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Abstract

Many changes must occur to the RNA polymerase Il (pol 1) transcription complex as it makes the
transition from initiation into transcript elongation. During this intermediate phase of transcription,
contact with initiation factors is lost and stable association with the nascent transcript is
established. These changes collectively comprise promoter clearance. Once the transcript
elongation complex has reached a point where its properties are indistinguishable from those of
complexes with much longer transcripts, promoter clearance is complete. The clearance process
for pol 1l consists of a number of steps and it extends for a surprisingly long distance downstream
of transcription start.
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1. Introduction and terminology

There is not a well-established terminology to describe the conversion of pol Il from an
initiation complex to a fully committed transcript elongation complex. The terms “promoter
clearance” and “promoter escape” have both been used. | will refer to the initial stage of
transcription as promoter clearance in this review. Designating this process as promoter
escape could imply that the transcription machinery has completely disengaged from the
promoter region. As will be discussed in the last section, recent work on the three
dimensional organization of actively transcribed chromatin suggests that pol Il may retain
promoter contacts during transcript elongation. Thus, promoter clearance seems the more
appropriate designation.

Promoter clearance has been most extensively studied with mammalian pol 11 and general
transcription factors, using templates containing a TATA box. The following discussion will
focus primarily on results with these systems. In the interests of brevity, the details of the
transcription systems will not be described but it should be noted that the transcription
complexes were assembled in a variety of ways, with extracts or with purified or
recombinant factors. Structural studies of pol 1l and early transcription complexes have used
yeast RNA polymerase and general factors. Relevant findings from these studies will also be
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described. However, there are fundamental differences between the initial stages of
transcription for metazoans and budding yeast, as will be discussed below.

2. The preinitiation complex and the initiation of transcription

The preinitation complex (PIC) is the molecular assembly through which pol Il can locate
and utilize a promoter. On double-stranded templates bearing a TATA box, pol Il PIC
formation requires, at minimum, five general transcription factors: the TATA box binding
protein TBP, TFIIB, TFIIF, TFIE and TFIIH [1-3]. In the complete PIC, pol Il is
encompassed by many interactions. The B-finger/reader segment of TFIIB occupies a
channel within pol 11 that will ultimately provide the exit path of the nascent RNA. TFIIB
also contacts other portions of pol Il as well as the upstream promoter DNA [4,5]. Portions
of TFIIH interact with DNA downstream of transcription start [6,7]. TFIIF and TFIIE bind
to polymerase on either side of the central cleft in which the template will ultimately reside
[8,9]. All of these interactions must presumably be lost through the clearance process. The
release of the general transcription factors may serve to reveal interaction surfaces on pol Il
which can be utilized by other components during transcript elongation (see, for example,
[8,10]).

Once assembly of the PIC is complete, pol Il cannot initiate transcription until the template
strands are separated. Uniquely among the DNA-dependent RNA polymerases, pol 1l does
not drive template opening itself. Open complex formation requires ATP and the XPB
subunit of TFIIH [11,12]- see also [13]. Unwinding is not driven by an intercalation
mechanism; instead, TFIIH apparently acts by rotating downstream DNA while retaining a
fixed upstream contact within the complex [6]. The initial transcription bubble extends only
from -9 to -2 relative to transcription start (Fig. 1A); the unpaired region does not expand to
encompass the start site until NTPs are added to support formation of the first bond in the
RNA [14].

The downstream progress of the bubble is a central part of the clearance process. This will
be discussed further below, but it is important to note two critical features of the bubble: the
position of its upstream edge is fixed relative to the TATA box, not to transcription start
[15,16], and the upstream edge remains in place during the earliest stages of transcript
elongation [14,16]. Thus, the pol I transcription bubble stretches in the downstream
direction immediately after initiation, rather than simply translocating downstream with the
polymerase.

