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Human rRNA synthesis by RNA polymerase I requires at least two auxiliary factors, upstream binding factor
(UBF) and SL1. UBF is a DNA binding protein with multiple HMG domains that binds directly to the CORE
and UCE elements of the ribosomal DNA promoter. The carboxy-terminal region of UBF is necessary for tran-
scription activation and has been shown to be extensively phosphorylated. SL1, which consists of TATA-binding
protein (TBP) and three associated factors (TAFIs), does not have any sequence-specific DNA binding activity,
and its recruitment to the promoter is mediated by specific protein interactions with UBF. Once on the pro-
moter, the SL1 complex makes direct contact with the DNA promoter and directs promoter-specific initiation
of transcription. To investigate the mechanism of UBF-dependent transcriptional activation, we first per-
formed protein-protein interaction assays between SL1 and a series of UBF deletion mutants. This analysis
indicated that the carboxy-terminal domain of UBF, which is necessary for transcriptional activation, makes
direct contact with the TBP-TAFI complex SL1. Since this region of UBF can be phosphorylated, we then tested
whether this modification plays a functional role in the interaction with SL1. Alkaline phosphatase treatment
of UBF completely abolished the ability of UBF to interact with SL1; moreover, incubation of the dephospho-
rylated UBF with nuclear extracts from exponentially growing cells was able to restore the UBF-SL1 interac-
tion. In addition, DNase I footprinting analysis and in vitro-reconstituted transcription assays with phospha-
tase-treated UBF provided further evidence that UBF phosphorylation plays a critical role in the regulation of
the recruitment of SL1 to the ribosomal DNA promoter and stimulation of UBF-dependent transcription.

RNA polymerase I (Pol I) directs RNA synthesis from a
single class of genes, the rRNA genes, which are found in
multiple tandem arrayed copies in the nucleoli of eukaryotic
cells (16, 25, 29). Fractionation of human nuclear extracts
indicates that, in addition to RNA Pol I, at least two auxiliary
factors are necessary to direct accurate and promoter-specific
initiation of transcription, upstream binding factor (UBF) and
selectivity factor 1 (SL1) (2, 20, 21). Human UBF has been
purified to homogeneity and has been found to be a 94- to
97-kDa polypeptide that recognizes both the CORE and UCE
elements of the human rRNA promoter (2, 17). The cloning of
cDNA encoding human UBF revealed that it has an amino-
terminal region that mediates dimerization and four domains
termed HMG boxes, with high homology to the nonhistone
chromosomal high-mobility group proteins, HMG 1 and 2 (17,
23). The first HMG box of UBF is necessary and sufficient for
DNA binding specificity, while HMG boxes 2, 3, and 4 appear
to modulate DNA binding efficiency (18). Another feature of
UBF is the carboxy-terminal tail, rich in acidic amino acids,
which is required for transcriptional activation (18, 37). In-
triguingly, while UBF has been cloned from organisms such as
mice, rats, and Xenopus laevis, a UBF-like activity has not been
identified in Saccharomyces cerevisiae and Acanthamoeba cas-
tellanii (25, 29).

The second essential factor necessary for accurate RNA Pol
I transcription is the selectivity factor, SL1. SL1 is analogous to
TFIID and TFIIIB, which are involved in RNA Pol II and III
transcription, respectively, in that it is a multisubunit complex
composed of the TATA-binding protein (TBP) and three
TAFs (TBP-associated factors) (6, 7). SL1 is required to direct
initiation from the rRNA promoter and plays a crucial role in
the promoter recognition properties of the rRNA transcrip-
tional apparatus. While the SL1 complex alone does not bind
specifically to the rRNA promoter, in the presence of UBF,
SL1 makes contact with the DNA template and extends the
DNase I footprint at both the CORE and the UCE promoter
elements (2). Mutations in the promoter sequence that affect
either the binding of UBF to the DNA template or the inter-
action of UBF with SL1 result in a drastic reduction of tran-
scriptional activity (11). These findings strongly suggest that
the network of protein-protein and protein-DNA interactions
among UBF, SL1, and the promoter elements plays a major
role in Pol I transcription. Recent studies indicate that UBF
binds to SL1 and that this interaction is mediated by protein-
protein contacts between UBF and two subunits of the SL1
complex, namely, TBP and TAFI48 (1, 13). Moreover, at least
two of the TAFIs appear to make direct contact with the DNA,
upon recruitment of SL1 to the promoter. The published data
for this finding are still controversial, with either TAFI48/
TAFI110 or TAFI63/TAFI110 being reported to make contact
with the DNA (1, 32).

