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ABSTRACT rRNA synthesis by RNA polymerase I re-
quires both the promoter selectivity factor 1, which is com-
posed of TATA binding protein (TBP) and three TBP-
associated factors, and the activator upstream binding factor
(UBF). Whereas there is strong evidence implicating a role for
phosphorylation of UBF in the control of growth-induced
increases in rRNA transcription, the mechanism of this effect
is not known. Results of immunoprecipitation studies with
TBP antibodies showed increased recovery of phosphorylated
UBF from growth-stimulated smooth muscle cells. Moreover,
using an immobilized protein-binding assay, we found that
phosphorylation of UBF in vivo in response to stimulation with
different growth factors or in vitro with smooth muscle cell
nuclear extract increased its binding to TBP. Finally, we
demonstrated that UBF–TBP binding depended on the C-
terminal ‘acidic tail’ of UBF that was hyperphosphorylated at
multiple serine sites after growth factor stimulation. Results
of these studies suggest that phosphorylation of UBF and
subsequent binding to TBP represent a key regulatory step in
control of growth-induced increases in rRNA synthesis.

A critical component of the cellular response to growth factors
is an increase in rRNA synthesis (1). Transcription of 18S and
28S rRNA genes by RNA polymerase I requires the cooper-
ative binding of the multimeric protein complex termed se-
lectivity factor I (SL1) and upstream binding factor (UBF) (2,
3). SL1 confers RNA polymerase I selectivity and is composed
of TATA-binding protein (TBP) and three TBP-associated
factors, (TAF)I110, TAFI63, and TAFI48 (4, 5). However, the
rRNA promoter lacks a TATA box, and SL1 does not bind
efficiently to the rRNA promoter by itself (4). Stable binding
of SL1 requires UBF, a 94y97-kDa polypeptide that binds to
the upstream control element of the rRNA promoter (5, 6).
The precise mechanism of the UBF–SL1 interaction is not
known, although recent in vitro studies have shown that UBF
interacts directly with TBP (7, 8) and TAFI48 (9) but does not
interact with TAFI63 or TAFI110. (9). A key unresolved issue
is how growth factors modulate the activity of the rRNA
transcriptional machinery.

We and others have demonstrated previously that phos-
phorylation of UBF is increased during cellular growth (10–
14). Specifically, we have shown that angiotensin-II (A-II)-
induced hypertrophy of vascular smooth muscle cells (SMC)
was associated with increased rRNA content (15). Subse-
quently, we showed that A-II stimulated rRNA transcription
and increased the serine phosphorylation and nucleolar local-
ization of UBF (13). Similar responses have been shown in a
wide variety of cell types in response to a wide plethora of

growth factors (10–13). As such, growth-induced increases in
phosphorylation of UBF and subsequent increases in rRNA
transcription appear to represent a highly conserved required
growth regulatory pathway. Despite clear evidence demon-
strating that phosphorylation of UBF dramatically increases its
activity in in vitro transcription reactions (10, 16), the mech-
anism by which the phosphorylation of UBF promotes rRNA
transcription is not known. Given the recent observations that
UBF bound specifically to the TBP component of SL1 (7, 8),
we hypothesized that growth-induced hyperphosphorylation of
UBF promotes its interaction with the TBP component of SL1
and consequently enhances rRNA transcription. The goal of
the present studies was to determine whether the UBF–TBP
interaction in cultured SMC was related to growth state and to
determine whether the phosphorylation state of UBF plays a
regulatory role in the binding between UBF and TBP.

METHODS

Culture of Vascular SMC. Rat aortic vascular SMC were
isolated, cultured, and grown to confluency as described
previously (15). The growth medium was replaced with serum-
free medium [(SFM), 1:1 DMEMyF12 media containing 5 3
1027 M insuliny5 mg/ml transferriny0.2 mM ascorbic acidy6.25
ng/ml selenium] for 5 days to reversibly growth-arrest cells in
a balanced protein state, as shown previously (15). On the day
of the experiment, the cells were treated for 1 h with either
fetal bovine serum (FBS, 10%), 1026 M A-II, platelet-derived
growth factor BB (PDGF-BB, 10 ngyml) or the PDGF-BB
vehicle (2 mgyml BSA in 10 mM acetic acid) or SFM and were
harvested in lysis buffer (150 mM NaCly50 mM Tris, pH
8.0y1% Nonidet P-40 with protease inhibitors) and total
protein was assayed (Bio-Rad).

