NaCl; for naked DNA templates, histones were omitted. Samples were
placed in Millipore Slide-a-Lyzer tubes and dialyzed to 30 mM NaCl. Dialysis was carried
out over 20 hr using a peristaltic pump to slowly deliver the diluent. See also Supplemental
Procedures.

In vitro transcription and PIC recruitment assays

For in vitro transcription, ligated templates were diluted 4-fold and immobilized to M280
Dynabeads. After washing, in vitro transcription reactions with these templates were done
using pure components essentially as described (Malik and Roeder, 2003). Basic reactions
were reconstituted with all the GTFs, Pol 1l and PC4; Mediator, SII and other chromatin
cofactors were added during P1C formation as specified in figure legends. For standard
reactions, PIC formation was first allowed to take place (45 min, 30°C) and transcription
was initiated by NTP addition (details in Supplemental Procedures). Reactions were stopped
by proteinase K treatment of bead-bound material. RNA was analyzed on 8% PAG/urea. To
visualize oligomeric RNAs, supernatants from the transcription reactions were cipped and
analyzed directly by electrophoresis on 25% PAG/urea. Gels were autoradiographed;
selected experiments were quantified using Molecular Dynamics phosphorimaging except
data in Fig. 4D, Fig. 5D and Fig. S7, which were scanned as TIFF files and quantified by
ImageQuant software. After background adjustment, the data were normalized to the full-
length product made in the absence of any cofactors. Because products were uniformly
labeled, the 85-mer band was additionally corrected for its C-content by multiplying by
2.46.

Recruitment assays were done using our standard methods, which are described in
Supplemental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental system for site-specific installation of a mononucleosome

A. The overall scheme for in vitro generation of templates in which mononucleosomes are
assembled on biotinylated 601 sequence and ligated into promoter fragments with variable
distances, “d”, between the TSS and the ligatable end (see also Fig. 2A).

B. Purified recombinant core histones (H2A, H2B, H3, H4) were analyzed by SDS-PAGE

and Coomassie staining.

C. EMSA analysis of in vitro assembled mononucleosomes. Mononucleosome assembly
reactions (salt dialysis) were performed with a fixed amount of end-labeled 601 DNA and
increasing amounts of the histone octamer. Nominal histone:DNA ratio refers to the molar
ratio deduced from Bradford concentrations of the octamer.

D. EMSA bands for each reaction from (C) were quantified by phosphorimaging and
percent occupancy (nucleosome-bound 601/free 601) was plotted as a function of the
histone:DNA ratio to assess the ratio that gives complete saturation of the 601 DNA.

See also Fig. S1
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Fig. 2. In vitro transcription assays of defined mononucleosomal templates

A. Expected products for the d19B, d39B, and d134B templates in which the
mononucleosome has been placed at defined positions (d:19 bp, 39 bp, 134 bp) relative to
the TSS. Two products are shown for each: one resulting from Pol Il pausing at a previously
mapped site (P) within the nucleosome and the other from transcription through the entire
nucleosome (FL, full-length).

B. Indicated templates (chromatinized or in naked DNA form) were transcribed in vitro in
the presence of purified Pol I, the GTFs (TFIIA, B, D, E, F, H), and the cofactor PC4. All
reactions contained HNF4a and Mediator. Complete complement (PBAF, p300, FACT, SII)
of chromatin cofactors (chrom cofs), as well as acetyl CoA (10 uM), was added to reactions
containing chromatin templates (lanes 3, 6, 9). Product sizes for the d19B and d39B
templates are indicated to the left; product sizes for the d134B template are indicated to the
right. Following PIC assembly in the presence of the factors, transcription was allowed to
proceed by adding labeled NTPs for 60 min. Uniformly radiolabeled RNA products were
analyzed by electrophoresis. Numbers underneath show relative transcription levels (rel txn)
of the full-length (FL) RNA. Transcriptional levels were separately normalized for each
template. See also Fig. S2 and S3.

C. Invitro transcription analysis of the chromatinized d39B template. Reactions containing
the template were reconstituted and analyzed as in (B) except that all reactions contained
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acetyl CoA and Mediator and chromatin cofactors (PBAF, p300, FACT, SlIlI) were added as
indicated. The full-length (FL, 219 ntd) and paused (P, ~85 ntd) transcripts generated by this
template are identified. Percent read-through (RT) is also shown. Asterisks in lanes 3 and 4
signify that the 85-mer could not be accurately quantified (“n.d.”) and that RT levels are
visual estimates.
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Fig. 3. Chromatin cofactor dependenciesfor activation of the chromatinized d39B template
In vitro transcription reactions in each of the panels A and B were done as in Fig. 2C with
individual cofactor additions as indicated. Note that in (A), all reactions contained Mediator;

hence the baseline for the %RT is relatively elevated.
See also Fig. S4-S6.
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Fig. 4. Involvement of Mediator and S| at early stepsin transcription of the d39B template

A. In vitro transcription reactions using the chromatinized d39B template were done as in
Fig. 2C, except that following PIC formation, transcription was allowed to proceed for only
12 min in the presence of radiolabeled NTPs. Mediator and SII were included as indicated.
Other chromatin cofactors (PBAF, p300, FACT) were not added.