In eukaryotic cells, RNA Pol I activity is tightly linked to the
signals that control cell growth (25, 29, 30). A number of ex-
tracellular stimuli, such as serum deprivation, glucocorticoids,
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insulin, and phorbol esters, affect the rate of RNA Pol I tran-
scription (4, 5, 9, 12, 24). In addition, Pol I transcription is
regulated during the progression of the cell cycle and is re-
pressed at prometaphase and anaphase during mitosis (25, 29,
31). Interestingly, when transcription is arrested during mito-
sis, UBF appears to remain associated with the DNA (8). Al-
though it is presently unclear how Pol I transcription can be
modulated, it has been proposed that posttranslational modi-
fications of UBF and/or SL1 may affect the transcriptional ac-
tivities of these two factors. For example, phosphorylation of
UBF is modulated during muscle cell activation or serum de-
privation, and several studies have indicated, at least in vitro,
that the phosphorylated form of UBF is severalfold more tran-
scriptionally active than the dephosphorylated moiety (27).

Since the recruitment of SL1 to the promoter occurs primar-
ily through protein-protein contacts with UBF, this interaction
represents an important step in the UBF-mediated transcrip-
tional activation of the rRNA promoter. Indeed, a great deal of
experimental evidence indicates that the functional cooperat-
ivity among UBF, SL1, and the human rRNA promoter is
crucial for promoter function and rRNA synthesis. To better
understand the mechanism of Pol I transcriptional activation
by UBF, we have addressed the requirement for the UBF-
mediated recruitment of SL1 to the ribosomal DNA (rDNA)
promoter. To begin with, we have dissected the region of UBF
involved in the interaction with SL1 by an in vitro protein-
protein interaction assay. These studies reveal that the car-
boxy-terminal region of UBF makes direct contact with SL1,
implying that an important role of the transcription activation
domain is to mediate interactions with the TBP-TAFI complex
SL1. Interestingly, the carboxy-terminal tail of UBF has been
shown to be extensively phosphorylated, and the phosphoryla-
tion-dephosphorylation of this region has been linked to tran-
scriptional activity. Thus, we have analyzed the effect of phos-
phorylation on UBF-SL1 interaction. We have shown, through
in vitro protein-protein interaction and DNase I footprinting
assays, that the phosphorylation state of UBF plays a crucial
role in the recruitment of SL1 to the UCE and CORE ele-
ments of the rRNA promoter. In conclusion, our experimental
data demonstrate that the carboxy-terminal activation domain
of UBF directly interacts with SL1 and that UBF phosphory-
lation plays a critical role in the assembly of a stable and
productive initiation complex at the rRNA promoter.

MATERIALS AND METHODS

Plasmid constructs and recombinant proteins. Flag-tagged baculovirus ex-
pression vectors were constructed by removing UBF deletion mutants from pTb
STOP vector (generous gift of M.-H. Jantzen) with NdeI-EcoRI and inserting the
fragments downstream of flag epitope engineered into pVL 1392 HAX (HAX
was removed) at NdeI-EcoRI (7). Restriction analysis and DNA sequencing
confirmed the identity of the clones. The synthesis of recombinant baculoviruses
and infection of Sf9 insect cells were performed as previously described (38).
Cells were harvested at 36 to 48 h and lysed with an ultrasonic disrupter in TM
buffer as described in references 7 and 38.

In vitro protein-protein interaction assays. Flag-tagged UBF full-length pro-
tein (FL), deletion mutants, and hepatitis C virus Pol (HCV Pol) were affinity
purified on anti-Flag M2 resin (Kodak) by nutating at 4°C for 1 h and then
washing three times in TM 1011 (50 mM Tris [pH 7.9], 12.5 mM MgCl2, 1 mM
EDTA, 10% glycerol, 0.1% Nonidet P-40 [NP-40])–0.4 M KCl and two times in
TM 1011–0.1 M KCl. Alternatively, proteins used in the protein-protein inter-
action assays were immobilized on anti-Flag M2 resin (Kodak) and washed three
times in dissociation buffer (50 mM Tris [pH 7.9], 1% sodium dodecyl sulfate
[SDS], 250 mM LiCl, 0.5% NP-40) and two times in TM 1011–0.1 M KCl. An
aliquot of each protein was resolved on SDS-polyacrylamide gel electrophoresis
(PAGE) and silver stained, and equivalent amounts of each protein were used
per reaction. Alkaline phosphatase (AP)-treated UBF was equilibrated in 13 AP
reaction buffer and then incubated with 0.5 to 1 U of either shrimp or calf
intestine AP for 15 min at 30°C. Immobilized proteins were then washed twice in
radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.9], 150 mM KCl, 0.5%
deoxycholate [DOC], 0.1% SDS, 1% NP-40) and twice in TM 10 (no NP-40)–0.1

