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UBF activates RNA polymerase | transcription

by stimulating promoter escape
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Ribosomal RNA gene transcription by RNA polymerase I
(Pol 1) is the driving force behind ribosome biogenesis,
vital to cell growth and proliferation. The key activator
of Pol I transcription, UBF, has been proposed to act by
facilitating recruitment of Pol I and essential basal factor
SL1 to rDNA promoters. However, we found no evidence
that UBF could stimulate recruitment or stabilization of
the pre-initiation complex (PIC) in reconstituted transcrip-
tion assays. In this, UBF is fundamentally different from
archetypal activators of transcription. Our data imply that
UBF exerts its stimulatory effect on RNA synthesis, after
PIC formation, promoter opening and first phosphodiester
bond formation and before elongation. We provide evi-
dence to suggest that UBF activates transcription in the
transition between initiation and elongation, at promoter
escape by Pol I. This novel role for UBF in promoter escape
would allow control of rRNA synthesis at active rDNA
repeats, independent of and complementary to the promo-
ter-specific targeting of SL1 and Pol I during PIC assembly.
We posit that stimulation of promoter escape could be
a general mechanism of activator function.
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Introduction

More than half of the total RNA synthesis in a eukaryotic cell
is committed to the production of ribosomal RNAs (Reeder,
1999) and, as rRNA constitutes the enzymatic and structural
scaffold of ribosomes (Moore and Steitz, 2002), this drives
the biogenesis of the ribosomes, required for normal cell
growth and division (Warner, 1999). For transcription of the
TRNA genes, eukaryotic cells have evolved a dedicated
machinery, which includes RNA polymerase I (Pol I), confined
to the nucleolar subcompartment of the nucleus (Hannan
et al, 1998; Reeder, 1999; Moss and Stefanovsky, 2002;
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Grummt, 2003; Comai, 2004; Russell and Zomerdijk, 2005).
To understand how cells accomplish the tight control of Pol I
transcription, balancing the supply of rRNA with demand
under different growth conditions, it is necessary to deter-
mine the exact functions of the transcription factors that
act in conjunction with Pol I at the rRNA gene promoter
(reviewed by: Grummt, 2003; Moss, 2004; Russell and
Zomerdijk, 2005). One key aspect to understanding mamma-
lian rRNA gene regulation is to identify the critical step(s) in
the Pol I transcription cycle affected by the major activator of
transcription, UBF (Jantzen et al, 1990). In general, models
for activator function propose that they positively influence
kinetically limiting steps in transcription and/or interact with
components of the basal transcription machinery leading
to cooperative recruitment and assembly of the pre-initiation
complex (PIC) (Kingston and Green, 1994). Indeed, one of
the predominant mechanisms by which activators enhance
Pol II transcription involves sequence-specific binding at
regulatory promoter elements and sequestering of compo-
nents of the basal transcription machinery to the gene
promoter, thereby facilitating PIC assembly (Ptashne and
Gann, 1997). UBF was proposed to operate in such a manner
(reviewed by: Zomerdijk and Tjian, 1998; Comai, 2004),
although this had not been tested directly. We sought to
determine the step in the Pol I transcription cycle activated
by UBFE.

Basal levels of transcription from the rDNA promoter can
be produced with SL1, a TBP-TAF; complex (Comai et al,
1992, 1994; Zomerdijk et al, 1994), and Pol I in a reconsti-
tuted system (Schnapp and Grummt, 1991; Smith et al, 1993;
Friedrich et al, 2005). To achieve activated levels of rDNA
transcription, UBF is essential (Bell et al, 1988; Jantzen et al,
1990). In addition to this ‘true’ activation in reconstituted
transcription systems, UBF has a positive effect on Pol I
transcription as an anti-repressor (Kuhn and Grummt, 1992;
Brou et al, 1993; Pelletier et al, 2000). Additionally, in cells
UBF can repress Pol I transcription elongation, an effect that
can be reversed by growth factor-induced ERK phosphoryla-
tion of UBF (Stefanovsky et al, 2006).

UBF might function as an architectural protein (Jantzen
et al, 1992; Reeder et al, 1995). It contains six HMG-box
domains (Jantzen et al, 1990; Bachvarov and Moss, 1991),
which are thought to interact with the minor groove of DNA,
exhibiting a relaxed specificity of sequence binding, and
display the ability to dramatically bend DNA (Jantzen et al,
1992; Leblanc et al, 1993; Bazett Jones et al, 1994;
Copenhaver et al, 1994; Hu et al, 1994; Putnam et al, 1994;
Stefanovsky et al, 2001a). The DNA-binding and transactiva-
tion domains of UBF overlap and dimerization through the
amino-terminus is essential for the activation function of UBF
(McStay et al, 1991; Jantzen et al, 1992). UBF activation
requires the upstream control element (UCE; —156 to —107)
of the rDNA promoter, whereas SL1 functions through the
essential core element (—45 to + 18), overlapping the start
site (+1) of transcription (Zomerdijk and Tjian, 1998).
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DNase I footprinting showed UBF binding at the UCE and
core. Human SL1 alone failed to produce a DNase I footprint,
but SL1 and UBF in combination extended the footprint of
UBF alone, suggesting a cooperative interaction at the pro-
moter (Learned et al, 1986; Bell et al, 1988). UBF can interact
with SL1 (Bodeker et al, 1996; Hempel et al, 1996), via its
highly acidic carboxy-terminal domain (Jantzen et al, 1992;
Kihm et al, 1998; Tuan et al, 1999), as well as with Pol I
(Schnapp et al, 1994; Hanada et al, 1996). On the basis of
these findings, it was proposed that UBF recruits SL1 and Pol
I to the rDNA promoter, activating transcription by facilitating
PIC assembly. However, binding of UBF occurs throughout
the rDNA repeat (O’Sullivan et al, 2002; Mais et al, 2005), not
easily reconcilable with a role for UBF in nucleating PIC
assembly at the TDNA promoter. Moreover, SL1 can nucleate
PIC formation (Schnapp and Grummt, 1991; Smith et al,
1993; Friedrich et al, 2005), directly contacting Pol I-asso-
ciated factor hRRN3, also known as TIF-IA (Bodem et al,
2000), thereby recruiting initiation-competent Pol I to
the core promoter (Miller et al, 2001). SL1 can also stabilize
UBF binding at the rDNA promoter (Friedrich et al, 2005).
Although we observed no detectable effect of UBF on SL1
binding to the promoter, a role for UBF in the recruitment of
Pol I was not excluded.

