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ABSTRACT

The 90S preribosomes are gigantic early assembly intermediates of small ribosomal subunits. Cryo-EM structures of 90S were
recently determined, but many of its components have not been accurately modeled. Here we determine the crystal structure
of yeast Utp30, a ribosomal L1 domain-containing protein in 90S, at 2.65 Å resolution, revealing a classic two-domain fold.
The structure of Utp30 fits well into the cryo-EM density of 90S, confirming its previously assigned location. Utp30 binds to
the rearranged helix 41 of 18S rRNA and helix 4 of 5′′′′′ external transcribed spacer in 90S. Comparison of RNA-binding modes
of different L1 domains illustrates that they consistently recognize a short RNA duplex with the concaved surface of domain I,
but are versatile in RNA recognition outside the core interface. Cic1 is a paralog of Utp30 associating with large subunit
preribosomes. Utp30 and Cic1 share similar RNA-binding modes, suggesting that their distinct functions may be executed by a
single protein in other organisms. Deletion of Utp30 does not affect the composition of 90S. The nonessential role of Utp30
could be ascribed to its peripheral localization and redundant interactions in 90S.

Keywords: ribosome assembly; 90S preribosome; crystal structure; RNA-binding protein

INTRODUCTION

Assembly of ribosome, the molecular machine for protein
synthesis, is a fundamental and highly complex process
that involves transcription, modification, and processing of
ribosomal RNAs (rRNAs) and assembly of ribosomal
proteins. More than 200 assembly factors (AFs) and many
snoRNAs participate in ribosome assembly (Henras et al.
2008; Kressler et al. 2010; Woolford and Baserga 2013). A
number of preribosomal particles are formed as the small
40S and large 60S subunit mature in the nucleolus, the
nucleoplasm, and the cytoplasm.

Ribosome assembly in the budding yeast S. cerevisiae be-
gins with the transcription of a long 35S precursor rRNA
(pre-rRNA) that encodes sequences for 18S, 5.8S, and 25S
rRNAs and four external and internal transcribed spacers
(ETS and ITS). The 90S preribosome or small subunit proc-
essome is the earliest precursor of the small subunit that as-
sembles cotranscriptionally on the 5′ part of the pre-rRNA in
the nucleolus (Dragon et al. 2002; Grandi et al. 2002; Osheim
et al. 2004). Approximately 70 AFs and U3, U14, and snR30
snoRNAs associate stepwise to the pre-rRNA to form the 90S

(Chaker-Margot et al. 2015; Zhang et al. 2016). A dozen AFs
and snR30 and U14 snoRNAs are released upon maturation
of 90S (Zhang et al. 2016). Following processing of pre-rRNA
at the 5′ ETS and ITS1 regions and dramatic compositional
changes, the 90S particle is converted into a pre-40S ribo-
some that is exported and develops into the small subunit
in the cytoplasm. The early precursors of large subunits are
assembled on the 3′ half of pre-rRNA (Chen et al. 2017)
and evolve largely independently of small subunits.
Recent cryo-EM analyses of 90S particles have revealed its

complex architecture (Kornprobst et al. 2016; Chaker-
Margot et al. 2017; Sun et al. 2017). The 18S rRNA is assem-
bled into several isolated substructures that are stabilized by
abundant AFs. The 5′ ETS region, in complex with the
UTPA, UTPB, and U3 snoRNP complexes and other factors,
forms a large base organizing the structure of nascent ribo-
somes. Due to limited resolution of the cryo-EM density
maps (4.5 Å, best), the quality of the current structural model
of 90S critically depends on availability of high-resolution
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structures of component proteins and RNAs. However, many
AFs in 90S have no crystal structure determined.
One of the AFs associated with 90S is Utp30, which is