M KCl. Reaction mixtures treated with nuclear extracts were incubated with 300
mg of nuclear extracts prepared from exponentially growing HeLa cells (6) for 10
min at 30°C in the presence of 1 mM okadaic acid and 1 mM ATP. Reaction
mixtures were then washed three times in TM 1011–0.1 M KCl. Ten micrograms
of partially purified SL1 from HeLa cells (prepared as described in reference 6)
was then added to the immobilized proteins and nutated at 4°C overnight. The
resulting complex was washed four times in TM 1011–0.1 M KCl, eluted with
0.05 ml of BCO buffer (20 mM Tris [pH 8.0], 0.5 mM EDTA, 20% glycerol, 1 M
KCl, 1% DOC) for 30 min at 4°C, and precipitated with a 1/4 volume of 100%
trichloroacetic acid–4 mg of DOC per ml at 4°C for 20 min (as described in
reference 10). The pellet was washed with 100% acetone, air dried, resuspended
in SDS sample buffer, and heated at 95°C for 3 min. Complexes were separated
by SDS–8% PAGE and transferred to nitrocellulose membranes for Western
blot analysis. SL1 was detected with anti-TAFI110 and anti-TBP polyclonal
antibody. All washes and elution buffers contained a cocktail of protease inhib-
itors (1 mM dithiothreitol, 1 mM sodium metabisulfite, 0.1 mM phenylmethyl-
sulfonyl fluoride, 100 mg of aprotinin per ml, 10 mg of leupeptin per ml).

Protein purification. Recombinant flag epitope-tagged UBF FL and UBF
670C deletion mutant were expressed and purified from Sf9 insect cells infected
with recombinant baculoviruses by either one of the following protocols. (i)
Forty-eight hours after infection, the cells were collected, washed twice with
ice-cold phosphate-buffered saline, and lysed in lysis buffer (20 mM Tris [pH 7.5],
500 mM NaCl, 10% glycerol). The lysate was then brought to 55% saturation
with ammonium sulfate, and proteins were precipitated by centrifugation at
26,000 3 g for 15 min at 4°C. The pellet was resuspended in TM 10–0.25 M KCl,
dialyzed against TM 10–0.25 M KCl, and centrifuged at 100,000 3 g for 45 min
at 4°C prior to being loaded onto a DEAE (Pharmacia Biotech) column pre-
equilibrated to TM 10–0.25 M KCl. The column was washed with TM 10–0.25 M
KCl, and the peak flowthrough fraction, as determined by protein concentration,
was loaded onto a heparin-agarose column (Poros HE1). The column was
washed with TM 10–0.25 M KCl, and the proteins were eluted by a linear salt
gradient from 0.25 to 1 M KCl in TM 10 buffer. Fractions containing UBF were
pooled and dialyzed against TM 10–0.1 M KCl. After this purification step, UBF
was about 99% pure, as determined by SDS-PAGE and silver-stained gel. All
buffers contained a cocktail of protease inhibitors (1 mM dithiothreitol, 0.1 mM
phenylmethylsulfonyl fluoride, and 1 mM metabisulfite). Dephosphorylation of
UBF was achieved by incubating purified UBF with agarose-bound AP (Sigma)
for 30 min at 30°C. The bound AP was then separated from soluble UBF by
low-speed centrifugation. (ii) Alternatively, flag epitope-tagged UBF and UBF
670C expressed in Sf9 cells were purified by using anti-Flag M2 affinity resin
(Kodak). Cells were lysed in TM–0.5 M KCl and incubated with anti-Flag M2
resin for 1 h at 4°C on a nutator. After extensive washing, the bound material was
eluted from the affinity resin by treatment with elution buffer (50 mM glycine,
150 mM NaCl, pH 5) and neutralized with 0.05 volume of 2 M Tris (pH 7.9).
Eluted proteins were dialyzed to TM–0.1 M KCl and quantitated by SDS-PAGE
and silver staining. AP-treated UBF was affinity purified as described above and
treated with AP prior to elution and dialysis. The complete removal of AP from
the UBF samples was confirmed by incubating an aliquot of the treated proteins
with a 32P-end-labeled DNA probe. After absorption to Whatman DE-81 filters,
no loss of 32P label above the background was observed for the AP-treated UBF
sample.