Here, we provide evidence that activation of rDNA tran-
scription by UBF in a reconstituted system occurs subsequent
to PIC formation. We have defined a specific and novel
function for UBF in activating the rate of RNA synthesis at
promoter escape and clearance by Pol I. This mechanism
enables UBF to activate transcription both from previously
inactive promoters following PIC assembly and from SL1-
engaged promoters at each successive round of transcription
following re-initiation.

Results

UBF activates Pol | transcription subsequent to PIC
formation
UBF had been suggested to activate Pol I transcription in vitro
by facilitating recruitment of SL1 (Bell et al, 1988) and
perhaps Pol I to the rDNA promoter (Schnapp et al, 1994;
Hanada et al, 1996). We tested this hypothesis using an
immobilized template in reconstituted transcription reactions
with highly purified human SL1 and Pol If (Miller et al, 2001;
Panov et al, 2001) and insect cell (recombinant baculovirus)
expressed human UBF1, which contains the necessary mod-
ifications for activity (Figure 1A). The human Pol I complex is
over 1 MDa large and contains the core Pol I subunits and a
number of associated factors, among which are RRN3 (Miller
et al, 2001), topoisomerase Ilo. and CK2 (Panova et al, 20006).
In the absence of UBF, SL1 efficiently directs recruitment of
Pol I to the rDNA promoter, via its interaction with Pol
I-associated factor hRRN3 (Miller et al, 2001), supporting
basal levels of transcription (Figure 1B, lanes 2, 7 and 12).
Transcription was activated by addition of purified recombi-
nant UBF during PIC assembly (Figure 1B, lanes 3-5, and C).
Strikingly, UBF efficiently activated transcription from
templates with a pre-formed and functional SL1-Pol I-pro-
moter DNA complex (Figure 1B, lanes 13-15, and C). This
level of activation by UBF added after PIC assembly was
comparable to that observed from templates to which UBF
was pre-bound (Figure 1B, lanes 8-10, and C) and to which
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Figure 1 UBF activates transcription from a pre-assembled SL1-Pol
[-rDNA promoter complex. (A) UBF (0, 10, 25 or 50ng) was added
before, during or after PIC assembly with SL1 and Pol If on an
immobilized rDNA template (IT-rDNA, Fr4), as outlined. Assembly
of factors on the promoter was for 20min on ice, with gentle
mixing. Unbound factors were removed by washing templates in
TM10/0.05. Missing factors were added, incubation was continued
for a further 20 min and the templates were washed in TM10/0.05
before initiation of single-round transcription upon addition of
NTPs and calf thymus DNA (0.5pg, ct-DNA). Reactions were
stopped after 30min. (B) Transcripts produced in the reactions
outlined in panel A were analysed in S1 nuclease protection assays.
Protected radiolabelled fragments, reflecting accurately initiated
transcripts of 40nt, are indicated by an arrowhead. Signals in
lanes 1, 6 and 11 are not transcription-related. (C) Mean and
standard error of transcription levels (in arbitrary units) of single-
round transcription with 0, 10, 25 and 50ng UBF added before,
during or after PIC assembly as outlined in panel A, for three
independent experiments.

UBF was added during PIC assembly (Figure 1B, lanes 3-5,
and C). Note that where UBF was added after PIC assembly,
the bulk of unbound factors, SL1 and Pol I, were removed in a
wash step before the addition of UBF (Figure 1B, lanes 13-15,
and C) and that the amount of SL1 surviving this wash step
that might be bound nonspecifically to the beads is negligible
(Friedrich et al, 2005) and therefore cannot contribute sig-
nificantly to formation of PICs following the addition of UBF.
UBF thus appears to activate transcription by a mechanism
distinct from facilitated recruitment of SL1 and Pol I to the
rDNA. Furthermore, as competitor DNA was included in
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these reactions to limit transcription to a single round (Panov
et al, 2001), the activation by UBF is not owing to stimulation
of recycling and re-initiation of Pol I during multiple rounds
of transcription.

The rate of PIC assembly is not affected by UBF

We predicted that UBF would not accelerate PIC formation,
given that it did not appear to stimulate recruitment of basal
factors to the rDNA promoter template. This was confirmed
by measuring the time-dependent formation of transcription-
ally active PICs for UBF-activated versus basal transcription.
PIC assembly was initiated in the presence or absence of UBF
and allowed to proceed for various periods of time. The level
of transcriptionally active PICs formed at each time point was
then determined by measuring the amount of transcripts
produced from these PICs in a 30 min transcription reaction.
A comparison of the relative increase in transcript levels for
UBF-activated and basal transcription revealed that the rate
of PIC formation was not increased in the presence of UBF
(Figure 2A). Indeed, no difference was found in the calcu-
lated rate constants (Panov et al, 2001) for PIC formation in
the absence or presence of UBF (1.5+0.3 x1072s™1).

Affinity of SL1-Pol | for promoter DNA is unaltered

by UBF

We analysed the effect of UBF on highly purified SL1 and Pol I
in the assembly of functional PICs in the presence of compet-
ing nonspecific DNA. Interestingly, the relative decrease in
transcriptional activity for PICs assembled with or without
UBF and challenged with increasing amounts of competitor

