Structural and functional analysis of Utp23, a yeast ribosome
synthesis factor with degenerate PIN domain
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ABSTRACT

During synthesis of yeast ribosome, a large complex, called the 90S pre-ribosome or the small subunit processome, is assembled on
the nascent precursor rRNA and mediates early processing of 18S rRNA. The Utp23 protein and snR30 H/ACA snoRNA are two
conserved components of 90S pre-ribosomes. Utp23 contains a degenerate PIN nuclease domain followed by a long C-terminal
tail and associates specifically with snR30. Here, we report the crystal structure of the Utp23 PIN domain at 2.5-A resolution. The
structure reveals a conserved core fold of PIN domain with degenerate active site residues, a unique CCHC Zn-finger motif, and
two terminal extension elements. Functional sites of Utp23 have been examined with conservation analysis, mutagenesis, and in
vivo and in vitro assays. Mutations in each of three cysteine ligands of zinc, although not the histidine ligand, were lethal or
strongly inhibitory to yeast growth, indicating that the Zn-finger motif is required for Utp23 structure or function. The N-
terminal helix extension harbors many highly conserved basic residues that mostly are critical for growth and in vitro RNA-
binding activity of Utp23. Deletion of the C-terminal tail, which contains a short functionally important sequence motif,
disrupted the interaction of Utp23 with snR30 and perturbed the pre-ribosomal association of Utp23. Our data establish a

structural framework for dissecting Utp23 function in the assembly and dynamics of 90S pre-ribosomes.
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INTRODUCTION

Eukaryotic ribosome synthesis is a complex and dynamic pro-
cess that involves transcription, modification, and processing
of precursor rRNA (pre-rRNA), coordinated assembly of ri-
bosomal proteins, and export of pre-ribosomal particles
from the nucleolus to the cytoplasm (for review, see Tschoch-
ner and Hurt 2003; Henras et al. 2008; Kressler et al. 2010;
Panse and Johnson 2010; Karbstein 2011; Phipps et al.
2011). In the yeast Saccharomyces cerevisiae, ~200 trans-acting
nonribosomal proteins and 75 small nucleolar RNAs (sno-
RNAs) have been found to participate in ribosome synthesis.
This process starts in the nucleolus, where the small subunit
18S rRNA and the large subunit 5.8S and 255 rRNAs are tran-
scribed by RNA polymerase I into a single polycistronic pre-
rRNA. The nascent transcript undergoes extensive site-
specific 2’-O-methylation and pseudouridylation with the
modification site selected by C/D and H/ACA snoRNAs, re-
spectively (Kiss et al. 2010; Watkins and Bohnsack 2011).
The primary transcript also contains 5'- and 3’-external
transcribed spacers (5'-ETS and 3’-ETS) and internal tran-
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scribed spacer 1 and 2 (ITSI and ITS2) that are removed
during a series of endo- and exonucleolytic cleavage. Early
processing of 18S rRNA involves cleavage at sites A0 and
Al in the 5'-ETS and at site A2 in the ITSI, yielding the 20S
pre-rRNA. The 20S pre-RNA is exported to the cytoplasm
and is processed at site D to produce mature 18S rRNA.
Early processing of 18S rRNA occurs within the 90S pre-
ribosomal particle, or the small subunit (SSU) processome,
which are assembled cotranscriptionally on the 5 part of
the primary pre-rRNA (Dragon et al. 2002; Grandi et al.
2002; Osheim et al. 2004). Genetic studies and biochemical
purifications have found that roughly 70 nonribosomal pro-
teins and four snoRNAs (U3, Ul4, snR10, snR30) are in-
volved in early processing of 18S rRNA (Phipps et al. 2011).
Many associate with 90S particles, but their binding strength
or duration can be different.

