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We previously demonstrated the critical role of RNA polymerase I (Pol I)-associated factor PAF53 in
mammalian rRNA transcription. Here, we report the isolation and characterization of another Pol I-associated
factor, PAF49. Mouse PAF49 shows striking homology to the human nucleolar protein ASE-1, so that they are
considered orthologues. PAF49 and PAF53 were copurified with a subpopulation of Pol I during purification
from cell extracts. Physical association of PAF49 with Pol I was confirmed by a coimmunoprecipitation assay.
PAF49 was shown to interact with PAF53 through its N-terminal segment. This region of PAF49 also served as
the target for TAFI48, the 48-kDa subunit of selectivity factor SL1. Concomitant with this interaction, the other
components of SL1 also coimmunoprecipitated with PAF49. Specific transcription from the mouse rRNA
promoter in vitro was severely impaired by anti-PAF49 antibody, which was overcome by addition of recom-
binant PAF49 protein. Moreover, overexpression of a deletion mutant of PAF49 significantly reduced pre-rRNA
synthesis in vivo. Immunolocalization analysis revealed that PAF49 accumulated in the nucleolus of growing
cells but dispersed to nucleoplasm in growth-arrested cells. These results strongly suggest that PAF49/ASE-1
plays an important role in rRNA transcription.

Initiation of transcription is a complex biological process
that critically determines gene expression. In order to under-
stand this process, it is important to know the core component
molecules participating in it. Enormous efforts over decades
have disclosed a set of proteins essential for initiation by each
class of eukaryotic RNA polymerase. For RNA polymerase I
(Pol I), which is dedicated to the transcription of the large
rRNA precursor, two transcription factors have been defined
in mammals. One is the selectivity factor SL1, which plays a
critical role in recognition of the core promoter element (56).
SL1 consists of the TATA-binding protein (TBP) and three
TBP-associated factors (TAFIs), TAFI110/95, TAFI63/68, and
TAFI48, for the human and murine rRNA transcription sys-
tems (6, 17, 56). The other is the upstream binding factor
(UBF), which interacts with the upstream control element
(UCE) to facilitate the assembly of the transcription initiation
complex including SL1 and Pol I (29, 57). Other transcription
factors, such as factor C* (4), p70 (49, 50), TFIC (22), TIF-IA
(37), and TIF-IC (38), were also identified by biochemical
analyses. However, the molecular nature of these factors is still
to be determined.

Recent identification and subsequent functional character-

ization of Saccharomyces cerevisiae Rrn3 and its mammalian
homologue hRRN3 have greatly promoted our understanding
of the growth-dependent regulation of rRNA synthesis (28,
51). Rrn3 is essential for promoter-directed rRNA transcrip-
tion in S. cerevisiae (51). Only a small population of Pol I was
found to be tightly associated with Rrn3; however, it was in the
form that was competent for transcription (26). Importantly,
the association of Rrn3 with Pol I is cell growth dependent,
that is, the Rrn3-Pol I complex was found in extracts from
exponentially growing S. cerevisiae but not in stationary-phase
cells (26). This association was mediated by the interaction
between Rrn3 and the A43 subunit of Pol I (33). Rrn3 was also
shown to bind to Rrn6, one of the subunits of the core factor
essential for core element recognition of yeast ribosomal DNA
(32, 33).

Interestingly, the mammalian homologue of Rrn3 was re-
ported to interact directly with the TAFI110/95 and TAFI63/68
subunits of SL1, although no apparent sequence homology was
evident between human TAFs and yeast Rrn6 (27, 32, 54).
These results suggest that Rrn3has functionally evolved to
recruit the polymerase to the transcription initiation complex
by bipartite interactions with Pol I and the promoter recogni-
tion factors. On the other hand, it has also been reported that
Rrn3 may not function in Pol I recruitment in S. cerevisiae but
is rather involved in a later step of initiation (2). In addition,
Rrn3 was phosphorylated in both S. cerevisiae and mammalian
cells (5, 8). Phosphorylation of Rrn3 was required for the
association with Pol I core enzyme in mammalian cells (5),
while in S. cerevisiae, both phosphorylated and unphosphory-
lated forms of Rrn3 were able to form a transcriptionally
competent Pol I-Rrn3 complex (8). The role of phosphoryla-
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tion on Rrn3 thus remains somewhat obscure, but posttrans-
lational modification(s) of Rrn3 seems to be a major cue for
the growth-dependent transcription of rRNA (3, 57).

Affinity purification and conventional column chromatogra-
phy revealed that, at least in samples from a rat, mouse, frog,
and broccoli, a portion of cellular Pol I activity existed as a
holoenzyme (14, 34, 41). Size fractionation experiments indi-
cated that the Pol I holoenzyme was �2 MDa and that the
holoenzyme was self-competent for promoter-specific tran-
scription as it contained preassembled SL1 (1, 13, 41). Among
�50 polypeptides included in the holoenzyme, casein kinase II
and histone acetyltransferase activities, topoisomerase I, and
Ku70/80 have been identified (1, 13, 14, 35), although their
functional significance in rRNA transcription has yet to be
established.

To understand the roles of these potential regulatory fac-
tors, it is important to define the genuine components of RNA
polymerase I. In this regard, we have demonstrated that the
Pol I core enzyme consists of at least 11 polypeptides, as
judged from silver-stained sodium dodecyl sulfate (SDS)-poly-
acrylamide gels of the enzyme fractions purified to near ho-
mogeneity (42). Actually, molecular cloning of the cDNA en-
coding the 40-kDa polypeptide (referred to as RPA40)
revealed that it was the mammalian orthologue of AC40, a
shared subunit of yeast Pol I and Pol III (23, 42). Two-hybrid
screening with RPA40 as the bait identified RPA16, which was
also a mammalian orthologue of another S. cerevisiae shared
subunit, AC19 (7), and was shown to be present in the purified
enzyme (53). These results strongly suggest that the estab-
lished purification procedure for Pol I yields genuine enzyme.
In the course of the purification, however, we found that Pol I
activity was also recovered in biochemically different fractions
and that some particular polypeptides were missing from the
polymerase in these fractions.

We therefore isolated a cDNA encoding one of these
polypeptides and characterized it as Pol I-associated factor
PAF53 (11). PAF53 was shown to interact with UBF. Anti-
PAF53 antibody inhibited promoter-directed rRNA transcrip-
tion but had no effect on nonspecific random RNA synthesis.
Immunolocalization studies indicated that PAF53 was present
in the nucleoli of exponentially growing cells but dispersed in
serum-starved cells (11). Moreover, the cellular content of
PAF53 decreased after serum starvation and increased in re-
sponse to insulin or serum refeeding (12). These results indi-
cate that PAF53 plays a critical role in the initiation of rRNA
transcription by mediating protein-protein interaction between
Pol I and UBF and suggest that it also participates in the
growth-dependent regulation of rRNA transcription.