Figure 2 Analysis of the assembly and stability of PICs in the
presence or absence of UBF. (A) UBF does not increase the rate of
PIC assembly. Immobilized template (2.5 pl of ITrDNA; Fr3) was
incubated in a final volume of 20 ul with Pol If and SL1, without
and with 100ng UBF on ice for varying periods (¢, seconds) as
indicated. Ct-DNA (0.5png) was added to stop PIC formation, and
templates were washed in TM10i/0.05 buffer. Transcription was
initiated by the addition of NTPs and 2 pg poly(dA.dT). Transcripts
were detected in S1 nuclease protection assays. Transcript levels of
three independent experiments were quantitated by phosphorima-
ging, expressed (in percentage), separately for basal and UBF-
activated transcription, relative to their maximal levels at 20 min
(set at 100%) and plotted against time. Basal transcription by SL1
and Pol If is depicted in black and UBF-activated transcription in
grey. (B) The affinity of SL1-Pol I for promoter DNA is not affected
by UBF. In a competition experiment for DNA binding by SL1 and
Pol I between nonspecific and promoter DNA, IT-tTDNA (Fr3, 125 ng)
and increasing amounts of a 423 bp nonspecific DNA fragment
(comp. DNA, derived from pBR322) were incubated with Pol If
and SL1 on ice for 15 min in a final volume of 20 pl with or without
50ng UBF. Beads were washed in TM10i/0.05 buffer, and single-
round transcription was initiated by adding NTPs and 0.5pg
ct-DNA. Transcript levels were determined in an S1 nuclease protec-
tion assay and quantitated by phosphorimaging. The signals were
expressed as a % of activity (100% set for no competitor DNA) and
plotted against the molar ratio between nonspecific (comp.) and
promoter DNA (IT-TDNA). (C) The salt stability of Pol I in the PIC is
not affected by UBF. ITrDNA (Fr3, 125ng) was incubated in a final
volume of 20l with Pol If and SL1 on ice for 15min with or
without 50 ng UBF. Beaded templates were washed in TM10i/0.05
and incubated for 10 min at the indicated KCI concentrations (50-
200mM) in TM10. Then, the beaded templates were re-equilibrated
to TM10i/0.05 and single-round transcription was initiated by
adding NTPs and 0.5 pg ct-DNA. Transcript levels were determined
by S1 nuclease protection assay and quantitated by phosphor-
imaging. The signals were expressed as a % of activity (100% set
at 50 mM KCl) and plotted against the salt concentrations (mM KCl).
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DNA was similar over the entire range of competitor to
promoter template ratios (Figure 2B). These results suggest
that UBF does not significantly alter the affinity and specificity
of interaction of SL1-Pol I for promoter DNA, consistent with
an inability of UBF to stimulate the rate of PIC formation.
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UBF does not increase the stability of Pol I in the PIC
To test whether UBF stabilizes Pol I in the PIC, we pre-
assembled PICs with or without UBF, and then subjected
these complexes to increasing salt concentrations known to
affect the stability of Pol I in the PIC (Panov et al, 2001). The
relative amounts of functional PICs remaining on the rDNA
after salt treatment were determined by transcription assays
under salt conditions established to be optimal for transcrip-
tion in this human reconstituted transcription system
(Figure 2C). A drop in the stability of functional PICs
occurred with increasing salt concentrations. Initiation was
effectively precluded by KCl concentrations in excess of
150 mM, consistent with findings in extracts from murine
lymphoma cells (Gokal et al, 1990) and in HeLa nuclear
extracts (Panov et al, 2001). No significant difference in salt
stability was observed between PICs of SL1-Pol I and PICs
assembled in the presence of UBF, suggesting that UBF does
not activate transcription by increasing PIC stability.

UBF increases the rate of RNA synthesis

We next asked whether UBF stimulates the rate of RNA
synthesis following PIC formation. We measured the rate of
RNA synthesis (by S1 nuclease protection assay) in single-
round transcription from pre-assembled PICs that did or did
not include UBF (Figure 3). In this reconstituted transcription
system with purified factors, transcripts continued to accu-
mulate for about 10-20 min. This likely reflects asynchronous
firing of PICs and single-round transcription rather than
multi-round transcription following re-initiation events be-
cause the level and kinetics of transcription were not altered
by inclusion of competitor DNA (Supplementary Figure S1A,
lanes 1 and 2 and S1B) at a concentration that prevents re-
initiation and multi-round transcription in a nuclear extract
(Supplementary Figure S1A, lanes 4 and 5). Calculated rate
constants for productive RNA transcript synthesis (Panov
et al, 2001) reflect the combined rate constants of all steps
following PIC formation, including promoter opening, initia-
tion, promoter escape and elongation. The rate constant of
UBF-activated RNA synthesis was three times that of basal
transcription (3.440.3 x 10 > and 1.140.1 x10 s~ !, respec-
tively). It follows that UBF can stimulate transcription at a
step subsequent to PIC assembly, and, therefore, at promoter
opening, initiation, promoter escape or elongation.

A stimulatory role for UBF in transcription distinct from
initial promoter opening and abortive initiation

We investigated the relationship between promoter opening
and the requirement for Pol I transcription factors in efficient
initiation of transcription with engineered heteroduplex pro-
moter templates (Figure 4A). Despite the open configuration
at the start site, Pol I alone did not initiate specifically from
these ‘bubble’ templates (data not shown). First, we assessed
the levels of a-amanitin-resistant transcription supported by
these pre-melted templates in nuclear extracts (Figure 4B).
Overall, the heteroduplex promoters showed increased levels
of transcription initiation compared to the wild-type (WT)
homoduplex promoter and, thus, pre-opening facilitated
transcription initiation from these linear promoter fragments
(Figure 4B, compare lanes 2-5 with lane 1). The rDNA
promoter with mutations introduced in the non-template
strand to create a heteroduplex with three unpaired bases
(HD3-t) supported the highest level of transcription. Further
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Figure 3 UBF increases the rate of RNA synthesis. (A) To deter-
mine the rate constant for RNA synthesis in the presence or absence
of UBF, 50 ul of immobilized template (50 ng Fr3 per 1 pl of beads)
was incubated for 15min on ice in a final volume of 200 ul with
20l Pol IB, 5pl SL1 and with or without 750 ng UBF. Templates
were washed in TM10i/0.05 and single-round RNA synthesis was
initiated by adding NTPs and 10 pg of ct-DNA. Samples (20 pl) were
taken at varying time points (At, min) and the RNA from each time
point was isolated and annealed to the 5'- labelled oligonucleotide
(—20to +40) in S1 nuclease protection assay. (B) Transcript levels
were assessed in the S1 nuclease protection assay (arrowheads).
(C) Transcript levels were quantitated by phosphorimaging.
Transcriptional activity is expressed in arbitrary units and plotted
against time. The grey line represents basal transcription supported
by SL1 and Pol If at the rDNA promoter, whereas the black line
describes activated levels of transcription in the presence of UBF.
The calculated rate constants are 3.4+0.3 x 10 >s~! for UBF-acti-
vated RNA synthesis and 1.1+0.1 x 10~ s~ ! for basal transcription.

