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Esf2p is the Saccharomyces cerevisiae homolog of mouse ABT1, a protein previously identified as a putative
partner of the TATA-element binding protein. However, large-scale studies have indicated that Esf2p is
primarily localized to the nucleolus and that it physically associates with pre-rRNA processing factors. Here,
we show that Esf2p-depleted cells are defective for pre-rRNA processing at the early nucleolar cleavage sites
A0 through A2 and consequently are inhibited for 18S rRNA synthesis. Esf2p was stably associated with the 5!
external transcribed spacer (ETS) and the box C!D snoRNA U3, as well as additional box C!D snoRNAs and
proteins enriched within the small-subunit (SSU) processome/90S preribosomes. Esf2p colocalized on glycerol
gradients with 90S preribosomes and slower migrating particles containing 5! ETS fragments. Strikingly, upon
Esf2p depletion, chromatin spreads revealed that SSU processome assembly and compaction are inhibited and
glycerol gradient analysis showed that U3 remains associated within 90S preribosomes. This suggests that in
the absence of proper SSU processome assembly, early pre-rRNA processing is inhibited and U3 is not properly
released from the 35S pre-rRNAs. The identification of ABT1 in a large-scale analysis of the human nucleolar
proteome indicates that its role may also be conserved in mammals.

Ribosome biogenesis is a complicated pathway that requires
in eukaryotes an excess of 200 protein trans-acting factors and
just as many small nucleolar RNAs (snoRNAs) (27, 28, 30, 38).
The process is initiated and largely takes place in the nucleolus,
a dedicated subcellular compartment. RNA polymerase I (Pol
I) transcription generates a large precursor (35S in Saccharo-
myces cerevisiae) encoding three out of the four mature rRNAs
(5.8S, 18S, and 25S rRNAs). Mature sequences are released
from noncoding spacer regions (5" and 3" ETS and ITS1 and
ITS2), following a relatively well-established processing path-
way involving both endoribonucleolytic and exoribonucleolytic
digestions (Fig. 1A) (reviewed in references 30 and 45). 5S
rRNA is encoded by a Pol III transcript and matured indepen-
dently.

Most ribosome biogenesis factors are localized to the nucle-
olus, are essential for cell viability, and are components of
large preribosomal protein complexes. Consequently, pro-
teomic analyses have resulted in the identification of many
potential new rRNA processing factors (RRPs) (reviewed in

references 10 and 19), and the use of affinity purification has
delineated distinct and presumably successive preribosomal
complexes (reviewed in references 10, 12, and 46). Among
these is the small-subunit (SSU) processome (3, 4, 9, 14, 35), a
U3-containing ribonucleoprotein complex primarily involved
in the three initial pre-rRNA processing reactions (cleavage at
sites A0 through A2) (see Fig. 1A) and therefore required for
18S rRNA synthesis.

As 35S pre-rRNA molecules emerge from the Pol I tran-
scription machinery, 5" pre-rRNA termini are bound by U3
and early RRPs, generating the so-called “terminal knobs.”
These are visualized by electron microscopy on chromatin
spreads at the ends of the rRNA gene “Christmas tree”
branches (9, 11, 35). In yeast, initial knobs condense around
pre-18S rRNA sequences into larger structures that corre-
spond to the SSU processome/90S preribosomes. SSU proces-
somes are first detected in a loose configuration and, as pre-
18S rRNA sequences undergo additional folding, are further
compacted into tight structures (35). Yeast chromatin spreads
also reveal a significant level of cotranscriptional cleavage at
site A2, resulting in the SSU processomes being cleaved from
the transcripts (35). Compaction of the knobs and cotranscrip-
tional cleavage follow strict kinetics under optimal growth con-
ditions, with knob compaction occurring roughly once tran-
scription reaches the middle third of the rRNA gene and
cotranscriptional cleavage soon after (35). Note that the 90S
preribosomes, formally based on the 35S pre-rRNAs, and the
SSU processomes, resulting from the assembly of U3 and pre-
18S rRNA sequences, are biochemically similar and may be
functionally indistinguishable. However, results of affinity pu-
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rifications with individual tagged protein subunits vary consid-
erably and indicate that this large RNP is dynamic and heter-
ogeneous in composition and that its internal architecture is
complex and modular (9, 18, 29, 36, 41).

Many of the U3-associated proteins (UTPs) remain associ-
ated with 5" ETS fragments following cleavages at sites A0

through A2 (29, 36). In total cellular extracts, U3 is detected
in three pools as follows: (i) as free small nucleolar RNPs
(snoRNPs), (ii) engaged through Watson-Crick base pair in-
teractions with the 35S pre-rRNA within the SSU processome/
90S preribosomes, and (iii) within the cleaved 5" ETS-based
RNP (5, 20, 48). It is not known how the U3 RNP is recruited
to nucleolar preribosomes or whether or how any of its con-
stituents are recycled following cleavages at sites A0 through A2.

Ynr054cp is a protein that several genomic and proteomic
analyses have identified as a potential RRP factor (see below);
however, the mouse homolog was previously characterized as
ABT1 (activator of basal transcription) and was reported to
bind directly to TATA binding protein (34). Here, we present
several lines of evidence that Ynr054cp is a bona fide compo-
nent of the SSU processome. Both biochemical and phenotypic
analyses indicate a role in early nucleolar cleavage sites A0

through A2, required for 18S rRNA synthesis, a stable associ-
ation with U3 and 5" ETS fragments, and a requirement for
terminal knob formation and SSU processome assembly. We
have named the gene ESF2 (for eighteen S factor 2) following

our previous nomenclature for a gene with similar genetic and
biochemical properties (ESF1 [36]).