homologous to ribosomal L1 proteins. Utp30 was first iden-
tified as a component of 90S preribosomes with the biochem-
ical purification approach (Grandi et al. 2002). Deletion of
Utp30 caused no obvious phenotype on ribosome biogenesis
and yeast growth, but is synthetically lethal with a tempera-
ture-sensitive mutant of Emg1 (Nep1), which is an RNA
modification enzyme in 90S (Schilling et al. 2012). Utp30
has a close paralog Cic1 (Nsa3) in the budding yeast that is
involved in large subunit assembly (Bassler et al. 2001;
Harnpicharnchai et al. 2001; Fatica et al. 2003). The human
homolog of Utp30, cellular senescence-inhibited gene
(CSIG) or ribosomal L1 domain-containing 1 (RSL1D1), is
localized in the nucleolus and involved in regulation of cell
proliferation and senescence (Ma et al. 2008; Cheng et al.
2015). In the ordered assembly pathway of 90S, Utp30
associates with the pre-rRNA when the 18S region becomes
nearly complete (Chaker-Margot et al. 2015; Zhang et al.
2016). In the cryo-EM maps of 90S, a density in the mouth
region was previously assigned to Utp30. The structure of
the homologous L1 protein was used to fit the map, but dis-
crepancy between the density and the model was evident.
In this work, we determine the first crystal structure of yeast

Utp30. The structure confirms the previous assignment of the
Utp30 location and provides an accurate template for model-
ing its structure in 90S. We describe in detail the RNA interac-
tion of Utp30 in 90S and compare how different L1 domain
proteins bind to their targets. We show that depletion of
Utp30 causes little change of the protein composition of 90S.
We also discuss the functional role and evolution of Utp30.

RESULTS

Crystal structure of Utp30

To facilitate crystallization, a few nonconserved residues were
removed from both the N and C termini of Utp30 from
S. cerevisiae (total of 274 residues), yielding a fragment
with residues 11–256. The protein was expressed as a fusion
to N-terminal six-His-tagged Smt3 in E. coli, which was
cleaved during protein purification. In the absence of Smt3,
Utp30 was soluble only under high salt conditions (>0.5 M
NaCl). We crystallized native and selenium methionine
(SeMet)-labeled Utp30 and determined its structure with
de novo phasing. The structure was refined at 2.65 Å resolu-
tion to an R-work of 0.200 and an R-free of 0.266 with good
geometry (Fig. 1A; Supplemental Table S1). The asymmetric
unit contains two protomers, which are superimposable with
a root mean standard deviation (rmsd) of 0.597 Å over 186
Cα pairs. The two protomers are nearly identical with confor-
mational variations restricted to a few peripheral elements.
The Utp30 structure consists of two domains and shares a

similar fold as ribosomal L1 proteins (Fig. 1B; Nikulin et al.

2003). Domain I is formed by both the N- and C-terminal
sequences and is interrupted by domain II between strands
β2 and β7. Domain I folds into a two-layer structure and con-
tains a major four-stranded anti-parallel β-sheet (β8, β1, β9,
and β10) and a minor two-stranded anti-parallel β-sheet (β2
and β7), which is separated from the major sheet. Two α-he-
lices (α1 and α7) are packed at one side of these sheets.
Domain II adopts a three-layer Rossmann fold and contains
a four-stranded parallel β-sheet (β4, β3, β5, and β6) decorat-
ed by five α-helices (α2–α6) at both sides. Utp30 shares 13%
sequence identity with the L1 protein from Methanococcus
jannaschii. Their structures can be aligned with an rmsd of
3.6 Å over 189 Cα pairs (Fig. 1B). Domain I is better aligned
than domain II in the two structures.

Evolution of Utp30

To examine the sequence conservation and evolutionary
distribution of Utp30, we searched its homologs with PSI-
Blast, aligned the sequences from representative organisms,
and constructed a phylogenetic tree (Fig. 1C; Supplemental
Figs. S1, S2). Both Utp30 and its paralog Cic1 can be
clearly identified and distinguished in Saccharomycetales
(Supplemental Figs. S1, S2). Many other organisms, for
example, all species in Pesizomycotina, contain only a single
homolog. Some organisms contain multiple homologs that
are often closely related and cannot be classified as Utp30
or Cic1 (Supplemental Figs. S1, S2). Our analysis shows
that Utp30 and Cic1 diverged in Saccharomycetales and
most other organisms contain a single type of Utp30/Cic1
homolog. Our data revise the previous observation that
both proteins are present in the larger group of fungi
(Ebersberger et al. 2014).