Utp23 is a nucleolar protein that weakly associates with
90S pre-ribosomal particles and is required for early process-
ing of 18S rRNA at sites A0, A1, and A2 (Bleichert et al. 2006).
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Utp23 contains a predicted PIN (PilT N
terminus) domain. Typically, the PIN
domain is an endoribonuclease of ap-
proximately 130 amino acids and is
involved in various aspects of RNA pro-
cessing and degradation (Clissold and
Ponting 2000; Glavan et al. 2006; Arcus
et al. 2011). The active site of the PIN
domain consists of three or four acidic
residues that bind Mg>* or Mn”" ions
and catalyze the reaction. However,
Utp23 appears to be an inactive nuclease
because its equivalent active site residues
are either mutated or dispensable for
function (Bleichert et al. 2006). Synthesis
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FIGURE 1. Multiple sequence alignment of Utp23. A total of 134 Utp23 sequences were re-
trieved from RefSeq with BLAST and aligned with ClustalW and manual adjustment. Only se-
quences from Saccharomyces cerevisiae (Sc) and Homo sapiens (Hs) are displayed. Residues that
are conserved in 95%, 80%, and 70% of all aligned sequences are shaded black, gray, and light
gray, respectively. Similarity groups are defined as follows: D and E; K and R; S and T; F, Y,
and W;and I, L, M, and V. The secondary structures observed in the crystal structure are indicated
on the fop. Triangles mark the equivalents to catalytic residues in PIN nucleases and circles denote
Zn-coordinating residues.
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of small ribosomal subunit also requires

two other PIN domain proteins, Utp24

and Nobl. Utp24 has been proposed to be the endonuclease
for Al and/or A2 cleavage, and its active residues are essential
for 18S rRNA processing at the two sites (Bleichert et al.
2006). Nob1 cleaves the 20S pre-rRNA at site D, generating
the 3’-end of 18S rRNA (Fatica et al. 2003, 2004; Pertschy
et al. 2009).

Utp23, along with another protein Kril, was recently shown
to associate specifically with the snR30 snoRNA (Hoareau-
Aveilla et al. 2011). snR30 is a universally conserved H/ACA
snoRNA that lacks a modification target, yet is required for
pre-rRNA cleavage at A0, Al, and A2 sites (Morrissey and
Tollervey 1993; Atzorn et al. 2004). The 3’ hairpin of snR30
binds with two short separated sequences in the eukaryotic
specific extension segment 6 of 185 rRNA (Fayet-Lebaron
et al. 2009). Under normal conditions, only a small fraction
of snR30 cosediments with large 90S pre-ribosomes in sucrose
density gradients, suggesting that the association of snR30
with 90S pre-ribosomes is weak or transitive. Utp23 has
been suggested to regulate snR30 release as depletion of
Utp23 led to the accumulation of snR30 in large 90S pre-
ribosomes (Hoareau-Aveilla et al. 2011). In this study, we
have determined the crystal structure of the Utp23 PIN
domain and identified functionally important sites of Utp23
with mutagenesis and a number of functional assays.

RESULTS

Sequence analysis and structural determination

To gain insight into the structural and functional organization
of Utp23, we analyzed its sequence conservation. We searched
homologs of S. cerevisiae Utp23 from the NCBI Reference
Sequence (RefSeq) database with BLAST. Most sequenced eu-
karyotic genomes returned a single significant hit (E <1 x
107'%), which likely represents the ortholog of Utp23.
Alignment of 134 sequences showed that Utp23 contains a
conserved N-terminal region (residues 1-159), which corre-
sponds to the predicted PIN domain, and a long C-terminal
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region (residues 160-254) composed mainly of low complex-
ity sequences (Fig. 1).

We expressed, purified, and crystallized full-length Utp23
protein and several C-terminally truncated fragments. A frag-
ment that includes residue 1-159, covering only the PIN
domain, yielded best crystals. We found from the sequence
alignment that Utp23 contains four invariant residues—
Cys64, Cys89, His91 and Cys102—in the PIN domain (Fig.
1). Since cysteine and histidine are frequent coordinating res-
idues for metal ions such as Zn and Fe, we suspected that
Utp23 may be a metal-binding protein. Indeed, characteristic
radiation of Zn was detected in Utp23 crystals with X-ray
fluorescence scanning at synchrotron. We therefore collected
X-ray diffraction data at the peak absorption wavelength of
Zn and determined the structure with single-wavelength
anomalous dispersion (SAD) phasing. The structure was re-
fined at 2.5-A resolution to an Rye.-value of 0.288 and an
Ryor-value of 0.228 (Table 1). The crystal belongs to space
group P3,21 and contains two Utp23 molecules per asym-
metric unit.