MATERIALS AND METHODS

Bioinformatics. ESF2 is YNR054C. Multiple alignments were performed with
Clustal W, and setup was performed with Blosum62. The physical interaction
network was visualized with Osprey (http://biodata.mshri.on.ca/osprey/servlet/
Index) and edited manually. The set of interactions reported in the manuscript
was used as a backbone and complemented with interactions from high-through-
put data sets (15, 23, 26, 29), as well as specific data sets for Esf2p (22), Esf1p
(36), and Pwp2p (8). For clarity, nodes with fewer than two connections are not
represented in Fig. 4D.

Yeast strains. The tet::esf2 strain is TH_5627 and the isogenic wild type is
R1158 (32). The strains expressing Esf2p tagged with tandem affinity purification
(Esf2p-TAP), Gln1p-TAP, and Ths1p-TAP were obtained from the University of
California—San Francisco collection (16). The untagged control strain is
BY4741 (17). For Esf2p-eGFP strains, a PCR cassette for carboxyl-terminal
tagging was generated with plasmid pKT128 or pKT209 and integrated at the
ESF2 locus, according to reference 42, generating strains YDL892 (ESF2-eGFP-
CaURA3) and YDL893 (ESF2-eGFP-SpHIS5), respectively. The tet::esf2
UTP18-TAP strain (YDL902) was generated by the integration of a PCR UTP18-
TAP-HIS3MX6 cassette at the UTP18 locus in strain TH_5627.

RNA extraction and Northern blotting. For the depletion of Esf2p protein, the
tet::esf2 strain (and the isogenic wild-type control strain R1158) was exposed to
10 #g/ml doxycycline (DOX) (Sigma) for a total of up to 24 h before harvesting
for RNA extraction. For Fig. 2, strains were grown in complete yeast extract-
peptone-dextrose (YPD) medium. Identical results were obtained when cells
were grown in synthetic dextrose (SD) medium (data not shown). RNA extrac-
tion and Northern blotting were performed as described previously (7).

For Fig. 3, oligonucleotides 001 through 006 are identical to those described in
reference 7; oligonucleotide probe 007 is ETS-A0 (see below). For Fig. 5B and

FIG. 1. Esf2p is required for normal pre-rRNA processing. (A) Yeast pre-rRNA processing pathway. The 18S, 5.8S, and 25S rRNAs are
encoded within a single large RNA Pol I transcript (35S). Mature sequences are interspersed with noncoding external (5" and 3") as well as internal
(1 and 2) transcribed spacers. For a complete description of the pathway, see the text and reference 30. Cleavage sites (A0 to E) and the
oligonucleotide probes used (001 through 007) are indicated. (B) Pulse-chase analysis. tet::esf2 and wild-type isogenic cells were grown in synthetic
medium containing doxycycline for 24 h, pulsed with methyl-3H, and chased with an excess of cold methionine and samples collected at the times
indicated. Total RNA was extracted and fractionated on denaturing agarose gels. Equal counts were loaded (20,000 cpm); the left exposure was
for 3 days, the right for 18 days.

5524 HOANG ET AL. MOL. CELL. BIOL.



C, the oligonucleotide probes used and their sequences were as follows: EC2,
5"-TCCAATGAAAAGGCCAGCAATTTCAAGTTAACTCCAAAGAGTAT
CACTCAC-3"; 5" ETS-A0, 5"-GGAAATGCTCTCTGTTCAAAAAGCTTTTA
CACTCTTGACCAGCGCACTCC-3"; U3, 5"-CCCTATCCCTTCAAAAAAG
AAGTACATAGGATGGGTCAAGATCATCGCGC-3"; U14, 5"-GCGGTCAC
CGAGAGTACTAACGA-3"; snR10, 5"-CACATTCTTCATGGGTCAAGAAC
GCCCCGG-3"; snR30, 5"-TCCATATATATCATGGCAACAGCCCCCGAA-
3"; snR40, 5"-TGGGTATACTTAATCCTTCATAGGACACCT-3"; snR68, 5"-A
CAGCCCCCGTCAATACGATAACGCAGTAA-3"; snR36, 5"-GTCATCCAG
CTCAAGATCGTAATATTG-3"; snR43, 5"-CGAGACGCCGTCTACGGTTG
TATC-3"; snR38, 5"-ACAAATATCAACATATGAGAGGTTACCTATTATT
ACCCATTCAGACAGGG-3"; snR75, 5"-CATGAATGGTAATTTTAATAGT
TGTGTCTTCACGAATGATCAGACTCGTC-3"; and tRNATrp, AACCTGCA
ACCCTTCGA.

Primer extension was as described previously (7).
Pulse-chase labeling. R1158 (wild type) and the tet::esf2 mutant were trans-

formed with pRS411 (a plasmid containing MET15) and grown to 0.8 $ 107

cells/ml over a period of 24 h in SD-Met medium containing 10 #g/ml doxycy-
cline. Pulse-chase labeling, use of gels, and autoradiography were performed as
described previously (36).

Affinity purification. Four liters of tandem affinity purification-tagged cells (or
untagged negative control cells) was grown in YPD to 1.5 $ 107 cells/ml and
harvested by brief centrifugation. The cell pellets were washed twice with cold
water and frozen with liquid nitrogen. Frozen cell pellets were broken with dry
ice in a small coffee grinder (Krups), and 10 ml IPP150 buffer (10 mM Tris, pH
8.0, 150 mM NaCl, 0.1% Triton X-100) plus 1 mM dithiothreitol and protease
inhibitors were added to the lysed cells. The broken cells were subjected to
centrifugation at 13,000 rpm in an SS-34 rotor (20,200 $ g) for 1 h at 4°C. The
lysates were mixed with 200 #l immunoglobulin G-agarose beads for 2 h at 4°C.
After five washes with 0.5 ml IPP150 buffer, the eluates from immunoglobulin G
columns were further purified with calmodulin as previously described (29). The
RNA associated with the complex was extracted with phenol-chloroform, and
RNase-free DNase I was used to remove DNA in the samples as described
previously (29). The purified proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on gels containing 10% poly-
acrylamide, visualized by silver staining, and identified by matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) mass spectrometry.