Structure of Utp30 in 90S

In the cryo-EM maps of 90S (Kornprobst et al. 2016; Chaker-
Margot et al. 2017; Sun et al. 2017), Utp30 was previously
assigned to a density in the mouth region at the front face of
90S (Fig. 2A,B). The structure of Utp30 fits much better to
the density than the previously used structural model of L1.
Since some structural elements of Utp30 move notably in
the 90S density, the structure was further adjusted and refined
against the cryo-EM density (Fig. 2C; Supplemental Table S2).
The cryo-EM densities of yeast 90S from different studies are
well superimposable around Utp30 (Chaker-Margot et al.
2017; Sun et al. 2017). In the 90S, Utp30 primarily binds helix
41 of the 3′ major domain of 18S rRNA and also contacts the
tip of helix 4 (H4) of 5′ ETS. A long α-helix (∼34 residues)
from unassigned proteins contacts the tip loop of helix 41
and docks at domain I of Utp30 near helix α1 and strand
β10. Otherwise, Utp30 apparently binds no other proteins.
Comparison of Utp30 structures in the crystal and in the

90S particle shows that the orientation between domains I
and II is unchanged upon assembly into 90S, indicating
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that the interdomain connection of Utp30 is rather rigid.
Major structural changes occur at the RNA-binding interface
of domain II (Fig. 2D). Helices α2, α3, and α4 and the loop
between helix α5 and strand β6 experience considerable
movements upon binding helix 41 of 18S rRNA. The confor-

mation of the latter three structural elements also differs
between two protomers in the asymmetric unit of crystal, in-
dicating that they are intrinsically flexible (Fig. 2E). The most
dramatic movement occurs at the long loop linking strand β6
and helix α6 in domain II that flips by ∼90° to make contact

FIGURE 1. Crystal structure of Utp30. (A) Ribbon representation of Utp30 structure. The α-helices, β-strands, and loops are colored in cyan, red, and
magenta, respectively. The secondary structures, N and C termini, and two domains are labeled. (B) Structural alignment between Utp30 and L1 from
Methanococcus jannaschii (MjL1, PDB code 1U63). (C) Multiple sequence alignment of Utp30/Cic1 family proteins. The sequences are from
Saccharomyces cerevisiae (Sc), Debaryomyces hansenii (Dh), Arabidopsis thaliana (At), Homo sapiens (Hs), Xenopus laevis (Xl), Gallus gallus (Gg),
and Chaetomium thermophilum (Ct). Residues with 100%, 80%, and 60% conservation are shaded in black, gray, and light gray, respectively. The
secondary structures observed in the crystal structure of Utp30 are shown on the top and colored by domain.
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with helix 4 of the 5′ ETS. Notably, the corresponding loop
is of similar length in Utp30 proteins, but much shorter in
L1 and Cic1 proteins (Fig. 1B,C). The loop appears to be
elongated in Utp30 for binding the 5′ ETS RNA.

Interaction of Utp30 with helix 41

Helix 41 consists of a top stem (h41a), a base stem (h41b),
and middle internal loops (Fig. 3A). In the structure of the
mature 40S subunit (Ben-Shem et al. 2011), the two stems
fold back into a compact parallel structure (Fig. 3B). In the
90S structure, the base stem is still packed into the 3′ basal
subdomain of 18S rRNA as in the mature subunit, but the
top stem is projected to be perpendicular to the base stem
(Fig. 3C). Parts of the two internal loops linking the top
and base stems were not modeled in 90S.
The elongated structure of Utp30 primarily binds the top

stem of helix 41 and also docks at the base stem. The top
stem is clamped by two domains of Utp30 (Fig. 3C,D). The

