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Mounting evidence suggests that eukaryotic RNA polymerases preassociate with multiple transcription
factors in the absence of DNA, forming RNA polymerase holoenzyme complexes. We have purified an apparent
RNA polymerase I (Pol I) holoenzyme from Xenopus laevis cells by sequential chromatography on five columns:
DEAE-Sepharose, Biorex 70, Sephacryl S300, Mono Q, and DNA-cellulose. Single fractions from every column
programmed accurate promoter-dependent transcription. Upon gel filtration chromatography, the Pol I ho-
loenzyme elutes at a position overlapping the peak of Blue Dextran, suggesting a molecular mass in the range
of ;2 MDa. Consistent with its large mass, Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide
gels reveal approximately 55 proteins in fractions purified to near homogeneity. Western blotting shows that
TATA-binding protein precisely copurifies with holoenzyme activity, whereas the abundant Pol I transactivator
upstream binding factor does not. Also copurifying with the holoenzyme are casein kinase II and a histone
acetyltransferase activity with a substrate preference for histone H3. These results extend to Pol I the
suggestion that signal transduction and chromatin-modifying activities are associated with eukaryotic RNA
polymerases.

In eukaryotes, the three multisubunit RNA polymerases uti-
lize auxiliary transcription factors to recognize gene promoters
and initiate transcription from defined start points (10, 21, 24,
36, 44, 48, 50, 59, 73). RNA polymerase II (Pol II) was the first
eukaryotic RNA polymerase shown to be associated with gen-
eral transcription factors in a holoenzyme complex (28, 29, 46).
The Pol II holoenzyme was subsequently shown to include
additional activities including the SWI/SNF chromatin-remod-
eling activity (71), the protein complex dubbed “mediator”
which interacts with the C-terminal domain of the largest Pol
II subunit (27, 38), multiple protein kinases (34), and enzymes
involved in DNA repair (38). The list of proteins associated
with the Pol II holoenzyme continues to grow as antibodies
against suspected components are developed and tested.

Evidence for a Pol III holoenzyme was first reported a de-
cade ago (72). Recently, a Pol III holoenzyme was character-
ized in greater detail by the Roeder laboratory and shown to
contain the essential transcription factors TFIIIB and TFIIIC
(70). The Pol III holoenzyme is self-sufficient for transcription
of tRNAs and other class III genes which do not require
TFIIIA. The latter gene-specific activator must be added to the
holoenzyme for transcription of 5S rRNA genes. The Pol III
holoenzyme was also shown to include at least one activity
involved in the rapid down-regulation of Pol III transcription
following treatment with cycloheximide or adenovirus infec-
tion (70). Therefore, it appears that the Pol III holoenzyme,
like the Pol II holoenzyme, contains activities which are not
strictly required for transcription but which probably link tran-
scription with cellular signaling pathways.

Initial evidence for RNA Pol I holoenzymes has come from
the extensive purification of a plant Pol I-containing complex
self-sufficient for accurate, promoter-dependent transcription
(53) and from functional studies of mouse complexes immu-
noprecipitated with antibodies against Pol I subunits (58).
Plant Pol I transcription factors have not yet been character-
ized; thus, the identification of proteins in the putative Pol I
holoenzyme of Brassica oleracea has been limited to several
small subunits of the Pol I core enzyme for which antibodies
are available (53). In the better-characterized Pol I transcrip-
tion systems of vertebrates, namely, human, mouse, rat, and
Xenopus systems, rRNA gene transcription is thought to re-
quire the transcription factor SL1 (also known as TIF-IB,
Rib-1, TIF, and TFI-D), assisted by upstream binding factor
(UBF) (3–5, 12, 22, 25, 39, 54, 61, 64, 66). SL1 is a complex of
TATA-binding protein (TBP) and several associated factors
(13, 52, 57). UBF is a homodimer that can bend and wrap
DNA, presumably facilitating correct juxtaposition of SL1,
polymerase, or other proteins essential for promoter and en-
hancer function (2, 49, 52). Though stimulatory, UBF is non-
essential for basal-level in vitro transcription of rat and mouse
rRNA gene templates (31, 60). Interestingly, immunoprecipi-
tated mouse holoenzyme complexes contain both TBP and
UBF but are not self-sufficient for promoter-dependent tran-
scription. Instead, addition of another activity, TIF-IC, is
needed (58). Thus far, a TIF-IC-like activity has been identi-
fied only in rodents.

In this paper, we show that Xenopus laevis cell extracts can
be purified by DEAE (anion-exchange), Biorex (cation-ex-
change), Sephacryl (gel filtration), Mono Q (analytical anion-
exchange), DNA-cellulose (affinity), and glycerol gradient sed-
imentation to yield single fractions that initiate accurate rRNA
gene transcription in vitro. We show that TBP copurifies with
the putative Pol I holoenzyme, whereas UBF does not. Protein
kinase and histone acetyltransferase (HAT) activities also co-
purify with holoenzyme activity, extending the suggestion that
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all three nuclear polymerases associate with other protein com-
plexes to integrate cellular signaling, chromatin modification,
and transcription.

MATERIALS AND METHODS

Preparation of X. laevis S100 extracts. X. laevis Xlk2 kidney cells were grown
as monolayers in glass roller bottles in 50% L-15 medium (Sigma or Gibco)
supplemented with 5% Nu serum (Collaborative Research), 5% fetal calf serum
(Gibco), and 100 U each of penicillin and streptomycin per ml. Cell transcription
extracts were made according to the method of McStay and Reeder (41). Briefly,
cells were harvested at late log phase with phosphate-buffered saline supple-
mented with 1 mM EDTA (pH 8.0) and collected by low-speed centrifugation.
After being washed in EDTA-free phosphate-buffered saline, cells were swollen
in hypotonic buffer and ruptured with a Dounce homogenizer. After addition of
KCl to a final concentration of 140 mM, extracts were subjected to centrifugation
at 100,000 3 g for 2 h at 4°C. The supernatant (S100) was dialyzed against
column buffer (20% glycerol, 25 mM HEPES [pH 7.9], 1 mM dithiothreitol
[DTT], and 0.1 mM EDTA) containing 100 mM KCl (CB100), frozen in liquid
nitrogen, and stored at 280°C.