RNA Pol I used in the reconstituted transcription reaction was prepared as
follows. Nuclear extracts from HeLa cells were chromatographed on a heparin
agarose column with a salt gradient from 0.1 to 0.7 M KCl. Fractions eluted at
250 mM KCl were pooled, dialyzed against TM buffer containing 0.1 M KCl, and
fractionated on a Sepharose 300 (Pharmacia Biotech) gel filtration column.
Active fractions were then loaded onto a Q-Sepharose column (Poros HQ)
equilibrated against TM 10–0.1 M KCl. Proteins were eluted with a salt gradient
from 0.1 to 0.7 M KCl in TM 10 buffer. The active fractions were pooled, dialyzed
to 0.125 M KCl, aliquoted, and stored at 280°C. This RNA Pol I preparation
contained no detectable UBF and SL1 activity. SL1 was purified from HeLa cells
as previously described (3, 6). Protein concentration was determined by using a
Bradford assay kit (Bio-Rad).

DNase I footprinting analysis. DNase I footprinting analysis was performed as
previously described (3, 18) with pSBr24 (2500 to 124 of the human rRNA
promoter cloned into pUC18) as the template. The addition of 200 mM sodium
orthovanadate to the reaction mixture was the only modification.

In vitro transcription assays. In vitro-reconstituted transcription assays were
performed as previously described (6, 38) with the following modification: each
transcription reaction was performed with 30 ng of rRNA template prHu3. RNA
products were detected by S1 analysis with a single-stranded oligonucleotide
overlapping the transcription initiation site (from 220 to 140) (2).

RESULTS

The carboxy-terminal acidic tail of UBF is necessary for
protein-protein interaction with SL1. To identify the regions
of UBF that interact with SL1, we constructed vectors contain-
ing a series of flag-tagged UBF deletion mutants for expres-
sion in the baculovirus expression system. Experimental results
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from our laboratory show unequivocally that the recombinant
UBF is functionally indistinguishable from the UBF isolated
and purified from human cells. To begin our studies, we gen-
erated UBF mutants lacking the carboxy-terminal region (F-
UBF 670C), lacking the amino-terminal region (F-UBF 381N
and F-UBF 491N), having deletions of certain HMG boxes
(F-UBF db12 and F-UBF db34), or having deletions of the
region between HMG box 4 and the acidic tail (F-UBF dx) as
schematically represented in Fig. 1A. Each protein was ex-
pressed in Sf9 insect cells and purified by affinity chromatog-
raphy on anti-Flag M2 resin, under high-stringency conditions
(see Materials and Methods for details). The purity and the
amount of wild-type and mutant UBF proteins were assessed
by resolving the proteins on SDS-PAGE and subsequently
staining the gel with Coomassie blue (Fig. 1B). In addition to
the series of UBF proteins, recombinant flag-tagged HCV Pol
(F-HCV Pol) was expressed and purified from Sf9 cells and

used as a negative control in the protein-protein interaction
assays.

Each of the flag-tagged UBF deletion mutants was then
tested in a series of in vitro protein-protein interaction studies.
Equal molar amounts of full-length and mutant UBF proteins
and HCV Pol, as judged by silver stained SDS-PAGE, were
immobilized on anti-Flag M2 affinity resin and incubated with
human SL1. Although two subunits of SL1, TBP and TAFI48,
can interact directly with UBF (1, 19), we reasoned that it was
more relevant to perform these studies with the intact SL1
complex, since we cannot exclude the possibility that interac-
tions observed with isolated subunits may involve contact sur-
faces that are not accessible in the context of the intact SL1.
Thus, the SL1 fraction used in the protein-protein interaction
assays was partially purified from HeLa nuclear extracts and
was depleted of any UBF and RNA Pol I activity. Each reac-
tion mixture was then extensively washed, and the bound com-
plexes were eluted from the affinity beads by treatment with
high salts and detergents. The eluted proteins were precipi-
tated with trichloroacetic acid, dissolved in SDS sample buffer,
and then resolved by SDS-PAGE. After transfer to nitrocellu-
lose, the blots were probed with antibody raised against
TAFI110 and/or TBP to detect the bound SL1. As shown in
Fig. 2A, SL1 interacts efficiently with UBF (lanes 2, 7, 12, and
16), UBF deletion mutants missing HMG boxes 1 and 2 or 3
and 4 (lanes 3 and 4), or mutants missing the region between
HMG box 4 and the acidic tail (lane 13). Moreover, SL1
efficiently binds to amino-terminal deletions of UBF contain-
ing the region from HMG box 4 to the carboxy-terminal tail
(lane 9) and the 274 carboxy-terminal amino acids (lane 17).
On the other hand, the removal of the carboxy-terminal acidic
tail completely abolishes SL1 binding (lane 8). This same mu-
tant has been shown by us and others to be transcriptionally
inactive (Fig. 2B) (18). Taken together, these results indicate
that the carboxy-terminal tail of UBF mediates the interaction
between UBF and SL1 and reinforces the concept that func-
tional cooperativity between the transcription factors UBF and
SL1 is required for the activation of rRNA transcription.
Moreover, our results indicate that the HMG boxes, some of
which were postulated to have been involved in binding to SL1,
are not essential for this protein-protein interaction.