For Northern and microarray analysis of RNA in protein complexes purified
by tandem affinity purification, affinity-purified fractions equivalent to 1.3 liters
of cells were extracted with phenol, ethanol precipitated, and treated with DNase
I as described previously (29). Array design, array hybridizations, and data
processing followed reference 49. Briefly, the raw log ratios for each oligonucle-
otide were calculated from the median intensity at each spot, and the data were
normalized by applying a lowest smoother to the ratios of each experiment over
intensity. RNA species with high ratios over multiple oligonucleotides detecting
the same transcript were taken as the strongest candidates for bona fide enrich-
ment in the Esf2p-TAP purification. Probe sequences and all data are compiled
at our website (http://hugheslab.med.utoronto.ca/Hoang).

Glycerol gradients. For Fig. 3, lysis in buffer A200 (20 mM Tris-HCl, pH 8.0,
200 mM K acetate, 5 mM Mg acetate, 0.2% Triton X-100, 1 mM dithiothreitol)
was performed, and the gradients were prepared in 60 mM salt as described in
reference 6. For Fig. 5, both cell lysis and the gradients were prepared in A200.

GFP fluorescence. Esf2p-enhanced green fluorescent protein (eGFP)-express-
ing cells were grown to mid-log phase in complete medium. The fusion protein
was detected directly in live cells with a Zeiss Axioskop2 Plus microscope
equipped with a Plan Neofluar 100$/1.30 objective. Acquisition was performed
with an AxiocamHRm camera and the native Axiovision4 software from Zeiss
(release 4.1). Cells were counterstained with DAPI (4",6"-diamidino-2-phenylin-
dole), which labels the bulk of the DNA.

Chromatin spreads were performed as described in reference 35. Semiquan-
titative analysis (Table 1) was established by visual inspection of printed micro-
graphs and evaluated with Student’s t test.

RESULTS

Bioinformatic analyses of large-scale data suggest that Esf2p
is a preribosomal trans-acting factor. Our analysis of Esf2p
was prompted by the results of several large-scale studies that,
taken together, suggested that this protein may play a role in
ribosome biogenesis. First, Esf2p was found to be physically
associated with Utp1p/Pwp2p, a core component of the SSU
processome (9), in the tandem affinity purification data of
Gavin et al. (15). With over 20 listed interactions with known
UTPs, Utp1p is the most highly connected constituent of the
SSU processome. In a separate study (23), Esf2p was found to
be in physical association with Esf1p, an 18S rRNA biogenesis
factor also associated with some components of the SSU pro-
cessome (36). A large-scale GFP localization study (24) placed
Esf2p in the nucleolus and, to some minor extent, in the cyto-
plasm. The ESF2 gene is required for cell viability (34), which
is characteristic of many ribosome biogenesis factors, and the
mRNA expression profile of a tetracycline (Tet)-regulatable
promoter allele of ESF2 correlated most highly with Tet-reg-
ulatable promoter mutants in other genes encoding ribosome
biogenesis factors (32).

Esf2p in both plants and mammals is conserved at the pri-
mary sequence level (data not shown), and the only character-
ized homolog of Esf2p is encoded by ABT1 (see Discussion),
which appears to be single copy in all fully sequenced mam-
malian genomes. Although sequence similarity is high through-
out most of the alignment, there are some differences between
the sequences from different organisms; for example, yeast
Esf2p has a 43-amino-acid N-terminal extension and a 20-
amino-acid insertion (data not shown). SMART (31), pfam
(2), and prosite (25) domain searches detected a noncanonical
RNA recognition motif in most of these sequences, supporting

TABLE 1. Average numbers of SSU processomes and cleaved transcripts in Esf2p depletion and control conditions

Condition
(no. of genes analyzed)

Avg value (range)b

No. of SSU
processomes/gene

Position of first SSU
processomec

No. of transcripts in
last half of gene

No. of cleaved
transcripts

% of cleaved transcripts
in second half of gene

Control (11) 9.6 (3–18) 52.3 (40–65) 28 (17–40) 8.1 (4–20) 29 (14–50)

Depletion time (h)a

10 (15) 9.7 (5–16) 48 (40–75) 20.6 (12–31) 7.4 (1–19) 36 (6–76)
18 (17) 7.9 (0–26) 53.8 (20–75) 24 (13–39) 2.1 (0–5) 8.6 (0–21)
24 (15) 6.1 (1–18) 64 (50–100) 18.2 (10–23) 1.7 (0–4) 9.5 (0–27)
a Depleted strains were grown in 10 #g/ml doxycycline for the number of hours indicated.
b The percentage of cleaved transcripts at each time point was evaluated with Student’s t test. Results for the control and 10-hour depletion were not significantly

different from each other, and neither were those for the 18-hour and 24-hour depletions. All other paired combinations were significantly different, with P values of
0.0002 or lower.

c Percent distance along gene from 5".
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a role in RNA metabolism. Taken together, these pieces of
evidence motivated us to explore in more detail the potential
role of Esf2p in ribosome biogenesis.