Glycerol gradient sedimentation. For glycerol gradient sedimentation, 0.5 ml
of transcriptionally active DE350 fraction was layered onto 11.5-ml, 20 to 40%
glycerol gradients containing 100 mM KCl, 10 mM MgCl2, 0.2 mM EDTA, 0.2
mM EGTA, and 1 mM DTT. Gradients were subjected to centrifugation at
40,000 rpm in a Beckman SW41 rotor for 18 h at 4°C. Thirty ;0.4-ml fractions
were collected from the bottom of the tube. Aliquots were mixed with an equal
volume of glycerol-free buffer and tested for both total Pol I activity (nicked calf
thymus DNA template; 150 mg of a-amanitin per ml) and promoter-dependent
transcription.

Assay for nonspecific RNA Pol I activity. Promoter-independent (nonspecific)
total RNA Pol I activity was measured as described in the work of Schwartz and
Roeder (56). Fractions dialyzed against CB100 were added to reaction mixtures
containing sheared calf thymus DNA (final concentration, 25 mg/ml), a-amanitin
(150 to 50 mg/ml), nucleoside triphosphates (0.5 mM [each] ATP, GTP, and CTP
and 0.04 mM UTP), [a-32P]UTP (0.05 mCi/ml; specific activity, 3,000 Ci/mmol),
MnCl2 (2 mM), and bovine serum albumin (1 mg/ml). After 15 min at 30°C,
reaction mixtures were spotted on DE81 filters and washed repeatedly with 0.5
M sodium phosphate to remove unincorporated UTP, followed by washing in
95% ethanol to speed drying. Incorporated [a-32P]UTP bound to filters was
quantified by scintillation counting.

Assay for promoter-dependent RNA Pol I activity. Promoter-dependent (spe-
cific) RNA Pol I transcription was performed in 30- to 40-ml reaction mixtures
containing 10% glycerol, 25 mM HEPES (pH 7.9), 90 mM KCl, 6 mM MgCl2, 1
mM DTT, 100 mg of a-amanitin per ml, 0.5 mM (each) nucleoside triphosphates,
and 200 to 400 ng of template DNA. Reaction mixtures were incubated for 2 to
3 h at 25°C. Transcription reactions were analyzed by S1 protection with end-
labeled, single-stranded 65-nucleotide probes complementary to the RNA and
spanning 215 to 150 or 221 to 144 relative to the transcription start site, 11.
The labeled oligonucleotide and RNA were hybridized overnight at 65°C in 0.3
M NaCl–10 mM Tris-HCl (pH 7.5)–1 mM EDTA. S1 digestion was carried out
at 37°C for 1 h in 5% glycerol–50 mM NaCl–30 mM sodium acetate (pH 4.5)–1
mM zinc sulfate–100 to 150 U of S1 nuclease per ml. Products were resolved on
8% polyacrylamide–8 M urea gels. Gels were vacuum dried onto filter paper and
exposed to X-ray film.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting. Peak fractions were analyzed on SDS–4.5 to 18% gradient
polyacrylamide gels and stained with Coomassie brilliant blue R-250. For West-
ern blotting, SDS–7.5 or 10% polyacrylamide gels were used. Proteins were
transferred to nitrocellulose or polyvinylidene difluoride membranes (Amer-
sham) with a semidry blotting apparatus (Sartorius) at 100 mA for 3 to 4 h.
Membranes were incubated with several rabbit antisera: anti-TBP was a gener-
ous gift of Paul Labhart, anti-Drosophila casein kinase II (CKII) cross-reacting
with the Xenopus b subunit was a generous gift of Neil Osheroff, and anti-human
CKII a and a9 were purchased from Upstate Biotechnology. Anti-Xenopus UBF
was raised in rabbits against the 328 N-terminal amino acids of UBF expressed
in Escherichia coli. Secondary antibodies for Western blotting, coupled to horse-
radish peroxidase, were detected by enhanced chemiluminescence according to
the directions of the manufacturer (Amersham). Alternatively, antibodies cou-
pled to alkaline phosphatase were detected by the conventional colorimetric
assay (Bio-Rad).

Protein kinase activity assay. Mono Q peak fractions in CB100 (4 ml) were
incubated for 30 min at 25°C in 10-ml reaction mixtures containing 3.5 mM ATP,
1 to 2 mCi of [g-32P]ATP (6,000 Ci/mmol), and 7 mM MgCl2. Reaction mixtures
were then loaded onto an SDS-polyacrylamide gel. Following electrophoresis,
gels were fixed in methanol-acetic acid, dried, and exposed to X-ray film.

HAT assays. HAT assays were performed as described by Brownell and Allis
(8), with minor modifications. Ten micrograms of HeLa core histones (kindly
provided by J. Workman) or 25 mg of total calf thymus histones (Worthington;
fraction HLY) was incubated with 5 ml of S100 extract or dialyzed column
fractions for 45 min at 37°C in 30- to 50-ml reaction mixtures. Buffer conditions
were 50 mM Tris-HCl (pH 7.9), 1 mM DTT, 0.1 mM EDTA, 10% glycerol, 10

mM butyric acid, 0.25 mM acetyl coenzyme A (CoA), and 100 nCi of [3H]
acetyl-CoA (26 Ci/mmol; Sigma). Reactions were stopped with 5 volumes of cold
(220°C) acetone. Precipitated proteins were washed with acetone, dissolved in
SDS sample buffer, and subjected to electrophoresis on an SDS–15% polyacryl-
amide gel. Gels were treated with En3Hance cocktail (Kodak), and 3H-labeled
proteins were detected by fluorography with Kodak XAR film.

RESULTS

Initial evidence for a Pol I holoenzyme. Cell extracts of
cultured X. laevis cells support accurate RNA Pol I transcrip-
tion initiation from recombinant X. laevis rRNA minigenes
(41). In this procedure, mechanically disrupted cells are ad-
justed to 140 mM KCl and subjected to centrifugation at
100,000 3 g, and the high-speed supernatant (S100) is saved.
The S100 fraction supports transcription from the rRNA gene
promoter but contains only ;15% of the nonspecific RNA Pol
I activity (promoter-independent transcription on nicked
DNA) that can be assayed. The remaining 85% of the Pol I
activity that can be detected is what can be extracted from the
cell pellet at high salt concentrations (0.4 to 0.8 M KCl); these
fractions do not support promoter-dependent transcription
(1). It is likely that additional Pol I remains in crude nuclear-
chromatin pellets after high salt extraction and that histones
and other chromatin proteins extracted at high salt inhibit the
in vitro Pol I assay (56). Therefore, we suspect that the actual
amount of Pol I extracted with 140 mM KCl is substantially less
than 15% of the total Pol I and is probably enriched in free
polymerase not yet engaged in transcription elongation.

