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ABSTRACT

Ribosome biogenesis in eukaryotes is a complicated
process that involves association and dissociation of
numerous assembly factors and snoRNAs. The yeast
small ribosomal subunit is first assembled into 90S
pre-ribosomes in an ordered and dynamic manner.
Efg1 is a protein with no recognizable domain that is
associated with early 90S particles. Here, we deter-
mine the crystal structure of Efg1 from Chaetomium
thermophilum at 3.3 Å resolution, revealing a novel
elongated all-helical structure. Efg1 is not located in
recently determined cryo-EM densities of 90S likely
due to its low abundance in mature 90S. Genetic
analysis in Saccharomyces cerevisiae shows that the
functional core of Efg1 contains two helical hairpins
composed of highly conserved residues. Depletion
of Efg1 blocks 18S rRNA processing at sites A1 and
A2, but not at site A0, and production of small ri-
bosomal subunits. Efg1 is initially recruited by the
5′ domain of 18S rRNA. Its absence disturbs the as-
sembly of the 5′ domain and inhibits release of U14
snoRNA from 90S. Our study shows that Efg1 is re-
quired for early assembly and reorganization of the
5′ domain of 18S rRNA.

INTRODUCTION

Ribosomes are essential and conserved nanomachines in all
organisms and are responsible for proteins synthesis. Con-
sisting of four ribosomal RNAs (rRNAs) and 79 riboso-
mal proteins, the ribosome in Saccharomyces cerevisiae is
assembled in a highly complicated and dynamic process (1–
3). This process begins with the transcription of 35S precur-
sor rRNA (pre-rRNA) by RNA polymerase I (Pol I) and 5S
rRNA by Pol III. The 35S pre-rRNA is processed into the
18S, 5.8S and 25S rRNAs following removal of four external
and internal transcribed spacers (ETS and ITS). In addition

to binding of ribosomal proteins, the pre-rRNA also asso-
ciates with >200 trans-acting assembly factors (AFs) and
small nucleolar RNAs (snoRNAs) during ribosome mat-
uration. A series of pre-ribosomal particles of the small
40S and large 60S subunits are formed, coupled with pre-
rRNA processing, structural reorganization and transloca-
tion from the nucleolus through the nucleoplasm to the cy-
toplasm.

Early assembly of both small and large subunits occurs
in a stepwise manner during the transcription of pre-rRNA
(4–7). The 5′ region of 35S pre-rRNA is assembled into the
90S pre-ribosome or the small subunit processome (8,9) and
the 3′ region is packed into early pre-60S ribosomes. Nearly
70 AFs and U3, U14 and snR30 snoRNAs associate in an
orderly manner with the pre-rRNA to form the 90S (4,5).
Some AFs, U14 and snR30 snoRNAs that are recruited by
the 18S rRNA sequence are released at late assembly stages
of 90S (4). The 5′ ETS region nucleates the assembly of
UTPA, UTPB and U3 snoRNP subcomplexes and other
AFs. The recently determined cryo-EM structures of 90S
have shown that the 5′ ETS and associated factors form a
large base organizing several partially folded subdomains of
40S ribosomes (10–12). Within the 90S, the 35S pre-rRNA
is cleaved at sites A0 and A1 of 5′ ETS and at site A2 of
ITS1. Following dramatic structural reorganization, a pre-
40S ribosome is released, exported to the cytoplasm and
matures into 40S subunits. The 35S pre-rRNA can also be
cleaved at site A3 of ITS1, yielding a 90S pre-ribosome con-
taining 23S pre-rRNA.

Efg1 is a protein component of 90S pre-ribosomes (4,5)
and contains an uncharacterized domain (DUF2361 or
Efg1 domain). The efg1 deletion strain is significantly de-
layed in exiting from the G1 phase after �-factor arrest,
from which the gene name EFG1 (Exit From G1) is de-
rived (13). Efg1 is required for efficient 18S rRNA process-
ing and its depletion causes accumulation of 35S and 23S
pre-rRNAs and reduction of 20S pre-rRNA (14). Efg1 dele-
tion is synthetic lethal with mutants of Emg1, another 90S
AF and leads to increased sensitivity to paromomycin (15).
During the course of stepwise assembly of 90S, Efg1 is re-
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cruited by the 5′ domain sequence of 18S rRNA (4,5). In the
cryo-EM densities of 90S, many AFs, including Efg1, were
not located and many densities were unassigned (10–12). It
is unclear whether and where Efg1 is located in the cryo-EM
density of 90S in the absence of the Efg1 structure.

In this study, we determine the crystal structure of Efg1
from Chaetomium thermophilum (ctEfg1) and analyze the
function of Efg1 in pre-rRNA processing and 90S assembly
using the model organism S. cerevisiae. We show that Efg1 is
required for proper assembly of the 5′ domain of 18S rRNA
and release of U14 snoRNA.