Esf2p is required for early nucleolar pre-rRNA processing
reactions. Since Esf2p is an essential gene (34), our functional
analysis used a Tet-regulated allele (tet::esf2) (32, 37) in which
ESF2 was placed under the control of a Tet-regulatable pro-
moter, allowing specific transcriptional shutoff upon the addi-
tion of doxycycline to the growth medium (see Materials and
Methods). In the case of ESF2, the depletion by the Tet tran-
scriptional fusion was incomplete, as judged by growth defects
(doubling times of 140, 166, and 260 min at the 0-, 10-, and
20-h time points of depletion, respectively). After the strains
had been in doxycycline for 24 h, the doubling time had
reached a steady value (260 min) corresponding to about twice
the doubling time of the wild-type strain (120 min). This level
of repression was, however, sufficient to cause not only a
growth inhibition but, in addition, specific defects in ribosome
synthesis and SSU processome metabolism (see below).

To investigate a possible involvement of Esf2p in RNA Pol
I transcription and/or pre-rRNA processing, tet::esf2 and wild-
type isogenic cells were grown in synthetic (SD-Met) medium
to mid-log phase in the presence of doxycycline for 24 h,
pulse-labeled with 250 #Ci tritiated methyl-methionine for 2
min and chased with an excess of cold methionine. Samples
were collected at 0, 2, 5, and 15 min of chase. Total RNA was
extracted, separated on denaturing agarose gels, and trans-
ferred to nylon membranes for autoradiography (Fig. 1B).

In wild-type yeast cells, the primary Pol I transcript, 35S
pre-rRNA, is initially cleaved in the 5" external transcribed
spacer (5" ETS) at sites A0 and A1 and within the internal
transcribed spacer 1 (ITS1) at site A2 (Fig. 1A), generating
successively the 33S and 32S pre-rRNAs. Cleavage at sites A0

through A2 occurs very rapidly following transcription, and
consequently, only low levels of the primary transcript and the
33S/32S precursors are normally detected in wild-type cells
(Fig. 1B).

Upon depletion of Esf2p, the 35S pre-rRNA and all other
precursor and mature forms were observed. However, the 35S
and, to some lesser extent, the 33S/32S precursors were mildly
accumulated and chased to 27SA and 20S pre-rRNAs with
slowed kinetics. This indicates that the early nucleolar process-
ing events (cleavage at processing sites A0 through A2) are
inhibited. Consistent with this, the aberrant 23S RNA that
results from direct cleavage of the 35S pre-rRNA at site A3 in
the ITS1, in the absence of cleavage at sites A0 through A2, was
accumulated. In addition, the maturation of the 20S pre-rRNA
to 18S rRNA appeared substantially slowed, resulting in a
decrease in the production of mature 18S rRNA. In contrast,
27S processing was not severely perturbed and 25S rRNA
synthesis was only marginally affected.

Inhibition of cleavage at sites A0 through A2 was confirmedFIG. 2. Esf2p is required for nucleolar pre-rRNA processing at
cleavage sites A0 through A2. (A) Northern blot analysis. tet::esf2 and
wild-type isogenic cells were grown in complete medium and main-
tained in exponential phase by dilution with fresh medium. Samples
were collected in the absence of doxycycline (0-h time point) and
following the addition of the antibiotic for 5 and 24 h. Total RNA was
extracted, separated on agarose/formaldehyde gels, and processed for
Northern blot hybridization. The oligonucleotide probes used (Fig. 1A)
are indicated. The 18S-to-25S ratio was established by phosphorimager
quantitation (Typhoon 9200/ImageQuantTL v2003.03; GE Health-
care). Note that for tet::esf2 strains, the pre-rRNA processing defect in

the absence of doxycycline is already detected (0-h time point), sug-
gesting that the level of ESF2 mRNA is already reduced by the Tet
transcriptional fusion in the absence of doxycycline-mediated repres-
sion L, Long; S, short. (B) Primer extension analysis. Total RNA from
Esf2p-depleted and isogenic control cells was also used as a template
in primer extension experiments with oligonucleotides 001 and 005.
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by Northern blotting and primer extension experiments (Fig.
2A and B, respectively). tet::esf2 and isogenic wild-type cells
were grown in complete medium to mid-log phase, and cells
were collected at regular intervals following the addition of
doxycycline (Fig. 2 shows analyses of samples under conditions
of 5 and 24 h of depletion in the presence of doxycycline).
Total RNA was extracted, and processed for either Northern
blotting or primer extension analysis (Fig. 2A and B, respec-
tively).

Hybridization with a collection of oligonucleotide probes
specific to subsets of pre-rRNAs and mature rRNAs (Fig. 1A)
confirmed our initial observations of a significant delay in the
initial processing at sites A0 and A1 (elevated amounts of 35S
and 33/32S) and inhibition of cleavage at A2 (substantial re-
duction in 27SA2 and 20S). The reduction in 20S pre-rRNA
accumulation led to an inhibition in 18S rRNA synthesis rel-
ative to 25S that was estimated by phosphorimager quantita-
tion to be about 50% after 24 h of depletion (Fig. 2A). The
mild accumulation of the aberrant 23S RNA is consistent with
inhibition of cleavage at sites A0 through A2. The pathways of
5.8S and 25S rRNA synthesis were not significantly affected
(essentially equal levels of 27SB, 25S, 7S, and two forms of 5.8S
were observed).

For the primer extension analysis, cDNAs were extended
across the 5" ETS and the ITS1 from oligonucleotides 001 and
005, respectively, in order to detect the transcription start site
(!1), as well as cleavage sites A0, A2, A3, B1L, and B1S (Fig.
2B). Delayed cleavage at sites A0 and A1 was confirmed by an
increased signal at !1 and A0. The reduction in the steady-
state level of 27SA2 observed by Northern blot hybridization
was corroborated by a strong reduction in the signal at A2 in
the primer extension assay (Fig. 2B). Processing at sites A3,
B1L, and B1S, which initiate the synthesis of the 5.8S and 25S
rRNAs, was not affected (Fig. 2B and data not shown).

Finally, the steady-state level of the snoRNAs known to be
required for pre-rRNA processing at sites A0 through A2 (i.e.,
U3, snR10, and snR30) was tested and found to be unaffected
(data not shown).