3. Abortive versus productive transcription: synthesis of the first 10 nt of
the transcript

All RNA polymerases must cope with the fact that immediately after transcription initiates,
the RNA-DNA hybrid is too short to be stable. The nascent transcript can be released from
the advancing transcription complex, resulting in abortive initiation. Loss of the transcript
will be driven by the tendency of template and nontemplate strands to reanneal. For bacterial
RNA polymerase, transcription passes through many cycles of abortive initiation in which
short RNAs, typically up to about 10 nt, are repeatedly synthesized and released [17,18].
The polymerase remains at the promoter during this process and only infrequently escapes
into productive transcript elongation. For example, a study of transcript initiation at three £.
coli promoters showed that 7, 32 and 165 abortive transcripts were made for each full length
RNA [19]. The promoter that was least effective in escaping abortive initiation supported
the synthesis of abortive products as long as 15 nt [19]. Abortive initiation is not an artifact
of the /n vitro assay since the aborted RNAs can be detected in cells [20]. The example of
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bacterial RNA polymerase emphasizes the inherent difficulty of converting the initiation-
competent polymerase into a processive elongation complex.

When pol 11 open complexes are provided only with the substrates necessary to make the
first bond in a transcript (Fig. 1B), the polymerase will engage in multiple rounds of RNA
synthesis without leaving the template [14,21,22]. The addition of NTPs which allow
transcription beyond the first bond strongly reduces the abortive production of single bond
transcripts [14,21,23]. Pol 11 can be forced to pause during the earliest stages of transcript
elongation by leaving one NTP out of the reaction mix or simply by using very low levels of
the NTPs (i.e., ~ 1 uM). Complexes which pause during the synthesis of about the first 10
bases of the nascent RNA are unstable and prone to disassociate [24,25]. When pol 11
transcription reactions were performed with nonlimiting (200 uM) NTP levels (similar to
typical NTP levels in mammalian cells- see [26]), no short RNAs other than one or two bond
products failed to chase into longer transcripts, indicating that cycling abortive production of
4-10 nt transcripts did not occur at significant levels under these conditions [27]. However,
evidence for low levels of abortive synthesis of RNAs as long as 9 nt was presented in
another study [14]. In neither case were the abortive products in high excess over full-length
RNAs, in contrast to the behavior of bacterial RNA polymerase in similar reactions.

Given the underlying structural similarity of prokaryotic RNA polymerase and pol 11 [28], it
may be surprising that pol 1l has a much lower tendency to abortively initiate. This
difference probably arises because pol Il is assisted in the early stages of transcript
elongation by TFIIH. Efficient extension of nascent RNA to about +10 is significantly
diminished if the XPB helicase is absent or inhibited [13,29-31]. The helicase presumably
counters the tendency of the template and nontemplate strands to reanneal and expel the
short nascent RNA. The importance of this assistance can be demonstrated in a particularly
striking way using templates which are mismatched over the region upstream of
transcription start that normally melts at open complex formation. Transcription of these
bubble templates allows the early stages of transcript elongation to be studied with or
without TFIIH. On such templates, very little RNA synthesis can proceed past +15 without
TFIIH and ATP [16,30].

The RNA-DNA hybrid in pol Il early transcription complexes grows until it is 8 bp long
(Fig. 1C). Downstream of this point the 5’ end of the transcript separates from the template
strand and enters the RNA exit channel of the polymerase [32]. Even though there is
minimal loss of transcript during the synthesis of the first ten nt of RNA by pol Il when
NTPs are not limiting, the transcript is not as stably associated with the transcription
complex during this early stage as it is later in elongation. This is particularly evident from
the ability of transcripts from repetitive segments of the initially transcribed region to slip
upstream and reanneal with the DNA, leading to the synthesis of RNAs longer than
predicted from the template sequence [27,33]. This lateral instability of the hybrid falls off
by 10-fold once the RNA-DNA hybrid has reached its mature length [34]. Recent
crystallographic studies demonstrate that the structure of the RNA-DNA hybrid in pol 11
complexes with less than 8 nt RNAs is not the same as the structure expected in the final
elongation complex [35,36]. Results from these studies are not in complete agreement, but it
is clear that between 6 and 8 nt must be added to the growing RNA chain before the hybrid
structure reaches its mature form. The sequence of the template is probably critical in
determining the exact transition point into the final hybrid structure [35].