MATERIALS AND METHODS

Gene cloning and protein purification

The ctEfg1 gene was amplified from C. thermophilum ge-
nomic DNA by joining two exon sequences with overlap
polymerase chain reaction (PCR) and cloned into a modi-
fied pET28a vector. ctEfg1 was expressed as a fusion protein
with an N-terminal His6-Smt3 tag. The construct was con-
firmed by DNA sequencing. The vector was transformed
into the Escherichia coli Rosetta(DE3) strain (Cwbiotech).
Selenomethione (SeMet)-substituted ctEfg1 was expressed
in M9 medium as described previously (16). After the cells
were grown at 37◦C to A600 of ∼0.8, the temperature was
shifted to 18◦C and the protein expression was induced with
0.5 mM isopropyl �-D-1-thiogalactopyranoside overnight.
The cells were harvested with centrifugation, resuspended
in buffer A (50 mM Tris–HCl, pH 8.0 and 500 mM NaCl)
and lysed by sonication. After centrifugal clarification, the
supernatant was filtered through 0.45 �m filters and loaded
onto a HisTrap column (GE Healthcare). The column was
washed with buffer A containing 25 mM imidazole and
eluted with a linear gradient of 25–500 mM imidazole in
buffer A. All buffers used in the following purification pro-
cedures included 1 mM dithiothreitol (DTT). The His6-
Smt3 tag was cleaved with Ulp1 proteinase for 1 h at 4◦C.
The cleavage reaction was diluted with 25 mM HEPES
buffer, pH 7.6, to a NaCl concentration of 250 mM and
loaded onto a heparin column (GE Healthcare). The col-
umn was eluted with a linear gradient of 250–1000 mM KCl
in 25 mM of HEPES buffer, pH 7.6. The fractions contain-
ing the target protein were pooled and concentrated to ∼1
ml. The protein was further purified with a HiLoad 16/60
Superdex 200 column (GE Healthcare) running in buffer C
(10 mM Tris–HCl, pH 8.0, 200 mM NaCl and 1 mM DTT).

Crystallization

Initial crystallization screens were performed with the
sitting-drop vapor diffusion method at 18◦C by mixing 100
nl of protein solution with 100 nl of reservoir solution using
a Mosquito robot (TTP Labtech). The initial crystallization
conditions were optimized with the hanging-drop vapor dif-
fusion method by mixing 1 �l each of protein and reservoir
solutions. Crystals of SeMet-labeled ctEfg1 (16 mg/ml in 10
mM Tris–HCl, pH 8.0, 200 mM NaCl and 1 mM DTT) were
grown from 2.4 M sodium malonate (pH 7.0). The crystals
were cryoprotected in 20% glycerol prepared in the reservoir
solution and flash cooled in liquid nitrogen.

Table 1. Data collection and refinement statistics

SeMet-ctEfg1

Data collection
Space group P62
Cell dimensions

a, b, c (Å) 99.1, 99.1, 90.2
�, �, � (◦) 90, 90, 120

Wavelength (Å) 0.9792
Resolution range (Å) 50–3.30 (3.36–3.30)
Unique reflections 7701(385)
Redundancy 22 (20.1)
<I>/<�(I)> 19.3 (2.6)
Completeness (%) 99.9 (100)
R-merge 0.362 (>1)
CC1/2 (0.952)
CC* (0.988)
Refinement
Resolution range (Å) 39–3.3 (3.55–3.3)
No. of reflections 7381 (1371)
R-work 0.198 (0.277)
R-free 0.252 (0.351)
No. of atoms 1493
Average B-factor 31.37
RMSD bond length (Å) 0.010
RMSD bond angles (◦) 1.077
Ramachandran plot

Favored (%) 90.29
Allowed (%) 9.14
Outliers (%) 0.57

Statistics for the highest-resolution shell are shown in parentheses.

Data collection and structure determination

Diffraction data were collected at beamline BL17U of the
Shanghai Synchrotron Radiation Facility and processed by
HKL2000 (17). The statistics for data processing and struc-
tural refinement are summarized in Table 1. The crystal be-
longs to space group P62 and contains one molecule per
asymmetric unit. The structure was determined with the
single-wavelength anomalous dispersion (SAD) method us-
ing Autosol and Autobuild in PHENIX (18). The model
was further manually adjusted in COOT (19) and refined
in PHENIX. The final model contains residues 47–173 and
183–234 of ctEfg1.