opening of the promoter, achieved using HD4-t and HD5-t,
resulted in a relative lower level of transcription compared to
that seen with HDt-3 (Figure 4B, compare lanes 4 and 5 with
lane 3). Homoduplex variants of the rDNA promoter contain-
ing the M4 and M5 mutations supported reduced levels of
transcription compared to the WT template (Supplementary
Figure S2), suggesting that the M4 and M5 promoter muta-
tions were responsible for the lower levels of transcription
from the heteroduplexes HD4-t and HD5-t compared to the
HDt-3 heteroduplex. HDt-3 was selected for analysis of the
effect of UBF on promoter opening as transcription from this
template was dramatically higher than that from the WT
template (Figure 4), owing to its artificially opened promoter,
and because the M3 promoter mutations did not adversely
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Figure 4 UBF activates Pol I transcription from pre-opened promo-
ter templates. (A) Schematic of promoter sequences around the
human rDNA transcription start site (+ 1 and black dot) for hetero-
duplex templates (HD2-t to HD5-t) between WT template strand (ts)
and mutant non-template strands (M2- to M5-nts), with one, three,
seven and 10 unpaired bases, respectively. (B) In vitro transcription
assays contained 2 pl of HeLa cell nuclear extract (NE) and 120 ng of
the indicated templates (see panel A). Transcripts were analysed by
the S1 nuclease protection assay. (C) Reconstituted transcription
reactions contained 120ng of the WT (lanes 1 and 2) or artificial
bubble template HD3-t (lanes 3 and 4), Pol If and SL1 (lanes 1-4)
and 75ng UBF (lanes 2 and 4). Transcripts were analysed by S1
nuclease protection and quantitated by phosphorimaging. Relative
activation was expressed as a ratio between basal and UBF-activated
transcription for the WT (lanes 1 and 2, respectively; black bars) and
pre-opened template (lanes 3 and 4, respectively; grey bars).
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affect transcription levels in the context of the homoduplex
template (Supplementary Figure S2). We asked whether there
was an increase in transcription from HDt-3, compared to
WT, in a reconstituted transcription system with Pol T and
SL1, and whether or not UBF could activate this transcription.
We observed a dramatic increase in SL1-Pol I-directed tran-
scription from this heteroduplex containing three unpaired
bases (Figure 4C, lane 3 compared to lane 1). Crucially,
transcription from this template was stimulated still further
by UBF (Figure 4C, lane 4 compared to lane 3). Moreover, the
fold activation of transcription by UBF was comparable to
that seen on the WT homoduplex promoter (Figure 4C).
These results therefore uncouple elevated levels of transcrip-
tion initiation as a consequence of facilitated initial promoter
opening from stimulation of transcription initiation by UBF.

Next, we assessed whether UBF activates Pol I transcrip-
tion by promoting the conversion of PICs into complexes that
initiate transcription more efficiently. Promoter-specific
initiation was measured by synthesis of abortive dinucleotide-
primed trinucleotide transcripts (Figure SA). There is a con-
siderable level of GpCpU synthesis by Pol I primed with GpC
(Figure 5B, lane 1), yet a significantly (~ 2-fold) higher level
of SL1-dependent specific abortive initiation by Pol I was
detected, which was template-dependent (Figure 5B, lanes 2
and 3). UBF neither stimulated this SL1-dependent abortive
initiation (Figure 5C, lanes 6-8) nor affected nonspecific
abortive initiation by Pol I (Figure 5C, lanes 2-4). The finding
that no increase in abortive initiation was observed in the
presence of UBF suggests that UBF does not stimulate initia-
tion of transcription and provides further evidence against
a role for UBF in PIC assembly. Collectively, the data from
experiments using the pre-opened promoter template and the
abortive initiation assay argue that UBF stimulates Pol I
transcription at a step after initial rDNA promoter opening
and phosphodiester bond formation, implicating promoter

A +1
TTATTGCTGAC
AATARCGACTG rDNA
e
GpC + UTP* GpCpU*
Cc
Poll Pol I + SL1
5 25 50 5 25 50 UBF (ng)

oo e

Figure 5 UBF does not stimulate SLl-dependent abortive initiation
by Pol I. (A) Schematic representation of the start site sequence of
the human rRNA gene promoter. In the abortive initiation assay,
pre-assembled PICs (with and without UBF) were provided with the
dinucleotide GpC (corresponding to the first 2 nt in the pre-rRNA)
and [a->*PJUTP. Abortive initiation by Pol I yields 3?P-labelled
trinucleotide products, GpCpU. (B) rDNA (Fr3; lanes 1 and 2), Pol
IB (lanes 1-3) and SL1 (lanes 2 and 3) were incubated on ice for
15 min. GpC and [o**P]UTP were then added to initiate the abortive
RNA synthesis. The reaction products (GpCpU; arrow) were re-
solved on a denaturing 30% polyacrylamide gel. (C) rDNA (Fr3,
10ng), Pol I (lanes 1-8), SL1 (lanes 5-8) and various amounts of
UBF (as indicated, lanes 1-8) were incubated in a final volume of
20pl on ice for 15min. Abortive RNA synthesis was initiated and
analysed as in panel B.
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Figure 6 Elongation of transcription by Pol I is not activated by UBF. (A) The influence of UBF on the run-off transcription by Pol I in the
presence or absence of SL1 was assessed as outlined schematically. UBF (0, 15, 30 and 1000 ng) was added to rDNA (Fr4, 150 ng) promoter
fragment with Pol I, with or without SL1. Reactions of 20 ul (final volume) were incubated on ice for 15 min. NTPs and [o-**P]CTP were then
added to initiate the RNA synthesis. Radiolabelled transcripts were resolved on a denaturing 11% polyacrylamide gel. (B) Transcription
reactions were performed as outlined in panel A. End-to-end transcription by Pol I (in the absence of SL1) yielded run-off transcripts of 432 nt,
whereas specific initiation of transcription (in the presence of SL1) from the same promoter template yielded run-off transcripts of 239 nt. The
experiment has been repeated three times and two representative experiments are shown. Transcript levels (432 nt for the ‘—SL1’ and 239 nt for
the “ + SL1’ transcription reactions), determined with a phosphorimager, were expressed relative to the sample that did not contain UBF, set at
1.0 (lanes 1, 5, 9 and 13). (C) UBF activates synthesis of long (239 nt) and short (40 nt) transcripts with similar efficiency. UBF (0, 15, 30 and
1000 ng; lanes 1 and 5, 2 and 6, 3 and 7, and 4 and 8, respectively) was added to specific transcription reactions with immobilized rDNA
promoter template (Fr4), Pol Ip and SL1. Reactions (20 pl), in duplicate, were incubated for 20 min on ice and templates were washed in TM10i/
0.05 to remove unbound factors. The single-round transcription was initiated upon addition of NTPs (including [0-32P]CTP) and 1 ug ct-DNA.
After 45 min at 30°C, reactions were divided in two. Half of the reaction was analysed in a run-off assay, which yielded a full-length transcript of
239 nt (upper panel), and the other half by S1 nuclease protection, which yielded a protected fragment of the first 40 nt (lower panel). Products
were quantitated by phosphorimaging. The experiment has been repeated three times and two representative experiments are shown. Fold-
activation of transcription was expressed as a ratio between UBF-activated and basal transcription, for the 239 and 40 nt transcripts at the
different UBF concentrations.