Here we report the isolation and characterization of another
Pol I-associated factor, PAF49. As shown for PAF53, PAF49
also exists in subpopulation of Pol I and accumulates in the
nucleolus of exponentially growing cells. PAF49 interacts with
the SL1 complex through direct binding to the TAFI48 subunit.
Antibodies against PAF49 inhibited promoter-dependent
rRNA transcription in vitro, and overexpression of a deletion
mutant of PAF49 reduced pre-rRNA synthesis in vivo. These
results indicate that PAF49 is involved in the regulation of
rRNA transcription.

MATERIALS AND METHODS

Isolation and characterization of PAF49 cDNA. Purification of RNA polymer-
ase I and microsequencing of PAF49 were done as described previously (11, 42).
Degenerate sense and antisense primers were deduced from peptide sequences
1 and 2 described in the text and used for PCR amplification with a random-
primed mouse F9 cDNA library (kindly provided by A. Fukushima, Kagawa
Nutrition University). The PCR-based screening was carried out either with the
sense primer from sequence 1 and the antisense primer from peptide 2 or the
antisense primer from sequence 1 and the sense primer from peptide 2. The
successful combination of primers was the sense primer of sequence 1, 5�-
GA(C/T) ACI CA(A/G) GA(A/G) GCI GTI AA(C/T) (A/C)G-3�, and an anti-
sense primer of sequence 2, 5�-GG (C/T)TC IGT (A/G)TG (C/T)TC IAC (C/
T)TG-3�, where I represents an inosine nucleotide. PCR products were
sequenced, and the DNA fragment encoding a proper internal sequence of
PAF49 was used to screen full-length cDNA clones with the MH134 �ZAPII
cDNA library by conventional plaque hybridization techniques. cDNAs from the
positive clones were excised as plasmids from the phage vector to verify the
sequences as described previously (36). The complete sequence of the PAF49
cDNA was aligned with the sequences of human ASE-1 (48) and the lamprey
ASE-1/CAST (45) homologues with Clustal W multiple sequence alignment
software, and a phylogenetic tree was drawn by the neighbor-joining method on
the GenomeNet homepage of the Bioinformatic Center, Institute for Chemical
Research, Kyoto University (http://clustalw.genome.jp/).

Construction of plasmids. To create conventional restriction enzyme cutting
sites at the outside of the initiation codon of PAF49 cDNA, the junction between
the 5� end of PAF49 cDNA and the vector was excised with KpnI and then
replaced with a compatible linker (5�-GTAAAGCTTGGATCCATATGGCGG
GTAC-3�/5�-CCGCCATATGGATCCAAGCTTTACGTAC-3�). The resultant
plasmid contained a KpnI site recreated in the PAF49 coding region but not in
the vector sequence and unique HindIII and BamHI sites followed by an NdeI
site at the initiation codon. A portion of the 3� untranslated region was removed
from the AccI site in PAF49 cDNA and the EcoRI site of the vector, followed by
ClaI linker ligation after a 3�-fill-in reaction (PAF49BSKII). Then an epitope tag
sequence, Flag or hemagglutinin (HA), was attached in-frame via the NdeI site
to create plasmids pBSKIIFlagPAF49 and pBSKIIHAPAF49, respectively. The
tagged PAF49 sequence was transferred to a bacterial or mammalian expression
vector such as pET, pGEX, or pcDNA3 via compatible restriction enzyme
cutting sites. Murine TAFI48 cDNA was kindly provided by I. Grummt (German
Cancer Research Center, Heidelberg, Germany) and subcloned for expression in
mammalian cells (pcDNA3/FlagTAFI48).

Antibody preparation. A synthetic peptide corresponding to amino acids 184
to 196 or a glutathione S-transferase (GST) fusion protein containing amino
acids 21 to 271 of PAF49 (PAF49�C3) was used to immunize rabbits, and
PAF49-specific antibodies were purified from the rabbit antiserum by affinity
resin coupled with the synthetic peptide or hexahistidine-tagged PAF49�C3,
according to standard procedures (15). The specificity of the affinity-purified
antibodies was verified by Western blotting (see supplemental data at http:
//www.med.nagasaki-u.ac.jp/mmi/bogyo/supdata.html). The preparation of affin-
ity-purified antibodies against PAF53, RPA40, RPA16, and RPB14 was done as
described previously (11, 31, 42, 53). Anti-RPA194 antiserum was a gift from L. I.
Rothblum (Geisinger Clinic, Danville, Pa). Anti-UBF mouse monoclonal anti-
body F-9, anti-TAFI95 antibody M-18, and anti-TAFI68 antibody N-15 (goat
polyclonal antibodies) were purchased from Santa Cruz Biotechnology (Santa
Cruz, Calif.). Monoclonal antibody against the C-terminal domain of the largest
subunit of RNA polymerase II was purchased from Promega Corp. (Madison,
Wis.). Anti-Flag M2 monoclonal antibody was purchased from Sigma Chemical
Co. (St. Louis, Mo.).

Preparation of Pol IA and Pol IB. Separation of Pol IA and Pol IB was done
essentially as described previously (11) with slight modifications. Whole-cell
extracts were prepared and fractionated by phosphocellulose as reported previ-
ously (49). Fraction C, which was step eluted from a phosphocellulose column at
0.3 to 0.6 M KCl, was dialyzed against buffer DM [20 mM HEPES-KOH (pH
7.9), 0.1 mM EDTA, 20% glycerol, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM
dithiothreitol, and 5 mM MgCl2] containing 100 mM KCl (referred to as
DM100) and then loaded onto a DEAE-Sepharose FF column (25 by 50 mm) at
the flow rate of 0.5 ml/min. After extensive washing with buffer DM100, bound
proteins were eluted with a linear gradient of 0.1 M to 0.8 M KCl in buffer DM.

The protein fractions were checked for Pol I activity by a random transcription
assay, and the peak fractions were collected and dialyzed against buffer DM100.
The protein pool was loaded onto a CM-Sepharose FF column (15 by 70 mm) at
0.4 ml/min. The flowthrough fraction served as the source of Pol IA. Proteins
bound to the CM-Sepharose column were eluted with a linear gradient of 0.1 M
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to 0.6 M KCl in buffer DM. The peak Pol I fractions were collected, diluted with
buffer DM to reduce the KCl concentration to 250 mM, and then loaded onto a
Mono-Q HR 5/5 column (Amersham Biosciences Corp., Piscataway, N.J.) equil-
ibrated with buffer DM250. Bound proteins were eluted with a linear gradient of
0.25 M to 0.5 M KCl in buffer DM. Active Pol I fractions were collected and
concentrated by Ultrafree-4 (Millipore Corp., Bedford, Mass.), layered on 5 ml
of a 25 to 50% glycerol gradient containing 20 mM HEPES-KOH (pH 7.9), 0.1
mM EDTA, 100 mM KCl, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM dithio-
threitol, and 5 mM MgCl2, and centrifuged at 60,000 rpm for 16 h in a bucket of
a Beckman SW60Ti rotor at 4°C. After sedimentation, proteins were collected in
100- to 200-�l fractions and then assayed for Pol I activity.