UBF phosphorylation plays an important role in the regu-
lation of the protein interactions between UBF and SL1. The
carboxy-terminal region of UBF has also been shown to be
heavily phosphorylated, and the phosphorylation state of UBF
appears to be important for its transcriptional activity (14, 37)
(see also below). To determine if phosphorylation plays a role
in the regulation of the SL1-UBF interaction, additional in
vitro interaction assays were performed with UBF that was
dephosphorylated by treatment with AP. Flag-tagged UBF im-
mobilized on anti-Flag M2 affinity resin was incubated in the
presence of either shrimp or calf intestine AP for 15 min at
30°C. Dephosphorylation of UBF correlated with the appear-
ance of a faster-migrating form of UBF on SDS-PAGE (Fig.
3B). Then, the reaction mixture was extensively washed to
remove the phosphatase prior to incubation of the immuno-
complex with SL1. The results of this experiment, shown in Fig.
3A, reveal that UBF treated with AP fails to interact with SL1
(lane 4), as determined by the absence of TAFI110 in the
immunoprecipitated product. On the other hand, when UBF is
incubated either with ATP (lane 2) or with the buffer used for
the AP reaction (lane 3), it binds to SL1 as well as does the
untreated wild-type UBF (lane 1). Similarly, two UBF amino-
terminal deletion mutants, UBF 381N and UBF 491N, which
can normally associate with SL1 (Fig. 3C, lanes 3 and 6), did
not bind to SL1 once treated with AP (lanes 2 and 5). The

FIG. 1. UBF deletion mutants. (A) Schematic representation of UBF FL and
deletion mutations. HMG boxes 1 to 4 and the carboxy-terminal acidic tail are
indicated in the diagram. The carboxy-terminal deletion (UBF 670C), internal
deletions (UBF db12, UBF db34, and UBF dx), and amino-terminal deletions
(UBF 381N and UBF 491N) of flag-tagged UBF are shown. (B) Recombinant
proteins expressed in Sf9 cells were purified on anti-Flag M2 resin, resolved on
SDS-PAGE, and stained with Coomassie blue. The proteins were F-HCV Pol
(lane 1), F-UBF FL (lane 2), F-UBF 670C (lane 3), F-UBF db12 (lane 4), F-UBF
db34 (lane 5), F-UBF 381N (lane 6), F-UBF dx (lane 7), and F-UBF 491N (lane
8). The arrow indicates the position of F-UBF 491N. The asterisks indicate
immunoglobulin G light chain. Markers at the left of each panel show molecular
mass in kilodaltons.
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finding that a posttranslational modification of UBF is possibly
involved in the regulation of SL1 binding was further con-
firmed by the observation that Escherichia coli-expressed UBF
mutant 381N, which contains the carboxy-terminal tail, failed
to bind to SL1 (data not shown). E. coli-expressed full-length
UBF could not be tested in this assay because it is predomi-
nantly synthesized as a truncated mutant missing the carboxy-
terminal tail (37a). Thus, our results indicate that dephosphor-
ylation by AP treatment strongly affects the ability of UBF to
interact with SL1 and suggest that this posttranslational mod-
ification plays an important role in the regulation of protein-
protein interactions between UBF and SL1. Moreover, in vitro-
reconstituted transcription assays show that AP treatment of
UBF sharply decreases its transcriptional activity (Fig. 3D).
These results provide further evidence that there is a tight link
between UBF-dependent activation and UBF-SL1 binding.

Incubation of AP-treated UBF with HeLa nuclear extract
rescues the binding to SL1. To determine if the SL1 binding
activity of dephosphorylated UBF could be restored, AP-treat-
ed flag-tagged UBF bound to affinity resin was incubated with
nuclear extracts prepared from exponentially growing HeLa
cells, in the presence of ATP. After incubation at 30°C, the re-
action mixture was washed extensively and incubated with hu-
man SL1, and the resulting complex was detected by immuno-
blotting with anti-TAFI110, as previously described. As shown
in Fig. 4A, while the AP-treated UBF fails to interact with SL1
(lane 3), preincubation of AP-treated UBF with HeLa nuclear
extracts (lane 4) reestablishes a stable complex formation be-
tween UBF and SL1 to levels similar to that of the untreated
UBF (lane 2). Reactivation of SL1 binding is dependent on
ATP, since the incubation of dephosphorylated UBF with nu-
clear extracts in the absence of ATP fails to yield a stable UBF-