(Figure 6B, lanes 12 and 16). As nonspecific transcription in
this run-off assay was also inhibited by this amount of UBF
(Figure 6B, lanes 4 and 8), we suggest that the repressive
effect of UBF on specific transcription was the result of UBF

escape or elongation as possible targets of UBF in activation
of transcription.

Elongation of Pol I transcription in vitro is not a target

for UBF activation

So, does UBF affect elongation of transcription in our recon-
stituted transcription system? We assessed the effect of UBF
on both nonspecific end-to-end transcription by Pol I of an
rDNA fragment (in the absence of SL1) and on specific
transcription (in the presence of SL1) in a run-off assay
(Figure 6A and B). End-to-end transcription elongation (pro-
ducing a transcript of 432 nt) was not detectably stimulated
by UBF (Figure 6B, lanes 1-3 and 5-7) under conditions
where UBF stimulated specific transcription (producing a
239nt transcript) in the presence of SL1 from the same
promoter DNA fragment (Figure 6B, lanes 9-11 and 13-15).
At relatively high concentrations of UBF, we consistently
observed inhibition of specific transcription rather than acti-
vation, for example, at 1pg of UBF (molar ratio of UBF to
DNA of ~10) there was a decrease in specific transcription
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interfering with elongation of transcription, consistent with
recent findings (Stefanovsky et al, 2006). UBF also failed to
activate nonspecific transcription by Pol I of random (calf
thymus) DNA fragments (yielding transcript of ~500nt; data
not shown). Importantly, the fold activation by UBF of
transcription over the first 40nt, as determined in an S1
nuclease protection assay, was similar to the fold activation
by UBF of synthesis of a run-off transcript of 239nt
(Figure 6C). Collectively, these data suggest that UBF activa-
tion of reconstituted transcription is not the result of stimu-
lated elongation of transcription.

UBF stimulates transcription during promoter escape
by Pol |

Taken together, the data suggest that UBF can activate Pol I
transcription in vitro by stimulating an early stage of tran-
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script synthesis following initiation and before elongation,
at the step of promoter escape/clearance. Should UBF act to
stimulate promoter escape, it would facilitate conversion of
a Pol I complex that produces abortive transcripts of up to
~10-15nt to a stable elongating complex that produces full-
length transcripts. However, demonstration of this was pre-
cluded owing to the sensitivity of the assay; no promoter
proximal transcripts were detectable under any of our run-off
transcription conditions with SL1 and Pol If, without or with
UBF (Supplementary Figure S3). Therefore, we designed an
alternative assay to assess the effect of UBF on promoter
escape by Pol L.

We reasoned that if UBF stimulates promoter escape, UBF-
dependent activation would be detectable only at the very
early stages of transcription and there would be no activation
following completion of promoter escape and clearance by
Pol I. Therefore, we constructed T-less templates (Figure 7A),
allowing us to stall Pol I at defined distances from the
transcription start site by omission of UTP (no run-off tran-
scripts were detectable in the absence of UTP; Supplementary
Figure S4) and then resume transcription to yield full-length
transcripts by inclusion of all four NTPs (Figure 7C and
Supplementary Figure S4). We tested whether or not UBF
could activate this resumed transcription (Figure 7B-D).
Control transcription reactions determined that all T-less
templates have equal promoter strength, as they yielded
similar levels of basal transcription (minus UBF) and of
activated transcription when UBF was added during PIC
formation and before stalling (bs) of Pol I (Figure 7C and
D). Immobilized templates were used for these studies
because we could stringently ‘wash’ the templates (TM10i/
0.25M KCIl; Figure 7B), an essential step in the procedure,
as this step removed relatively unstably associated Pol I in
(not yet active) PICs from the promoter (Panov et al, 2001),
and therefore allowed us to analyse the effect of UBF on
transcription specifically from stalled ‘stable’ Pol I ternary
complexes on the T-less templates. Crucially, UBF added after
stalling (as) of Pol I activated transcription from each T-less
template to a different extent (Figure 7C and D). Specifically,
the results indicate that UBF can activate transcription when
added after Pol I synthesis of the first 10 nt to the same extent
as when added during PIC formation (Figure 7C, lanes 7 and
8 compared to lanes 9 and 10, and Figure 7D). This demon-
strates that UBF activates transcription at a step following

both PIC assembly and incorporation of the first few nucleo-
tides, consistent with data presented above. UBF activates
transcription with decreasing efficiency after Pol I has synthe-
sized 15nt, with little or no effect of UBF on run-off tran-
scription after Pol I has synthesized 31 nt (Figure 7C and D),
supporting our conclusion that UBF does not activate
transcription in vitro by stimulating elongation following
promoter clearance by Pol I.

The inability of UBF added before or after stalling of Pol I
at +3 to activate transcription from the WT template
(Figure 7C, lanes 2-5, and D) is due to instability of Pol I
complexes at the initial phase of transcription
(Supplementary Figure S5), during which they probably
undergo abortive initiation, and this is reflected in the
lower amount of basal transcription from this template
(Figure 7C, lane 1 compared to lanes 6, 11, 16, 21 and 26).
This instability may be related to that seen for other RNA
polymerases, for example, Pol II is unstable at the very early
stages following initiation and only synthesis of a 4-nt RNA
commits Pol II to promoter escape (Kugel and Goodrich,
2002), and similar distinct transitions have also been ob-
served for T7 and Escherichia coli RNA polymerases after
synthesis of a 4-nt RNA (Bowser and Hanna, 1991; Cheetham
and Steitz, 1999, 2000).

The results suggest that UBF activates transcription follow-
ing initiation of transcription and while the polymerase is in
proximity to the transcription start site and that, once Pol I
escapes and clears the promoter, elongation of transcription
in this reconstituted system is unaffected by UBF. Therefore,
we propose that UBF activates Pol I transcription at the step of
promoter escape by Pol 1.