Random transcription assay. The Pol I activity in the fractions was assayed by
the electrophoresis-based quantitation method described by Jackson et al. (19)
with several modifications. Aliquots (1 �l) of protein fractions were incubated in
a 10-�l in vitro transcription assay mixture containing 12 mM HEPES-KOH (pH
7.9), 12% glycerol, 80 mM KCl, 6 mM MgCl2, 0.6 mM dithiothreitol, 0.3 mM
EDTA, 100 �g of �-amanitin per ml, 500 �M ATP, 100 �M UTP, 2 �Ci of
[�-32P]UTP (400 mCi/mmol; Amersham Biosciences Corp.), and 0.1 mg of
poly(dA-dT)-poly(dA-dT) per ml as the template for 30 min at 30°C. The reac-
tions were terminated by adding 10 �l of stop solution containing 2% SDS, 10
mM EDTA, 80% formamide, and 0.05% bromophenol blue, and then 5 �l of
each terminated reaction mixture was electrophoresed on a 5% polyacryl-
amide–7 M urea gel (15 by 15 cm) for 20 min at 500 V. The gels were dried, and
the radioactivity migrating at areas greater than 100 nucleotides was quantitated
with a BAS2000 image analyzer (Fujifilm, Tokyo, Japan).

Immunoprecipitation assay. For immunoprecipitation, 200 �g of nuclear ex-
tracts was incubated with 2 �g of the affinity-purified antibodies in immunopre-
cipitation buffer [20 mM HEPES-KOH (pH 7.9), 12.5 mM MgCl2, 0.2 mM
EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 10% glyc-
erol, and 0.1% NP-40] containing 100 mM KCl for 1 h on ice, and then immune
complexes were precipitated with 10 �l of protein A-Sepharose 4FF (Amersham
Biosciences Corp.). The beads were washed extensively with immunoprecipita-
tion buffer containing 400 mM KCl, and the proteins retained were recovered by
boiling the beads in SDS sample buffer. The eluted proteins were loaded onto an
SDS-polyacrylamide gel and analyzed by Western blotting on a polyvinylidene
difluoride membrane with enhanced chemiluminescent detection (Amersham
Biosciences Corp.).

Far-Western blotting. Purification of Pol I and GST-PAF53 and preparation
of 35S-labeled proteins were done as described previously (11). The 35S-labeled
proteins were further purified by Sepharose G-25 (Amersham Biosciences
Corp.) for removal of free [35S]methionine and buffer exchange. About 500 ng of
pure Pol I or 400 ng of GST-PAF53 was subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose filters (BA-S 85;
Schleicher & Schuell, Dassel, Germany). The protein blots were then denatured
in 6 M guanidine-HCl in renaturation buffer [20 mM HEPES-KOH (pH 7.9),
10% glycerol, 60 mM KCl, 6 mM MgCl2, 0.6 mM EDTA, and 2 mM dithiothre-
itol] for 5 min at 4°C and renatured in successive twofold dilution of guanidine-
HCl with renaturation buffer for 5 min at 4°C five times. The blots were then
blocked with 0.25% skim milk in renaturation buffer for 10 min at 4°C. Then each
blot was soaked in 10 ml of blocking buffer supplemented with 35S-labeled
protein probe (in 500 �l of the main fraction of Sepharose G-25) for 16 h at 4°C
with gentle shaking. The blots were washed twice in 20 mM HEPES-KOH (pH
7.9)–100 mM KCl–6 mM MgCl2–0.2 mM EDTA–2 mM dithiothreitol for 10 min
at room temperature and then analyzed with a BAS2000 image analyzer (Fuji-
film, Tokyo, Japan).

GST pulldown assay. The DNA fragment containing the PAF49 coding region
was excised from plasmid PAF49BSKII with BamHI and SmaI and then sub-
cloned into the BamHI and SmaI sites of plasmid pGEX-3X (Amersham Bio-
sciences Corp.). For production of N-terminal and C-terminal truncation mu-
tants, a 0.7-kb NcoI-SmaI fragment or 0.75-kb NdeI-Eco81I fragment of PAF49
cDNA was used for subcloning in the pGEX vector, respectively. The construc-
tion of plasmids producing the GST-PAF53 and GST-RPA40 proteins was de-
scribed previously (11). The resulting plasmids as well as the parental plasmid
pGEX-3X were introduced into Escherichia coli strain TG1, and cell lysates were
prepared according to the manufacturer’s instructions. The lysates were rocked
for 1 h at 4°C with glutathione-Sepharose 4B (Amersham Biosciences Corp.).
The beads were washed three times with a buffer (0.5XDBT) containing 10 mM
HEPES-KOH (pH 7.9), 50 mM KCl, 0.1 mM EDTA, 0.5 mM dithiothreitol, 10%
glycerol, and 0.2% Triton X-100 and then suspended in 0.5XDBT buffer.

PAF53, UBF, TAFI95, TAFI68, and TAFI48 were labeled with [35S]methi-
onine with the TNT T7 coupled reticulocyte lysate system (Promega Corp.),
purified by Sepharose G-75 (Amersham Biosciences Corp.), and precleared by
glutathione-Sepharose 4B. Typical binding reactions were performed with 60 �l

of the precleared labeled protein and 20 �l of the beads liganded by GST fusion
protein in a 100-�l reaction with 0.5XDBT by rocking at 4°C for 3 h. The beads
were then washed three times with buffer 0.5XDBT containing 300 mM KCl, and
the bound proteins were recovered by boiling the beads in SDS sample buffer for
denaturing polyacrylamide gel electrophoresis. The gels were dried and analyzed
by autoradiography.

In vitro and in vivo transcription assays. The in vitro transcription assay was
carried out at 30°C for 60 min in a 25-�l reaction mixture containing 12 mM
HEPES-KOH (pH 7.9), 12% glycerol, 80 mM KCl, 4 mM MgCl2, 0.6 mM
dithiothreitol, 0.3 mM EDTA, and 100 �g of �-amanitin per ml. Nucleotide
concentrations were 600 �M for ATP, GTP, and CTP and 30 �M for UTP
containing 5 �Ci of [�-32P]UTP (400 mCi/mmol; Amersham Biosciences Corp.).
The reaction mixture included 6 �l of nuclear extract and 0.5 �g of template
DNA (pMrBKSP2 digested with EcoRV) (49) or 1.65 to 3.3 �g of purified
immunoglobulin G (IgG) and 4.2 �g of hexahistidine-tagged PAF49�C3, where
indicated. Reactions were terminated by adding 200 �l of stop mixture (0.1%
SDS, 10 mM EDTA, and 100 �g of yeast tRNA per ml). The transcripts were
extracted once with phenol and once with phenol-chloroform, precipitated with
ethanol, and analyzed by electrophoresis on a 5% polyacrylamide–7 M urea gel.