Immunoprecipitation Assays. Quiescent and growth-
stimulated SMC were harvested in lysis buffer (above), pre-
cleared, and incubated with a TBP antibody (Santa Cruz
Biotechnology) for 1 h at 4°C. Proteins were precipitated with
Protein-A agarose. Precipitates were collected by centrifuga-
tion and the pellet was washed three times with lysis buffer.
Laemmeli sample buffer was added to the pellet and was
boiled for 5 min. Samples were resolved by SDSyPAGE gel and
were transferred to poly(vinylidene difluoride) membrane.
The membrane was blocked in 5% milk and was probed with
either TBP or UBF antibody.

In Vitro Phosphorylation of Recombinant UBF (rUBF)1.
rUBF1 was incubated with smooth muscle nuclear extract (0.2
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mg) and 200 mM [g232P]ATP (250 cpmypmol) in a 30-mM
MgCl2 solution at 25°C for the times indicated. The reactions
were terminated by the addition of Laemmeli sample buffer
and by boiling for 5 min.

Far Western Analysis. Samples were resolved on a 12%
SDSyPAGE electrophoretically transferred (105 V for 1 h at
4°C) to a poly(vinylidene difluoride) membrane. The poly(vi-
nylidene difluoride) membranes were incubated in a blocking
solution (50 mM TriszHCly50 mM NaCly1 mM EDTAy1 mM
DTTy3% BSA, pH 7.9) for 1 h at 4°C. Human recombinant
TBP (Santa Cruz Biotechnology, 200 ng in 10 ml blocking
solution) was added and the membrane was gently agitated for
2 h at 4°C. The membrane was thoroughly washed (20 mM
TriszHCly50 mM NaCly1 mM EDTAy1 mM DTTy0.2%
Tween-20, pH 7.9), and bound TBP was detected by immu-
noblotting with an affinity-purified a-hTBP antibody (a gen-
erous gift from Hyockman Kwon and Michael R. Green) and
enhanced chemiluminescence detection was performed as
recommended by the supplier (ECL, Amersham).

Two-Dimensional Phosphotryptic Peptide Maps. UBF from
32P-labeled cultured SMC was resolved by SDSyPAGE and the
portion of the gel containing UBF was excised and minced.
The pieces of gel were dehydrated with the addition of 200 ml
100% methanol and were allowed to air dry. The gel pieces
were rehydrated in 100 ml of 50 mM ammonium bicarbonate
containing 2 mg 1-tosylamido-2-phenylethyl chloromethyl ke-
tone-treated trypsin (1,000 unitsymg, Sigma). Another 2 mg of
trypsin was added 1 h later and the reaction was allowed to
digest overnight at 37°C. The digest was washed three times
with H2O and dried with the use of a speed-vacuum concen-
trator. The digest was washed once with 300 ml of pH 1.9 buffer
[79 ml glacial acetic acidy25 ml formic acid (88%)y897 ml H20]
before being resuspended in 5 ml of pH 1.9 buffer and counted
by means of the Cerenkov method. Equal counts were spotted
onto a TLC plate and separated electrophoretically in the first
dimension for 30 min at 1,000 V. The plates were allowed to
dry and then were placed in a chromatography tank containing
isobutyric acid buffer (62.5% isobutyric acidy1.9% n-butanoly
4.8% pyridiney2.9% acetic acid). The plates were resolved in
the second dimension until the solvent front was 2 cm from the
top of the TLC plate. The plates were allowed to dry before being
covered with plastic wrap and were exposed to film for 2 days.