FIG. 2. SL1 interacts with the carboxy-terminal domain of UBF. (A) Recom-
binant flag-tagged proteins were immobilized on anti-Flag M2 resin as bait and
incubated with human SL1. The resulting complex was eluted, resolved on
SDS-PAGE, and transferred to nitrocellulose for Western analysis to detect
coimmunoprecipitated SL1 (see Materials and Methods). The bait proteins used
in each reaction are as indicated above each panel. F-HCV Pol is the negative
control, and the input is 10% of the SL1 used per reaction. Nitrocellulose was
probed with polyclonal anti-TAFI110 antibody and reprobed with polyclonal
anti-TBP antibody (lanes 1 to 5) or probed with anti-TAFI110 antibody alone
(lanes 6 to 18). The asterisks denote immunoglobulin G heavy chain. Markers to
the left of each gel show molecular mass in kilodaltons. (B) Increasing amounts
(1 and 2 ng) of affinity-purified recombinant UBF FL (lanes 2 and 3) and UBF
670C (lanes 5 and 6) were used with partially purified RNA Pol I (2 ml; 5 mg/ml)
and SL1 (1 ml; 0.8 mg/ml) in reconstituted transcription reactions. UBF amounts
were estimated by SDS-PAGE and silver staining. In vitro-synthesized transcripts
were detected by S1 nuclease protection assay. The arrow indicates the protected
oligonucleotide fragment.
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SL1 complex (compare lane 4 with lane 5). Finally, we show
that UBF can be readily radiolabeled in the presence of a small
amount of [g-32P]ATP during the incubation with the nuclear
extracts (Fig. 4B, lane 2), further suggesting a functional link
between UBF and cellular kinases. Importantly, the restored
protein interaction is dependent on the carboxy-terminal tail,
since a UBF deletion mutant missing the carboxy-terminal tail
(UBF 670C) which has been preincubated with nuclear ex-
tracts does not bind to SL1 (data not shown).

Taken together, our data indicate that the protein-protein
interaction between UBF and SL1 is mediated by the carboxy-
terminal tail of UBF and, more importantly, that this inter-
action is regulated by a phosphorylation-dephosphorylation
mechanism.

UBF phosphorylation regulates the recruitment of SL1 to
the rDNA promoter. The experiments presented so far suggest

that the weak transcriptional activity of dephosphorylated
UBF is at least in part due to its inability to recruit SL1 to
the promoter. To establish unambiguously the requirement of
UBF phosphorylation in the formation of a stable preinitiation
complex at the human rDNA promoter, we performed DNase
I protection assays with either phosphorylated or dephosphor-
ylated UBF. As shown in Fig. 5A, the protection pattern of
phosphorylated (lanes 3 and 4) or dephosphorylated (lanes 7
and 8) UBF does not reveal any significant difference. The
DNase I footprinting shows that both forms of UBF protect a
region between 275 and 2114, overlapping the UCE (site A).
In addition, a weaker interaction with the CORE element re-
sults in an enhanced cleavage at position 221 (3). Thus, phos-
phorylated and AP-treated UBF bind with equal affinities to
the human rDNA promoter. On the other hand, comparison of
the footprinting pattern obtained with phosphorylated (Fig.