Discussion

We provide evidence for a novel mode of activation by UBF,
discrete from that of facilitated recruitment and stabilization
of SL1 and/or Pol I at the rDNA promoter. The data presented
here argue against UBF activation via recruitment of these
factors, at least in vitro, for the following reasons. First, UBF
activates transcription from pre-assembled SL1-Pol I-rDNA
complexes and, importantly, the level of transcription sup-
ported is no different from that in which the PICs were
assembled from free components in the presence of UBF
(Figure 1). The order of addition experiments does not
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Figure 7 UBF activates transcription from stalled Pol I complexes only when Pol I is present in the vicinity of the transcription start site.
(A) Schematic of part of the rDNA template strand sequences (—10 to + 50) of WT and T-less (T3-T32) templates. The transcription start site
(+1) is in bold type. Positions of T to A substitutions are underlined. The first thymidine residue in each transcribed region, indicated by
arrowheads, corresponds to the predicted stall site of Pol I (following transcription in the absence of UTP). The distance from the start site of
transcription to the site of stalled Pol I equals the length of the RNA transcript, shown in brackets. (B) Outline of the analysis of the effect of
UBF on transcription when added before (bs) or after (as) stalling of Pol I at defined locations downstream of the transcription start site.
Immobilized templates (IT-rDNA; WT or T-less Fr4 derivatives; 500 ng) were incubated in a final volume of 15 pl with Pol If and SL1 for 20 min
on ice. Templates were washed in TM10i/0.05 and incubation was continued for another 10 min without or with (32 or 53 ng) UBF (the
combined period is referred to as ‘PIC formation’). Templates were then washed in TM10i/0.05, and transcription was initiated by adding the
‘—UTP mix’, containing CTP, ATP and GTP, and 1pg ct-DNA. Reactions were incubated for 15min at 30°C (‘stalled transcription’). Pol
I-template complexes stalled at various distances downstream of the start site, were then washed with TM10i/0.25, to remove Pol I not active
in transcription and select for stable ternary complexes, and re-equilibrated in 15 ul TM10i/0.05. Incubation was continued for another 10 min
on ice, without or with UBF (32 or 53 ng). Templates were washed in TM10i/0.05, and transcription was resumed upon addition of all NTPs
(including [0-32P]CTP) and 1 ug ct-DNA for 15 min at 30°C (‘single-round transcription’). (C) Run-off transcripts (239 nt) from WT and T-less
templates T3-T32 were analysed on a 6% denaturing polyacrylamide gel and quantitated by phosphorimaging. Transcription in the absence of
UBF (basal, —) was compared to transcription in the presence of UBF (activated), where UBF was added before Pol I was stalled (bs) or when
UBF was added after Pol I was stalled (as). Reactions with UBF ‘bs” and ‘as’ contained 32 ng (left lane of pairs) or 53 ng (right lane of pairs).
(D) Fold activation of transcription, expressed as a ratio between UBF-activated and basal transcription, for different stalled complexes when
UBF was added before Pol I was stalled (bs, dark grey bars) or when UBF was added after Pol I was stalled (as, light grey bars). Note that as the
transcript levels in the paired reactions with the two UBF amounts were similar (see panel C), the average is shown.
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entirely exclude the possibility that activation by UBF follow-
ing pre-assembly of an SL1-Pol I-rDNA complex might partly
result from recruitment by UBF of a fraction of nonspecifically
DNA-bound SL1 and/or Pol I to the core promoter DNA
fragment to yield more PICs. However, the lack of stimulation
by UBF of both abortive initiation (Figure 5) and resumed
transcription by Pol I stalled at + 31 or +39nt (Figure 7)
argues strongly against this possibility. Therefore, the number
of functional PICs formed is independent of the order of PIC
assembly, specifically whether UBF is present before, during
or after the assembly reaction. Secondly, the rate constant for
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formation of an SL1-Pol I complex at the immobilized
ribosomal promoter is indistinguishable from that for a PIC
assembled in the presence of UBF, under conditions where
we observe activation of transcription. Thirdly, UBF does not
modulate the affinity and selectivity of SL1-Pol I for promoter
DNA, does not detectably alter the stability of SL1 binding
to DNA (Friedrich et al, 2005) and does not influence the salt
stability of Pol I in the PIC, consistent with the failure of UBF
to change the rate of productive PIC formation. We conclude
that activation of Pol I transcription by UBF occurs at a stage
subsequent to PIC formation.

A +1
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Significantly, UBF increases the rate of RNA synthesis from
pre-assembled PICs (Figure 3), implying a positive effect of
UBF on initiation, promoter escape/clearance and/or elonga-
tion. UBF fails to stimulate abortive initiation (Figure 5), and,
furthermore, while pre-opening of the promoter facilitates
transcription initiation, UBF activates the heteroduplex ‘pre-
opened’ promoter to the same extent as the WT homoduplex
template (Figure 4). Therefore, we infer that UBF does not
affect the initiation frequency of the PICs and acts at a step
subsequent to promoter opening and first phosphodiester
bond formation. Furthermore, our combined data from
Figures 6 and 7 indicate that transcription elongation by Pol
I, whether specifically or randomly initiated in vitro, is not
stimulated by UBF. Our analysis of the ability of UBF to
activate resumed transcription following stalling of Pol I at
defined distances close to the transcription start site demon-
strates that UBF can activate transcription following first
phosphodiester bond formation and at the early stages of
transcript synthesis, most efficiently during transcription of
the first 10-15 nt and through incorporation of up to 30 nt, but
not thereafter (Figure 7). We propose that UBF can activate
transcription at the step of promoter escape, operationally
defined here as the short phase following initiation of tran-
scription that includes formation of the first ~10-15 phos-
phodiester bonds of the nascent transcripts and conversion of
the transcribing polymerase from the unstable initiation
mode to elongation mode. Thus, UBF can activate transcrip-
tion by tipping the balance in favour of productive versus
non-productive initiated transcription complexes (Carpousis
and Gralla, 1980; McClure, 1985; Dvir, 2002). The reconsti-
tuted Pol I transcription system used here does not support
multi-round transcription and therefore this might have
precluded the direct observation of the conversion of
small abortive transcripts into longer products in the
presence of UBF as Pol I escapes the promoter (see
Supplementary data).