Structure of the Utp23 PIN domain

In the crystal structure, each of two molecules inserts their C-
terminal part (residues 144-159, 6, and a8) into the other
molecule, forming a domain-swapped dimer (Fig. 2A,B).
Other than that, the two molecules have little contact. Gel fil-
tration chromatography showed that Utp23 1-159 is pre-
dominantly monomeric in solution (Supplemental Fig. S1),
suggesting that the observed dimer in crystal is not the phys-
iologically relevant conformation. Domain-swapped dimers
have been observed for other crystallized proteins, for exam-
ple, the FHA domain of Chfr mitotic checkpoint protein
(Stavridi et al. 2002), yet their physiologic function is often
unclear. High protein concentration used in crystallization
could induce formation of a small fraction of thermodynam-
ically equivalent domain-swapped dimer, which sometimes
crystallizes readily.
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TABLE 1. Data collection and refinement statistics

(Fig. 3C). This indicates that the Zn-fin-
ger motif is important for maintaining

Data Zn peak Zn remote Utp23 structure or function.

Data collection The classic PIN domain functions as
Space group P3,21 P3,21 endoribonuclease that cleaves single-
Cell dimensions stranded RNA in a Mg>* or Mn**-depen-

a,b,c (f\) 91.6,91.6,91.3 91.4,91.4,92.3 dent manner (Arcus et al. 2011). The ac-
WZ\,/fIle 1;&1 A ?02 89107/ 41 20 809 79603:71 20 tive site of the PIN d(?rr}ain c.ontains three
Resolution range (A) 50-2.9 (2.95-2.9) 20-2.5 (2.54-2.5) or four conserved acidic residues that are
Unique reflections 10102 (521) 15536 (777) involved in binding divalent metal ions
Redundancy 12.2 (12.8) 8.2 (8.2) and catalysis. Structural alignment of
<l>/<oll)> 45.6 (6.0) SUD ((5.2) Utp23 with SMG6 shows that two cor-
Completeness (%) 2o (100 EOAlL) responding active site residues (Asp31
Rmerge 0.107 (0.557) 0.103 (0.361) ’

Structure refinement
Resolution range (A)
Number of reflections
Number of atoms
Mean B factors (A?)
Rwork

Rfree
RMSD bond length (A)
RMSD bond angles (°)

20-2.51 (2.67-2.51)

Asp123) are conserved in Utp23, whereas
the other two (Ala60 and Alal00) are
mutated (Fig. 2F). The equivalent residue

15380 (2508)

2494 of Ala100 has been shown to be essential
45.8 for nuclease activity of SMG6 (Glavan
8;;2 28431(3)19; et al. 2006) and for the function of
0:009 ’ Utp24 and Nobl (Fatica et al. 2004;
1.258 Bleichert et al. 2006). Moreover, the le-

Values for the data in the highest resolution bin are shown in parentheses.

We describe below the monomeric structural model of
Utp23 that is constructed with residues 3—143 of one mole-
cule and residues 144-159 of the other molecule. The PIN
domain folds into a three-layer o/p/a sandwich that consists
a twisted six-stranded {-sheet at the center surrounded by
eight a-helices at both sides (Fig. 2C,D). The six strands are
arranged in the order P3-B2-f1-P4-p5-p6. All adjacent
strands are parallel to each other, except that the C-terminal
strand 6 is antiparallel to stand (5.

We searched for structural homologs of Utp23 using the
DALI server (Holm and Sander 1993) and found many PIN
domain structures. These include the Archaeoglobus fulgidus
protein AF0591 of unknown function (Z-score=11.8)
(Levin et al. 2004) and human SMG6 (Z-score=38.3)
(Glavan et al. 2006), which is involved in nonsense-me-
diated decay. The structure of the Utp23 PIN domain can
be aligned onto other PIN domain structures with root
mean square deviations (RMSDs) of 2-3 A over approxi-
mately 100 Ca pairs. However, compared to canonical
PIN domain structures, Utp23 additionally contains helix
al at the N terminus and strand 6 and helix a8 at the C
terminus.

As predicted, the structure shows that a Zn ion is coordi-
nated to the S, atoms of Cys64, Cys89, Cys102, and the N,
atom of His91, forming a CCHC-type Zn finger (Fig. 2E).
The Zn-finger motif brings together and stabilizes a local
structure comprising helices a4 and a6 and the loop linking
strand 3 and helix a6. Mutations of each of three Cys ligands
to alanine were lethal or severely inhibited yeast growth,
although mutation of the histidine ligand was neutral

thal phenotype of utp23A strain can be
fully rescued by the D31N or D123N mu-
tant of Utp23, indicating that the two
conserved active site residues are func-
tionally dispensable (Fig. 3C). This agrees with the previous
complementation study using a conditional tetracycline re-
pressible utp23 strain (Bleichert et al. 2006). Glul01 and
Glu149 are located in the vicinity of the active site and may
act as alternative catalytic residues (Fig. 3A). This is unlikely
since their replacement by uncharged glutamine caused no
growth phenotype (Fig. 3C). The structural and mutational
data strongly implicate that Utp23 contains an inactive PIN
nuclease domain.