concaved surface of the major β-sheet of domain I wraps
around the A-form duplex structure of the top stem at the
minor groove. The residues at the RNA-binding interface
of domain I are mainly of polar and hydrophobic nature
(Fig. 3D,E). These indicate that domain I recognizes the
top stem of helix 41 mainly by shape complementarity and
collective interactions.
Domain 2 contacts the low part of h41a and the 3′ internal

loop (nt 1514–1517) from the major groove side with helix
α4 and the loop between helix α5 and strand β6. In addition,
domain II contacts the base stem of helix 41 with helices α2
and α3. In contrast to the noncharged RNA-binding surface
of domain I, the RNA-binding surface of domain II is highly
basic (Fig. 3E). Domain II employs abundant electrostatic in-
teractions for binding RNA, a strategy different from that
used by domain I.
Themajority of the residues conserved in Utp30/Cic1 fam-

ily proteins are buried inside the structure and apparently
play a structural role (Fig. 1C). In general, the exposed surface

FIGURE 2. Structure of Utp30 in 90S. (A) Structure of 90S preribosome showing the front face. Individual proteins are color-coded and unassigned
proteins are in gray. The 18S, 5′ ETS, and U3 RNAs are colored yellow, black, and red, respectively. (B) Zoomed-in view of the mouth. (C) Cryo-EM
density map of the ΔMtr4 90S is fitted with Utp30 and its binding partners. Two perpendicular views are shown. (D) Alignment of Utp30 structures in
crystal (orange) and in 90S (green). (E) Structural alignment of two Utp30 protomers in crystal.
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FIGURE 3. Interaction of Utp30 with 90S. (A) Secondary structure of 18S rRNA helix 41. The nucleotides contacted by Utp30 are colored in red and
unmodeled in 90S are in gray. The top and base stems of helix 41 are termed as 41a and 41b. (B) Structure of helix 41 in mature 40S ribosome. The
h41b structure is aligned to its counterpart in the right panel of C. The nucleotides unmodeled in 90S are colored in gray. (C) Interactions of Utp30
with 90S. (D) Detailed interactions of Utp30 with helix 41. Residues at the RNA-binding interface are shown as sticks. (E) Electrostatic potential sur-
face of Utp30. The surface is colored from blue to red for positively to negatively charged regions. (F) Conservation surface of Utp30. The residues that
are conserved in 100% and 80% of nine aligned Utp30/Cic1 sequences in Figure 1C are colored in orange and yellow, respectively. (G) Association of
mutant Utp30 to 90S. The utp30Δ/Noc4-TAP strain was transformed with a pRS415 plasmid expressing wild-type (WT) or mutant Utp30. The Noc4-
TAP particle was immunoprecipitated (IP) with IgG-coated beads and analyzed with SDS-PAGE and Western blotting. (H) Quantification of Utp30
binding. The Utp30 to Noc4 volume ratio was calculated and normalized against WT Utp30. Averages of three experiments and standard deviations
are shown.
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of Utp30 is not extensively conserved, compared to ribosom-
al L1 proteins (Nikulin et al. 2003; Nevskaya et al. 2005). A
few basic residues at the RNA-binding interface, K245 in
domain I and R107, K111, and R130 in domain II, are highly
conserved (Fig. 3F).
Wemutated a few residues at the RNA-binding interface of

Utp30 and assessed its association with 90S particles immu-
noprecipitated via tandem affinity purification (TAP)-tagged
Noc4, a stable component of mature 90S (Fig. 3G,H). The
double mutation H37E/I39G and single mutation K245E at
the core RNA-binding interface of domain I reduced the
amount of bound Utp30 by∼50%, validating the importance
of the RNA-binding interface. The other analyzed mutations,
S198E at domain I and R107E/K111E at domain II, have only
minor effects.