S100 fractions were dialyzed against 100 mM KCl buffer and
applied to a DEAE column. The column was then washed with
100 mM KCl column buffer (CB100) and sequentially eluted
with column buffer containing 175 mM KCl (CB175), CB350,
and CB1000 to yield fractions designated DE175, DE350, and
DE1000, respectively. Following dialysis, the flowthrough and
step-eluted fractions were tested alone and in all combinations
for their ability to support a-amanitin-resistant transcription.
Approximately 30% of the assayable Pol I activity flowed
through the DEAE column, ;10% was present in the DE175
fraction, and the remaining ;60% was in the DE350 fraction.
Only the DE350 fraction programmed accurate transcription
initiation, as expected from prior studies (39). Though consis-
tently less active than the starting S100 (compare lanes 1 and
2 in Fig. 1B), the promoter-dependent transcriptional activity
of the DE350 fraction was not further stimulated by addition of
any combination of the flowthrough, DE175, or DE1000 frac-
tions (data not shown).

The transcriptionally competent DE350 fraction was dia-
lyzed to 0.1 M KCl, loaded onto a Mono Q fast protein liquid
chromatography column, and eluted with a 10-column-volume
linear gradient from 0.1 to 0.7 M KCl (Fig. 1A). Twenty frac-
tions were collected, dialyzed, and tested for Pol I activity with
nicked calf thymus template DNA. Pol I activity was detected
in fractions 10 to 15, with the peak represented by fractions 12
to 14 (Fig. 1A). Equal aliquots from several successive frac-
tions were next combined to form pools and tested alone and
in all possible combinations for their ability to support pro-
moter-dependent transcription from an rRNA minigene, as-
sayed by the S1 nuclease protection assay (6). The pool of
fractions 11 to 13 was transcriptionally competent (Fig. 1B,
lane 4) and was not stimulated by addition of any other pool
(data not shown). Pooled fractions 14 to 16 also had weak
activity (Fig. 1B, lane 5). Column fractions contributing to the
active pools were next tested individually. Fractions 12 to 14
were able to program promoter-dependent transcription, with
fraction 13 representing the peak of both promoter-dependent
and nonspecific Pol I activity (Fig. 1B, lanes 9 to 11). Interest-
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ingly, fractions 12 and 14 had nearly as much total Pol I activity
as fraction 13 (Fig. 1A), yet directed only low levels of pro-
moter-dependent transcription. DNase I footprinting on
rRNA gene enhancer probes showed that UBF activity peaked
in fractions 15 and 16 and overlapped the right flank of the
polymerase peak (data not shown). UBF was not detectable on
the left flank of the peak in fraction 11 or 12. This suggested
the possibility that fraction 13 was better for promoter-depen-
dent transcription due to an optimal ratio of polymerase to
UBF. If so, adding UBF-enriched fractions from the right side
of the polymerase peak to fractions on the left side of the Pol
I peak was expected to stimulate promoter-dependent tran-
scription. However, mixing the UBF-rich pool (fractions 14 to
16) with fractions 11 to 13 did not stimulate their promoter-
dependent transcriptional activity but only diluted them (Fig.
1B, lanes 14 to 16).

The finding that all necessary activities required for promot-
er-dependent Pol I transcription coeluted within single frac-
tions on Mono Q suggested that they might be associated as a
complex. Alternatively, coelution due to similar charge distri-
butions was a possibility. As a further test, DE350 peak frac-
tions were sedimented through 20 to 40% glycerol gradients,
which were then fractionated. Six of the 30 glycerol gradient

fractions (fractions 17 to 22) had significant total Pol I activity
on nicked calf thymus DNA, which peaked in fraction 20 (Fig.
2; see graph). These same fractions were found to be capable
of directing accurate transcription from the X. laevis rRNA
gene promoter (Fig. 2, at bottom). Promoter-dependent tran-
scription activity closely reflected the profile of total polymer-
ase activity.

The data in Fig. 1 and 2 showed that the Pol I transcription
machinery coeluted from a positively charged column matrix
(DEAE) and also cosedimented when fractionated according
to molecular mass. As a third test of the possible association of
the Pol I transcription factors, we subjected the peak Mono Q
fraction to chromatography on a negatively charged column
matrix. Mono Q fraction 13 (Fig. 1), dialyzed to 100 mM KCl,
was loaded onto a Biorex 70 column. The flowthrough was
collected, and the column was washed prior to sequential step
elutions with CB400, CB600, and CB800. These fractions were
then dialyzed to 100 mM KCl and tested alone and in all
possible combinations for their ability to direct transcription.
The fraction eluting at 0.6 M KCl supported accurate, promot-
er-dependent transcription (Fig. 3, lane 3) and was not stimu-
lated by addition of other fractions, but was diluted by them
(lanes 6, 8, 10, 11, and 13 to 15).