4. The bubble collapse transition

The completion of the RNA-DNA hybrid and entry of the RNA into the exit channel does
not mark the end of the clearance process. A detailed investigation of transcript slippage
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with promoter variants differing in their TATA to +1 distances revealed that the transition to
a stable complex is not driven primarily by the length of the transcript [16]. As noted above,
the upstream edge of the transcription bubble remains at its initial location during the early
stages of transcript elongation, resulting in continuous lengthening of the bubble as the RNA
is extended. Once the bubble reaches a length of 17-18 bases (Fig. 1D), the upstream
segment abruptly closes [14,16]. This leaves only about 10 bases unpaired, a bubble size
typical of the mature transcript elongation complex. Once this “bubble collapse” transition
occurs, the transcription machinery takes on many of the characteristics of an elongation
complex, regardless of the length of the transcript. In particular, bubble collapse marks the
end of the requirement for TFIIH assistance for effective elongation [16]. Since the location
of the upstream edge of the initial bubble is fixed relative to the TATA element and not to
transcription start, bubble collapse can occur at different transcript lengths depending on the
sequence of the promoter. Almost all mammalian TATA box promoters have a TATA to + 1
spacing of 28 to 33 bp [37], with the most typical distance being 30 or 31 bp. For a promoter
with this canonical spacing of TATA and transcription start, bubble collapse occurs upon
synthesis of a 9-10 nt transcript [16].

It was suggested that the energy expended to generate the overly-long initial transcription
bubble is utilized during collapse to remodel the transcription complex and thus complete
promoter clearance [16]. This idea is reminiscent of the “stressed intermediate” model of the
prokaryotic RNA polymerase early elongation complex [38]. Single molecule studies with
bacterial RNA polymerase support a “DNA scrunching” model, in which polymerase
remains essentially stationary on the template just after initiation while drawing in
downstream DNA during RNA synthesis [39,40]. The accumulated strain from scrunching
drives abortive initiation. This strain is eventually expended to break promoter contacts and
drive clearance, apparently analogous to the bubble expansion and ultimate collapse just
described for pol 11. However, recent work with T7 RNA polymerase questions the idea that
the stressed state actually drives abortive initiation, at least for the single-subunit polymerase
[41]. In any event, the analogy between the prokaryotic and eukaryotic cases is limited, in
that pol Il clearance is uniquely assisted by a helicase.

The changes in the pol Il complex that accompany bubble collapse (acquisition of overall
complex stability, fall-off of slippage, loss of requirement for the XPB helicase) suggested
that collapse could correspond to the completion of promoter clearance by pol Il. If bubble
collapse does mark the end of clearance it should also correspond to the loss of contacts
between pol Il and the transcript initiation factors. Of particular interest in the context of
bubble collapse is the fate of TFIIB. An initial study showed that TFIIB is released from the
complex shortly after the start of transcription [42]. More recent experiments using a
different promoter agreed with the earlier observations [43]. Structural studies of the pol II-
TFIIB complex have led to differing predictions on the point at which TFIIB should be
destabilized during transcript elongation. The initial presence of a TFIIB domain within the
RNA exit channel suggested that TFIIB should be displaced by the advancing nascent RNA,
beginning with 6 or 7 nt transcripts [44]. Other studies identified an important contact of the
linker region of TFIIB with the upstream single-stranded segment of the transcription
bubble. This contact should be lost, and thus TFIIB-pol Il interaction should be destabilized,
once the upstream section of the transcription bubble reanneals during bubble collapse [5].
This question was recently addressed by directly assaying for loss of TFIIB from pol Il early
elongation complexes advanced in single nt increments [22]. A slight loss of TFIIB was
observed as pol Il advanced from +6 to +7, but TFIIB remained relatively stably associated
with the transcription complex until the nascent RNA was 13 nt long (Fig. 1E). This is well
past the predicted initial collision point of TFIIB with the nascent RNA in the RNA exit
channel, and crucially it is also 2 bp downstream of the point at which bubble collapse
occurs on the promoter used [16,22]. The somewhat surprising retention of TFIIB beyond