Comparison with other L1 domain–RNA
complex structures

Ribosomal L1 proteins are universally present in the large
subunit of bacterial, archaeal, and eukaryotic ribosomes. L1
binds to helices 76–78 of large subunit rRNAs, forming the
mobile L1 stalk. In bacteria and archaea, L1 also binds to
the leader sequence of its ownmRNA, thereby negatively reg-

ulating its expression at the translational level. Structures of
L1 in complex with rRNA and mRNA have been determined
(Fig. 4A–D; Nikulin et al. 2003; Nevskaya et al. 2005). The
core regions of rRNA and mRNA recognized by L1 share sig-
nificant structural similarity and consist of two perpendicular
RNA helices (called P1 and P2 for simplicity) and two inter-
connecting loops (J1-2 and J2-1). Domain I of L1 binds P1
duplexes (helix 77 in rRNA) of rRNA and mRNA with the
concaved surface of the major sheet. Domain I additionally
contacts the J1-2 region and the basal part of P2 helices (helix
78 in rRNA) with the loop between helix α1 and strand
β1. Domain II of L1 contacts the J2-1 region (Loop B in
rRNA). The J2-1 region of rRNA is much longer than the
corresponding region of mRNA and interacts more exten-
sively with L1, which contributes to the higher binding affin-
ity of L1 to rRNA.
In the Utp30–rRNA complex structure, domain I of Utp30

binds to a short duplex (h41a) of rRNA, which is equivalent
to the P1 duplex in L1-RNA complexes (Fig. 4E,F). The bind-
ing mode of domain I with the P1 duplex is generally pre-
served for Utp30 and L1, although the orientation of the
duplex is shifted by∼30° between the two complex structures
and the identity of RNA-binding residues are not conserved.
The other RNA interactions are totally different for Utp30

FIGURE 4. Comparison of RNA recognition by L1 domains. (A,B) Structure of L1 from Sulfolobus acidocaldarius in complex with a fragment of 23S
rRNA from T. thermophilus (PDB code 1MZP). (C,D) Structure of L1 from M. jannaschii L1 in complex with a fragment of its mRNA (PDB code
1U63). (E,F) Structure of Utp30–rRNA complex in 90S preribosome. (G,H) Structure of Cic1–RNA complex in pre-60S preribosome (PDB code
3JCT). These structures are aligned by protein. The RNA duplexes contacted by domain I are colored in red; the other protein-binding regions of
RNA are colored in blue. The proteins are shown in surface representation in B, D, F, and H and colored in yellow for the atoms that are within
4 Å of any RNA atoms.
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and L1. There are no equivalent structures of J1-2 and P2
bound by domain I of Utp30. Instead, the h41a duplex is
more extended and reaches into domain II of Utp30.

The structures of Cic1 and Utp30 are superimposable with
an rmsd of 3.535 Å over 159 Cα atom pairs. Cic1 binds two
stems of ITS2 RNA in the cryo-EM structure of a pre-60S
particle (Fig. 4G,H; Wu et al. 2016). The 3′ stem is equivalent
to the P1 duplex recognized by L1. The top part of the 3′ stem
is recognized in a classic way by the concaved surface of
domain I, and the low part of the 3′ stem extends to contact
the front face of domain II. Both Cic1 and Utp30 recognize
similarly an elongated duplex by domains I and II, consistent
with the close evolutionary relationship between them. Cic1
also extensively contacts the 5′ stem with the back side of
domain II; this interaction is unique to Cic1.

Comparison of the four RNA complex structures demon-
strates that L1 domains maintain the most conserved interac-
tion between domain I and an RNA duplex and are also
highly adaptive to recognize various RNA targets.

Utp30-associated and depleted 90S particles

Each ribosome AF binds to the pre-rRNA for a certain peri-
od. To determine the association duration of Utp30, we en-
gineered Utp30 with a C-terminal TAP-tag, affinity purified
the Utp30-containing preribosomes, and identified the asso-
ciated proteins with semi-quantitative mass spectrometry
(Fig. 5; Supplemental Dataset 1). The Utp30-TAP particle
has a very similar protein profile as the particle purified via
Noc4-TAP (Zhang et al. 2016), indicating that the association
periods of Utp30 and Noc4 are largely overlapped. Utp30 and
Noc4 have been shown to assemble into 90S at the same late
stage during the ordered assembly pathway of 90S (Chaker-
Margot et al. 2015; Zhang et al. 2016). The RNA helicase
Prp43 and its binding partner Pxr1 (Chen et al. 2014) are no-
tably enriched in the Utp30-TAP particle. The functional im-
plication of this observation is unclear at present. Utp30 also
copurified with small amounts of Ltv1, Tsr1, and Rio2, which
are AFs specifically bound to pre-40S particles. These suggest
that Utp30 and Noc4 may not be released at the exact same
time during the transition of 90S to pre-40S.