FIG. 1. Coelution of all proteins required for RNA Pol I transcription in single Mono Q fractions. (A) Assay for total Pol I activity. Proteins eluted from
DEAE-Sepharose with 350 mM KCl were subjected to chromatography on Mono Q by fast protein liquid chromatography. After being washed at 0.1 M KCl, the column
was eluted with a linear gradient from 0.1 to 0.7 M KCl. Aliquots (20 ml) of individual fractions were tested for total Pol I activity on nicked calf thymus DNA in the
presence of 150 mg of a-amanitin per ml. (B) Assay for promoter-dependent transcription. Equal aliquots of three to four Mono Q fractions were mixed to form pools
and tested alone and in various combinations for their ability to support transcription from an X. laevis rRNA minigene promoter. Transcripts were detected by S1
nuclease protection. The pools of fractions 11 to 13 and 14 to 16 tested positive in this assay (panel B and data not shown). Individual Mono Q fractions from the positive
pools were then tested (lanes 7 to 16) and compared to the activity of the pooled fractions (lanes 3 to 6). Fraction 13 corresponded to the peak of both total and
promoter-dependent Pol I transcription. UBF peaked in fractions 14 and 15 (data not shown). Addition of the UBF-rich pool (fractions 14 to 16) to fractions 11 to
13 did not improve their promoter-dependent transcription activity.
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Purification of the putative Pol I holoenzyme to near homo-
geneity. Based on the initial results in Fig. 1 to 3, we developed
a scheme for purification of the putative Pol I holoenzyme that
integrated DEAE-Sepharose, Biorex 70, and Mono Q ion-
exchange chromatography; DNA-affinity chromatography
(DNA-cellulose); and purification according to mass by gel
filtration (Sephacryl S300) or glycerol gradient sedimentation.
The protocol empirically found to provide the highest degree
of purification while maintaining the greatest yield of promot-
er-dependent transcription activity was one that minimized
dilution and dialysis (Fig. 4A). According to this purification
scheme, crude S100 extract was initially fractionated on
DEAE. Proteins eluted in CB350 were diluted slightly to 250
mM KCl and then loaded onto a Biorex column equilibrated in
CB250. The Biorex column was eluted in a single step with
CB800. Though a 600 mM elution from Biorex is sufficient to
recover polymerase, as shown in Fig. 3, the 800 mM elution
was found not to disrupt the complex and was expected to
dissociate any contaminating nucleic acid or nonspecifically

associated proteins prior to gel filtration. The Biorex eluate in
800 mM KCl buffer was next loaded onto a 195-ml Sephacryl
S300 gel filtration column equilibrated and developed in
CB100. The Sephacryl column served two purposes, facilitating
the purification of the holoenzyme according to its mass and at
the same time desalting the holoenzyme fractions. The holoen-
zyme peak eluting from the Sephacryl column was fractionated
on Mono Q, by using a relatively shallow gradient from 250 to
600 mM KCl to optimize separation from other proteins. Fi-
nally, Mono Q peak fractions were subjected to chromatogra-
phy on DNA-cellulose and eluted with steps of increasing salt
concentration.

By the purification scheme shown in Fig. 4A, the peak of Pol
I activity eluted from the Sephacryl column after the void
volume and overlapping the leading edge of the peak of Blue
Dextran (Pharmacia), a polymer with an average molecular
mass of ;2 MDa. The lack of suitable mass standards in this
size range and the nonlinear relationship between log10 mass
and elution volume in this portion of the elution profile pre-
clude a precise mass estimate for the complex. The peak of Pol
I activity was followed by a broad shoulder of activity extending
to ;600 kDa, the approximate mass of the Pol I core enzyme.
Sephacryl Pol I peak fractions (.1 MDa) were pooled and
subjected to chromatography on Mono Q. Total Pol I activity,
assayed with nicked calf thymus template DNA, eluted from
Mono Q at approximately 0.35 to 0.38 M KCl, peaking in
fractions 17 to 20 (Fig. 4B, graph). These same fractions were
found to correspond to the peak holoenzyme fractions capable
of promoter-dependent transcription (Fig. 4B, autoradiogram
at bottom).

Peak Mono Q fractions were pooled, dialyzed to 100 mM
KCl, and subjected to chromatography on double-stranded
DNA-cellulose (Sigma). After the flowthrough was collected
and washed with CB100, the column was step eluted with
CB150, CB350, CB500, and CB700. Nonspecific Pol I activity
bound to the column and eluted at 350 mM KCl (DC350
fraction), with only trace amounts of polymerase detected in
other fractions. The peak DC350 fraction directed promoter-
dependent Pol I transcription from the correct start site, 11
(Fig. 5A, lane 5). Interestingly, a signal mapping to 215 was
also prevalent in transcription reactions with Mono Q (Fig. 5A,
lane 4) or DC350 (lane 5) fractions, whereas this signal was
much weaker (but detectable) with S100 extract (lane 3). Nei-
ther 11 nor 215 signals were obtained in control reactions
(lanes 1 and 2), as expected. McStay and Reeder showed that
an activity required for Pol I termination flows through DEAE,
whereas the Pol I transcription initiation factors bind to the
column and elute in the DE350 fraction (40). This activity
should be missing from our purified fractions. This suggested
that the 215 signal might result from internal S1 cleavage of
readthrough transcripts initiated at 11 and going around the
entire circular plasmid construct and traversing the promoter
region complementary to the probe. Alternatively, transcrip-
tion initiation sites elsewhere on the plasmid could be a source
of readthrough transcripts. A third possibility is that the 215
signal represents an alternative transcription initiation site.
The possibility that the 215 or 11 signals could be S1 artifacts
resulting from internal digestion of readthrough transcripts
seemed unlikely given that neither site is particularly AT rich.
Nonetheless, a simple control experiment was performed to
directly test this possibility. For this experiment, rRNA mini-
gene sequences from 2245 to 1350 were transcribed into
RNA with the T7 promoter in the pBluescript plasmid located
adjacent to the upstream border of the cloned minigene se-
quences (2245). These transcripts would be identical to any
putative readthrough transcripts traversing the minigene. In-

FIG. 2. Individual fractions support accurate transcription initiation follow-
ing sedimentation of DE350 fractions through glycerol gradients. Gradients (11.5
ml) were fractionated into 30 fractions and tested for total Pol I activity on
nicked calf thymus DNA (top). Reactions were performed in triplicate, and the
mean values for each fraction were plotted. Error bars represent the standard
errors of the means. Fractions were also tested for their ability to program
accurate, promoter-dependent Pol I transcription (autoradiogram at bottom).
Transcripts were detected by S1 nuclease protection. Fraction 20 represented the
peak in both assays.

