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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.
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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 SLI1. 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 SLI used per reaction. Nitrocellulose was
probed with polyclonal anti-TAF;110 antibody and reprobed with polyclonal
anti-TBP antibody (lanes 1 to 5) or probed with anti-TAF;110 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 wl; 5 mg/ml)
and SL1 (1 ul; 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.

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 HelLa
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-TAF;110, as previously described. As shown
in Fig. 4A, while the AP-treated UBEF 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-
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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-TAF;110 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 pg), SL1 (0.8 pg), 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.

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 [y-**P]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 —75 and —114, overlapping the UCE (site A).
In addition, a weaker interaction with the CORE element re-
sults in an enhanced cleavage at position —21 (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.
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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 pM 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 uM ATP. Western blotting was
performed with anti-TAF;110 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 pnCi of
[y-**P]ATP in the presence (lane 2) or absence (lane 1) of 300 pg of nuclear
extracts (NXT) from exponentially growing HeLa cells. Following separation on
SDS-PAGE, phosphorylation was detected by autoradiography.

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 B") 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.
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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-TAF; 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 SLI1-specific contacts within
the UCE and CORE elements of the promoter are lost, thus
providing further evidence of the inability of dephosphorylated
UBEF 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
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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 pg 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 B’ (CORE). Hypersensitive sites at positions

—96 and —21 are indicated by asterisks.

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).
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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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