To understand the role of Utp30 on 90S assembly, the
Noc4-TAP particle was purified in a yeast strain where the
Utp30 gene was deleted. The Utp30-deleted yeast grew nor-
mally as the wild-type strain (data not shown), as reported
previously (Schilling et al. 2012). Other than the absence of
Utp30, no proteins display significant changes compared to
the wild-type Noc4-TAP particle (Fig. 5). This provides bio-
chemical evidence that Utp30 is dispensable for 90S assembly
and function.

DISCUSSION

We have determined a high-resolution crystal structure
of Utp30 and built a more accurate model for Utp30 in

the 90S preribosome. The target RNA structure and RNA-
binding mode of Utp30 are different from those of other
characterized L1-domain proteins. Comparison of the RNA

FIGURE 5. Heatmap of proteins in 90S preribosomes. The first sample
(ITS1-239/Noc4-TAP) was purified via a plasmid-derived 5′-MS2-
tagged pre-rRNA fragment ending at position 239 of ITS1 and Noc4-
TAP and represents an unprocessed state of mature 90S with most labile
factors released. The other samples were purified via Noc4-TAP, Utp30-
TAP, and Noc4-TAP in utp30Δ strain. The first two samples from our
previous study were included for comparison. Relative spectral abun-
dance factors (RSAF) were normalized against six UTPB proteins and
color-coded. The labile factors dissociated in mature 90S particles are
colored magenta.
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complex structures of L1, Cic1, and Utp30 illustrates that
recognition of a short RNA duplex by the concaved surface
of domain I is the defining feature of L1 domains. Outside
the core interaction interface, L1 domains are highly versatile
in binding various RNA structures.
Utp30 andCic1 play distinct functions in the budding yeast

and are part of 90S and pre-60S preribosomes, respectively.
The two paralogs were evolved only in Saccharomycetales.
Most other eukaryotes contain only a single Utp30/Cic1 fam-
ily protein or multiple closely related proteins that cannot
be distinguished as Utp30 or Cic1. It is unclear whether the
single Utp30/Cic1 family protein from other organisms is
the functional counterpart of Utp30 or Cic1. At the sequence
level, the single Utp30/Cic1 homologs are more related to the
Cic1 clade of Saccharomycetales than the Utp30 clade
(Supplemental Fig. S2). Moreover, Cic1 is an essential
gene, but Utp30 is not. The function of Cic1 should be
more likely to be preserved than Utp30 in the course of evo-
lution. These considerations suggest that the single Utp30/
Cic1 homolog functions as Cic1.
Alternatively, the Utp30/Cic1 homolog could play dual

roles in both 90S and pre-60S preribosomes. As Utp30 and
Cic1 bind similarly to the core structure of their target
RNAs (h41a of 18S rRNA and 3′ stem of ITS1), a single pro-
tein may fulfill the function to bind both targets. To support
this notion, the only Utp30/Cic1 protein of Chaetomium
thermophilum has been shown to be present in 90S
(Kornprobst et al. 2016).
We have shown that deletion of Utp30 did not affect the

composition of 90S preribosome, indicating that no protein
depends on Utp30 for association. Structurally, Utp30 is
bound at the periphery of the 90S structure and makes pri-
mary interaction with the ejected helix 41 of 18S rRNA but
little interactions with other proteins. The rather isolated in-
teraction network of Utp30 may account for its nonessential-
ity to 90S assembly and function. Moreover, helix 41 is
additionally contacted by an unassigned α-helix, which may
compensate for the loss of Utp30.
Although Utp30 is dispensable for ribosome assembly, it

makes a positive genetic interaction with Emg1. Deletion of
Utp30 enhanced the growth defect of a temperature-sensitive
mutant of Emg1 and overexpression of Utp30 suppressed the
phenotype (Schilling et al. 2012). Structurally, Utp30 and
Emg1 both bind to the 3′ major domain of 18S rRNA, which
forms the head in themature subunit (Fig. 2B). Combining the
genetic and structural data, Utp30 appears to play an auxiliary
role in the assembly of the head. The robust architecture and
redundant interactions of the 90S preribosome could tolerate
a certain degree of structural defects in the head assembly.