In conclusion, Esf2p is required for early nucleolar pre-
rRNA processing at sites A0 through A2. Inhibition of cleavage
at these sites results in a decrease of about 50% in the pro-
duction of the 18S rRNA, the RNA component of the small
ribosomal subunit. However, Esf2p is not required for the
accumulation of snoRNAs required for processing at these
sites.

Esf2p is stably associated with U3-specific proteins within
90S preribosomes and 5! ETS-containing RNPs. The require-
ment for Esf2p in cleavage at sites A0 through A2 suggested
that the protein is acting at an early stage in preribosome
assembly. To establish whether Esf2p is a component of pre-
ribosomal particles, in particular, of the SSU processome/90S
preribosomes, the sedimentation profile of a functional epitope-
tagged version of the protein was established on glycerol gra-
dients. For this, we employed a strain in which Esf2p was fused
at its carboxyl-terminal end to the tandem affinity purification
tag and expressed under its own promoter from its chromo-
somal locus (16).

Total extracts from yeast cells expressing an Esf2p-TAP con-
struct were layered and fractionated on 10 to 30% glycerol
gradients. Following ultracentrifugation, total RNA and total

proteins were extracted from all 24 fractions and processed for
either Western or Northern blotting analysis (Fig. 3A). We
concluded that Esf2p showed a bipartite distribution. The pro-
tein colocalized with fast-migrating particles that correspond
to 90S preribosomes (fractions 15 through 17 and upwards), as
well as with slower-migrating particles (fractions 9 through 12),
that largely cosediment with 5" ETS fragments. Note that the
initial assignment of 90S by Trapman et al. (43) corresponded
to gradient analyses performed at a low salt concentration (10
mM) and that large preribosomes are known to sediment sig-
nificantly slower at the higher salt concentration used here.
Importantly, Esf2p was not significantly enriched in fractions
corresponding to pre-40S subunits (20S pre-rRNA peaks at
fraction 11) indicating that the protein is likely not a pre-40S
component, and presumably cycles off from the preribosomes
following cleavage at site A2. This is supported by a previous
proteomic analysis of the pre-40S complex, which did not de-
tect Esf2p (41, 44).

We therefore reinvestigated the subcellular localization of
Esf2p (18) in a freshly made Esf2p-eGFP strain (see Materials
and Methods). In our hands, the protein was unambiguously
restricted to the nucleolus (Fig. 3B), unlike in a previous study,
in which it was additionally detected in the cytoplasm (24).

To establish which proteins associate with Esf2p, total ex-
tract from Esf2p-TAP-expressing cells was affinity purified by
use of the tandem affinity purification protocol (see Materials
and Methods) (39). The affinity-purified fraction was charac-
terized by SDS-PAGE and MALDI-TOF mass spectrometry
analysis (Fig. 3C). Esf2p was stably associated with at least 14
known RRPs, as well as with at least 10 ribosomal proteins,
constituents of both the small and large subunits. Many of the
RRPs found in association with Esf2p-TAP have been anno-
tated as UTPs and described as core components of the U3
RNPs; however, we know now that 90S preribosomes and SSU
processomes are similar entities (see the introduction) (9, 35).
Our preparation also contained Esf1p, a protein with a similar
spectrum of physical interactions, which we have previously
proposed as an SSU accessory factor (36). Based on these
novel interactions and the results of several high-throughput
data sets, as well as specific analysis, we assembled a high-
confidence network of physical associations centered on Esf2p
(see Materials and Methods) (Fig. 3D).

In this network, Esf2p appears connected to at least three
putative RNA helicases (Has1p, Dbp4p/Hca4p, and Dbp8p;
see Discussion), as well as to several uncharacterized open
reading frames. Ydr026cp is a nonessential nucleolar protein;
ydr026c%KanMx cells showed no growth defect (tested at 18°C,
23°C, 30°C, and 37°C) and showed no SSU rRNA synthesis
defect (data not shown). We also note the conspicuous pres-
ence of Nop1p and Utp1p/Pwp2p (see below and Discussion).

Esf2p is stably associated with 5! ETS fragments, the box
C!D snoRNA U3 and several box C!D snoRNAs enriched in
90S preribosomes. To determine whether Esf2p stably associ-
ates with RNAs, we phenol extracted a fraction of the tandem
affinity-purified Esf2p complex, labeled the extracted material
with fluors, and hybridized it to a microarray containing 21,939
oligonucleotides that tile every five bases of all known yeast
noncoding RNAs in the antisense orientation. The copurifying
RNA was compared against total cellular RNA by using a
two-color (i.e., red/green) system such that spots with the high-
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FIG. 3. Esf2p, a component of 90S preribosomes and 5" ETS-based RNPs. (A) Glycerol gradient. Total cellular extracts from a strain expressing
a functional Esf2p-TAP construct were layered on 10 to 30% glycerol gradients and resolved by ultracentrifugation. Twenty-four fractions were
collected manually and analyzed by Western and Northern blotting for protein and RNA compositions. The peroxidase antiperoxidase antibody
(Sigma) that recognizes the protein A moiety of the tandem affinity purification tag and specific oligonucleotides (to the left) (Fig. 1A) were used
in the hybridizations. (B) GFP fluorescence. Esf2p-eGFP-expressing cells were grown to mid-log phase in complete medium and the fusion was
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est red/green ratios should represent the probes with the high-
est enrichment in the Esf2p-containing complex(es). The most
striking result was that virtually all of the probes complemen-
tary to the 5" ETS had high ratios (Fig. 4A); the entire 5" ETS
sequence appears to be associated with Esf2p, whereas the
adjacent 18S sequences are underrepresented (the means of all
RNAs on the array are zero due to normalization). We con-
firmed by Northern blotting that this corresponds to the
cleaved 5" ETS fragment(s) (Fig. 4B) as previously observed
for other components of the SSU processome (29, 36).