Yeast plasmids, strains and medium

Yeast experiments were performed according to standard
protocols. Yeast cells were grown in YPD (1% yeast ex-
tract, 2% peptone, 2% glucose), YPG (1% yeast extract, 2%
peptone, 2% galactose), Synthetic Complete (SC) medium
or appropriate SC dropout medium (Clontech). The EFG1
gene was cloned into plasmid pRS415 under the GPD pro-
moter with an N-terminal FLAG tag, yielding pRS415-
GPD-FLAG-EFG1. Plasmids were constructed by the In-
Fusion approach and deletion mutations were introduced
by the QuikChange method. All plasmids were confirmed
by DNA sequencing.

All yeast strains were derived from BY4741 (Mat
a, leu2�0, Met15�0, ura3�0). The strains NOC4-TAP
(BY4741, NOC4-TAP::His3MX), ENP1-TAP (BY4741,
ENP1-TAP::His3MX) and UTP9-TAP (BY4741, UTP9-
TAP::His3MX) were purchased from Open Biosystems.
To construct conditional expression strains (GAL::HA-
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efg1), NOC4-TAP or ENP1-TAP strains were transformed
with a PCR product generated from the natNT2-GALL
cassette in plasmid pYM-N28 (20). The positive clones
were selected by the antibiotic natNT2 and confirmed
by PCR. The efg1�/UTP9-TAP strain (BY4741, UTP9-
TAP::His3MX, efg1�::natNT2) was constructed from the
UTP9-TAP strain by homologous recombination replacing
the EFG1 gene with a PCR product generated from plasmid
pYM-N28.

Yeast functional assays

The GAL::HA-efg1/ENP1-TAP strain was transformed
with a pRS415-GPD plasmid expressing full length or trun-
cated Efg1. Single clones of the transformants of similar size
were cultured, 5-fold serially diluted and spotted onto plates
containing SC medium with galactose or glucose. The plates
were incubated at 30 or 37◦C for 2 days or at 18◦C for 4 days.
Strains UTP9-TAP, efg1�/UTP9-TAP and efg1�/UTP9-
TAP complemented with pRS415-GPD-EFG1 were spot-
ted on YPD plates.

Immunoprecipitation was conducted as described be-
low. For western blot analysis, proteins were separated in
4–20% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels and transferred to 0.45 �m
polyvinylidene fluoride (PVDF) membranes (GE Health-
care) using a semi-dry electrophoretic transfer cell (Bio-
Rad). HRP-conjugated anti-Flag (1:10000, Sigma) and
HRP-conjugated anti-HA antibodies (1:3000, CST) were
used with appropriate dilution ratios. Ribosome profile as-
says were performed as previously described (21).

Purification of pre-ribosomes

The GAL::efg1/NOC4-TAP strain was first grown in YPG
and then shifted to YPD medium to grow for 14 h at 30◦C.
Cells were collected by centrifugation and resuspended in
one cell volume of lysis buffer (20 mM HEPES-KOH,
pH 7.6, 110 mM K-acetate, 40 mM NaCl, 0.5% Triton
and 0.1% Tween-20) supplemented by ethylenediaminete-
traacetic acid-free protease inhibitor cocktail (Roche). The
cells were lysed using steel balls and clarified by centrifu-
gation. The supernatant was incubated with rabbit IgG-
coated magnetic Beaver beads (Beaverbio) for 30 min. The
beads were washed five times with 1 ml of lysis buffer and
submitted to mass spectrometric analysis or northern blot
analysis. The incomplete 90S particles assembled on MS2-
tagged pre-rRNA fragments were purified as described (4).

Mass spectrometric analysis

Samples bound to IgG-coated beads were boiled at 95◦C for
5 min in SDS loading buffer, resolved in SDS-PAGE and
visualized with silver staining. Mass spectrometric analysis
was conducted as described (6). The total spectral counts
per 100 residues (SCPHR) were calculated for each identi-
fied protein and further normalized against UTPB proteins,
yielding the relative spectral abundance factor (RSAF)
(Supplementary Dataset 1) (4).

Northern blot

RNA extraction and northern blotting were carried out
as described (21). For small RNA analysis, RNAs were
resolved in 8% polyacrylamide-8 M urea gels and trans-
ferred to Hybond N+ membranes (GE Healthcare) with
semi-dry blotting. For large RNA analysis, RNAs were sep-
arated in 1.2% agarose-formaldehyde gels and transferred
to membranes with 60 mBar vacuum (GE healthcare).
The following probes were used for hybridization: D-A2
(5′-CGGTTTTAATTGTCCTA-3′), A0-A1 (5′-AAAGA
AACCGAAATCTCTTT-3′), A2-A3 (5′-ATGAAAACT
CCACAGTG-3′), 5′-A0 (5′-GGAAATGCTCTCTGTTC
AAAAAGCTTTTACACTCTTGACCAGCGCACTC
C-3′), snR30 (5′-ATGTCTGCAGTATGGTTTTAC-3′),
U3 (5′-GGATTGCGGACCAAGCTAA-3′), snR10 (5′-G
TGTTACGAATGGCTGTTA-3′), U14 (5′-TCACTCA
GACATCCTAGG-3′).