Preparation of rUBF1. rUBF1 was prepared by infecting an
Sf9 culture at 1.5 3 105 cellsyml with a UBF expression
baculovirus (titer 2.5 3 105). Cells were incubated as a
suspension in a spin flask at 27°C for 60–72 h. At the
termination of the incubation, the cells were pelleted and
resuspended in BG buffer (50 mM b-glycerolphosphatey1.5
mM EGTAy150 mM Na3VO4y1 mM DTT). Cells were lysed
by sonication and loaded onto a heparin agarose Affi-Gel
column (Bio-Rad). Proteins were eluted from the column by
a linear salt gradient from 200 to 800 mM KCl and were
collected in fractions. Fraction samples were resolved by
SDSyPAGE and were analyzed by Western blotting with a
UBF antibody. rUBF1 eluted at approximately 400 mM KCl.
The rUBF1-containing fractions were pooled, dialyzed, and
concentrated, yielding a final rUBF1 concentration of 120
mgyml.

RESULTS AND DISCUSSION

As an initial test of our hypothesis that growth-induced
hyperphosphorylation of UBF promotes its interaction with
the TBP component of SL1, we performed immunoprecipita-
tion assays with a TBP antibody to determine whether growth-
induced increases in UBF phosphorylation were associated
with increased UBF–TBP binding. Precipitations were per-
formed in cultured SMC that were initially growth-arrested in
a defined SFM (15) and then stimulated with either the
hypertrophic agent A-II or the mitogens, PDGF-BB or FBS.

Cells were growth-arrested in this defined SFM containing
insulin, since we have shown previously that this maintains
them in a state whereby they continue to transcribe rRNA and
maintain neutral protein balance (15). In contrast, we found
that use of alternate growth arrest protocols involving serum
withdrawal resulted in nearly complete cessation of rRNA
transcription, a state of negative protein balance, and ultimate
cell death.

Cells were harvested at 1 h after growth stimulation, since
we previously showed that this induces maximal phosphory-
lation of UBF and a concomitant increase in rRNA transcrip-
tion without altering UBF expression (13). Results demon-
strated marked increases in UBF coprecipitation with TBP in
SMC stimulated with A-II (Fig. 1A, lane 1 vs. lane 2),
PDGF-BB (Fig. 1 A, lane 3 vs. lane 4), or FBS (Fig. 1 A, lane
1 vs. lane 5). These differences were not because of variations
in the amount of TBP present in the precipitates (Fig. 1B), nor
were any changes in total TBP concentration detected in
growth-stimulated SMC at this 1-h time point based on
Western analysis of cell lysates (data not shown). Interestingly,
TBP immunoprecipitations were performed also on SMC
labeled with 32P-orthophosphoric acid for 12 h before growth
stimulation. Results of these experiments showed a dramatic
increase in the total amount of 32P-labeled UBF present in the
TBP immunoprecipitate from the growth-stimulated cells.
These increases closely paralleled increases in UBF content
(Fig. 1 A), indicating that the specific activity of 32P in TBP-
associated UBF was unchanged in growth-stimulated vs. qui-
escent cells. Thse results suggest that growth stimulation was
associated with increases in the stoichiometry of UBF phos-
phorylation, not phosphorylation of new sites.

FIG. 1. Western blot analysis showing increased levels of UBF in
TBP immunoprecipitates from growth-stimulated vs. quiescent cells.
(A) Western blot analysis of UBF levels in TBP immunoprecipitates
from SMC growth arrested in a defined SFM and stimulated with A-II,
PDGF-BB, and FBS, as described in Methods. Cells were harvested
and immunoprecipitations were performed as described in Methods.
The blots were probed with a UBF antibody (a generous gift from L.
Rothblum, Weis Research Institute, Danville, PA). Blots were de-
tected with enhanced chemiluminescence (ECL, Amersham) accord-
ing to manufacturer’s directions. (B) The same TBP immunoprecipi-
tates assayed in A were assayed for TBP by Western blotting with a
TBP antibody (Santa Cruz Biotechnology) as described in Methods.
Because of a greater recovery of TBP, the loadings in B were
proportionally reduced for all samples by a factor of eight, as compared
with the corresponding lane in A.
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Although SMC express the two UBF isoforms equally,
results showed substantially more UBF1 than UBF2 in the
TBP immunoprecipitates. A previous study (7) showed ap-
proximately equal appearance of UBF1 and UBF2 in TBP
immunoprecipitation assays by using slightly different assay
conditions as well as a different TBP antibody. One possible
explanation that might reconcile these apparent differences is
that there is preferential binding of TBP to UBF1 that is
complexed with UBF2, but UBF2 is dissociated under our
assay conditions. Additional studies will be required to address
this issue definitively. Nonetheless, our data provide strong
evidence that after stimulation of SMC with either a hyper-
trophic agent (A-II) or hyperplastic agents (PDGF-BB and
FBS), there is enhanced association of TBP and UBF in the
absence of detectable changes in either TBP or UBF concen-
tration.