The array data also suggested that Esf2p is associated with
the U3 snoRNA, as well as with several other box C!D
snoRNAs that are expected to be enriched within the SSU
processome/90S preribosomes (http://hugheslab.med.utoronto.ca
/Hoang). We confirmed several of these interactions by North-
ern blotting (Fig. 4C). The enrichment of box C!D snoRNAs
is consistent with the fact that the protein purification contains
Nop1p (Fig. 3D), which is a component of all box C!D
snoRNPs. It is likely that these interactions are indirectly me-
diated through Nop1p. Other core components of box C!D
snoRNPs were not detected; however, as in other affinity pu-
rifications of large preribosomal particles (e.g., references 9,
18, 21, 33, 40, and 41) it is possible that not all associated
proteins were identified, presumably due to either fragmenta-
tion of the complex during purification or the protein being
associated with multiple dynamic complexes in vivo (Fig. 3A).

We conclude that Esf2p is a novel U3-associated protein.
Esf2p is unlikely to be a core constituent of the U3 RNP, since
it was not present in the originally described SSU processome
(9) and it is also not a component of the UTP “A,” “B,” or “C”
subcomplexes (29). Rather, it presumably interacts only tran-
siently with the SSU processome, a notion that is also sup-
ported by the fact that many of the bands in Fig. 3C appear
substoichiometric.

Upon depletion of Esf2p, U3 and other snoRNAs remain
associated within 90S preribosomes. Upon fractionation in
glycerol gradients, U3 is detected in three distinctive peaks that
correspond to a free pool (also referred to as monosome par-
ticles or 12S), a peak that comigrates with the 5" ETS at about
40S, and a fraction that localizes with the 35S pre-rRNA at
about 60S to 80S (5, 20, 48; see below).

To test whether this distribution is affected upon Esf2p de-
pletion, total extracts from cells grown to mid-log phase in
either YPD or YPD and doxycycline for 24 h were layered on
10 to 30% glycerol gradients under stringent salt conditions
(200 mM) and separated by ultracentrifugation; 20 fractions
were collected and analyzed by Northern blotting and Western
hybridizations (Fig. 5). Under wild-type conditions (YPD), U3
showed the expected tripartite distribution, with fractions 2

FIG. 4. Esf2p is stably associated with 5" ETS fragments, the box
C!D snoRNA U3 and several other box C!D snoRNAs. (A) Ratios
(Esf2p-TAP purification RNA versus total RNA) from oligonucleotide
microarray probes spaced every five bases along the 5" ETS fragments
and the 5" end of the 18S rRNA. Tandem affinity-purified fractions
equivalent to 1.3 liters of cells were phenol extracted and subjected to
microarray analysis or Northern blotting (see Materials and Methods).
Microarray data are listed on our website (http://hugheslab.med
.utoronto.ca/Hoang). The salt concentration used in washes was 150
mM. (B) Northern blot confirming that the Esf2p-TAP purification
contains cleaved 5" ETS. The bands detected are virtually identical to
those detected in association with other UTPs (29, 36). Gln1p-TAP
and Ths1p-TAP are included as negative controls for specificity; Gln1p
is a metabolic enzyme, and Ths1p binds threonyl-tRNAs (25). The
oligonucleotide probes used were EC2 and 5" ETS-A0 (see Materials
and Methods). (C) Northern blots confirming that the Esf2p-TAP
purification contains U3 and a subset of other box C!D snoRNAs but
not box H!ACA snoRNAs. The snoRNAs involved in cleavages
(C) and/or modification (P, pseudouridylation; M, methylation), as
well as known target substrates for modification (18S and/or 25S
rRNA), are indicated. The snoRNA probes used are listed in Materials
and Methods.

detected directly in live cells by use of a Zeiss Axioskop2 Plus microscope equipped with a Plan Neofluar 100$/1.30 objective. Acquisition was
performed with an AxiocamHRm camera and the native Axiovision4 software from Zeiss (release 4.1). Cells were counterstained with DAPI that
labels the bulk of the DNA; a differential interference contrast (DIC) is provided. The strain presented here is YDL892; the same result was
obtained with strain YDL893. (C) MALDI-TOF mass spectrometry analysis. Total cellular extracts, as shown in panel A, were affinity purified
according to the tandem affinity purification protocol. Pellet fractions were resolved by SDS-PAGE and analyzed by MALDI. Major copurifying
bands are annotated. As a control, a wild-type isogenic strain (no tag) was used. Molecular weight markers (MW) are on the left. The asterisks
represent degradation products of Esf2p. The cross corresponds to tobacco etch virus protease, which was used in the purification procedure.
(D) Esf2p-centric view of preribosome assembly. This diagram was compiled with the Osprey software from several high-throughput data sets, as
well as specific analysis (see Materials and Methods). Interactions are color coded as follows: light green, affinity purification (this work); turquoise,
two-hybrid interaction (22); and pink, affinity purification (15, 23).
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through 6 corresponding to the monosomes, fractions 9 through
12 to the 5" ETS-based particles, and fractions 13 through 15 to
the large 90S preribosomes. Upon Esf2p depletion (YPD and
DOX), the fraction of U3 that comigrates with the large pre-
ribosomes was significantly enriched (Fig. 5A, compare frac-
tions 15 and 16 under both YPD and YPD plus DOX condi-
tions and see quantitation in the lower panel), while the
fraction associated with the 5" ETS fragments was proportion-
ally reduced. The pools of monosomes were not affected. The
detected signal in each fraction was quantitated by phos-
phorimager counting and represented graphically as a percent-
age of the total input (Fig. 5A, lower panel). Fraction 15
showed an approximately twofold increase; fraction 16 was
increased by a factor of 22. As a loading control, the membrane
was probed for a mature tRNA species (tRNATrp); a signal
similar in strength was detected across the top fractions of the
gradient for this RNA (Fig. 5B). The experiment was repeated
for U14, a box C!D snoRNA involved in pre-rRNA methyl-
ation and processing, as well as for snR3, a box H!ACA
required for pseudouridylation. The distribution of these two
snoRNAs was affected in a fashion similar to that described for
U3 (http://www.ulb.ac.be/sciences/rna). Note that this experi-
ment was carried out both with a tet::esf2 strain (data not
shown) and with a tet::esf2 UTP18-TAP strain (Fig. 5), with
identical results.