Electrophoretic mobility shift assay

U14 snoRNA and the helix 10 region of 18S rRNA (18S-
h10, 5′-UACGCAUGGCCUUGUGCUGGCGA-3′) were
prepared by in vitro transcription and dephosphorylated
with alkaline phosphatase (Takara). An 11-nt RNA (5′-
CCAUGAGUGUU-3′) was purchased from Takara. The
RNAs were 5′-32P-labeled with T4 polynucleotide kinase
(NEB) and purified with MicroSpin G-25 columns (GE
Healthcare). U14 and 18S-h10 were annealed by heating at
95◦C and slowly cooling down to room temperature. RNAs
(∼0.2 nM) were mixed with 2-fold serial dilutions (0.03–
8000 nM) of Efg1 in 20 �l of binding buffer (25 mM HEPES
pH 7.6, 200 mM KCl, 2 mM MgCl2, 0.01% NP40, 10% glyc-
erol). The reactions were incubated at room temperature for
30 min and resolved in a native polyacrylamide gel run in
Tris-glycine buffer (pH 8.3) at room temperature. The gels
were dried and visualized with a Typhoon PhosphorImager
(GE Healthcare).

RESULTS

Crystal structure of ctEfg1

We initially attempted to crystallize Efg1 from S. cerevisiae
(scEfg1) but were not successful. We then shifted to ctEfg1
from the thermophilic fungus C. thermophilum, whose pro-
teins are frequently used for structural studies due to sta-
bility (22). The full-length protein (310 residues) of SeMet-
substituted ctEfg1 was purified and crystalized. The struc-
ture was determined with the SAD method and refined at
3.3 Å resolution to an Rwork/Rfree of 0.198/0.252 with good
geometry (Figure 1A and Table 1). The asymmetric unit
of crystal contains one molecule with residues 47–173 and
183–234 resolved (Figure 2).

ctEfg1 folds into an elongated rod-shaped structure com-
posed of eight �-helices with the longest dimension of 87 Å
(Figure 1A). The structure is composed of two helical hair-
pins (or anti-parallel coiled-coils) arranged in nearly oppo-
site directions and a string of C-terminal �-helices bound
at the center. Helices �1 and �2 fold back into hairpin 1
and helices �3 and �4 form hairpin 2. Helix �2 and �3 are
immediately joined at an angle of 140◦. A string of short
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Figure 1. Crystal structure of ctEfg1. (A) Ribbon representation of ctEfg1 structure in front and back views. The core domain is colored green and the
functionally dispensable region is colored magenta. Secondary structures and the N- and C-termini are labeled. (B) Conservation surface. Residues with 100
and 80% conservation, as defined in Figure 2, are colored in orange and yellow, respectively. Residues with 100% conservation are labeled. (C) Electrostatic
potential surface. The surface is colored from blue to red for positively to negatively charged regions. The structural orientations are the same in A–C.

Figure 2. Multiple sequence alignment of Efg1. Homologous sequences of Efg1 from Chaetomium thermophilum (Ct), Arabidopsis thaliana (At), Oryza
sativa (Os), Schizosaccharomyces pombe (Sp) and Saccharomyces cerevisiae (Sc) are aligned and displayed in GeneDoc with manual adjustment. The residues
with 100, 80 and 60% conservation are shaded in black, gray and light gray, respectively. Similarity groups are defined as follows: D and E; N and Q; S and
T; K and R; F, Y and W; and I, L, V and W. The secondary structures observed in the ctEfg1 structure are displayed on the top. The truncation sites of
scEfg1 deletion mutants are marked with triangles.
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helices, �5–�8, runs from the second to first hairpin along
the back face of the structure. As a result, the N- and C-
termini of the structure are in close proximity. We searched
for structural homologs of ctEfg1 with the Dali server and
found many hits (Z-score up to 7.2) (23). However, these
structures contain only a single helical hairpin, which is a
common structural motif, and no structure resembles the
overall structure of ctEfg1.

A search of Efg1 homologs with PHI-BLAST retrieved
hundreds of sequences from yeasts and plants but few from
metazoans (14 hits, most of which were false hits with
large E-values). Multiple sequence alignment of represen-
tative sequences showed that the residues around helices
�1–�4 are highly conserved, whereas the residues in he-
lices �5–�8 and the unstructured N- and C-terminal tails
are poorly aligned (Figure 2). The most conserved residues
are clustered on the tip of hairpin 1, the front face of hair-
pin 2 and the loop C-terminal of helix �4, suggesting that
these regions are functionally important (Figure 1B). Efg1
may function as an RNA-binding protein as the structure
contains over ten highly conserved basic residues (Figure
2) and the front face of the structure is highly positively
charged (Figure 1C). Indeed, electrophonic mobility shift
assay showed that Efg1 was capable of binding various
RNAs, including U14 snoRNA, helix 10 of 18S rRNA and
a short single-stranded RNA (Supplementary Figure S1).
The binding was non-specific since U14 was completely
competed off by excessive tRNA.