FIG. 3. Coelution of all activities essential for promoter-dependent Pol I
transcription from Biorex 70. Mono Q fraction 13 (Fig. 1) in 0.1 M KCl buffer
was applied to a 0.5-ml Biorex column. The flowthrough (FT) was collected, and
the column was washed with CB100. Bound proteins were sequentially eluted
with buffer containing 0.4, 0.6, and 0.8 M KCl. Individual fractions and combined
fractions were tested for their ability to direct accurate transcription from the
Xenopus minigene promoter. Transcripts were detected by S1 nuclease protec-
tion.
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creasing amounts of these T7 transcripts were hybridized to a
65-mer probe spanning 221 to 144. RNA-probe hybrids were
then subjected to S1 nuclease digestion in reactions performed
side by side with those using transcripts generated with the
S100, Mono Q, or DC350 fractions (lanes 3 to 5). Importantly,
T7 transcripts were only digested to a size corresponding to the
full-length probe (Fig. 5A, lanes 6 to 9). No fragments whose
59 ends mapped to 215 or 11 were generated, indicating that
the latter are not S1 artifacts of readthrough transcripts. This
suggests that the 215 signal probably represents an alternative
initiation site upstream of 11. A possibility is that the in-
creased use of this site by proteins in Mono Q peak and DC350
fractions compared to starting S100 extracts may reflect the
modification or loss of an activity that helps restrict transcrip-
tion initiation to 11. Interestingly, we have noted that in frac-
tions that have been stored for many months, the ability to
transcribe from 11 is labile and progressively lost over time. In
such “dead” fractions, transcription signals mapping to 215
can still be detected, also suggesting a time-dependent decay in
a specificity factor (data not shown).

As another test of promoter specificity, we compared Mono
Q peak holoenzyme fractions to S100 fractions for their ability

to initiate transcription from wild-type or linker scanner mu-
tant promoters. Using promoter mutants shown previously to
support diminished levels of transcription in vitro (with crude
S100 fractions) or in vivo (by oocyte injection) (51), we found
that S100 and holoenzyme fractions had similarly reduced ac-
tivity on these templates. An example is shown in Fig. 5B with
the strong linker scanner mutants LS-50/-41 and LS-111/-102.
With a template concentration optimal for the Mono Q frac-
tions (though higher than optimal for S100 fractions), the S100
and Mono Q fractions programmed similar levels of transcrip-
tion from the wild-type minigene C40 (lanes 1 and 2). Tran-
scription was reduced significantly with LS-50/-41 (lanes 3 and
4) and was further reduced with LS-111/-102 (lanes 5 and 6), in
agreement with prior studies (51).

The protein compositions of peak fractions throughout the
purification scheme were compared following gradient SDS-
PAGE and Coomassie blue staining (Fig. 6). The protein com-
positions of the peak fractions from the final two columns,
Mono Q and DNA-cellulose, are qualitatively similar. This
suggests that purification of the complex is approaching appar-
ent homogeneity, defined as the point at which no further
reduction in complexity is achieved by additional steps. Ap-

FIG. 4. Extensive purification of the putative Xenopus holoenzyme. (A) Purification scheme. DNase-treated S100 extract (in CB100) was subjected to chromatog-
raphy on DEAE-Sepharose. The 350 mM KCl fraction was diluted to 250 mM KCl and injected onto Biorex 70. Proteins eluting at 800 mM KCl were injected onto
a 195-ml Sephacryl S300 gel filtration column equilibrated in CB100. The peak of total Pol I activity eluted near the Blue Dextran peak well in advance of thyroglobulin
(669 kDa) and ferritin (450 kDa) molecular mass markers. The Sephacryl peak fractions were pooled and injected onto Mono Q, which was eluted with a gradient from
250 to 600 mM KCl. Peak fractions, eluting near 400 mM KCl, were dialyzed against CB100 and loaded onto a DNA-cellulose column. After being washed in CB100,
fractions were eluted with CB150, CB350, CB500, and CB700. Pol I activity eluted in the 350 mM KCl fraction; other fractions had negligible activity. (B) Purification
of the putative holoenzyme on the penultimate Mono Q column. The elution profile of total Pol I activity is shown in the graph. Individual fractions in the vicinity of
the Pol I peak were then tested for their ability to direct accurate, promoter-dependent transcription (autoradiogram just below graph) by using 400 ng of supercoiled
plasmid DNA containing the Xenopus rRNA minigene C40.
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proximately 55 distinct bands are visible in the DC350 fraction,
and with the exception of prominent bands at ;50 and ;33
kDa, most have similar staining intensities.

TBP, but not UBF, copurifies with the Pol I holoenzyme.
Mono Q and DNA-cellulose peak fractions were tested for
activities suspected to be associated with the Pol I complex and

for which antibodies or biochemical assays were available.
With a polyclonal antiserum raised against recombinant Xeno-
pus TBP (generously provided by Paul Labhart), TBP was
readily detected in Mono Q fractions 16 to 20, precisely co-
fractionating with the fractions competent for promoter-de-
pendent transcription (Fig. 7A). TBP was also detected in the
DNA-cellulose peak fraction (Fig. 7B, last lane). Interestingly,
comparison of peak fractions throughout the purification
scheme reveals the progressive enrichment of a TBP isoform
with decreased SDS-PAGE gel mobility relative to the starting
S100 (Fig. 7B), most likely due to phosphorylation or some
other posttranslational modification. Preimmune serum did
not cross-react with any Xenopus proteins of the expected size
for TBP (data not shown).

We tested whether the abundant Pol I transcription factor
UBF cofractionated with the holoenzyme by Western blotting
with a polyclonal antiserum raised against the amino-terminal
328 amino acids of Xenopus UBF. This antiserum (but not
preimmune serum) cross-reacts with the full-length UBF spe-
cies of 82 and 85 kDa (denoted by the arrow in Fig. 7A) as well
as a series of smaller doublets suspected to be UBF turnover
products missing various portions of the C terminus (see S100
control lane). These smaller proteins are also observed if grow-
ing Xenopus cells are quickly suspended in SDS sample buffer
and boiled and the resulting cell lysates are subjected to SDS-
PAGE and Western blotting, suggesting that these putative
turnover products are present in the cell (data not shown). As
discussed previously, UBF footprinting activity elutes after the
Pol I peak on Mono Q. Consistent with these footprinting data,
Western blotting shows that the vast majority of full-length
UBF elutes after the Pol I peak, being most abundant in
fractions 23 to 27 (Fig. 7A, bottom right). However, a trace of
the full-length UBF doublet can be detected in peak holoen-
zyme fractions. A more abundant protein doublet ;10 kDa
smaller than full-length UBF is detected in Mono Q fractions
14 to 26, possibly corresponding to UBF degradation products.
Upon subsequent chromatography on DNA-cellulose, neither

FIG. 5. Accuracy and promoter specificity of highly purified holoenzyme
fractions. (A) In lanes 3 to 5, S100, Mono Q, and DNA-cellulose (DC350) peak
fractions were compared for their ability to program accurate transcription
initiation from the C40 minigene (400 ng). A reaction containing S100 but
without added template (lane 1) and a reaction containing template but no
added protein (lane 2) were run as controls. Lanes 6 to 9 are controls in which
in vitro transcripts corresponding to the RNA strand of the complete minigene
were generated by T7 polymerase and subjected to S1 nuclease protection along-
side the other reactions. A single protected product, corresponding to the size of
the full-length probe, was generated in proportion to the amount of input RNA.
No 215 or 11 products were generated, suggesting that the latter are not
artifacts due to cleavage of readthrough transcripts. (B) Comparison of S100 and
Mono Q peak fractions for their sensitivity to promoter mutations. The wild-type
(WT) C40 minigene (500 ng) was used as the template in lanes 1 and 2. Two
different linker scanner mutants of C40, LS-50/-41 (lanes 3 and 4) and LS-111/-
102 (lanes 5 and 6), were also tested.