In conclusion, the fraction of U3 that comigrates with the
35S pre-rRNA increases substantially upon Esf2p depletion,
while the amount detected in association with the 5" ETS,

resulting from early pre-rRNA processing cleavages, propor-
tionally decreases. This is consistent with the biochemical phe-
notype described above, i.e., inhibition of pre-rRNA process-
ing at sites A0 through A2.

The tet::esf2 UTP18-TAP strain was further used to charac-
terize the protein composition of the preribosomes isolated in
the presence and absence of Esf2p. For this, we first estab-
lished the distribution of Utp18p-TAP in a glycerol gradient by
Western blotting, in both the presence and absence of Esf2p
(Fig. 5C). Utp18p-TAP was similarly distributed across the
gradient under both conditions. Preribosomes were specified
selected from Utp18p-TAP in cells grown in YPD and in YPD
plus DOX for 24 h, and the proteins and RNAs isolated were
characterized by mass spectrometry and microarray analysis;
however, no significant qualitative differences were unveiled
(http://hugheslab.med.utoronto.ca/Hoang).

We conclude that the overall protein and RNA composition
of the SSU processome is not affected upon Esf2p depletion.

Esf2p is required for SSU processome assembly and com-
paction. To test whether the SSU processome assembly kinet-
ics and/or its internal architecture is dependent upon Esf2p,
chromatin spreads were performed with the tet::esf2 strain
grown to mid-log phase in YPD and at different time points of
depletion in doxycycline (10, 18, and 24 h) (Fig. 6).

In the control condition (YPD), terminal knob deposition,
as well as SSU processome assembly and compaction, occurred
with the proper timing and a normal level of cotranscriptional
cleavage was observed (Fig. 6A, gene mapping cartoon; see

FIG. 5. Esf2p is required for the efficient cycling of U3 and other snoRNAs. Total cellular extracts from a tet::esf2 UTP18-TAP strain grown
to mid-log phase in complete medium in the absence of doxycycline (YPD) and following its addition for 24 h (YPD!DOX) were analyzed by a
10 to 30% glycerol gradient in 200 mM salt. Identical amounts of total proteins were loaded on each gradient. Total RNA was extracted from 20
fractions and processed for Northern blotting with a probe specific to U3 (A) and mature tRNATrp (B). The detected signal in each fraction was
quantitated with a Typhoon 9200 and the ImageQuanTL V2003.3 native software (GE Healthcare). Note that it is unclear why the level of the large
particles pelleted at the bottom of the tubes (fractions 19 and 20) is slightly more elevated in the YPD!DOX condition. (C) Total proteins were
extracted from all fractions, resolved by PAGE, and analyzed by Western blotting for Utp18p-TAP detection with the PAP antibody (see Fig. 3).
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FIG. 6. Esf2p is required for terminal knob deposition and SSU processome assembly. Yeast rRNA genes are shown as visualized by chromatin
spread. Cells were grown to mid-log phase in YPD (control) or YPD plus DOX (10-h, 18-h, and 24-h depletion time points) and spreads made
according to reference 35. For the control and 24-h depletion time points (panels A and C), interpretive tracing of the genes and transcript mapping
are provided. DNA is color coded as follows: the 5" end to A2 is red, A2 to the 3" end is blue, and the intergene spacer is green. Particles that appear
on the transcripts are shown on the tracing as follows: gray particles correspond to the initial small 5" terminal knobs, pink to the newly formed
(loose) large SSU processomes, red to the mature (tight) SSU processomes, and blue to pre-large-subunit knobs that form at the 5" end of cleaved
transcripts.
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Table 1 for a semiquantitative analysis). Following 24 h of
depletion (Fig. 6C), many fewer knobs were formed, and their
appearance was severely delayed. In addition, very few SSU
processomes were assembled, and those detected were all in
the loose conformation. Finally, no significant level of cotrans-
criptional cleavage was observed (Fig. 6C and Table 1). The
results of the 10-h depletion were similar to those of the con-
trol, while the 18-h and 24-h depletion results were similar to
each other (Fig. 6B and D and Table 1).

We conclude that in the absence of Esf2p, terminal knob
deposition and SSU processome assembly upon nascent rRNA
are kinetically delayed and that once assembled, the SSU pro-
cessomes fail to rearrange into a compact structure. This is
fully compatible with the pre-rRNA processing phenotype and
presumably underlies the inability of U3 to cycle off from the
90S preribosomes as part of a cleaved 5" ETS RNP.