Biochim Biophys Acta. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Luse

Page 5

the point of bubble collapse suggests that additional important contacts govern the
association of TFIIB in the transcription complex after initiation. At least some of these
contacts must involve TFIIF. TFIIB remains in human pol Il complexes as far downstream
as stage E in Fig. 1 when transcription complex assembly is performed such that the PICs
retain TFIIF. However, when PICs lose TFIIF following PICs assembly, most of their TFIIB
is lost upon open complex formation [22]. This is consistent with the recent observation,
made with yeast pol Il and factors, that addition of TFIIF to bubble template complexes with
pol Il and TFIIB re-orients TFIIB [45].

During promoter clearance, the initiation-specific interactions of pol Il with the general
transcript factors other than TFI1IB should also be lost. TBP remains upstream on the TATA
box as pol advances into elongation [42]. TFIIE is required for PIC formation but it is not
stably retained within the pol 11 PIC, at least not for PICs assembled with the minimal
general transcription factor set [46]. TFIIE binds to a site on the pol 1l clamp domain which
is also the binding site for the Spt5 subunit of the DSIF transcript elongation factor [8,10].
Loss of TFIIE may be therefore important in the subsequent loading of DSIF, similar to the
analogous situation with archaeal TFE and Spt5 [47]. TFIIH loss from the advancing
transcription complex was placed downstream of +30 in an earlier study [42], but as noted
above TFIIH is not required for efficient transcript elongation once pol Il has passed through
the bubble collapse transition ([16]; see also [7]).

TFIF is unique among the general transcript initiation factors in that it can also associate
with pol Il throughout transcription and thereby stimulate the rate of transcript elongation
[48-51]. TFIIF is transiently lost from the transcription complex after initiation [42]. TFIIF
binds to paused pol Il elongation complexes [52], but it does not stably associate with pol Il
during active transcription [48]. Even though TFIIF is required for assembly of the pol 1l
PIC, TFIIF can under some conditions be removed from the PIC before initiation [22]. The
direct comparison of transcription with PICs that retained or lacked TFIIF showed no
difference in the ability of those complexes to pass through the bubble collapse transition,
indicating that TFIIF does not have a major influence on this phase of transcription [22]. An
earlier study had proposed an important role for TFIIF in pol 11 promoter clearance [53]. The
apparent discrepancy with the more recent work may be based on the different choice of
template types: bubble templates were used for the Yan et al. study [53] versus the double-
stranded templates used by Cabart et al. [22].

5. Transitions downstream of bubble collapse; the completion of promoter

clearance

If bubble collapse marks the end of promoter clearance, the properties of the transcription
complex should not change significantly downstream of collapse. The next important
physical change after bubble collapse is the filling of the RNA exit channel by the nascent
RNA. At this point the complex should have acquired all of the stabilizing effects from the
transcript-exit channel interactions. RNA emerges from pol Il at a transcript length of about
17 nt [54,55]. However, the properties of the complex continue to change during elongation,
through the channel-filling process and ultimately well downstream of that point. For
example, transcript slippage was evident in pol Il complexes with 15-mer and 21-mer RNAS
when the polymerase was forced to pause over a repetitive template segment [34]. Slippage
was completely absent after pausing over the same repetitive element only when poi 1l had
synthesized RNAs 23 nt or longer [34]. Surprisingly, complexes paused from +17/+18 to as
far downstream as +32 (Fig. 1F) have a very strong tendency to backtrack and in some cases
to arrest, depending on the template sequence [55-57]. This is in contrast to mature pol Il
elongation complexes which do not backtrack when paused except at a very small subset of
sequences that cause arrest [58]. All pol 11 complexes in the +17/+32 range which backtrack
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retreat to a similar location, such that only about 12-13 bases remain upstream of the active
site as judged by the length of transcript cleavage products released when these complexes
are treated with TFIIS ([57]; compare Figs. 1E and 1F).