FIG. 6. Polypeptide composition of peak fractions throughout the purifica-
tion scheme. Equal amounts (on a mass basis) of S100, DEAE, Biorex, Mono Q,
or DNA-cellulose peak fractions were subjected to SDS-PAGE on a 4.5 to 18%
gradient gel (lanes 3 to 7, respectively). Following electrophoresis, the gel was
stained with Coomassie blue. Two different-size classes of molecular mass (MW)
markers (Bio-Rad) were run on the same gel (lanes 1 and 2); their sizes in
kilodaltons are indicated to the left of the figure.

FIG. 7. TBP copurifies with Pol I holoenzyme activity. (A) Mono Q fractions
including the peak of Pol I holoenzyme activity (same column run as that shown
in Fig. 4) were subjected to Western blotting with polyclonal antibodies directed
against Xenopus TBP or UBF. The blots are aligned with an autoradiogram
revealing the transcriptionally active fractions. Antibody-antigen complexes were
detected by enhanced chemiluminescence. Full-length UBF is denoted by ar-
rows; smaller proteins thought to be UBF degradation products are denoted by
an asterisk. (B) Detection of TBP in peak fractions throughout the Pol I ho-
loenzyme purification scheme reveals that an isoform with reduced gel mobility
is enriched during purification.
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the full-length nor these smaller UBF-related proteins coelute
with the holoenzyme in the DC350 fraction. Instead, these
UBF-related proteins eluted in the DC500 fraction (data not
shown).

One could argue that UBF must associate with the Pol I
holoenzyme to copurify up until the Mono Q column and
might be separated from the holoenzyme only as a conse-
quence of the elution procedure. Interpretation is complicated
by the abundance of UBF. On the Sephacryl column prior to
Mono Q, full-length UBF was found in virtually all fractions by
Western blotting, beginning with the void volume and extend-
ing to ;85 kDa, the approximate size of the UBF monomer
(data not shown). UBF’s unusually broad elution profile could
be due to aggregation or participation in a variety of distinct
protein complexes. Regardless, UBF’s presence in Sephacryl
fractions containing the polymerase holoenzyme peak may be
fortuitous, thus explaining UBF’s failure to precisely coelute
with the holoenzyme on Mono Q or DNA-cellulose.

Protein kinase activity copurifies with the Pol I holoenzyme.
We tested for protein kinase(s) by incubating Mono Q frac-
tions flanking and including the holoenzyme peak with
[g-32P]ATP in a magnesium-containing buffer, followed by
SDS-PAGE and autoradiography. As shown in Fig. 8, one or
more protein kinases were able to phosphorylate many of the
proteins in Mono Q fractions 14 to 22, with labeling activity
highest in fractions 17 to 20, closely corresponding to the peak
holoenzyme fractions. A test of the nucleotide specificities of
the kinase(s) revealed that labeling with ATP could be com-
peted with excess unlabeled GTP but not CTP (Fig. 8B, com-
pare lanes 2 to 5 to lane 1), consistent with the known prop-
erties of CKII. Labeling of some, though not all, protein bands
in peak holoenzyme fractions was inhibited by heparin, a
known inhibitor of CKII (20) (Fig. 8B, compare lanes 7 and 8
to lane 6). Furthermore, a peptide containing a consensus
CKII phosphorylation site (15) was a competitor for the label-
ing of most proteins phosphorylated by the endogenous kinase
within the peak Mono Q fraction (Fig. 8B, lane 11). This same
peptide could be phosphorylated when mixed with the peak
holoenzyme fraction and supplied with either [g-32P]ATP or
[g-32P]GTP as the phosphate donor (Fig. 8C). Confirmation
that CKII is present in Mono Q peak holoenzyme fractions was
obtained by Western blotting with a polyclonal antiserum
raised against Drosophila CKII (generously provided by Neil
Osheroff) and a commercial antiserum raised against human a
and a9 CKII subunits, both of which cross-react with the ap-
propriate subunits of Xenopus CKII. With these antibodies,
CKII was detected in Mono Q fractions 17 to 20, correspond-
ing closely with the Pol I holoenzyme peak (Fig. 9A). CKII was
also present in the peak DNA-cellulose fraction (Fig. 9B).

Unlike Pol II transcription initiation (9, 65), Pol I initiation
does not require an ATPase activity to promote open-complex
formation (30, 37). Therefore, one can substitute AMP-PNP
and GMP-PNP for ATP and GTP, respectively, as substrates
for Pol I transcription. These nucleotide analogs are not func-
tional as phosphate donors for protein kinases; thus, we used
them in place of ATP and GTP to determine if transcription
would be reduced by inhibiting CKII and/or other associated
kinases. We were disappointed to find that neither AMP-PNP
nor GMP-PNP, alone or in combination, had a significant
effect on the holoenzyme’s transcriptional activity (data not
shown). Thus, the functional significance (if any) of the ho-
loenzyme-associated protein kinase activity is unknown.