For in vivo analysis, NIH 3T3 cells were transfected with expression plasmids
for Flag-tagged PAF49 or deletion mutants with the TransFast reagent (Promega
Corp.) according to the manufacturer’s instruction. After incubation for 24 h,
transfected cells were recovered and divided into two parts; one was used for the
extraction of total RNA by means of Isogen (Nippon Gene), and the other was
used for nuclear extract preparation by the method of Shreiber et al. (39). Total
RNAs were analyzed by a primer extension system (Promega Corp.) with a
5�-labeled pre-rRNA primer (5�-TGGACAGCAAAACAGCCTTAAATCG-3�,
complementary to �80 to �56 of murine 45S pre-rRNA) and �-actin primer
(5�-GGACCGGCAACGAAGGAGCTGC-3�, complementary to �60 to �39 of
murine �-actin mRNA) as instructed by the manufacturer.

Immunofluorescence microscopy. NIH 3T3 cells were seeded on sterilized
coverslips in a six-well plate (5 	 104/well) and grown for 24 h in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inactivated calf serum,
penicillin G (10 U/ml), and streptomycin (50 �g/ml) in a humidified incubation
chamber containing 5% CO2 in air at 37°C. Then the cells were washed and
incubated in Dulbecco’s modified Eagle’s medium supplemented with 0.1% calf
serum and antibiotics for 48 h. During this incubation, NIH 3T3 cells were
seeded in another six-well plate and grown in 10% calf serum-containing me-
dium. Both the growing and serum-restricted cells on the coverslips were fixed in
1% paraformaldehyde in Dulbecco’s modified Eagle’s medium at 37°C for 15
min and permeabilized with 0.1% Triton X-100 in phosphate-buffered saline
(PBS) at room temperature for 10 min. After blocking with 1.5% bovine serum
albumin and 1.5% skim milk in PBS for 1 h, the cells were incubated overnight
with antigen-purified anti-PAF49 rabbit polyclonal IgG (7 �g/ml) and anti-UBF
mouse monoclonal IgG1 F-9 (2 �g/ml) in PBS supplemented with 2% bovine
serum albumin at 4°C in a humidified chamber. The cells were washed three
times with PBS and then incubated with Alexa Fluor 488-chicken anti-rabbit IgG
(1:500; Molecular Probes) and Alexa Fluor 594-chicken anti-mouse IgG (1:500;
Molecular Probes) at room temperature in a humidified chamber for 1 h. After
washing three times with PBS, the coverslips were mounted in PBS supple-
mented with 50% glycerol and sealed with clear nail polish. Cells were viewed
with a Carl Zeiss LSM510META confocal laser scanning microscope (Nagasaki
University Center for Frontier Life Sciences).

Nucleotide sequence accession number. The nucleotide sequence of PAF49
has been deposited in DDBJ/EMBL/GenBank under accession number
AB091121.

RESULTS

Molecular cloning of PAF49. Pol I was purified from the
whole-cell extract of murine MH134 ascites cells, and the par-
tial amino acid sequence of the 49-kDa polypeptide, which we
refer to as PAF49, was determined as described previously (11,
42). Three peptide sequences were obtained from Achro-
mobacter proteinase 1 (AP-1) digestion: sequence 1, GTDASS
DTQEAVNRH; sequence 2, GTETSQVEHTEP; and se-
quence 3, YFMQEEMEA. Sequences 1 and 2 were used to
design degenerate primers for PCR amplification with a cDNA
stock prepared from mouse embryonal carcinoma F9 cells as
the template. A 224-bp PCR product was selectively amplified,
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the predicted amino acid sequence of which initiated from
sequence 1, ended at sequence 2, and contained sequence 3
(Fig. 1).

To obtain full-length cDNA, the MH134 cDNA library was
screened with the PCR product as the probe. Five independent
clones were isolated, each of which contained a 3� poly(A) tail
but varied in the length of the 5� end. The longest cDNA was
1,320 nucleotides long and contained an open reading frame
for a 411-amino-acid protein with a predicted molecular weight
of 44,000. Database search revealed that PAF49 has striking
homology with human ASE-1 (Fig. 1). ASE-1 was identified as
a human autoimmune antigen that locates to fibrillar centers in
interphase and to nucleolar organizer regions during cell divi-
sion (48). It was also reported that ASE-1 colocalizes with
UBF throughout the cell cycle and that the two proteins bind
each other. However, the precise functions of ASE-1 have not
yet been clarified.

We searched the databases comprehensively and found a
sequence deposited as a lamprey homologue of the human
protein (45). However, we could not obtain functionally anno-
tated related sequences from any other species in either ex-
pressed sequence tag or genome databases. Sequence align-
ment of PAF49 with the possible human and lamprey
counterparts revealed that the N-terminal half of the protein
was well conserved among the species (Fig. 1). The C-terminal
part of each protein also had highly conserved sequences, but
the human and lamprey homologues had various amino acid
insertions and a C-terminal extension. Notably, there were
several stretches of repeated lysine and arginine residues in
this region. Each of these basic repeats was followed by a
shorter stretch of acidic amino acids. The arrangement of these
alternating basic and acidic regions was also conserved among
the species.

PAF49 is present in a subpopulation of Pol I. We demon-
strated previously that mouse Pol I can be separated into two
populations during purification by column chromatography
(24). The one referred to as Pol IB stays bound on a CM-
Sepharose column, but the other (Pol IA) flows through the
column under 0.1 M KCl (Fig. 2A) (11). To determine the
relationship of PAF49 to these forms of Pol I, CM-Sepharose
fractions of Pol IA and Pol IB were analyzed by Western blot-
ting (Fig. 2B). The flowthrough and 0.3 M KCl fractions con-
tained comparable amounts of the Pol I core subunits RPA194
and RPA40, whereas PAF53 was found only in the 0.3 M KCl
fraction, consistent with the previous report (11). Reprobing
the blot with anti-PAF49 antibody indicated that PAF49 was
also present exclusively in the 0.3 M KCl fraction. To rule out
the possibility that PAF49 and PAF53 were fortuitously eluted
with Pol I core enzyme in the 0.3 M KCl fraction, it was further
purified by a linear salt gradient on a Mono-Q column, fol-
lowed by glycerol gradient fractionation (Fig. 2A). In this
highly purified Pol I preparation, both PAF49 and PAF53 still
copurified with the Pol I subunits (Fig. 2C). On the other hand,FIG. 1. Amino acid sequence alignment of PAF49 with the human

and lamprey orthologues. (A) Residues identical between murine
PAF49 (mPAF49) and its potential human counterpart ASE-1
(hASE-1) (48) and lamprey CAST (45) are indicated by dark shading.
Similar residues are also highlighted by gray shading, according to the
grouping (A, I, L, V), (F, W, Y), (E, D), (G, P), (K, R), (N, Q), (S, T),
(C), (H), and (M). Sequences missing in PAF49 are represented by
dashes. The sequences obtained by peptide microsequencing of PAF49
are indicated above the sequence of PAF49 as sequence 1, 2, or 3.
Asterisks under the sequence of CAST indicate clusters of basic amino

acids. The position of the amino acid insertion (GE) found in human
CAST is indicated by an open triangle above the sequence of PAF49
(see text for details). (B) Neighbor-joining tree of PAF49/ASE-1 se-
quences. The tree is based on the amino acid alignment in panel A and
is rooted at the midpoint.
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Pol IA fractions purified further by Mono-Q and glycerol gra-
dient fractionation contained neither PAF49 nor PAF53 (data
not shown). These results clearly indicate that PAF49 and
PAF53 are definite components of Pol IB.