The preceding immunoprecipitation assays indicate that
TBP–UBF interaction is enhanced under conditions in which
UBF is hyperphosphorylated but provide no direct evidence
that UBF phosphorylation regulates TBP binding. Previous
studies by others (7, 8) provided evidence for direct interaction
of UBF and TBP based on immunoprecipitation and in vitro
immobilized protein-binding assays (Far Western analysis).
However, these studies did not examine the effects of growth
stimulation on this interaction nor did they examine whether
the phosphorylation state of UBF influenced TBP interaction.
We thus performed TBP Far Western analysis on nuclear
lysates from FBS- or A-II-treated SMC (Fig. 2A) with or
without pretreatment of lysates with shrimp alkaline phospha-

tase (SAP) to dephosphorylate UBF. Results demonstrated
that TBP bound to several proteins within the nuclear extract,
including strong binding to a protein doublet with molecular
masses corresponding to UBF1 and UBF2 (Fig. 2 A). TBP
binding to UBF was increased in FBS- and A-II-stimulated
cells, as compared with SFM (vehicle)-treated controls (Fig.
2A, lanes 1 and 2 vs. lane 3). This binding was substantially
reduced by treatment with SAP Fig. 2A, lanes 1–3 vs. lanes
4–6). Control Western blot analysis confirmed that the prin-
cipal TBP interactive protein observed in Fig. 2A was UBF and
showed that phosphatase treatment substantially reduced
UBF phosphorylation (data not shown) but did not alter UBF
protein content (Fig. 2B).

To test directly whether phosphorylation of UBF regulates
its binding to TBP, we performed Far Western analyses with
purified rat rUBF1 phosphorylated in vitro with nuclear ex-
tracts from A-II-treated SMC. Experiments with extracts from
FBS- and PDGF-BB-treated cells yielded identical results
(data not shown). Results from these experiments showed that
time-dependent increases in rUBF1 phosphorylation (Fig. 3A
Top) were associated with corresponding increases in TBP
binding (Fig. 3A Middle). SAP treatment markedly decreased
UBF phosphorylation and TBP binding (Fig. 3A, lanes 1 vs. 5)

FIG. 2. TBP Far Western blot analysis of SMC nuclear extracts
showing enhanced TBP–UBF binding in growth-stimulated SMC that
was reduced by treatment with SAP. (A) Far Western blot of TBP
binding proteins in SMC nuclear extracts. Cells were growth-arrested
in SFM and then stimulated with A-II or FBS as described in Methods.
Nuclear extracts were prepared as described (23). Four mg of each
extract were treated with either SAP (10 unitsyml, United States
Biochemical) or glycerol (vehicle) and were incubated for 1 h at 37°C
before electrophoresis and Far Western blotting. Lanes 1–3 show blots
of nuclear extracts from SMC treated with 10% FBS, A-II, or SFM
vehicle, respectively. Lanes 4–6 show blots of nuclear extracts treated
with SAP. The band corresponding to the UBF1yUBF2 doublet is
indicated, although the two UBF isoforms are not well resolved under
the conditions of these assays. (B) Control Western blot analyses with
a UBF antibody confirmed the position of UBF and demonstrated that
treatment with SAP had no effect on UBF protein content. Similar
results to these were obtained when TBP Far Western analyses were
performed by using immunoprecipitates of UBF derived from vehicle
and growth factor-stimulated SMC (data not shown), as compared
with the whole nuclear extracts as shown here.