Functional core of Efg1

To assess the function of Efg1, we made conditional ex-
pression strains on the mother S. cerevisiae strain where
Noc4 or Enp1, which are AFs in 90S, was fused to a C-
terminal tandem affinity purification (TAP) tag. The ge-
nomic EFG1 gene was placed under a galactose-dependent
GAL promoter. The protein level of Efg1 was efficiently
depleted after transfer to glucose medium for 9 h (Figure
3A). Upon depletion of Efg1, the yeast growth was signif-
icantly impaired, particularly at 37 and 18◦C (Figure 3B),
as previously reported (13). The efg1Δ strain on the UTP9-
TAP background also showed a severe growth defect (Fig-
ure 3C).

To determine the functional domain of Efg1, several dele-
tion mutants were expressed from plasmid and assessed for
function (Figure 3B). The growth defect caused by Efg1
depletion was rescued by the wild-type (WT) Efg1 or its
fragments that lack the residues equivalent to the unstruc-
tured tails and helices 5–8 in the ctEfg1 structure (frag-
ments 1–175, 25–175 and 25–143). Although the 25–143
fragment was expressed at a low level (Figure 3D), it fully
supported growth except at 37◦C. The 25–143 fragment was
co-immunoprecipitated by Noc4-TAP, indicating that it as-
sembled into 90S pre-ribosomes (Figure 3D). A shorter
fragment with residues 25–130 failed to rescue the growth
defect. However, this fragment was not expressed in yeast
(Figure 3D). The additionally deleted residues 131–143 in
this fragment form the C-terminal loop of helix �4 that
wraps around helix �3 in the ctEfg1 structure and appear
to be important for protein stability. These data show that
the functional core of Efg1 is composed of helices �1-�4

and an ensuing loop. The core domain of Efg1 is also the
most evolutionarily conserved region (Figure 2).

It is notable that the EFG1 conditional expression strains
grew more slowly in galactose medium than the WT strains
(Figure 3E). This indicates that overexpression of Efg1 has
a dominant negative phenotype.

Efg1 is required for 40S formation and 18S rRNA processing

Ribosomal profile analysis showed that depletion of Efg1
led to disappearance of free 40S subunits and excessive free
60S subunits due to a shortage of 40S subunits for associ-
ation (Figure 3F and G). This indicates that Efg1 is specif-
ically required for production of 40S subunits, but not for
60S subunits.

To study the role of Efg1 in pre-rRNA processing (Sup-
plementary Figure S2), we conducted northern blot anal-
yses to examine pre-rRNA processing intermediates in to-
tal RNAs purified from WT and �Efg1 cells. Upon deple-
tion or deletion of Efg1, 18S rRNA was significantly re-
duced, whereas the 25S rRNA levels were not changed (Fig-
ure 4A, lanes 1–3 and 7–8, EB staining), indicating that
Efg1 specifically functions in 18S rRNA processing. The
absence of Egf1 led to a strong accumulation of 35S and
23S pre-rRNAs and blocked production of 20S and 27SA2
pre-rRNAs (Figure 4A, lanes 1–3 and 7–8). The 22S pre-
rRNA, an A0 cleavage product of 23S pre-rRNA, was de-
tectable. These findings indicate that cleavage at the A1 and
A2 sites is strongly inhibited by the absence of Efg1, and
A0 cleavage still occurs. The 18S rRNA processing defect
was largely rescued by expression of WT Efg1 or its func-
tional core (Efg1 25–143) but was not rescued by the frag-
ment Efg1 25–130 (Figure 4A, lanes 4–6). Overexpression
of Efg1 in galactose also suppressed 18S rRNA processing,
leading to reduction of 27SA2, 22S and 20S pre-rRNAs and
accumulation of 23S pre-rRNA (Figure 4A, lane 2).

We also analyzed pre-rRNAs present in the purified 90S
pre-ribosomes. The WT 90S pre-ribosomes purified via
Noc4-TAP and Utp9-TAP contain various processing inter-
mediates, including 35S, 33S, 23S, 22S and 20S pre-rRNAs
(Figure 4B, lanes 1, 2 and 7). In the absence of Efg1, 35S
and 23S pre-rRNAs were highly abundant, 33S and 22S pre-
rRNAs produced by A0 cleavage were at similar levels as
the WT yeast, and 20S pre-rRNA appeared to be absent.
The A0 cleavage of pre-rRNA also produces a 5′-A0 frag-
ment that is subsequently degraded by the exosome (24).
The level of 5′-A0 fragment in �Efg1 90S was similar to
that in WT 90S (Figure 5B), suggesting that A0 cleavage
and subsequent degradation of 5′-A0 fragment are not sig-
nificantly affected by Efg1 depletion.