PAF49 is physically associated with Pol I. To examine
whether PAF49 physically associates with Pol I core enzyme, a
coimmunoprecipitation assay was performed. Nuclear extracts
were incubated with a variety of affinity-purified antibodies as
well as control IgG, and then the immune complexes were
precipitated with protein A-Sepharose beads. As reported pre-
viously (53), the largest Pol I subunit, RPA194, was coimmu-
noprecipitated by an antibody against the RPA16 subunit (Fig.
3, lane 4, upper panel). RPA194 was also detected in the
immune complex precipitated by anti-PAF49 antibody (lane 3,
upper panel). Neither the control IgG nor an antibody against
the Pol II-specific subunit RPB11 (31) precipitated RPA194
(lanes 2 and 5, upper panel). On the other hand, the anti-
RPB11 antibody effectively precipitated the largest subunit of
RNA polymerase II, supporting the specificity of the antibod-
ies used. These results indicate that PAF49 physically associ-
ates with the Pol I core enzyme.

Examination of direct protein-protein contacts in the Pol I
complex by PAF49. To determine whether PAF49 directly
binds to Pol I subunits, we used the far-Western blotting tech-
nique. Purified Pol I was electrophoresed, blotted onto a ni-
trocellulose membrane, and then incubated with a protein
probe labeled with [35S]methionine by in vitro coupled tran-
scription-translation. The Pol I sample was also visualized by
Coomassie brilliant blue staining to assign individual far-
Western signals (Fig. 4A, lane 1). The largest and the second
largest subunits (RPA194 and RPA116) were identified by
size, and some of the others (RPA40 and RPA16) were iden-
tified by immunoblotting beforehand. When PAF49 was used
as the probe, a strong signal was observed at the position
corresponding to the third largest polypeptide band of Pol I
(lane 2). Although it seemed to be an apparently single band,
this region has been shown to contain PAF49 as well as PAF53
and its close relative, PAF51 (11). The PAF53 probe also
reacted with a polypeptide(s) in this region (lane 3), raising the
question of whether PAF49 and PAF53 interact with each
other (see below). To a lesser extent, PAF53 bound to RPA194
and RPA116. RPA40 and RPA194 also showed very weak
far-Western signals with the PAF49 probe. The functional sig-
nificance of these interactions needs to be examined further
(see Discussion).

PAF49 interacts with PAF53. The far-Western experiment
described above indicated that both PAF49 and PAF53 inter-
acted with a protein(s) in the region of the third largest
polypeptide. However, it could not distinguish heteromeric
interaction between PAF49 and PAF53 from self-interaction
by the individual factors. To address this issue, recombinant
fusion protein GST-PAF53 was purified from bacterial cells,
and its ability to interact with PAF53 or PAF49 was tested by
far-Western blotting. As shown in Fig. 4B, blotted GST-PAF53
was specifically bound by 35S-labeled PAF49 (lane 2), whereas
no obvious signal was detected with 35S-labeled PAF53 (lane
3). These results strongly suggest that the PAF-PAF interac-
tions detected in the primary far-Western blot with purified Pol
I were due to the heteromeric interaction between PAF49 and
PAF53. To confirm this, we performed a GST pulldown assay

FIG. 2. PAF49 is contained in Pol IB. (A) Schematic diagram of the
purification procedure for Pol IA and Pol IB from whole-cell extracts
(WCE). Abbreviations: PC, phosphocellulose; DEAE, DEAE-Sepha-
rose; CM, CM-Sepharose; Q, Mono-Q; GG, glycerol gradient fraction-
ation. The values represent the molar concentration of KCl used to
develop the column. (B) The flowthrough fraction (Pol IA; lane 1) and
0.3 M KCl fraction (Pol IB; lane 2) from CM-Sepharose were analyzed
by Western blotting with anti-RPA194, anti-PAF53, anti-PAF49, and
anti-RPA40 antibodies. (C) The glycerol gradient fractions (2 to 10,
recovered from the bottom to the top of the sediments, respectively)
were analyzed by Western blotting with anti-RPA194, anti-PAF53,
anti-PAF49, and anti-RPA40 antibodies.

FIG. 3. Physical association of PAF49 with Pol I core enzyme.
Mouse nuclear extracts (indicated in lane 1 as input) were incubated
with a control IgG (lane 2), affinity-purified anti-PAF49 antibody (lane
3), anti-RPA16 antibody (lane 4), or anti-RPB11 antibody (lane 5),
and then precipitated with protein A-Sepharose beads. The presence
of the Pol I-specific largest subunit (upper panel) or the Pol II-specific
largest subunit (lower panel) in each immune complex was determined
by Western blotting with anti-RPA194 antiserum and anti-CTD mono-
clonal antibody, respectively. IB, immunoblot.
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with PAF49 deletion mutants (Fig. 5A). Consistent with the
results of far-Western blotting, PAF53 bound to full-length
PAF49 fused to GST (Fig. 5B, lane 3) but not to GST alone
(lane 2). Deletion of the N-terminal 198 residues from PAF49
abolished PAF53 binding (lane 4), whereas the C-terminal 141
residues were dispensable for the interaction (lane 5). In con-
trast, PAF49 failed to interact with any form of the GST-
PAF49 fusion proteins (data not shown). These results dem-
onstrate that PAF49 binds to PAF53 through its N-terminal
region.

PAF49 interacts with TAFI48. Next we examined whether
PAF49 and PAF53 interact with other components of the
rRNA transcription machinery. GST fusion proteins with
PAF49 and PAF53 were incubated with 35S-labeled UBF1 and
the TBP-associated factors of the SL1 complex (TAFI95,
TAFI68, and TAFI48). Consistent with the previous report

(11), UBF1 interacted with PAF53 (Fig. 6A, uppermost panel,
lane 4). However, UBF1 could not bind to PAF49 (lane 3).
Among the proteins tested, TAFI48 exhibited the best inter-
action with PAF49 (lowermost panel, lane 3). A weak signal of
TAFI95 was detected with PAF53 (second panel, lane 4), sug-
gesting a possible interaction between PAF53 and TAFI95. In
contrast, RPA40 did not bind to any of the proteins tested (all
panels, lane 5).