FIG. 3. Role of UBF phosphorylation in SL1 binding. (A) F-UBF FL was immobilized on flag antibody beads and either untreated (lane 1) or treated with 5 mM
ATP (lane 2), AP buffer alone (lane 3), or with buffer plus AP (lane 4). The binding assay was then performed as previously described. Coimmunoprecipitated SL1
was detected by Western blot analysis with anti-TAFI110 antibody. Lanes 5 and 6 are negative control and SL1 input, respectively. (B) Silver-stained SDS-PAGE of
untreated UBF (lane 1) and AP-treated UBF (lane 2) after immunoprecipitation shows faster migration of dephosphorylated UBF. (C) F-UBF 381N and F-UBF 491N
were immobilized on flag antibody beads and treated either with AP buffer alone (lanes 3 and 6) or with buffer plus AP (lanes 2 and 5). SL1 binding assays were done
as previously described. (D) In vitro transcription assays containing partially purified RNA Pol I (10 mg), SL1 (0.8 mg), and increasing amounts (0.25 and 1.25 ng) of
purified recombinant UBF (lanes 2 and 3) or dephosphorylated UBF (lanes 5 and 6) were performed as described in Materials and Methods. The transcription assays
with UBF and AP-treated UBF were quantified with a phosphorimager. The mean fold activation in the presence of UBF or AP-treated UBF, calculated from two
independent experiments, is 8.5- and 2.0-fold, respectively. Asterisks in panels A and C indicate immunoglobulin G heavy chain. Markers in panels A to C show
molecular mass in kilodaltons. The arrow in panel D indicates the protected oligonucleotide fragment.
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5B, lanes 5 and 6) and AP-treated (lanes 13 and 14) UBF in the
presence of SL1 shows a substantial difference of the protected
region in both the CORE and the UCE elements. The en-
hanced protection pattern of UBF over the UCE (site B)
promoter element in the presence of SL1 is sharply reduced in
the presence of the dephosphorylated form of UBF. An even
more dramatic effect is seen in the CORE region, where the
SL1 protection over the promoter (site B9) is completely abol-
ished. In summary, our results indicate that UBF phosphory-
lation-dephosphorylation does not affect the ability of UBF to
recognize and bind to the rRNA promoter but rather regulates
the formation of a strong and stable initiation complex with
SL1, as indicated by the formation of new DNA-protein con-
tacts at the promoter in the presence of phosphorylated UBF.

DISCUSSION

In this report, we have examined the cooperative interaction
between SL1 and UBF and its relationship to RNA Pol I tran-
scriptional activation. Transcription of rRNA by RNA Pol I
requires the cooperative interaction of at least two auxiliary
factors, UBF and SL1. UBF binds to the minor groove of the
rRNA promoter, primarily through HMG box 1, and induces a
bend in the DNA (25). Once bound to the promoter, UBF re-
cruits the selectivity and species-specific factor SL1. Human
SL1 does not have any specific or nonspecific DNA binding
activity; therefore, its recruitment to the DNA promoter re-
gion occurs via protein-protein interactions with UBF.

Using purified human SL1 and recombinant human UBF,
purified from baculovirus-infected insect cells, we have char-
acterized the interaction between UBF and SL1 with the aim
of better understanding the process of transcription initiation
by RNA Pol I. Our data demonstrate for the first time that the
interaction between UBF and SL1 is mediated by direct inter-
action of SL1 with the carboxy-terminal domain of UBF. Since
this domain is required for transcriptional activation, our re-
sults establish a functional link between the transactivation
function of UBF and its ability to bind to SL1. This notion
provides strong support for the concept that a key role of the
transcription activation domain of UBF is to mediate the in-
teraction with the TBP-TAFI complex SL1. This is reminiscent
of many Pol II-transcribed genes, where the TBP-TAF com-
plex appears to function as a bridge between the transcription
activation domains and the RNA Pol holoenzyme-basal tran-
scriptional machinery (22, 35).

Jantzen et al. (18), based on indirect evidence from DNase
I footprinting analysis, postulated that HMG boxes 3 and 4
might also be involved in the interaction with SL1. Our data
indicate that this is unlikely, since deletion mutants containing
these domains can associate quite well with SL1 in the protein
interaction assay. Rather, we interpret the inability of the UBF
HMG box 3 and 4 deletion mutant to produce an SL1 foot-
printing pattern or to activate transcription as a conforma-
tional defect of these UBF mutants which does not allow SL1
to make the correct contacts with the promoter and conse-
quently fails to promote efficient initiation of transcription. In
this regard, it has been shown that the topology of the initiation
complex on the DNA is rather important, and for example,
mutations that affect the spacing between the promoter ele-
ments have a significant effect on Pol I activity (28). It is also
possible that interactions between UBF and other components
of the Pol I transcriptional machinery (i.e., RNA Pol I), pos-
sibly mediated by one or more of the HMG boxes, may be
important for the formation of a productive initiation complex
(33).

The presence of multiple phosphorylation sites at serine
residues in the carboxy-terminal domain of UBF prompted us
to test whether this posttranslational modification might play a
role in the regulation of UBF-SL1 interaction. To our surprise,
dephosphorylation of UBF by AP completely abolishes the
binding of SL1 to UBF. Importantly, the binding can be res-
cued by preincubation of dephosphorylated UBF with a nu-
clear extract prepared from exponentially growing HeLa cells.
Moreover, our footprinting analysis shows that in the presence
of AP-treated UBF most of the SL1-specific contacts within
the UCE and CORE elements of the promoter are lost, thus
providing further evidence of the inability of dephosphorylated
UBF to form a productive preinitiation complex. These results
have two major implications. First, they demonstrate for the
first time that the activation domain of a transactivating pro-
tein regulates its interaction with a basal component of the