Depletion of Efg1 inhibits release of U14 snoRNA from 90S

U3, U14, snR30 and snR10 snoRNAs are involved in 18S
rRNA processing and bind the pre-rRNA for different peri-
ods. U3 is a prominent and stable component of 90S struc-
ture (10–12). By contrast, snR30 and U14 only associate
briefly with early 90S particles and are released when the
90S is fully assembled (4). The assembly of snR10 has not
been understood yet. We examined whether Efg1 depletion
affects association of these snoRNAs with 90S.

Downloaded from https://academic.oup.com/nar/article-abstract/46/4/2096/4816218
by University of Verona user
on 10 April 2018



Nucleic Acids Research, 2018, Vol. 46, No. 4 2101

Figure 3. Functional assays of Efg1. (A) Expression of Efg1 in GAL::efg1/NOC4-TAP or GAL::efg1/ENP1-TAP strains after shift to glucose medium.
The 3HA-tagged Efg1 was detected with western blot using an anti-HA antibody. The same membranes were stained with Coomassie blue to show
equal loading of total proteins. (B) Growth assay. The GAL::efg1/ENP1-TAP strain was transformed with an empty pRS415-GPD vector or vectors
expressing Efg1 WT or fragments containing indicated residues. Five-fold serial dilutions of transformants were grown on SC-Leu plates containing
galactose or glucose. (C) Growth assay of strains UTP9-TAP, efg1�/UTP9-TAP and efg1�/UTP9-TAP complemented with a plasmid expressing WT
Efg1. (D) Association of Efg1 mutants with 90S. The strains described in B were grown in YPD for 14 h. Total cell lysates (TCL) and immunoprecipitates
(IP) of IgG-coated bead were analyzed with western blot using anti-HA and anti-Flag antibodies. (E) Overexpression of Efg1 has a dominate negative
phenotype. Growth assay of WT and GAL::efg1 strains in YPG plates. (F and G) Ribosome profiles. Cell extracts from strains ENP1-TAP (WT) (F) and
GAL::efg1/ENP1-TAP (G) after transfer to glucose medium for 14 h were fractionated on 7–50% sucrose gradients. UV absorbance was recorded at 254
nm.

These snoRNAs, except for U14, displayed similar ex-
pression levels in different samples (Figure 5A). Notably,
the level of U14 was increased by ∼2-fold in the Efg1-
depeleted strain (lane 7) and returned to normal levels when
supplied with WT Efg1, but not with the Efg1 fragments
25–130 and 25–143 (lanes 8–10). The level of U14 seems
to be inversely correlated with the efficiency of U14 release
from 90S (see below, Figure 5B). However, the level of U14
was not changed much in the efg1Δ strain (Figure 5A, lanes
2 and 4). The reason underlying the change of U14 level is
still unclear.

We quantified the amounts of U14, snR30 and snR10 rel-
ative to the stably associated U3 in the purified 90S particles
(Figure 5B). The data provide little information about asso-
ciation of snR10, as it displays similar levels in all samples.
The 90S particle assembled on a plasmid-derived pre-rRNA

fragment ending at position 1643 of 18S (18S-1643) repre-
sents an immature 90S particle, which strongly associates
with snR30 and U14 (4). Deletion of Efg1 did not affect the
levels of snR30 and U14 in the 18S-1643 particle, suggest-
ing that Efg1 is not required for their association (Figure
5B, lanes 1–2).