MATERIALS AND METHODS

Gene cloning and protein purification

The gene encoding residues 11–256 of Utp30 was PCR-amplified
from yeast genomic DNA and cloned into a modified pET-28a

vector with the In-Fusion method (TaKaRa). The expressed protein
contains an N-terminal His6-Smt3 tag. All constructs were verified
by DNA sequencing.
The expression vector was transformed into E. coli BL21(DE3)

strain. The bacteria were cultured at 37°C in LB medium containing
50 mg/mL kanamycin. When the OD600 value reached 0.8, the
culture was cooled to 18°C and supplied with 1.0 mM isopropyl
β-D-1-thiogalactopyranoside to induce protein expression for
16 h. The cells were harvested by centrifugation, resuspended in lysis
buffer (50 mM Tris–HCl pH 8.0, 200 mM NaCl), and then broken
in a high-pressure JN-3000 PLUS cell disruptor (JNBIO). After the
lysate was clarified by centrifugation at 4°C, the supernatant was
loaded onto a 5-mLHisTrap column (GEHealthcare) and the target
protein was eluted with 0.5 M imidazole in lysis buffer. The concen-
tration of NaCl in the pooled fractions was raised to 0.5 M to in-
crease protein solubility. The target protein was then digested with
Ulp1 for 4 h at 4°C to remove the His6-Smt3 tag. The target protein
was loaded onto a heparin column (GEHealthcare) pre-equilibrated
in 0.5 M NaCl and Tris–HCl (pH 8.0) and eluted with a 0.5–1 M
NaCl gradient. The eluted protein was concentrated with ultrafiltra-
tion devices of 10 kDa cutoff (Amicon) and further purified with
a HiLoad 16/60 Superdex 200pg column (GEHealthcare) pre-equil-
ibrated in 50 mM Tris–HCl (pH 8.0) and 1 M NaCl. The protein
sample was concentrated to 10–40 mg/mL for crystallization or
storage at −80°C.
The seleno-methionine (SeMet)-labeled protein was expressed in

M9medium as described previously (Zhang et al. 2014) and purified
in the same way as the native protein except that all buffer solutions
were supplied with 2 mM dithiothreitol.

Crystallization and structure determination

Initial crystallization screening was conducted at 18°C using the
sitting-drop method by mixing 120 nL each of protein (50 mM
Tris–HCl, pH 8.0, 1 MNaCl) and reservoir solutions. The identified
crystallization conditions were optimized using the hanging-drop
method with 1 µL each of protein and reservoir solutions equilibrat-
ed against 0.5 mL of reservoir solution. The native protein of Utp30
11–256 was crystalized from 1.45 M trisodium citrate dehydrate
and 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.5).
The SeMet-labeled protein was crystallized from 1.35 M trisodium
citrate dehydrate and 0.1 M MES (pH 6.5).
The crystals were cryoprotected in 25% glycerol made from the

reservoir solutions. Diffraction data were collected at BL17U and
BL19U beamlines of the Shanghai Synchrotron Radiation Facility
(SSRF) and processed with HKL3000 (Minor et al. 2006). A data
set was collected for the native crystal at the wavelength of
0.97776 Å. Another data set was collected for the SeMet-labeled
crystal at 0.97919 Å. Both crystals are isomorphic and belong to
space group C2221 with two molecules in the asymmetric unit.
The structure was determined based on the native and derivative
data sets with the single isomorphous replacement with anomalous
scattering (SIRAS) method by using AutoSol of PHENIX (Adams
et al. 2010). The model was initially built with AutoBuild in
PHENIX and further adjusted in COOT (Emsley et al. 2010). The
structure was refined against the native data set with PHENIX.
The current model contains two Utp30 molecules with residues
11–110, 117–136, and 144–256 in chain A and residues 11–144
and 147–256 in chain B, 15 water molecules, and one phosphate
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ion. Ramachandran analysis shows that 93.36% of the residues are in
the favored regions and 6.64% in the allowed regions.