FIG. 4. Reconstitution of SL1 binding with dephosphorylated UBF. (A) The
protein interaction assay was performed as described in Materials and Methods
with untreated UBF (lane 2) and AP-treated UBF. Prior to the addition of SL1,
dephosphorylated UBF was incubated in TM buffer plus 1 mM ATP (lane 3) or
with nuclear extracts (NXT) prepared from exponentially growing HeLa cells in
the presence (lane 4) or absence (lane 5) of 1 mM ATP. Western blotting was
performed with anti-TAFI110 antibody. The asterisk indicates immunoglobulin
G heavy chain. Markers show molecular mass in kilodaltons. (B) Immobilized
flag-tagged UBF was treated with AP before incubation with 10 mCi of
[g-32P]ATP in the presence (lane 2) or absence (lane 1) of 300 mg of nuclear
extracts (NXT) from exponentially growing HeLa cells. Following separation on
SDS-PAGE, phosphorylation was detected by autoradiography.
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transcription complex through phosphorylation and dephos-
phorylation. Second, they suggest a mechanism of rRNA syn-
thesis regulation by physiological stimuli, which involves one or
more cellular kinases acting through signal transduction path-
ways. Our results are in agreement with studies which indicate
that UBF is hypophosphorylated and transcriptionally inactive
in quiescent or serum-deprived cells (26). All of these results
point to a key role for UBF phosphorylation in the control of
growth-dependent rRNA transcription. Interestingly, in the last
few years it has become apparent that posttranslational mod-
ifications, such as phosphorylation, play an important function
in the regulation of the interaction between a variety of tran-
scription factors and, ultimately, in the modulation of gene
expression (15, 34). For RNA Pol I transcription, this mecha-
nism of regulation offers a very simple process which enables
the cell to rapidly regulate ribosome biosynthesis in response
to a variety of extracellular stimuli.

Recent experimental data indicate that UBF can be found
bound to the DNA even in the absence of RNA Pol I tran-
scription (8). The authors proposed that modification of the
transcriptional machinery might be involved in the inactivation
of transcription. In view of our results, we could speculate that

the absence of Pol I transcription could be the consequence of
UBF dephosphorylation. However, we cannot exclude that
modifications in one or more of the SL1 subunits may also be
important in modulation of RNA Pol I transcription during the
cell cycle or in growth-dependent rRNA synthesis.

The results of our experiments also show that nuclear ex-
tracts from exponentially growing cells contain factors that can
phosphorylate recombinant UBF and, by doing so, facilitate
the binding of SL1. However, this UBF preparation was only
1.5- to 2.0-fold more active than dephosphorylated UBF in
transcription assays (data not shown). It is possible that since
the kinase reaction with nuclear extracts is not very efficient,
the dephosphorylated UBF present in the reaction, which can
bind to the promoter as well as the phosphorylated form, may
negatively affect the transcription reaction. Nevertheless, our
observation will certainly be useful for future studies on the
biochemical purification and characterization of cellular ki-
nase(s) that can regulate UBF-SL1 interaction and Pol I tran-
scriptional activity. The protein kinases involved in this process
are currently unknown, and previous work has suggested that a
hierarchic series of phosphorylation events, mediated most
likely by several cellular kinases, modulates UBF activity (36).

FIG. 5. UBF phosphorylation mediates SL1 recruitment to the rDNA promoter. (A) DNase I digestion of UBF and hypophosphorylated UBF on the coding strand
of the human rDNA promoter with UCE and CORE region as indicated on the left. Shown are protection patterns with no protein added (lanes 1, 2, 5, and 6) or with
increasing amounts of either UBF (lanes 3 and 4) or dephosphorylated UBF (lanes 7 and 8). (B) Footprinting analysis was performed as described for panel A with
both forms of UBF in the presence of 1 mg of SL1. Shown are results with naked DNA only (lanes 1, 2, 7, 8, 9, 10, 15, and 16), UBF (lanes 3 and 4), AP-treated UBF
(lanes 11 and 12), increasing amounts of UBF with SL1 (lanes 5 and 6), and increasing amounts of AP-treated UBF with SL1 (lanes 13 and 14). The region of DNA
protected by UBF is indicated by bracket A, while SL1 extended footprinting is indicated by bracket B (UCE) and bracket B9 (CORE). Hypersensitive sites at positions
296 and 221 are indicated by asterisks.
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Ultimately, because of the known correlation between UBF
phosphorylation and cell growth, the identification and bio-
chemical characterization of this kinase(s) may provide an
important tool for understanding the biological role of cellular
kinases during growth and cell proliferation.
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