Our study demonstrates the specific role of UBF in the ‘net’
(or ‘true’) activation of transcription at the rDNA promoters in
vitro and this involves stimulated promoter escape by Pol I
rather than stimulated PIC assembly or stability. This activa-
tion function for UBF in promoter escape does not exclude
additional roles for UBF in the regulation of rRNA gene
expression. The distribution of UBF throughout transcribed
and non-transcribed regions of the entire rDNA repeat in cells,
and at transcriptionally silent artificial arrays of enhancer
sequences (UBF binding sites) in genomic loci other than
IDNA, is likely to influence the organization of chromatin
(O’Sullivan et al, 2002; Mais et al, 2005). UBF bound at those
sites could sequester SL1 and Pol I (Mais et al, 2005) and
increase the local concentration of these factors on DNA, but
there is no strict correlation between the regions transcribed
and those to which UBF binds. UBF bound to transcribed
regions of the rDNA has been suggested to repress, rather than
activate, transcription elongation and such repression can be
partly alleviated following growth factor-induced ERK phos-
phorylation of UBF (Stefanovsky et al, 2006). At concentra-
tions at which UBF activates transcription in vitro, UBF does
not affect elongation (Figure 6B), whereas at significantly
higher concentrations than those at which UBF activation of
transcription is observed, UBF represses transcription elonga-
tion by Pol I in vitro (Figure 6B; Stefanovsky et al, 2006). In
addition to this ‘dampening’ function of UBF on elongation,
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there is also evidence to suggest a role for UBF as an anti-
repressor (Kuhn and Grummt, 1992; Brou et al, 1993; Pelletier
et al, 2000). Thus, it is likely that UBF influences rRNA gene
expression at multiple levels, functioning as an activator at
promoter escape by Pol I, as a regulator of elongation and as
an anti-repressor in the context of chromatin in vivo.

The activity of UBF and its interactions with other compo-
nents of the Pol I transcription machinery are modulated by
post-translational modifications. The insect cell (recombinant
baculovirus) expressed and purified human UBF used in this
study contains modifications of residues known to be im-
portant for UBF activation function in vitro. UBF is phos-
phorylated by cyclin-dependent kinases (Klein and Grummt,
1999; Voit et al, 1999), and one site in particular is critical for
interaction of UBF with Pol I and in the activation of
transcription in vitro (Voit and Grummt, 2001). The inter-
action of UBF with Pol I-specific subunits CAST/hPAF49
and PAF53 is important for stimulated transcription at a
step following PIC formation (Panov et al, 2006), and hence
might be critical to promoter escape by Pol I. Furthermore,
the growth factor-induced cyclic ERK1/2 phosphorylation of
sites in HMG boxes 1 and 2 of UBF (Stefanovsky et al, 2001b)
has been suggested to alter the interactions of UBF with DNA
qualitatively, perhaps to facilitate passage of Pol I through
UBF molecules bound throughout the transcribed region and
so modulate elongation of transcription by Pol I (Stefanovsky
et al, 2006). It is unlikely that UBF in our reconstituted
transcription system undergoes such cyclic ERK-mediated
phosphorylation events, yet it activates transcription ro-
bustly. Additionally, the carboxy-terminus of UBF, which
contributes to its activation function (Jantzen et al, 1992),
is prominently and differentially phosphorylated in vivo in
response to cell growth conditions, and appears to be at the
end of several signalling pathways. For example, recombinant
CK2 in vitro can phosphorylate this domain of UBF
(O’Mahony et al, 1992a,b; Voit et al, 1992), and mutation
of CK2-phosphorylated serine residues in this domain impairs
the ability of UBF to activate transcription (Voit et al, 1995).
We have recently obtained evidence to suggest that CK2
phosphorylation of UBF stimulates the ability of UBF to
activate Pol I transcription through enhanced stabilization
by SL1 of CK2-phosphorylated UBF at the rDNA promoter
(Panova et al, 2006). The carboxy-terminus of UBF can also
be phosphorylated by nuclear PI3-kinase p110 subunit, in
response to insulin-like growth factor I (Drakas et al, 2004),
and inhibition of mTOR signalling with rapamycin leads to
a rapid dephosphorylation of the carboxy-terminus of UBF,
which significantly reduces its ability to associate with SL1,
and a loss of serum-induced activation of rDNA transcription
by Pol I (Hannan et al, 2003). UBF activity, and Pol I
transcription, can be repressed by tumour suppressor retino-
blastoma protein (Rb) binding to UBF (Cavanaugh et al,
1995), and this interaction is mutually exclusive to CBP
recruitment and acetylation of UBF, which enhances Pol I
transcription (Pelletier et al, 2000). Acetylation of UBF en-
hances the interaction of UBF with Pol I (Meraner et al, 2006).
The interaction of Rb with UBF interferes with the binding of
UBF to SL1 (Hannan et al, 2000). Collectively, these data
stress the importance of the UBF-SL1 and UBF-Pol I interac-
tions in activation of transcription by UBF.

What could be the functional significance of interactions
between UBF and SL1 (Bell et al, 1988; Jantzen et al, 1992;
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Kwon and Green, 1994; Beckmann et al, 1995; Kihm et al,
1998; Tuan et al, 1999) and between UBF and Pol I (Schnapp
et al, 1994; Hanada et al, 1996; Voit and Grummt, 2001) in
promoter escape? The interaction of UBF with SL1 is impor-
tant in stabilization of UBF at the rDNA promoter (Friedrich
et al, 2005) and the kinetic stability (increased lifetime) of
this activator-DNA complex is likely to be a major determi-
nant in the ability of UBF to activate transcription at promoter
escape. The interaction of UBF with Pol I might be of direct
relevance in promoting the transition and conformational
changes in Pol I associated with the escape of Pol I from
the promoter. Additionally, the interactions of UBF with
SL1 and Pol I in cells might increase the proportion of UBF-
containing Pol I holoenzymes (Seither et al, 1998; Hannan
et al, 1999; Miller et al, 2001) and/or the local concentration
of SL1 and Pol I on DNA (Mais et al, 2005) before the specific
targeting of Pol I to the rDNA promoter, which is directed by
SL1 (Miller et al, 2001; Friedrich et al, 2005).

In the transition of Pol I from initiation to elongation, UBF
might function to weaken polymerase-promoter interactions
by influencing protein-protein interactions of the PIC, facil-
itating conformational changes to yield productive poly-
merases, altering the local DNA topology, or a combination
of these, and we present possible, not mutually exclusive,
models for UBF activation by stimulation of promoter escape,
with the aim to provide a framework for future experimenta-
tion. The first proposes a role for UBF in disrupting protein-
protein interactions of the PIC, leading to promoter escape.
The composition of the Pol I enzyme complex changes during
the early stages of transcription, most notably by the dissocia-
tion of RRN3 from Pol I, potentially via disruption of its
interaction with the Pol I subunit RPA43 (Brun et al, 1994;
Milkereit and Tschochner, 1998; Peyroche et al, 2000;
Hirschler-Laszkiewicz et al, 2003). This compositional change
could occur as a consequence of promoter escape of Pol I, or
instigate, or at least be intimately associated with, the process.
One possibility is that UBF interacts with and facilitates
changes in Pol I, following transcription initiation, which
could promote release of hRRN3 and, concomitantly, assist
in disruption of the interaction between Pol I and SL1. As UBF
interacts with SL1, UBF might also convert SL1 from a complex
that recruits Pol I to one that efficiently releases the enzyme by
interfering with interactions between SL1 subunits TAF;110
and TAF;63 and hRRN3 (Miller et al, 2001). Events such as
these may be critical for efficient promoter escape by Pol I.