To model the Utp30 structure in 90S, the more complete chain B
was docked into the cryo-EM density map of ΔMtr4 90S (Sun et al.
2017). The gap between residues 144 and 147 was filled and some
loops were manually adjusted according to the density. The model
was refined with molecular dynamic flexible fitting (Trabuco et al.
2008). The remodeled Utp30 structure and a few surrounding struc-
tural elements, including nt 1474–1537 of 18S rRNA, nt 247–265 of
5′ ETS RNA, an unassigned helix, were further refined against the
ΔMtr4 90S map with phenix.real_space_refine (Supplemental
Table S2; Adams et al. 2010).

Yeast studies

All strains were derived from BY4741 (Mat a, leu2Δ0, Met15Δ0,
ura3Δ0). The Noc4-TAP strain (BY4741, Noc4-TAP::His3MX6)
was purchased from Open Biosystems. The utp30Δ/Noc4-TAP
strain (BY4741, utp30Δ::KanMX6, Noc4-TAP::His3MX6) was con-
structed from the Noc4-TAP strain by homologous recombination
replacing the Utp30 gene with a PCR product generated from the
pFA6A-kanMX6 cassette (Longtine et al. 1998). The Utp30-TAP
strain (BY4741, Utp30-TAP::His3MX6) was constructed from
BY4741 by inserting a PCR product of the TAP cassette (CaMBP-
TEV-2xProtA-His3MX6) generated from the genomic DNA of
Noc4-TAP strain. Yeast cells were transformed using the lithium ac-
etate method. All strains were confirmed by PCR.

The Utp30 gene was cloned into plasmid pRS415 downstream
from a GPD promoter and a 3HA-tag. Mutations were introduced
by the QuikChange approach. The utp30Δ/Noc4-TAP strain was
transformed with pRS415-Utp30 and grown in Leu-free Synthetic
Complete medium or YPD (1% yeast extract, 2% peptone, 2%
glucose) medium.

Preribosomes were purified as previously described (Sun et al.
2017). Anti-HA antibody (CST, 1:2000 dilution) and peroxidase-
anti-peroxidase (PAP) antibody (Sigma-Aldrich, 1:5000 dilution)
were used for Western blotting. The chemiluminescent signals
were imaged with ChemiScope 5300 Pro (Clinx Science
Instruments) and quantified with Quantity One (Bio-Rad). Mass
spectrometry analysis was conducted as previously described
(Chen et al. 2017). The total spectral counts per 100 residues
(SCPHR) was calculated for each identified protein and further
normalized against a group of reference proteins (UTPB proteins)
to obtain the relative spectral abundance factor (RSAF) (Zhang
et al. 2016).

Sequence analysis

About 1000 homologous sequences of Utp30 (E-value <2 × 10−7)
were identified from the Reference Proteins Database of Eukaryota
in the National Center for Biotechnology Information (NCBI) with
two rounds of PSI-Blast search (Altschul et al. 1997). Few ribosomal
L1 proteins were retrieved from the search. The taxonomy report
was generated by NCBI. The sequences from a few selected organ-
isms and the ribosomal L1 protein of S. cerevisiae were compiled
and aligned with Muscle in Jalview (Waterhouse et al. 2009).
Phylogenetic trees were calculated with neighbor joining using
BLOSUM62 in Jalview.

DATA DEPOSITION

The coordinates and structural factors have been deposited into the
Protein Data Bank with accession codes 5YDU for Utp30 crystal
structure and 5YDT for remodeled Utp30 in a cryo-EM density
map of ΔMtr4 90S.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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