It is not known why pol Il complexes with 17-32 nt transcripts backtrack, nor is it
understood why complexes with 12—-13 bases upstream of the active site after backtracking
are especially stable. It is possible that secondary structure in the emerging RNA is
important in blocking reverse threading of the transcript, thereby preventing backtracking
once the RNA is of sufficient length. However, in the examples studied, no strong secondary
structures could be predicted in the newly emerged transcripts for the complexes that no
longer backtracked [57]. More importantly, hybridizing short DNA oligonucleotides to the
transcripts at positions well upstream of the point of emergence of the RNA from the
polymerase strongly /ncreased backtracking and arrest [55], inconsistent with a model in
which immediate self-association of the transcript is important to stabilize the transcription
complex against backtracking.

In the experiments just cited, the transcription complexes were detergent-rinsed and thus
lacked any additional factors (such as the capping machinery) which could have bound to
the emerging transcript and inhibited reverse threading of the RNA. With that caveat in
mind, once pol Il has extended the transcript beyond roughly +30, it has acquired all of the
characteristics of an elongation complex: it has no general tendency to backtrack, no
measurable ability to slip when transcribing a dinucleotide repeat that drives slippage
effectively in promoter-proximal complexes, and no residual interactions with the general
initiation factors (Fig. 1G). Thus, as judged by these properties, promoter clearance is
complete for pol Il by about 30 bases downstream of transcription start.

6. Challenges for the future

While the clearance pathway just described has been reasonably well established for
mammalian pol 1l at a TATA box promoter, it is important to acknowledge the limitations of
this analysis. Only a small minority of pol Il promoters in mammalian cells contain TATA
boxes and many mammalian promoters do not contain any known promoter sequence motifs
(recently reviewed in [37,59,60]). It is not yet known whether the canonical set of general
initiation factors identified for TATA box promoters are either necessary or sufficient for
initiation at non-TATA promoters (see in particular [61]). In the absence of a TATA element
to anchor the upstream end of the initial transcription bubble, it is not clear how the
extension and ultimate collapse of the bubble would contribute to the clearance process.

The propagation of the initial transcription bubble in budding yeast is especially perplexing.
Recent studies indicate that most S. cerevisiae pol Il promoters do contain a functional
TATA box, even though matches to the TATA consensus are not always evident [62]. In
addition, the initial transcription bubble in yeast is apparently anchored at its upstream end
to TATA, as in mammalian cells [15]. However, transcription in yeast can start over a wide
range of permissible distances downstream from TATA: from 40 to 120 bp [45,63], in
contrast to the narrow 28-33 bp window in mammalian cells [37]. This makes it difficult to
envision how expansion of the transcription bubble to a single maximum length would drive
the clearance process in yeast, as hypothesized for mammalian pol I1 transcription [16].
Recent results from Fishburn and Hahn [45] show that the minimal yeast transcriptional
machinery (TBP and TFIIB, in addition to pol Il) can utilize the normal initiation sites for
the yeast H/54 gene, which are located ~80 bp downstream of the H/S4 TATA element,
when those sites are located within a short preformed bubble. Thus, it is not necessary to
have an exceptionally long bubble within the open complex for yeast pol Il to initiate
transcription. Work from Ponticelli and colleagues suggests that yeast pol 1l itself selects the
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transcript start site as it scans downstream from the initial, more TATA-proximal bubble
position (see [64] and [65] for more detailed discussion).