In the second model, UBF converts Pol I to a processive
enzyme complex. UBF might function to maintain the PIC
intact until the polymerase has undergone this conversion,
although a more active role for UBF in the conversion is
suggested by the following. UBF interacts with at least two
Pol I-specific subunits of the enzyme complex, CAST/
hPAF49, the human orthologue of yeast RPA34.5 (Panov
et al, 2006), and PAF53 (Hanada et al, 1996), the mammalian
orthologue of yeast RPA49, and in so doing could perhaps
facilitate conformational changes of Pol I (De Carlo et al,
2003) and its interactions with the template DNA in the
critical transition of the enzyme between initiation and
elongation (Panov et al, 2006).

In the third model, alterations in local DNA topology by
UBF might facilitate promoter escape by Pol I. We have
shown that UBF activation is independent of initial promoter
opening and formation of the first few phosphodiester bonds,
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but it is possible that further opening during formation of
the transcription bubble is stimulated by UBF. Another link
between UBF influencing DNA topology and promoter escape
is proposed in our ‘spring-load model”. It is likely that in the
early stages of transcription Pol I draws the DNA through
itself, while maintaining its interactions with the transcrip-
tion factors at the promoter, such that the DNA would gather
into a loop. In this model, UBF functions as an anchor at the
promoter, through its ability to produce a structure with DNA
resembling a nucleosome in DNA content and mass (Bazett
Jones et al, 1994), thereby constraining the DNA. Torsional
strain accumulates in the DNA loop as transcription pro-
ceeds, until the energy of DNA resilience disrupts the pro-
tein-protein interactions between the polymerase and
transcription factors of the PIC, allowing Pol I to escape the
promoter efficiently and continue synthesis of the pre-TRNA.

The novel role defined for UBF in Pol I transcription in
activating the kinetics (rate) of RNA synthesis, stimulating
promoter escape, is fundamentally different from that of
recruitment of basal transcription factors and polymerase to
the promoter, a defining feature of archetypal activators of
transcription (Ptashne and Gann, 1997). Crucially, the ability
of UBF to activate transcription at the step of promoter escape
would enable stimulation of transcription in response to
growth factors and nutrients both at previously inactive
promoters following PIC assembly and also at SL1-engaged
promoters at each successive round of transcription in re-
initiation. The high levels of TRNA synthesis required for cell
growth and division likely necessitate a high frequency of
loading of Pol I at the rDNA promoter. This is directly affected
by mechanisms that regulate the ability of SL1 to recruit Pol [;
PIC assembly is instigated by SL1 core promoter binding and
controlled in part by the availability of initiation-competent
RRN3-Pol I complexes (Pol If) (reviewed by Russell and
Zomerdijk, 2005). However, a high frequency of loading of
Pol I'is only possible under conditions where polymerases are
highly processive, efficiently escaping and clearing the pro-
moter to allow SL1-promoter complexes to recruit the next
Pol 1. Therefore, UBF might also contribute indirectly to
recruitment of Pol I to SL1-engaged promoters by stimulating
promoter escape.

Our previous kinetic analyses had defined promoter escape
and clearance as rate-limiting in reconstituted transcription
by Pol I (Panov et al, 2001), yet it was not known whether
there were critical regulators of this key step in the Pol I
transcription cycle. Here, we have identified UBF as an
important regulator of this rate-limiting step in Pol I tran-
scription. Promoter escape has also been reported to be a
rate-limiting step in Pol II-mediated transcription (Kugel and
Goodrich, 1998). Examples have emerged of activators that
regulate Pol II transcription at both initiation and promoter
escape (Liu et al, 2001; Fukuda et al, 2004). Hence, stimula-
tion of promoter escape by the nuclear RNA polymerases
could be an important and more general mechanism by
which transcription activators function.

Materials and methods

Protein purification

Pol IB and SL1 (free of UBF) were purified as described (Miller et al,
2001). Recombinant human UBF1, free of nucleic acid, was purified
as outlined in Supplementary data (Supplementary Figure S6).
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Preparation of rDNA promoter templates

Biotinylated human rDNA promoter templates, WT or T-less
mutants generated by site-directed mutagenesis, were synthesized
by PCR (Fr4, —193 to +239bp; Fr3, —324 to +239) and
immobilized on streptavidin-coated paramagnetic beads as
described (Panov et al, 2001). Generation of the heteroduplex
‘pre-opened’ promoter templates (HD2-t to HD5-t) is detailed in
Supplementary data.

Assembly and isolation of Pol | PICs

Purified transcription factors UBF, SL1 and Pol I} were gently
agitated and incubated for 5-40min on ice with immobilized
template (ITrDNA), typically 5-20pl (50ng DNA/pl of M280
Dynabeads) in 20-200 pl total reaction volume of 50 mM KCl (final
concentration) and TM10i (50 mM Tris-HCI pH 7.9, 12.5 mM MgCl,,
1mM EDTA, 10% glycerol, 1 mM sodium metabisulphite, 1 mM
DTT, 50ng/pl BSA, 0.015% NP-40, EDTA-free protease inhibitor (‘i”)
cocktail (Roche)). After separation using a magnetic stand, beads
were washed twice with two reaction volumes of TM10/0.05 M KCl
to remove unbound factors, and washed templates were used to
initiate transcription reactions, as outlined schematically in the
figures. Competitor DNA (calf thymus (ct-) DNA or poly(dA.dT))
was used to limit transcription to a single round, as established
previously (Panov et al, 2001).

Reconstituted transcription reactions

Reconstituted transcription reactions and S1 nuclease protection
(—20 to +40 5'-labelled template strand probe) were performed as
described previously (Miller et al, 2001; Panov et al, 2001). Rate
constants were calculated as described (Panov et al, 2001). In the
experiments with pre-opened promoters, the WT sequence was
retained for the template strand (see Supplementary data), so
that RNA synthesis from the different ‘bubble’ templates could
be measured by S1 nuclease protection with the same WT S1
oligonucleotide.
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