To localize the region of PAF49 required for TAFI48 bind-
ing, labeled TAFI48 was incubated with the N-terminal or
C-terminal truncation mutant of PAF49 (Fig. 6B). Deletion of
the N-terminal half severely impaired the binding of PAF49 to
TAFI48 (lane 3), whereas the C-terminal deletion mutant of
PAF49 showed affinity comparable to that of TAFI48 (lane 4).
These results suggest that the N-terminal region of PAF49 is
important for the interaction with TAFI48. To confirm these
observations, a coimmunoprecipitation assay was performed.
HA-tagged full-length and truncation mutants of PAF49 were
coexpressed with Flag-tagged TAFI48 in culture cells, and the
nuclear extracts were precipitated with anti-Flag monoclonal
antibody. Full-length PAF49 was coprecipitated as well with

FIG. 4. Far-Western analysis of PAF49 and PAF53. (A) Purified
Pol IB was blotted onto a nitrocellulose membrane and then incubated
with 35S-labeled PAF49 (lane 2) or PAF53 (lane 3) prepared by in vitro
coupled transcription-translation reaction. A control labeling reaction
with an empty plasmid template was used as control probe (lane 4).
Same Pol I sample was also loaded onto the SDS-polyacrylamide gel,
and individual subunits of Pol I were stained by Coomassie brilliant
blue (lane 1). The positions of formerly identified subunits and PAFs
are indicated at the left. (B) The far-Western blotting experiment was
performed with purified GST-PAF53 and 35S-labeled PAF49 (lane 2)
or PAF53 (lane 3). The purity of GST-PAF53 was indicated by Coo-
massie staining (lane 1).

FIG. 5. PAF49 binds to PAF53 through its N-terminal region.
(A) Schematic presentation of GST-PAF49 fusion proteins: —, GST
protein alone; FL, full-length PAF49 fused to GST; �N, GST fusion
with PAF49 lacking the N-terminal 198 residues; �C, GST fusion with
PAF49 lacking the C-terminal 141 residues. (B) GST pulldown assay
with GST-PAF49 mutants and PAF53. The recombinant fusion pro-
teins GST-PAF49FL (lane 3), �N (lane 4), and �C (lane 5) as well as
GST alone (lane 2) were immobilized on glutathione beads and then
incubated with 35S-labeled PAF53. The bound protein was detected by
autoradiography after SDS-PAGE. Ten percent of the input PAF53
was electrophoresed in lane 1.
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TAFI48 (Fig. 6C, lane 6). In contrast, the N-terminal deletion
mutant was barely detectable in the immune complex (lane 7),
even though the protein was expressed equally well with full-
length PAF49 (compare lane 3 with lane 2). Deletion of the
C-terminal half of PAF49 moderately influenced the ability to
bind TAFI48 (lane 8). These results indicate that the N-termi-
nal region of PAF49 is important for the interaction with
TAFI48 and that the C-terminal region may also contribute, to
a lesser extent, to the interaction in vivo.

To confirm the physiological relevance of this interaction,
we tested whether the SL1 complex could be coprecipitated
with PAF49. Nuclear extracts were incubated with anti-PAF49

antibodies, and then immune complexes were precipitated with
protein A beads. As shown in Fig. 6D, all other SL1 subunits
(TAFI95, TAFI68, and TBP) were also coprecipitated with
PAF49 (lane 3). These results strongly suggest that TAFI48
interacts with PAF49 not only as an isolated polypeptide but
also as an integrated component of SL1. These results support
the “holoenzyme” hypothesis in that the basic components
required for rRNA transcription are preassembled in vivo (14,
34, 41).

Involvement of PAF49 in rRNA transcription. We then
asked whether PAF49 functioned in rRNA transcription.
PAF49-specific IgG (anti-PAF49 IgG) was purified from anti-

FIG. 6. PAF49 interacts with TAFI48 in vitro and in vivo. (A) GST-PAF49 (lane 3), GST-PAF53 (lane 4), and GST-RPA40 (lane 5) as well
as GST alone (lane 2) were immobilized on glutathione beads and then incubated with 35S-labeled UBF1 and the SL1 subunits TAFI95, TAFI68,
and TAFI48. After extensive washing of the beads, bound proteins were eluted by boiling in SDS sample buffer and applied to an SDS-
polyacrylamide gel. Ten percent of the input labeled protein was also included in lane 1. (B) GST-PAF49FL (lane 2), �N (lane 3), and �C (lane
4) were immobilized on glutathione beads and then incubated with 35S-labeled TAFI48. The bound protein was detected by autoradiography. Ten
percent of the input labeled TAFI48 was also included (lane 1). (C) NIH 3T3 cells were cotransfected with plasmids expressing Flag-tagged TAFI48
and various forms of HA-tagged PAF49 as well as the empty vector. The expression of HA-tagged full-length PAF49 (FL, lane 2), the N-terminal
truncation mutant (�N, lane 3), and the C-terminal truncation mutant (�C, lane 4) was confirmed in nuclear extracts by Western blotting. The
extracts were then immunoprecipitated with anti-Flag M2 affinity beads (lanes 5 to 8). The positions of the full-length and C-terminally truncated
forms of PAF49 in the immune complexes are indicated by arrowheads at the right. The amounts of Flag-tagged TAFI48 in the immune complexes
are shown in the lower panel (lanes 5 to 8). (D) Nuclear extracts were incubated with (lane 3) or without (lane 2) anti-PAF49 antibodies, followed
by precipitation with protein A beads. Each immune complex was analyzed by Western blotting with anti-TAFI95 antibody (upper panel),
anti-TAFI68 antibody (middle panel), or anti-TBP antibody (lower panel). About 6% of the input nuclear extracts were also examined on the left
(lane 1).
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PAF49 antiserum by protein A-Sepharose and PAF49 affinity
column chromatography. rRNA promoter-specific transcrip-
tion in vitro was performed in the presence of anti-PAF49 IgG
or control IgG. Anti-PAF49 IgG inhibited rRNA transcription
in a dose-dependent fashion (Fig. 7A, lanes 7 to 9), whereas
the control IgG did not affect transcription (lanes 2 to 4). The
transcriptional inhibition by anti-PAF49 IgG was relieved by
the addition of recombinant PAF49 (lane 10) but not by an
equal amount of bovine serum albumin (lane 11). Therefore,
anti-PAF49 IgG specifically interfered with rRNA transcrip-
tion in vitro.