The helix a1 and C-terminal tail are important
functional elements

To gain insight into the potential functional site of Utp23,
we mapped conserved residues onto the structure (Fig.
3A). Remarkably, helix al exposes several highly conserved
basic residues, namely Arg5, Lys7, Argl0, and Lys11. Lys4 is
also moderated conserved as the corresponding position
is occupied by lysine in 63% of Utp23 proteins and by thre-
onine or serine in 28% of Utp23 proteins. The abundant
basic residues render helix al the most positively charged
region in the electrostatic potential surface of Utp23 (Fig.
3B). Moreover, a few conserved residues are scattering in
the neighborhood of helix al, including Arg23 and Pro25
on one side and Vall47, Glul49, and Argl31 on the other
side.

Next, we asked the functional importance of these con-
served surface residues. To accomplish this, we constructed
a UTP23 shuffle strain in which the genomic copy of
UTP23 gene was deleted and replaced by UTP23 gene on a
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FIGURE 2. Structure of Utp23 PIN domain. (A) Ribbon representation of the domain-swapped dimer. Two molecules are shown in green and ma-
genta. (B) The 2fo-fc electron density contoured at the 1.5 o level is overlaid on the refined structure. (C) Monomeric structure model of Utp23 PIN
domain. Two orthogonal views are shown. The B-strands, a-helices, and loops are colored in yellow, red, and green, respectively. The zinc ion is
shown as a yellow ball. The secondary structures and the N and C termini are labeled. (D) Topology diagram of the Utp23 PIN domain. The sec-
ondary structures that are common to other PIN domains are colored green for a-helices and yellow for $-strands, and those unique to Utp23 are
shown as empty boxes. Four zinc-coordinating residues are labeled. (E) Close-up view of the zinc-finger motif. (F) Structural superimposition of
Utp23 (green) and SMG6 (PDB code 2HWW, gray). The catalytic residues of SMG6 and their Utp23 equivalents are shown as sticks. Utp23 residues

are labeled.

URA3 plasmid. The shuffle strain was transformed with a
LEU plasmid expressing TAP-tagged Utp23 variants under
the control of the GPD promoter. The function of Utp23
variants was examined by growth assay in the presence of
5-FOA, which counter-selects the URA3 UTP23 plasmid, at
temperatures 20°C, 30°C, and 37°C (Fig. 3C). All live strains
were recovered from 5-FOA plates and further grown on
YPD plates at different temperatures to verify growth pheno-
type (Supplemental Fig. S2).

The conserved basic residues on helix al were substituted
individually or in combination by negatively charged aspartic
acid. The K4D and R5D single mutants displayed normal
growth, but their double mutant cannot survive at all temper-
atures, indicating that both Lys4 and Arg5 are functionally
important. The K7D mutant grew normally at 30°C and
37°C yet slowly at 20°C, indicating a cold-sensitive pheno-
type. The R10D mutant was lethal, whereas the K11D mutant
had no detectable growth defect. As expected for additive
mutational effect, the double mutation R10D/K11D and
the quadruple mutation K4D/R5D/R10D/K11D were also
lethal. Since these analyzed residues are all located on the ex-
posed surface of helix al, their mutations should minimally
affect the stability and folding of the PIN domain structure.

1818 RNA, Vol. 19, No. 12

Collectively, these results indicate that helix al is a key func-
tional element of Utp23.

We also analyzed the functional importance of a few other
conserved residues by mutagenesis. Residues Leul3 and
Tyr16 mediate hydrophobic packing of helix a1, and their in-
dividual Ala substitutions had negligible effect on cell growth.
Alanine replacement of the conserved Pro25 residue was also
neutral.