Holoenzyme fractions contain HAT activity. Our studies of
uniparental rRNA gene silencing in interspecies hybrids (nu-
cleolar dominance) have suggested that rRNA gene activity
can be controlled via histone acetylation and associated chro-

matin modifications (11). We tested for HAT activity by assay-
ing the ability of Pol I holoenzyme fractions to catalyze the
labeling of purified histones with [3H]acetyl-CoA (Fig. 10). In
starting S100 whole-cell extracts, HAT activity was readily de-
tected, with histone H4 being the predominant substrate (lane
1). Different HAT activities were fractionated at the Biorex
purification step; the flowthrough was enriched in H4 HAT
activity (lane 2), whereas the 0.8 M KCl step was enriched for
an activity with a substrate preference for histones H3 and
H2A (lane 3). The latter HAT activity copurified with the
holoenzyme peak on Sephacryl S300 (lane 4), Mono Q (lane
5), and DNA-cellulose (lane 8). These data indicate that HAT
activity is closely associated with, or intrinsic to, the Pol I
holoenzyme. Future studies using chromatin-assembled mini-
genes will be needed to test whether the associated HAT
activity assists in the transcription of these templates.

FIG. 8. Protein kinase activity coelutes with Pol I holoenzyme activity. (A)
Aliquots (4 ml) of Mono Q fractions 14 to 22 (same column run as that shown in
Fig. 4) were incubated for 30 min in a buffer containing MgCl2 and [g-32P]ATP
and then subjected to SDS-PAGE (8% polyacrylamide, Tris-Tricine buffer) and
autoradiography. Positions of molecular mass markers (in kilodaltons) are shown
on the right. The lanes of the SDS-PAGE gel are aligned with the transcription
reactions to highlight the correspondence between the kinase and transcription-
ally active fractions. (B) Biochemical characterization of holoenzyme-associated
kinase activity. Kinase activity of Mono Q fraction 20 was tested in the presence
of various competitors or inhibitors, which were added to the reactions prior to
the addition of [g-32P]ATP. Reaction mixtures subjected to electrophoresis in
lanes 1, 6, and 9 were controls to which no competitors were added. Nonradio-
active GTP or CTP was added in a 30- or 300-fold excess to the reaction mixtures
subjected to electrophoresis in lanes 2 to 5. Heparin was added in two concen-
trations to reaction mixtures in lanes 7 and 8. In lanes 10 and 11, a synthetic
peptide containing a consensus CKII phosphorylation site was added in two
concentrations. Numbers at left indicate molecular mass in kilodaltons. (C)
Mono Q peak fraction 20 will direct phosphorylation of a synthetic peptide (1.5
mM) containing a consensus CKII phosphorylation site with either [g-32P]ATP
(lane 3) or [g-32P]GTP (lane 4) as the phosphate donor. Lanes 1 and 2 are
controls to which no peptide was added. Reaction mixtures were subjected to
electrophoresis on a 16.5% SDS–Tris-Tricine gel.
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DISCUSSION

Prior studies have shown that the Xenopus Pol I transcrip-
tion system can be split by heparin chromatography into mul-
tiple transcription factors that must be added back together to
reconstitute transcription (39). However, in our scheme, which
purposely omits the heparin column, all activities essential for
accurate, promoter-dependent transcription initiation copurify
with Pol I on at least five columns. The order of the columns
does not appear to be critical. For instance, the Biorex column
can precede or follow the Mono Q column. Likewise, the
purification scheme can be modified such that the Sephacryl
gel filtration column can be omitted, instead being replaced by
glycerol gradient sedimentation following DEAE, Biorex, and
Mono Q chromatography (14a).

The degree to which we have purified the holoenzyme is
frustratingly difficult to estimate based on conventional bio-
chemical criteria. As we have discussed in detail previously
(53), the major problem is the extreme lability of Pol I activity.

Only a portion of the total Pol I activity loaded on each column
can be recovered and accounted for among the subsequent
fractions, and mixing fractions does not reconstitute lost activ-
ity. Therefore, specific activity is not a useful measure of purity
because the continual loss of activity leads to large and com-
pounded errors. On a protein mass basis, final DNA-cellulose
peak fractions contain approximately 4,000-fold less protein
than the starting amount of S100 protein.

The possibility that the Pol I transcription machinery copu-
rifies by virtue of being bound to DNA seems unlikely. First,
purification of the functional holoenzyme was unaffected by
treatment of starting S100 extracts with DNase. Second,
though the crude extract and DE350 fractions contain consid-
erable amounts of nucleic acid (both RNA and DNA), virtually
all contaminating nucleic acid flows through the Biorex column
based on ethidium bromide staining and fluorometry (follow-
ing Hoechst dye binding) and none can be detected following
Mono Q chromatography. The fact that the holoenzyme binds
to DNA-cellulose and elutes at moderate salt suggests that
DNA-binding sites within the complex are unoccupied. One
could argue that the interaction with DNA-cellulose is simply
an ionic interaction rather than a DNA affinity interaction.
However, we have evidence that the Pol I holoenzyme binds
promoter DNA in vitro in a gel mobility shift assay and thus
must be free of associated DNA or must be able to readily
exchange onto a promoter probe, apparently as an intact com-
plex (unpublished data). Probably the strongest argument is
that the 800 mM KCl elution from the Biorex column is loaded
without dialysis onto the Sephacryl gel filtration column; ionic
interactions between the holoenzyme complex and DNA
should be disrupted at such high salt concentrations and are
unlikely to occur again during chromatography.

In yeast, in vitro transcription studies have suggested that
neither TBP nor upstream activation factor is essential for
basal-level Pol I transcription from the core promoter. How-
ever, TBP is required for full promoter activity in vitro, appar-
ently by facilitating an interaction between upstream activation
factor and core factor (62). TBP is also required for yeast Pol
I transcription in vivo (14, 55). In vertebrates and Acan-
thamoeba, all studies to date have suggested that TBP is es-
sential for Pol I transcription (44, 48); thus, one would predict
that a Pol I holoenzyme capable of promoter-dependent tran-
scription should include TBP. Indeed, TBP precisely cofrac-
tionates with Xenopus holoenzyme fractions that support tran-
scription from the rRNA gene promoter, supporting this
prediction. It is interesting that TBP should be so stably asso-
ciated with the holoenzyme, even at salt concentrations as high
as 0.8 M KCl, whereas it can apparently dissociate readily from
the Xenopus Rib-1–SL1 complex unless stabilized by UBF (7).
We speculate that protein-protein interactions within the pu-
tative holoenzyme complex prevent dissociation of TBP (and
presumably all of Rib-1), perhaps in a manner analogous to the
way in which UBF can stabilize TBP within the Rib1 complex
(7).