FIG. 3. Far Western analysis of rUBF1 phosphorylated in vitro
showed phosphorylation-dependent UBF–TBP binding. (A) 32P-
autoradiograph analysis (Top) of rUBF1 phosphorylated in vitro by
SMC nuclear extract. The phosphorylation reaction was performed as
described in Methods. SAP was added for the last 30 min of one of the
60-min time point samples. The membrane was dried and exposed to
film for 18 h to detect 32P incorporation into rUBF1. Far Western
analysis (Middle) of TBP binding to rUBF1 was performed as de-
scribed in Methods. Control UBF Western blot (Bottom) showing equal
amounts of rUBF in each of the experimental groups. (B) Autora-
diographic analysis of 32P incorporation (Top) or Far Western blot
analysis of TBP binding (Middle) by using truncated rUBF lacking the
C-terminal acidic tail (amino acid residues 1–656, a generous gift from
L. Rothblum, Weis Research Institute, Danville, PA) or full-length
rUBF. (Bottom) A UBF Western blot showing equal amounts of rUBF
in each of the experimental groups. Phosphorylation reactions and Far
Western analyses were performed as described in Methods, with
incubation times as indicated. Western blot analyses with UBF anti-
body showed that equivalent amounts of truncated and full-length
rUBF1 were present in each lane (data not shown).
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but did not reduce UBF protein content (Fig. 3A Bottom.
These data are consistent with results of studies in cultured
SMC shown in Fig. 1 and provide strong evidence that UBF
phosphorylation enhances its binding to TBP. Although a
time-dependent activation of TBP or other intermediary fac-
tors may also have contributed to the growth-induced increases
in the UBF–TBP interactions seen in the immunoprecipitation
experiments (Fig. 1), such changes could not have contributed
to the phosphorylation-dependent UBF–TBP interaction seen
in the in vitro analyses shown in Fig. 3A.

Several studies have shown that phosphorylation of the
C-terminal ‘acidic tail’ of UBF is required for its transcrip-
tional activity (5, 14, 16). To determine whether this region was
also required for UBF–TBP interaction, we performed Far
Western analysis using a deletion mutant of UBF lacking the
acidic tail (amino acids 657–754 were deleted). Results dem-
onstrated that although truncated UBF was phosphorylated by
SMC nuclear extract (Fig. 3B Top, lanes 5–8), it did not bind
to TBP (Fig. 3B Middle, lanes 5–8). The results of our Far
Western studies indicate that the ‘acidic tail’ of UBF is
required for TBP binding but does not prove that the regula-
tory phosphorylation sites actually lie within the acidic tail.

Results of our TBP immunoprecipitation studies on 32P-
labeled SMC suggested that the enhanced TBP binding activity
of UBF after growth stimulation was associated with increases
in the stoichiometry of UBF phosphorylation or hyperphos-
phorylation as opposed to the phosphorylation of new sites. To
test this directly, we carried out two-dimensional phospho-
tryptic peptide mapping studies of UBF phosphorylated in vivo
(Fig. 4A). Results showed the presence of at least 11 labeled
fragments that were resolvable under our assay conditions.
Consistent with our immunoprecipitation results, we were
unable to identify any qualitative differences in phosphotryptic
peptide maps between quiescent and growth-stimulated cells.
These phosphotryptic peptide maps indicate that A-II and FBS
do not induce the phosphorylation of new sites. Rather, they
appear to stimulate an increase in the stoichiometry of phos-
phorylation of existing sites.