Besides the PIN domain, Utp23 possesses a long tail at the
C terminus. The yeast cell expressing only a C-terminal trun-
cation mutant of Utp23 (N178, residues 1-178) showed a
cold-sensitive phenotype, indicating that the deleted C-ter-
minal residues are functionally important. The C-terminal
tail is composed mainly of low complexity, hydrophilic se-
quences (Fig. 1), and it also harbors a highly conserved short
motif (PNPLSVKKKK) at residues 202—211 and two flanking
moderately conserved K/R tracks at residues 193-196 and
230-237. We asked whether these regions are responsible
for the observed growth defect in the N178 mutant. The
growth assay showed that deletion of residues 202—211 inhib-
ited yeast growth at all three temperatures even more severely
than the N178 mutant. Removal of each K/R track caused mi-
nor or no effect (Fig. 3C; Supplemental Fig. S2). Hence, the
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FIGURE 3. Functional sites of Utp23. (A) Conservation surface of Utp23 PIN domain. Two opposite orientations are shown. Residues that are con-
served in >95% and 95%-80% of 134 Utp23 sequences are colored in orange and yellow, respectively. The surface is semitransparent and overlaid on
the ribbon representation of Utp23. Some conserved residues are shown as sticks and labeled. (B) Electrostatic potential surface of Utp23 PIN domain
shown in the same orientations as in A. The surface is colored from blue to red for positively to negatively charged regions. (C) Yeast growth assay of
Utp23 mutants. The utp23A haploid strain complemented by a URA3 UTP23 plasmid was transformed with LEU2 plasmids expressing GPD-driven
UTP23, no UTP23 (Vector), or the indicated ufp23 mutations. Tenfold serial dilutions of the transformants were spotted onto plates containing SC
medium or SC with 5-FOA to counter-select for the URA3 UTP23 plasmid and incubated at 37°C, 30°C, or 20°C. (D) Expression of TAP-tagged Utp23
and its mutants from plasmid. Equal amounts of total protein were analyzed by SDS-PAGE, Ponceau § staining, and Western blotting using PAP to

detect Utp23-TAP.

conserved residues 202-211 constitute the key functional site
in the C-terminal tail.

Deletion of residues 1-23 (A1-23) or residues 160-254
(N159) caused lethality, but this may be due to no expression
of the two mutant proteins (Fig. 3D). The expression level of
the D31N mutant was low but apparently sufficient for sup-
porting growth. All other mutant proteins were well ex-
pressed; hence, their growth phenotype should be ascribed
to their impaired function rather than any problem in protein
expression. In summary, our mutagenesis and yeast comple-
mentation analyses reveal that helix al and the C-terminal
tail contain key functional residues.

Utp23 is an RNA-binding protein

The presence of degenerate PIN ribonuclease domain and
the essential function of basic residues in helix al suggest
that Utp23 may bind RNA. Indeed, electrophonic mobili-
ty shift assay (EMSA) showed that Utp23 was capable of
forming complexes with a fragment of 18S rRNA (Fig. 4).
Excessive protein also led to the formation of very large com-
plexes that stuck in the well, indicative of nonspecific bind-
ing. The binding affinity was estimated to be in the low
uM range based on the concentrations of RNA and protein
used.
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FIGURE 4. RNA binding assay of Utp23 and its mutants. Ten pico-
moles of a 185 rRNA fragment (nt 745-859) was incubated with 0,
10, 20, 40, and 100 pmol of Utp23 proteins, resolved in a native gel
and stained by GelRed.

To locate the RNA-binding residue of Utp23, recombinant
mutant proteins were prepared and assessed. The C-terminal
truncation mutant N178 showed a reduced RNA-binding ac-
tivity, whereas two helix al mutants (K4D/R5D and R10D/
K11D) completely lost RNA binding. Similar results were ob-
tained for other RNAs with various sequences and structures
(data not shown). These results indicate that Utp23 possesses
at least a general RNA-binding activity, and helix al is a ma-
jor RNA-binding structural element.

The C-terminal tail of Utp23 is involved in binding
snR30

Utp23 is a component of 90S pre-ribosomes and specifi-
cally associates with snR30 (Bleichert et al. 2006; Hoareau-
Aveilla et al. 2011). We asked whether the functionally
impaired Utp23 mutants identified above are defective in
binding snR30 and 90S pre-ribosomes. To this end, TAP-
tagged Utp23 expressed in the UTP23 shuffle strain was sub-
jected to immunoprecipitation (IP) with IgG Sepharose, and
the coprecipitated RNA was analyzed by Northern blot. IP
of wild-type Utp23-TAP showed that snR30 was signifi-
cantly enriched over U3, snR10, and U14, which are three
other snoRNAs involved in early 18S processing (Fig. 5,
lane 9). Two control RNAs, Ul snRNA and Trp tRNA,
were hardly detectable, confirming the specificity of our IP
experiments. This result agrees with the previous finding
that Utp23 specifically associates with snR30 (Hoareau-
Aveilla et al. 2011).