The role of UBF in Pol I transcription is controversial. Due
to its abundance and ability to bend and wrap naked DNA, we
and others have proposed that UBF is likely to serve a struc-
tural role, helping to organize rRNA genes into a transcrip-
tionally competent format (2, 49, 52). UBF’s ability to coun-
teract transcriptional repression caused by histone H1 or Ku
protein on naked DNA templates (31, 32) and its ability to
displace linker histone from fully assembled nucleosomes (26)
are consistent with a defining role in chromatin structure.
However, there is disagreement concerning the need for UBF
in the activation of Pol I transcription. In mouse and rat cells,
UBF has been shown to be stimulatory but not essential for

FIG. 9. Detection of CKII in peak Pol I holoenzyme fractions by Western
blotting. (A) Mono Q fractions (60 ml) were trichloroacetic acid precipitated and
loaded on SDS–12% PAGE gels. Western blots were probed with an antiserum
raised against Drosophila CKII which cross-reacts with the Xenopus b subunit or
with an antibody raised against human CKII a and a9 subunits. In the far left lane
of each gel, 2 ml of human nuclear extract was run as a control. Antigen-antibody
complexes were detected by enhanced chemiluminescence on X-ray film (CKII
a subunits) or by colorimetric reaction (b subunit). The Western blots are
aligned with the gel showing the transcription reaction products to allow easy
comparison. (B) Relative abundance of CKII in peak fractions throughout the
purification scheme. A sample of rat nuclear extract was run as a positive control
in the rightmost lane.

FIG. 10. Detection of HAT activity in X. laevis S100 extract and purified
holoenzyme fractions. Core histones (10 mg) were incubated in reaction mixtures
containing [3H]acetyl-CoA and 5 ml of the following: S100 extract (lane 1),
Biorex flowthrough (FT) (lane 2), the Biorex 0.8 M holoenzyme-containing
fraction (lane 3), the Sephacryl S300 Pol I holoenzyme peak (lane 4), the Mono
Q holoenzyme peak (lane 5), or all five fractions from the DNA-cellulose column
(lanes 6 to 10), including the holoenzyme peak (lane 8). Proteins were then
subjected to SDS–15% PAGE and fluorography to detect labeled proteins.
Coomassie blue staining allowed the positions of the different core histones to be
determined.
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basal-level transcription. In contrast, available evidence has
suggested that UBF is required for transcription from the
Xenopus and human promoters (3, 4, 7, 13, 39). One possibility
is that the requirement for UBF depends on the purity of the
system, with crude fractions requiring UBF as an antirepressor.
Experiments by Kuhn and Grummt support the latter inter-
pretation (31).

Based on the current study, we suggest that UBF is nones-
sential for basal-level transcription in vitro from the Xenopus
promoter, in agreement with the conclusions reached by using
rodent systems. In apparent contradiction to our demonstra-
tion that UBF and the Xenopus holoenzyme do not precisely
copurify, immunoprecipitation studies have suggested a UBF-
Pol I holoenzyme association in mouse cell extracts (57). A
possibility is that UBF-holoenzyme interactions occur but are
transient, such that a small fraction of total UBF can be im-
munoprecipitated with the holoenzyme in crude fractions.
Given the vast excess of UBF over holoenzyme in the cell,
transient UBF-holoenzyme interactions would seem to be nec-
essary to prevent the holoenzyme from being sequestered at
nonpromoter sites bound by UBF. Importantly, our finding
that UBF does not copurify with the holoenzyme suggests that
UBF is not integral to the complex but does not rule out its
ability to interact with the holoenzyme.

Another difference between the Xenopus and mouse holoen-
zymes is that the Xenopus complex is self-sufficient for promot-
er-dependent transcription, whereas the mouse holoenzyme
requires supplemental TIF-IC (57). In agreement with the
results reported here, highly purified Pol I holoenzyme frac-
tions from the plant B. oleracea are also self-sufficient for
transcription (53). One possibility is that TIF-IC is easily dis-
placed from the mouse polymerase but is tightly associated
with polymerase in other species. It is noteworthy that similar
controversies exist concerning the composition of RNA Pol II
holoenzymes in vertebrates and yeast (18). For instance, some
groups have purified the Pol II holoenzyme in a form contain-
ing all essential transcription factors and self-sufficient for pro-
moter-dependent transcription (46, 47) or in a form associated
with the chromatin-remodeling complex SWI/SNF (71). Other
groups have isolated the Pol II holoenzyme as a complex miss-
ing essential transcription factors or SWI/SNF (18, 28, 33).

CKII is a ubiquitous kinase known to be important for cell
cycle control and signaling pathways regulating cell prolifera-
tion (1a, 35, 42). CKII has been implicated in the control of
rRNA gene expression for some time (21), with good evidence
that it is involved in the phosphorylation of the UBF acidic tail,
the C terminus rich in serine and acidic amino acids (45, 67,
68). Our finding that CKII is associated with the Pol I holoen-
zyme suggests that UBF-holoenzyme interactions might result
in UBF phosphorylation. The DNA-binding activity of UBF
does not appear to be affected by its growth-dependent phos-
phorylation state (68), suggesting that phosphorylation affects
another, currently undefined, step. We suspect that a role for
CKII may become apparent under UBF-dependent transcrip-
tion conditions. CKII was recently shown to be associated with
immunoprecipitated rat RNA Pol I (19); therefore, it seems
likely that CKII is associated with mammalian Pol I holoen-
zymes as it is in Xenopus. The significance of this association
remains to be demonstrated.

Several well-known Pol II coactivator and transcription fac-
tor complexes have HAT activity, including the GCN5-contain-
ing SAGA complex (16, 69) and TFIID (43). In addition,
ATP-dependent chromatin-remodeling activities such as SWI/
SNF have been found in association with Pol II holoenzymes
(71). These results suggest that assembly of transcription
preinitiation complexes involves activators, general transcrip-

tion factors, and holoenzymes that not only bind to DNA and
one another but also reposition nucleosomes and hyperacety-
late their histones in the vicinity of gene promoters (17, 23, 63).
Thus, gene activation increasingly appears to be dependent on
chromatin modifications that facilitate gene derepression. As-
sociation of HAT activity with the Pol I holoenzyme is consis-
tent with a genome-wide role for chromatin modifications in
gene regulation and is consistent with our observation that
histone hyperacetylation is correlated with rRNA gene activa-
tion in the epigenetic phenomenon of nucleolar dominance
(11).
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