We also performed two-dimensional phosphotryptic map-
ping studies on the full-length vs. the C-terminal-truncated
UBF that were phosphorylated in vitro. The maps of full-length
rUBF1 phosphorylated in vitro were similar, but not identical,
to those obtained with UBF phosphorylated in vivo (Fig. 4 A
vs. B). For example, maps of rUBF1 phosphorylated in vitro
showed nine of the eleven phosphopeptides seen with UBF
phosphorylated in vivo (phosphopeptides numbers 7 and 10
were missing) as well as a unique phosphopeptide (designated
number 12, Fig. 4B Left) not seen in UBF from cultured SMC.
However, it appears that these differences are not necessary
for TBP binding activity, since recombinant UBF phosphor-
ylated in vitro bound to TBP (Fig. 3 A and B). Thus the
candidate regulatory phosphorylation site or sites are con-
tained within phosphotryptic peptides 1–6, 8, 9, or 11 (or some
phosphopeptide not resolved in these assays). Unfortunately,
we were unable to determine the specific region of UBF that
gives rise to individual phosphotryptic fragments because of
the complex pattern of tryptic fragments generated in these
studies (17). Phosphotryptic maps of truncated rUBF1 (Fig. 4B
Right) showed phosphorylation of only a subset of fragments
(i.e., phosphopeptides labeled 3–6, 8, 9, and 11) observed with
full-length UBF phosphorylated in vivo (Fig. 4A) or rUBF
phosphorylated in vitro (Fig. 4B Left) indicating the presence
of phosphorylation sites both inside and outside the acidic tail
of UBF.

Although the kinase or kinases that phosphorylate UBF
have not been identified, the acidic tail is rich with consensus
casein kinase II (CKII) sites. Moreover, there is evidence
showing that growth factors induce increases in CKII activity
and nuclear translocation (18, 19). Voit et al. (16) presented
evidence that consensus CKII phosphorylation sites within the

acidic tail were involved in UBF transcriptional activity in vitro
but that CKII alone was not sufficient for transcriptional
activation. We thus tested the ability of CKII to phosphorylate
UBF and activate TBP binding. Results demonstrated that
although CKII stimulated marked increases in UBF phosphor-
ylation in vitro (Fig. 5 Upper), it did not increase UBF–TBP
binding (Fig. 5 Lower). In addition, two-dimensional phospho-
tryptic peptide maps of rUBF1 phosphorylated in vitro showed
that CKII phosphorylated two of the eleven sites (i.e., phos-
photryptic peptides 9 and 11) phosphorylated by SMC extract
(data not shown). Thus it is possible that CKII may regulate
UBF activity in concert with another kinase or other kinases.
We also tested a variety of other kinases with consensus sites
within UBF, including casein kinase I, Cdc2, and glycogen
synthase kinase. Whereas these three enzymes each phosphor-
ylated UBF, they showed incomplete phosphotryptic maps and
also failed to enhance the TBP binding activity of rUBF (data
not shown).

Results of the present studies provide evidence that UBF–
TBP interaction in cultured cells is increased markedly after
stimulation with a variety of different growth factors. We also
provide strong evidence based on in vitro Far Western assays