The Noc4-TAP particle contained very low levels of
snR30 and U14 as they are largely released in mature 90S
particles (Figure 5B, lane 5). Interestingly, depletion of Efg1
increased the level of U14 by ∼9-fold (cf. lanes 5 and 7) but
did not affect the level of snR30. This indicates that Efg1 de-
pletion specifically suppresses U14 release from 90S. Over-
expression of Efg1 in galactose also increased the amount of
retained U14 in 90S (Figure 5B, lane 6). The defect in U14
release was largely rescued by expression of WT Efg1 (Fig-
ure 5B, lane 8) but not the inactive fragment 25–130 (Fig-
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Figure 4. Northern blot analysis of pre-rRNA processing intermediates. (A) Pre-rRNAs in total RNAs. GAL::efg1/NOC4-TAP strains expressing no Efg1,
full length Efg1 (Efg1) or its truncations (Efg1 25–130 and Efg1 25–143) were grown in YPG (Gal) and shifted to YPD (Glu) for 14 h to deplete Efg1. NOC4-
TAP, UTP9-TAP and efg1�/UTP9-TAP strains were grown in YPD. RNAs (20 �g) extracted from TCL were resolved in 1.2% agarose-formaldehyde gels
and stained with ethidium bromide (EB), transferred to membranes and hybridized against 32P-labeled probes. Asterisk denotes non-specific bands of 25S
rRNA. The volume of pre-rRNA was normalized against that from the Noc4-TAP strain (lane 1). The 27SA2 RNA cannot be distinguished in lane 8 due
to strong background signals. (B) Pre-rRNAs in 90S particles. Growth of yeast cells and northern blotting were conducted as described above. RNAs were
extracted from immunoprecipitates (IP) of IgG coated beads. A total of 4.5 �g of RNAs was loaded in each lane except for lane 2, which had 13.5 �g of
RNA. The 22S and 20S pre-rRNAs were not well resolved in this gel.

ure 5B, lane 9). Although the fragment 25–143 is fully func-
tional in growth assay and pre-rRNA processing (Figures
3B and 4), it did not restore the release of U14 from 90S
(Figure 5B, lane 10).

The 90S particle purified via Utp9-TAP contained higher
levels of snR30 and U14 compared to the Noc4-TAP par-
ticle (Figure 5, lane 4). As Utp9 binds the pre-rRNA at
earlier stages than Noc4 (4,5), the purified Utp9-TAP par-
ticle should contain more early assembly intermediates of
90S that associate with snR30 and U14. Nevertheless, dele-
tion of Efg1 also led to an increased accumulation of U14

(Figure 5B, lane 3). Together, our data show that Efg1 is
required for efficient release of U14 from 90S.

Function of Efg1 on 90S assembly

To directly examine how the absence of Efg1 affects 90S as-
sembly, we affinity purified Noc4-TAP particles in WT and
Efg1-depleted strains and identified associated proteins by
semi-quantitative mass spectrometry (Figure 6). The RSAF
was calculated to compare the relative stoichiometry of pro-
teins within and across samples (4,6). Complete depletion of
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Figure 5. Northern blot analysis of snoRNAs and 5′-A0 fragments. (A) Expression levels of snoRNAs. A 5′-MS2-tagged pre-rRNA fragment ending at
position 1643 of 18S (18S-1643) was expressed in UTP9-TAP or efg1�/UTP9-TAP strains. GAL::efg1/NOC4-TAP strains expressing no Efg1, full length
Efg1 or its truncations (Efg1 25–130 and Efg1 25–143) were grown in YPG (Gal) and shifted to YPD (Glu) for 14 h to deplete Efg1. The NOC4-TAP,
UTP9-TAP and efg1�/UTP9-TAP stains were grown in YPD. RNAs (7 �g) extracted from TCL were resolved in 8% polyacrylamide-8 M urea gels,
transferred to membranes and hybridized against 32P-labeled DNA probes. The volume of each snoRNA is normalized to that from NOC4-TAP strain
(lane 5). (B) Analysis of snoRNAs and 5′-A0 fragments in 90S pre-ribosomes. RNAs were extracted from immunoprecipitates (IP) of IgG-coated beads. The
incomplete 90S particle assembled on the 18S-1643 fragment pre-rRNA was affinity purified with MS2-tagged pre-rRNA and IgG immunoprecipitation
(lanes 1 and 2). A total of 1.5 �g of RNAs was loaded in each lane except for lane 6, which had 4.5 �g of RNA. Asterisk indicates a degradation product
of 5′-A0 fragment. The snR30/U3, snR10/U3 and U14/U3 volume ratios were normalized against those in the 18S-1643 particle (lane 2). The 5′-A0/U3
volume ratio was normalized against that in Noc4-TAP particle (lane 5) and was not determined for lanes 1–2 that contain only non-specific signals.

Efg1 was evidenced by the absence of Efg1 protein in �Efg1
90S samples. Most detected AFs had similar abundances
within experimental variations in the WT and �Efg1 90S.
Notably, in two samples of �Efg1 90S, the stably associated
AFs Enp2, Bfr2 and Lcp5 displayed decreased abundance,
whereas the labile factor Bud22 was enriched. All these af-
fected AFs, like Efg1, are initially recruited by the 5′ domain
of 18S rRNA (4,5). Therefore, Efg1 is important for assem-
bly and release of its structural neighbors in the 5′ domain.