The role of PAF49 on rRNA transcription was also exam-
ined in vivo. NIH 3T3 cells were transfected with a plasmid
expressing full-length PAF49 or its N- or C-terminal truncation
mutant, and the amounts of unprocessed pre-rRNA transcripts
were quantitated by primer extension assay to determine the
rate of rRNA transcription initiation in the transfected cells.
Pre-rRNA synthesis was barely affected in the cells expressing
either full-length PAF49 or the N-terminal truncation mutant
(Fig. 7B, lanes 2 and 3). On the other hand, we reproducibly

detected a 20 to 30% reduction in cellular pre-rRNA in cells
expressing the C-terminal truncation mutant (Fig. 7B, lane 4;
see also Fig. 7C for quantitative representation, P 
 0.01). The
amounts of the ectopically expressed proteins were compara-
ble among the transfected cells (Fig. 7D). Together, these
results strongly suggest that PAF49 functions in rRNA tran-
scription.

Growth-dependent nucleolar accumulation of PAF49. rRNA
synthesis and subsequent processing occur in the nucleolus
(reviewed in reference 44). It is also known that the rRNA
transcription highly correlates with cell growth and metabolism
(reference 43 and references therein). We thus compared the
subcellular distribution of PAF49 in growing cells and growth-
inhibited cells. In exponentially growing NIH 3T3 cells, a few
large discrete nucleoli were observed in cell nuclei, where the
ribosomal transcriptional activation factor UBF accumulated
(Fig. 8A). PAF49 was colocalized with UBF in this culture
(Fig. 8B and C). When cells were cultured in serum-restricted
medium, some PAF49 dispersed into the nucleoplasm, though
some remained in the nucleoli (Fig. 8E). The nucleoli became

FIG. 7. Inhibition of rRNA transcription in vitro by anti-PAF49 antibody and in vivo by overexpression of the PAF49 mutant. (A) Nuclear
extracts (30 �g) were incubated with affinity-purified anti-PAF49 IgG (lane 7, 0.8 �g; lane 8, 1.6 �g; lanes 9 to 11, 3.2 �g) or control IgG (lane
2, 0.8 �g; lane 3, 1.6 �g; lanes 4 to 6, 3.2 �g) in the absence (lanes 1 to 4 and 7 to 9) or the presence of 4.2 �g of recombinant PAF49 (lanes 5
and 10) or bovine serum albumin (lanes 6 and 11). Then, the template DNA containing the rRNA promoter and nucleotides was added for in vitro
transcription. The promoter-specific transcripts were analyzed on a denaturing polyacrylamide gel and visualized by autoradiography. (B) NIH 3T3
cells were transfected with expression plasmids for Flag-tagged PAF49 or its deletion mutants. Total RNA were recovered after incubation for 24 h
and analyzed by primer extension assay with a 5�-labeled pre-rRNA primer and �-actin primer. (C) Summary of the primer extension assay results.
The relative transcription rate of pre-rRNA was obtained by normalizing the amounts of pre-rRNA to those of �-actin mRNA and compared with
the control value. Values are represented as averages of three independent experiments with the standard deviation. *, P 
 0.01, Student’s t test
(�C versus full-length PAF49). (D) The amounts of ectopically expressed PAF49 and its deletion mutants were determined by Western blotting
with anti-Flag M2 monoclonal antibody.
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smaller and increased in number, and UBF remained in these
tiny nucleoli (Fig. 8D). A small population of PAF49 also
localized in nucleoli as well as in the nucleoplasm (Fig. 8F).
Similar distribution of PAF49 was also observed in the nuclei
of density-arrested cells (data not shown). These results clearly
demonstrate that PAF49 accumulates in the nucleolus in ac-
cordance with cell proliferation.

DISCUSSION

We reported the RNA polymerase I-associated factor
PAF53 previously (11). Here we describe the characterization
of another Pol I-associated factor, PAF49. PAF49 shows
strong homology to the human protein ASE-1. Initially, ASE-1
was predicted as an open reading frame present in the anti-
sense orientation to the gene coding for the DNA repair en-
zyme ERCC-1 and was thus given the name ASE-1, standing
for antisense to ERCC-1 (46). Subsequently, another group
identified the gene product as a nucleolar protein by screening
a HeLa cDNA library with a human autoimmune serum (48).
They showed that ASE-1 occurred at the fibrillar center in
interphase and then in the nucleolar organizer regions during
cell division. The N-terminal 197 amino acids of PAF49 show
66% identity with that of ASE-1. Although the C-terminal half
of PAF49 also shows substantial homology (48% identity and
63% similarity), there are several extra sequences within the
C-terminal half and at the C terminus of ASE-1.

Among the conserved sequences in the C-terminal region, a
motif rich in lysine and arginine residues was repeatedly ob-
served. All or some of the basic motifs may serve as a nuclear
and/or nucleolar localization signal, although they do not re-
semble the representative nuclear or nucleolar localization sig-
nals. Three of the five basic repeats are also conserved in the
lamprey homologue. Phylogenetic analysis revealed that the
mouse and human sequences are closer homologues than the
lamprey sequence. Interestingly, when we used the lamprey
sequence in the search of the database by the PSI-BLAST
algorithm, S. cerevisiae gene RPA34 was detected as a related
sequence, with 9.8% identity. RPA34 encodes A34.5, a 34.5-
kDa phosphoprotein that copurifies with S. cerevisiae Pol I (9).
Although RPA34 showed more superficial similarity to PAF49/
ASE-1, it is tempting to speculate on a potential link between
these proteins (see below).

A human protein that is quite similar to ASE-1 has been
reported to function in the signal transduction pathway for
T-cell activation. This protein, named CAST for a CD3ε-asso-
ciated signal transducer (52), was identified by West-Western
screening of a �gt11 expression library with a 32P-labeled pro-
tein probe containing the cytoplasmic domain of CD3ε. The
primary sequence of CAST differs from that of ASE-1 only by
insertion of two amino acids (glycine-glutamic acid) at position
8 of ASE-1 (Fig. 1). When a T-cell hybridoma overexpressing
HA-tagged CAST was stimulated by cross-linking with anti-
CD3ε monoclonal antibody, a unique tyrosine residue at posi-

FIG. 8. PAF49 accumulates in the nucleolus of growing cells. NIH 3T3 cells were grown in culture medium containing 10% (A to C) or 0.1%
(D to F) calf serum. The cells were then fixed and incubated with anti-UBF mouse monoclonal antibody and anti-PAF49 rabbit polyclonal
antibodies, followed by fluorescent secondary antibodies. Images were obtained separately for UBF (red; A and D) and for PAF49 (green; B and
E) or merged (C and F); yellow spots indicate colocalization of UBF and PAF49.
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tion 82 became phosphorylated. The mutant form of CAST,
having a substitution of this tyrosine residue to phenylalanine,
or truncations from the N and C termini leaving the minimal
CD3ε-binding region intact, dominantly inhibited the NFAT-
dependent induction of interleukin-2 upon T-cell receptor
stimulation (52). Our preliminary experiments indicated that
T-cell receptor stimulation did not phosphorylate the con-
served tyrosine residue of PAF49 (data not shown). Moreover,
PAF49 was localized to the nucleolus in growing cells, while
CAST has been reported to be located in both the cytoplasm
and nucleus (52). PAF49 showed sharply different character-
istics from CAST. Although it is not known at present whether
ASE-1 and CAST functionally represent two sides of a single
gene product, we at least favor the idea that ASE-1 is the likely
human orthologue of PAF49.