When the cell lysate was subjected to an additional ultra-
centrifugation step to remove large RNPs including 90S par-
ticles, the profile of coprecipitated RNAs was not changed
(Fig. 5). The detected association of Utp23 with snR30 appar-
ently occurred independently of 90S pre-ribosome formation.
The level of coprecipitated U3, which is a stable component of
90S pre-ribosomes, was low regardless of ultracentrifugation
treatment. This indicates that the interaction of Utp23 with
90S pre-ribosome was weak or transitive and hardly detected
in our IP experiments.

The helix al mutants K4D/R5D, K7D, R10D and R10D/
K11D coprecipitated snR30 as efficiently as wild-type Utp23
(Fig. 5A,B). In contrast, the C-terminal truncation mutant
N178 coprecipitated a much smaller amount of snR30 com-
pared to wild-type Utp23 and the helix al mutants (Fig. 5,

1820 RNA, Vol. 19, No. 12

lane 14). This finding demonstrates that the C-terminal tail
plays a crucial role in binding snR30.

We found that an increased amount of U3 was coprecipi-
tated by the N178 mutant, but not after the ultracentrifuga-
tion treatment to remove large RNPs (Fig. 5, lanes 14,28).
The N178 mutant may associate with 90S pre-ribosomes
more tightly or for a longer duration than wild-type Utp23.
However, association of the N178 mutant with 90S pre-ribo-
somes appears to be sensitive to experimental variations and
was not observed in every experiment (Supplemental Fig.
S3).

Since the N178 mutant has a cold-sensitive phenotype, we
wondered whether its interaction with snR30 is affected by
growth temperature. We grew yeast at 30°C and 20°C and an-
alyzed the interaction between Utp23 and snR30 by IP. The
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FIGURE 5. Association of Utp23 with snR30. (A) The UTP23 shuffle
strain transformed with an empty LEU plasmid (Vector), or LEU plas-
mids expressing TAP-tagged Utp23 or indicated mutants were grown at
30°C. Cell extracts were centrifuged at 10,000¢ for 30 min (low speed)
and additionally at 180,000g for 45 min to deplete large RNPs (high
speed). Total cell lysates (TCL, 5%) and immunoprecipitations (IP) of
IgG Sepharose were analyzed by Western blotting to detect Utp23-
TAP and by Northern blotting with appropriate DNA probes to detect
the indicated RNAs. (B) Quantification of snR30. snR10 is used as the
internal loading reference because its amount appears to be consistent
among different samples. The snR30 to snR10 ratio of Utp23 mutants
is further normalized against that of wild-type Utp23 in the same treat-
ment group.
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FIGURE 6. Sedimentation behavior of Utp23 and the N178 mutant.
The utp23A strains expressing Utp23-TAP (A,B) or its N178 mutant
(C,D) from a GPD-driven plasmid were grown at 30°C (B,D) or 20°C
(A,C). The cell extracts were fractionated on 7%—50% sucrose gradients,
and Utp23-TAP was detected using PAP. The ribosome profiles were re-
corded at 254 nm.

amount of snR30 coprecipitated by the N178 mutant was re-
duced to a similar degree at two temperatures (Supplemental
Fig. S3), indicating that growth temperature does not directly
affect the interaction between the N178 mutant and snR30. It
should be noted that the yeast strains used for IP also ex-
pressed wild-type Utp23 to support growth of those lethal
mutants. The wild-type Utp23 would rescue the cold-sensi-
tive phenotype of the N178 mutant and might mask any tem-
perature-dependent effect on snR30 interaction. However,
use of strains without the wild-type Utp23 yielded the same
result (Supplemental Fig. S3).