FIG. 4. Two-dimensional phosphotryptic peptide maps of UBF
phosphorylated in vivo showed that growth stimulation did not induce
the phosphorylation of new sites. (A) Two-dimensional phosphotryp-
tic peptide maps of phosphorylated UBF from quiescent and growth-
stimulated SMC. Postconfluent growth-arrested SMC were switched
to a low-phosphate SFM and labeled in vivo with 32P-orthophosphoric
acid (0.5 mCiyml, 6,000 Ciymmol) for 8 h before being treated with
A-II (1026M), SFM, or 10% FBS for 1 h. UBF was immunoprecipi-
tated from SMC nuclear extracts as described previously (13). The
maps were generated as described in Methods. (B) Two-dimensional
phosphotryptic peptide maps of full-length and truncated rUBF1 that
was phosphorylated in vitro by SMC nuclear extract. One mg of either
full-length rUBF1 or truncated rUBF1 was phosphorylated in vitro by
A-II-treated SMC crude nuclear extract (0.2 mg) and 300 mM [g
232P]ATP (250 cpmypmol), 7.5 mM MgCl2. The reactions were
terminated by the addition of SDS sample buffer. The maps were
generated as described in Methods.
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that this association is regulated at least in part by the
phosphorylation state of UBF. Moreover, in separate studies
we have found that extracts of rat liver exhibit nearly identical
activity as SMC in stimulating increased phosphorylation of
UBF and its binding to TBP (A.J.K and G.K.O., unpublished
results). As such, it appears that our results are not restricted
to smooth muscle and may be more generally applicable to
multiple cell types. The fact that phosphorylation of UBF has
been implicated in the control of rRNA transcription in a wide
variety of different cell types (3) and our observations that a
variety of growth factors stimulated identical UBF phosphor-
ylation patterns indicate that this may represent a general
mechanism for the growth-factor regulation of rRNA tran-
scription in many cell types. This model is consistent with
previous studies showing the importance of cooperative pro-
tein–protein interactions between UBF and SL1 for targeting
of SL1 to the rRNA promoter (4). Of interest, results of in vitro
rRNA ‘order of addition’ transcription studies indicate that
binding of UBF to the rRNA promoter elements is one of the
earliest events in formation of the RNA polymerase I tran-
scription initiation complex (20). However, UBF phosphory-
lation does not appear to regulate DNA binding (16, 21).
Rather, our results suggest that phosphorylation of UBF
regulates its ability to recruit TBPySL1 to the rRNA promoter.

Several other groups (10, 16) have presented contrasting
UBF tryptic phosphopeptide maps between growth-stimulated
and quiescent cells suggesting that there are fundamentally
different mechanisms involved in control of rRNA transcrip-
tion in different growth conditions. However, those experi-
ments involved growth arrest of cells in media lacking any
serum or hormonal supplements under conditions in which
cells were likely in a state of negative protein balance. Indeed,
in at least one study (10), 72 h after serum withdrawal no
immunoprecipitable UBF was detected. Our culture condi-
tions involved a well-established method of growth arrest in a
defined SFM containing 5 3 1027 M insulin that maintained
our SMC in a state in which they continue to transcribe rRNA
and where there is no net loss or gain of cellular protein — a
condition that better mimics normal cells in vivo (15). How-
ever, a potential caveat of our studies is that cultured SMC are
known to produce a variety of autocrine growth factors that do
not stimulate proliferative growth of the SMC but may have
contributed to basal phosphorylation of UBF (22). Thus, it is
highly likely that the differences in UBF phosphorylation
patterns between quiescent and growth–stimulated cells in
previous studies and ours are a function of differences in the
culture conditions, not differences between cell types or the
importance of UBF phosphorylation in the regulation of
rRNA transcription.

In summary, our studies provide one potential mechanism
to explain how growth factors regulate recruitment of TBP–
TAF to the rRNA promoter. In addition, they show that
growth stimulation, at least under the conditions of our studies,
did not result in induction of new sites of UBF phosphorylation
but rather a hyperphosphorylation or increased stoichiometry
of sites phosphorylated in cells under basal conditions. Such a
change perhaps should not be surprising, since one would not
expect fundamentally different mechanisms to regulate rRNA
transcription in quiescent vs. growing cells. Finally, our dem-
onstration that phosphorylation of UBF activates its ability to
bind TBP and that this can be measured in vitro now provides
a critical (high-throughput) experimental assay system that will
allow us to: (i) determine specific phosphoserine sites within
UBF that mediate TBP binding; (ii) identify the kinase or
kinases that phosphorylate UBF; and (iii) determine molec-
ular mechanisms as to how phosphorylation of UBF alters its
interaction with TBP and possibly other components of the
RNA polymerase I transcription complex.
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FIG. 5. Far Western analysis showed that CKII phosphorylated
rUBF1 in vitro but did not increase UBF–TBP binding. Autoradio-
graphic analysis of 32P incorporation (Upper) or Far Western blot
rUBF1 (Lower) phosphorylated in vitro by CKII. Phosphorylation
reactions and Far Western analysis were performed as described in
Methods but with substitution of 20 ng of CKII (750 units/mg activity,
Upstate Biotechnology, Lake Placid, NY) in place of the SMC nuclear
extract.
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