DISCUSSION

Esf2p is a novel accessory component of the SSU proces-
some. Esf2p was previously described as the yeast homolog of
ABT1, a mouse protein implicated in general transcription by
virtue of its ability to associate with the TATA binding protein
and to stimulate mildly the transcription of reporter genes
(34). However, accumulating evidence, including protein-pro-
tein interactions and subcellular localization, pointed to a role
for Esf2p in ribosome biogenesis. Our results show unequivo-
cally that yeast Esf2p is required for normal pre-rRNA pro-
cessing, as well as for SSU processome assembly and function.
The tet::esf2 mutant accumulates specific aberrant 18S rRNA
precursors, and the proteins and RNAs contained in our Esf2p
affinity purifications are consistent with a function closely re-
lated to that of the SSU processome. The distribution of Esf2p
on glycerol gradients is also consistent with a function that
involves its association with large preribosomal particles. Fi-
nally, the requirement for Esf2p in proper U3 sedimentation
profile, as well as in terminal knob deposition and SSU pro-
cessome assembly, clearly demonstrates that Esf2p is closely
linked to the function of U3. Note that it is the kinetics of
formation of the SSU processome, as well as its internal orga-
nization (transition from loose to tight configuration is defec-
tive), rather than its gross composition, that is affected.

While we cannot rule out a role for Esf2p in basal Pol II
transcription, neither we nor others have confirmed the phys-
ical association of Esf2p with yeast TATA binding protein (15,
23). Since most RRPs are essential for cell viability, it is con-
ceivable that ribosome biogenesis is the essential function of
Esf2p. This is supported by the fact that the most highly con-
served region of Esf2p appears to be a noncanonical RNA
recognition motif, which is one of the most common RNA
binding motifs.

We also note that human ABT1 was identified as a compo-
nent of the human nucleolar proteome in an independent
study (1). This is consistent with a role for mammalian ABT1
in ribosome biogenesis. The fact that ABT1 appears to be
constitutively expressed across mammalian tissues (34) is also
consistent with such a role.

What is the mechanistic role of Esf2p in ribosome biogen-
esis? Our data point to a role for Esf2p in early ribosome
biogenesis, specifically at the SSU processome-mediated cleav-

age sites A0, A1, and A2. This is supported by phenotypic
analysis, by the proteins with which Esf2p associates, and by its
stable physical association with U3 as well as with the 5" ETS.

Although Esf2p physically associates with Nop1p and several
box C!D snoRNAs, the fact that our pulse-chase analysis with
methionine (Fig. 1B) did not display any gross alterations dem-
onstrates that rRNA methylation is not greatly inhibited. Esf2p
is therefore apparently not critical for the function of the
snoRNAs in RNA modification. Other core box C!D snoRNPs
were not detected in our Esf2p-TAP purification; this could be
due to the technical difficulty of comprehensive peptide iden-
tification in a large and dynamic complex. However, another
possible explanation is that the steady-state levels of the dif-
ferent box C!D snoRNP core proteins within the pre-rRNPs
isolated from Esf2p are different from those previously de-
scribed for isolated box C!D snoRNPs (13, 47).

The strong interaction between Esf2p and 5" ETS fragments
suggests that the Esf2 protein, like several previously inspected
U3 components (29, 36), cycles off from the 90S preribosomes
following cleavage at site A2. This predicts that Esf2p would
not follow pre-40S subunits to the cytoplasm, and indeed, the
protein has been neither copurified with the recently described
SSU RRP complex (41, 44) nor detected in the cytoplasm, in
our hands (Fig. 3B). The presence of several snoRNAs in our
tandem affinity purifications (which largely select for the 5"
ETS-containing particles) suggests that their release, following
early pre-rRNA cleavages, may also be Esf2p dependent and
thus coupled to the release of the 5" ETS. The identification of
several helicases in Esf2p-TAP preparations also supports a
role in recycling snoRNPs and/or the SSU processome. It is
also intriguing that our 5" ETS-based rRNPs are specifically
enriched for box C!D snoRNAs and not for H!ACA com-
ponents, since 2"-O methylation and pseudouridine formation
are not known to operate mechanistically on distinct kinetic
timelines; together, these observations suggest that Esf2p
could play a role in the dissociation of box C!D snoRNPs
other than U3. Indeed, the distribution on glycerol gradients of
U3 and other snoRNAs was dramatically affected upon Esf2p
depletion, with the notable accumulation of these RNA species
in fractions cosedimenting with 90S preribosomes (Fig. 5). The
snoRNAs involved were from both box C!D and box H!ACA
families, were involved in RNA modification and/or process-
ing, and were not all found in stable association with Esf2p.

The observation that Esf2p is required for proper terminal
knob deposition and SSU processome assembly indicates that
the protein is required for initial preribosomal assembly. Al-
though we cannot formally state at this stage whether the assem-
bly defect is primary or not, this inhibition alone could easily
account for the pre-rRNA processing defect reported as well as
for the retention of U3 within 90S preribosomes (Fig. 5).

Alternatively, it could be that Esf2p is primarily required to
recycle U3 (i.e., to dissociate U3 from the 35S pre-rRNA) and
that, in the absence of U3 release, early pre-rRNA processing
and SSU processome formation are inhibited. Esf2p may be
assisted in its functions by some of its associated partners, that
include several putative RNA helicases (Fig. 3D). Dissociation
of the SSU processome from large nucleolar preribosomes is
expected to involve a substantial remodeling of the overall
structure that may underlie the effects observed for the other
snoRNA species tested.
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As far as U3 is concerned, a nearly reciprocal phenomenon
has recently been described for Utp1p/Pwp2p: the depletion of
Utp1p led to the exclusive detection of U3 in fractions corre-
sponding to free snoRNPs, indicating that in this case, the
Utp1 protein (and presumably associated partners) is involved
in loading the SSU processome onto the 90S preribosomes (8).
We note that Esf2p and Utp1p stably associate with each other
(Fig. 4). It will be of particular interest to determine whether
Esf2p and Utp1p have antagonistic roles and/or whether one is
epistatic to the other. It will also be of interest to determine
whether mutations of other components of the SSU proces-
some can be discriminated functionally, for example, whether
other members of the highly stable UTP B subcomplex, of
which Utp1p appears to be a member (8, 25), have phenotypes
similar to those of proteins observed after Utp1p depletion.
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