DISCUSSION

We characterized the structure and function of Efg1, an
AF associated with 90S pre-ribosome. We showed that Efg1
adopts a novel all-helical fold, which is distinct from many
helical solenoid structures present in 90S (10–12). We also
showed that the core domain of Efg1 composed of two heli-
cal hairpins is required for pre-rRNA processing and yeast
growth, whereas the terminal unstructured residues and the

C-terminal helices of Efg1 are dispensable. Efg1 appears to
be an RNA-binding protein since it has positively charged
surface patches and binds RNAs in vitro. The in vivo bind-
ing target of Efg1 remains to be determined.

We searched the cryo-EM density of 90S for the presence
of Efg1 but did not identify a density that fits the Efg1 struc-
ture. Efg1 is strongly reduced in mature 90S particles com-
pared to the incomplete 90S intermediates assembled on
pre-rRNA fragments (4,25). Mostly likely, the determined
90S cryo-EM structures represent mature states of 90S that
contain little Efg1. In addition, the density of Efg1 may be
averaged out due to mobility.

The assembly of 90S was recently found to be a highly
dynamic process involving factor release and structural re-
organization (4). A dozen labile AFs and U14 and snR30
snoRNAs that are initially recruited by 18S rRNA se-
quences are released when 90S is fully assembled. The cryo-
EM structures of 90S have revealed major features of ma-
ture 90S particles (10–12), but the dynamic assembly pro-
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Figure 6. Heatmap of AFs in 90S pre-ribosomes. GAL::efg1/NOC4-TAP stain was grown in YPG and shifted to YPD for 14 h to deplete Efg1. The
first two previously reported samples were included for comparison (4). The first sample was purified via a 5′-MS2-tagged pre-rRNA fragment ending at
position 239 of ITS1 and Noc4-TAP and represents a fully assembled yet unprocessed 90S particle with most labile factors released. The Noc4-TAP #1
sample was purified with two affinity steps. The other three samples were purified with one step of IgG immunoprecipitation. Proteins are color-coded
according to their RSAF values normalized against UTPB. Labile factors that are dissociated in mature 90S are colored in magenta.
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cess leading to the formation of 90S is poorly understood.
We recently identified the reason underlying release of a la-
bile AF Nop9 (25). Nop9 directly binds a sequence of 18S
rRNA that forms the central pseudoknot and helix 28. As
helix 28 is already formed in the 90S structure, release of
Nop9 is obligatory for 90S assembly to proceed. Our cur-
rent study provides insight into the role of Efg1 in the as-
sembly and dynamic reorganization of the 5′ domain of 18S
rRNA.

During the ordered assembly of 90S, the 5′ domain se-
quence of 18S rRNA recruits a group of factors, includ-
ing U14 snoRNA, Efg1, Bud22, Enp2, Bfr2, Lcp5, Esf2,
Hca4/Dbp4 and Esf1 (4,5). These factors likely form a
structural neighborhood in the nascent 5′ domain. U14
snoRNA makes an essential interaction with nucleotides
83–95 of 18S rRNA (26). Efg1 and U14 snoRNA are to-
gether associated with a pre-rRNA fragment ending at po-
sition 289 of 18S rRNA but not with a shorter fragment
ending at position 232 (4), which suggests that assembly of
Efg1 and U14 may be interdependent. However, our data
show that the initial recruitment of U14 to pre-rRNA was
not affected by Efg1 depletion.

In the fully assembled 90S, Enp2, Lcp5 and Bfr2 are
still stably associated. Enp2 has been located in the cryo-
EM structures of 90S and binds the 5′ domain of 18S
rRNA (10,11). The other labile factors, including U14 and
Efg1, would be released during 90S maturation. Our data
demonstrate that Efg1 is important for the formation of the
nascent 5′ domain and its reorganization during matura-
tion of 90S. Compared to the WT mature 90S, the labile
factors U14 and Bud22 show increased retention in �Efg1
90S, whereas the stable factors Enp2, Bfr2 and Lcp5 be-
come weakly associated. The assembly of other 90S AFs
that are distributed throughout the 90S structure are not
affected. Therefore, Efg1 depletion mainly affects the asso-
ciation and dissociation of its structural neighbors in the 5′
domain. These structural defects in the 5′ domain appear to
eventually inactivate 90S in processing the A1 and A2 sites
and block production of 40S subunit.

We found that overexpression of Efg1 inhibits yeast
growth, pre-rRNA processing and release of U14. As Efg1
needs to be released during 90S maturation, high concentra-
tion of Efg1 may suppress its release and hence arrest the 5′
domain in early assembly states.

Release of U14 requires unwinding of the base pairs
formed between U14 and rRNA. The RNA helicases
Hca4/Dbp4 and Has1 have been shown to be required for
U14 release, although whether they directly unwind the
U14–rRNA duplex is unknown (27–29). We showed that
Efg1, which is apparently a structural protein without en-
zymatic activity, is also required for efficient release of U14.
Efg1 likely functions together with these helicases in the
structural reorganization of the 5′ domain.
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