B. In vitro transcription reactions as in (A) except that the d39B was not chromatinized.

C. Immobilized template recruitment assay for selected PIC components. Scaled up
transcription reactions were assembled on d39B templates (DNA, lanes 2,3; chromatin,
lanes 4,5) as in (A). After PIC formation in the absence or presence of Mediator, templates
were washed, and bound material was immunoblotted with the indicated antibodies.
Chromatin cofactors (PBAF, p300, FACT, SlI) were not included. Note that although pure
factors were used in the binding assay, HeLa nuclear extract (NE, lane 1) served as
immunoblot reference.

D. For abortive initiation reactions on the indicated templates, PICs were assembled (+/-
Mediator) as for standard reactions (Fig. 2C) but reactions contained only the CpA
dinucleotide primer, a32P-CTP and dATP. The trimeric product was visualized by
autoradiography (25% PAG) and is marked (3-mer). The sequence around the Ad ML start
site and the expected abortive product is shown.

See also Fig. S7.
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Fig. 5. An SlI-induced oligomer resulting from reiterative RNA synthesis at a promoter -
proximal location

A. Standard in vitro transcription reactions with a complete set of nucleotides using naked
pA4xMLAS3 (lanes 1,2) or pKS (lanes 3,4) templates. Reactions were reconstituted from
basic components plus HNF4a. Sl was added as indicated. Analysis on 25% PAG.

B. In vitro transcription reactions using naked pA4xMLA53 template contained only subsets
of nucleotides. All reactions were primed with CpA; those in lanes 1-3 additionally
contained a32P-CTP whereas those in lanes 4—7 contained a32P-CTP and UTP. dATP was
used as energy source. Reactions were reconstituted from basic components plus HNF4a
and Sl and Mediator were added as indicated. Analysis on 25% PAG.

C. In vitro transcription reactions using naked “G,-STOP” templates to measure n-mer
length. Reactions were primed with CpA and additionally contained a32P-CTP, UTP, 3'O-
methyl-GTP and dATP. Reactions were reconstituted from basic components plus HNF4a
and Sl1 was added to reactions with the G15-STOP template (lane 5). Indicated products (6-
mer, 8-mer, 10-mer, 16-mer and the n-mer) were analyzed on a 25% PAG.

D. In vitro transcription reactions using naked “G15-STOP” template, as described in (C).
Both reactions contained SII but dATP was omitted in the reaction in lane 2. The data in
lane 1 was quantified to gauge the relative stoichiometries of the n- and 16-mers (see main
text).

E. Nucleotide sequence around the transcription start site of the pAsxMLAS53 template. The
expected RNA products when transcription is carried out with the indicated subsets of
nucleotides are also shown.
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Fig. 6. Sl1-induced abortiveinitiation by Pol Il isdependent on the catalytic activity of Sl and is
required for cooperativity with Mediator

A. In vitro transcription of d39B templates as in Fig. 2C except that reaction products were
analyzed on a 25% PAG. The basic reconstituted system (plus HNF4a)) was supplemented
with SlI; Mediator was added as indicated. Other chromatin cofactors (PBAF, p300, FACT)
were not added.

B. Coomassie-stained purified bacterially expressed SlI and a mutant derivative (Sl
S261A,D262A,E263A) used in this study.

C. Chromatinized d39B template was subjected to in vitro transcription exactly as in (A).
Mediator and either wild-type or mutant SIl were added as indicated.

D. Chromatinized d39B template was subjected to in vitro transcription exactly as described
for Fig. 4A except that mutant SI1 was used as indicated.
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Fig. 7. Pathwaysfor transcriptional activation in the context of a +1 nucleosome

In 1, PICs that form on the NFR are functionally compromised because of the abutting +1
nucleosome (kinked arrow). Some low level of productive transcription occurs but most Pol
I1 molecules pause at the site of the tightest interaction between histones and DNA. In 11,
Sll-induced reiterative initiation by Pol Il “jump-starts” transcription by stabilizing the early
elongation complex. In 111, where Mediator has additionally been recruited (by the
activator), this leads to more efficient transcription into the nucleosome, likely as a result of
the Mediator’s role in escape; a substantial fraction of Pol 11 still pauses within the
nucleosome. In 1V, where additional factors are present, transcription is most efficient both
at the earliest steps and through the nucleosome.
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