We have shown here that PAF49 has multiple protein-pro-
tein interactions in the Pol I transcription machinery. Far-
Western blotting experiments showed PAF49 binding to a set
of the Pol I subunits with different affinities. Among them, we
further examined the interaction of PAF49 with RPA40 by a
yeast two hybrid-system. However, no activation of the re-
porter genes was observed (data not shown). Thus, more de-
tailed analysis should be required to fully describe the PAF49-
Pol I subunit interactions. Isolation of cDNAs encoding these
candidate Pol I subunits is in progress. The most prominent
far-Western signal was observed from the interaction with the
third largest polypeptide, which was then shown to be the
specific interaction between PAF49 and PAF53. Given the
stoichiometric composition of the purified Pol I used here, it is
plausible that the association of PAF49 with Pol I may depend
primarily on PAF53. Actually, the cellular content of PAF49
was far less than that of PAF53, raising the possibility that the
association of PAF49 with Pol I confers an extra potential on
the Pol I enzyme (see below).

PAF49 was also shown to interact with murine TAFI48 (Fig.
6). It was demonstrated both in vitro and in vivo that the
N-terminal domain of PAF49 was required for this interaction.
This N-terminal region also participated in the binding to
PAF53 (Fig. 5). This region is highly conserved between mouse
PAF49 and the human counterpart ASE-1, whereas the C-
terminal halves of the molecules show less conservation. In
contrast, both PAF53 and TAFI48 have overall similarity be-
tween mouse and human in the entire primary sequences (17)
(data not shown). Thus, the N-terminal region of PAF49 might
be conserved to fold into a proper structure for protein-protein
interactions with PAF53 and TAFI48, while the C-terminal
half might have evolved so that it may participate in a species-
specific function (16, 50). Actually, the anti-PAF49 polyclonal
antibody, which was raised against the N-terminal region of
PAF49, abolished promoter-specific transcription in vitro (Fig.
7A), indicating that the protein-protein interactions between
the N-terminal region of PAF49 and PAF53/TAFI48 are fun-
damentally important in rRNA transcription. More detailed
structure-function relationships must be examined to under-
stand the roles of the C-terminal region of PAF49 and the
meaning of its divergence among different species.

We have reported previously that there are free and tran-
scriptionally engaged Pol I in mammalian cells (25). In accor-
dance with this observation, CM-Sepharose column chroma-
tography resolved Pol I into two forms during purification from

cell extracts, one (Pol IB) containing PAF53 and the other (Pol
IA) not (11). Both forms of Pol I were equally active in the
random transcription assay, whereas only Pol IB directed pro-
moter-specific transcription in vitro. Indeed, anti-PAF53 anti-
body inhibited promoter-specific transcription but did not have
any inhibitory effects on random transcription in in vitro assays.
In addition, PAF53 accumulated in the nucleolus of growing
cells but not in serum-starved cells (11). These findings led us
to the idea that the association of PAF53 is required for the
commitment of Pol I to the initiation of rRNA transcription.
Seither et al. (40), however, claimed that PAF53 is not an
associated regulatory factor but a bona fide subunit of Pol I.
Although it may depend on the definition of the core Pol I, we
demonstrated here again that PAF53-containing Pol IB could
be separated from PAF53-lacking Pol IA and further showed
that another molecule, PAF49, was also present exclusively in
Pol IB (Fig. 2).

Because the experimental approaches of Seither et al. were
significantly different from ours, it is difficult to interpret the
discrepancy at present. However, growth-dependent nucleolar
accumulation and redistribution to the nucleoplasm (Fig. 8)
strongly support the idea that PAF49 actually changes its state
to engage in rRNA transcription in vivo. As mentioned above,
it is interesting that short stretches of amino acids in the
PAF49 sequence show similarities to the A34.5 subunit of S.
cerevisiae Pol I. Cells devoid of A34.5 are viable but generate
a structurally modified Pol I which lacks the A49 subunit in
addition to A34.5 upon in vitro purification (9). S. cerevisiae
A49 and the related Schizosaccharomyces pombe RPA51 have
slight similarity to mouse PAF53 (11, 21, 30). The yeast HMG-
box protein Hmo1 genetically interacts with A49 (10).

It has been speculated that the Pol I* form, which lacks A49
and A34.5 (18), is physiologically relevant and coexists in vivo
with the complete enzyme (9). Thus, the situation of A49 and
A34.5 in S. cerevisiae is reminiscent of that of PAF53 and
PAF49 in the mouse. To understand the physiological mean-
ings of dissociation and association of PAF53 and PAF49/
ASE-1 with mammalian Pol I, reconstitution of Pol IB by
recombinant PAFs and Pol IA is certainly required. We have
been attempting this but have not succeeded because of the
instability of full-length PAF49 recombinant protein in both
bacterial and insect cells. Moreover, we found that PAF49 was
likely to have a sort of posttranslational modifications which
were important for the association of PAF49 with the Pol I
core enzyme (K. Yamamoto and T. Matsuyama, unpublished
data).

Recently, Zomerdijk and colleagues reported alternative
forms of Pol I from human cells: the transcriptionally inactive
bulk complex (Pol I�) and the subpopulation (Pol I�) that is
competent for specific transcription (27). The latter form of
Pol I has been shown to contain the human homologue of Rrn3
(hRRN3), an essential transcription factor of Pol I-dependent
transcription in S. cerevisiae (20, 27, 28, 51). hRRN3 mediates
the recruitment of Pol I to the preinitiation complex by inter-
acting with hTAFI110 and hTAFI63. Importantly, it was noted
that PAF53 was found in both the Pol I� and Pol I� prepara-
tions (27). We examined the integration of RRN3 in our Pol I
preparations with anti-hRRN3 polyclonal antibodies, but un-
fortunately the antibodies did not cross-react with murine
RRN3 even in nuclear extracts (data not shown). Thus, it is not
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clear at present whether PAF49 is contained in either Pol I� or
Pol I�. However, our preliminary experiments suggested that
not all the PAF53-containing Pol I population possessed
PAF49. Taking into account the fact that PAF49 binds to SL1
(Fig. 6) and chromatin-associated transcription factors (K.
Yamamoto, T. Matsuyama, and M. Muramatsu, unpublished
observations), PAF49 may confer additional transcription po-
tency on Pol I in concert with RRN3.
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