The clearance pathway in Fig. 1 is primarily based on results obtained with the minimal
transcription machinery necessary to direct initiation. During the clearance process in the
nucleus, pol Il transcription complexes will be modified and supplemented by the addition
of many factors necessary to support effective elongation. The acquisition of these
modifications and factors, as well as the loading of additional factors involved in RNA
processing, are reviewed in several of the accompanying papers in this issue. (See
especially: Handa, Price, Hartzog, Eick, Conaway, Reese-??)

One point in particular is worth noting. Regulatory factors, often in conjunction with the
Mediator coactivator complex, occupy the DNA upstream of the promoter of active genes
(see [66] for a recent review). Association of pol Il with Mediator and other factors provides
additional stabilizing interactions for the transcription complex just after initiation, which
could act to suppress abortive initiation. This stands in contrast to the case in prokaryotes
where, as noted above, abortive production of short RNAs during the initial stages of
transcription is evident both /n vitroand in vivo. Interestingly, Mediator subunits associate
not only with the promoter region but also with the bodies of actively transcribed genes, as
determined by ChIP assays ([67]; see also [68]). Based on these observations and the fact
that Mediator can bind in a specific way to pol Il [69], it is tempting to speculate that the
transcription complex remains in contact with promoter-bound Mediator throughout the
transcription process. This is a central feature of the “transcription factory” concept, in
which polymerase and associated factors remain in a fixed location while the template is
threaded through this complex (recently reviewed in [70]). In this model, pol Il presumably
transitions into a stable elongation complex through a clearance path similar to that
described above, but the polymerase also maintains continued association with the promoter
through interactions with Mediator and other factors. Thus, in this sense pol Il may never
actually “escape” from the promoter. A mechanism for retaining some promoter contacts for
pol Il throughout the transcription cycle would allow polymerase to rapidly and effectively
reinitiate transcription after termination. This is consistent with reports on the retention of
subsets of the initiation factors at the promoter after initiation in yeast [71] and the
connection of termination and initiation through looping interactions mediated in part by
TFIIB [72,73].
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Fig. 1. Important stagesin the progress of pol Il to promoter clearance

The downstream progress of the pol 11 transcription bubble from the initial open complex to
the completely cleared elongation complex is shown schematically. RNA is in red and the
transcript length for that stage is indicated. This diagram is based on results obtained in
mammalian systems with TATA box promoters. Only a very limited number of different
promoters and initially transcribed regions have been investigated. (A) The location of the
upstream edge of the bubble is determined by distance from the TATA element [15,16]; the
initiation site remains double-stranded [14]. (B) Initiation is abortive and transcription can
proceed for many rounds if RNA synthesis is limited to 2-3 nt [14,21,22]. (C) The RNA-
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DNA hybrid reaches its mature length and the structure of the hybrid is normal at this point
[35,36]. The upstream edge of the bubble remains in its initial location as the leading edge
advances [14,16]. Loss of transcripts through the abortive pathway is considerably reduced
[14,27]. Transcript slippage within repeated template segments falls off abruptly just
downstream of this point [34]. Nascent RNA should begin to clash with the finger/reader
segment of TFIIB just upstream of this point [44]. (D) At this point, roughly the upstream
half of bubble closes abruptly as the unpaired region extends to ~18 bases [14,16]. For a
promoter with the canonical spacing of the TATA box and transcription start, this occurs at
a transcript length of 9-10 nt [16]. TFIIH is no longer required for effective elongation [16].
Loss of an upstream contact of TFIIB with the template has been proposed to occur here [5].
(E) TFIIB is destabilized within the advancing complex [22]. (F) As elongation continues,
the 5’ end of the nascent RNA emerges from within pol Il at ~17 nt [54,55] . Complexes
paused over about the next 15 bases have a strong tendency to backtrack. The exact location
of the onset of backtracking, and the extent to which particular complexes backtrack, is a
function of promoter sequence, but all backtracked complexes apparently retreat to a
common template location, essentially the same as that in stage £[57]. Downstream of ~
+23, there is no measurable tendency for complexes to slip during transcription of repeated
template segments [34]. (G) Clearance is apparently complete at this point, with no general
tendency to backtrack.
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