The C-terminal truncation perturbs pre-ribosomal
association of Utp23

To examine whether the C-terminal truncation affects asso-
ciation of Utp23 with pre-ribosomes, we analyzed sedimen-
tation behavior of Utp23 and the N178 mutant at two
growth temperatures (Fig. 6). A large fraction of Utp23 was
found in the upper part of the gradient as free or snR30-
bound proteins (Fig. 6A,B). This was not observed in the pre-
vious study (Hoareau-Aveilla et al. 2011), probably because
Utp23 was previously expressed under its endogenous pro-
moter, but was overexpressed under the GPD promoter in
our stains.

As observed previously, wild-type Utp23 cosedimented
with large 90S pre-ribosomes at the 90S and polysome re-
gions, and a small amount of Utp23 can also be detected at
the 40S and 60S regions particularly at 30°C (Fig. 6A,B).
Compared with wild-type Utp23, the N178 mutant was sig-
nificantly enriched at the 40S and 60S regions (Fig. 6D).
The sedimentation of the N178 mutant was more perturbed
at lower temperature 20°C and displayed a near even distribu-
tion pattern along the gradient (Fig. 6C). These data suggest

that the C-terminal truncation affects the dynamic associa-
tion of Utp23 with pre-ribosomes.

DISCUSSION

A large number of proteins have been identified to be in-
volved in the synthesis of small ribosomal subunits in yeast,
yet their structure and functional role have not been charac-
terized in most cases. In this study, we have conducted a
detailed structure—function analysis of Utp23, an evolution-
arily conserved protein in 90S particles. The crystal structure
reveals that the PIN domain of Utp23 shares a core fold
with other PIN domains, confirming the previous prediction
based on sequence analysis. We also confirm by comple-
mentation assay that the putative active residues of Utp23
are dispensable for function (Bleichert et al. 2006), implying
that Utp23 is a structural protein rather than an enzyme.

The structure reveals several unique structural elements
that are not present in other structurally characterized PIN
domains. We identify a novel CCHC Zn finger located at
the periphery of the PIN core structure and show that it is es-
sential for Utp23 structure or function. We found that the
C64A mutant protein exclusively formed inclusion bodies
in Escherichia coli and cannot be purified (data not shown),
suggesting that the Zn-finger motif is important for main-
taining proper structure of Utp23. In addition, other than
the four Zn-coordinating ligands, the exposed residues
around the Zn finger are not conserved (Fig. 3A), arguing
against that the Zn finger is directly involved in molecular
interaction.

To the best of our knowledge, this is the first time a Zn-fin-
ger motif has been found within a PIN domain. Notably,
the four zinc-binding residues are also conserved in Utp24,
which is likely an active PIN domain endonuclease for
Al and/or A2 cleavage of pre-rRNA (Bleichert et al. 2006).
Despite having different activities and roles in early process-
ing of 18S rRNA, Utp23 and Utp24 share the characteristic
zinc-binding residues, suggesting that they are more related
to each other with respect to structure and evolution than
to other PIN domain proteins.

Another unique structural element of Utp23 is its N-ter-
minal helix al, which exposes many highly conserved basic
residues. We show that helix al is a key functional element
of Utp23 since mutations in its exposed basic residues signif-
icantly impaired yeast growth. We also found that the basic
residues are required for in vitro RNA-binding activity of
Utp23, suggesting that helix al is involved in binding some
endogenous RNA targets. Given that helix al mutants are
not defective in binding snR30 RNA, we can speculate that
helix al may be involved in binding rRNA within 90S pre-
ribosomes.

Utp23 contains a long and likely unstructured tail at the C
terminus of the PIN domain. Our complementation results
show that the C-terminal tail is important for yeast growth
and harbors a major functional site in conserved residues
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202-211. Interestingly, the N178 mutant is defective in bind-
ing snR30, which provides mechanistic insight into the
function of the C-terminal tail. The growth phenotype of
the N178 mutant also demonstrates the functional role of
Utp23-snR30 interaction. How the C-terminal tail mediates
snR30 binding remains an open question. The C-terminal
tail could directly bind snR30 RNA or bind other proteins as-
sociated with snR30.

Our gradient sedimentation results reveal that the N178
mutant is more strongly associated with particles migrating
at the 40S and 60S regions compared with wild-type Utp23.
These particles may represent mature 40S and 60S ribosomal
subunits with which Utp23 nonspecifically associates or oth-
er uncharacterized pre-ribosomal particles. Understanding
the nature of these Utp23-associated particles may shed fur-
ther light on the ribosome assembly pathway.

In summary, we have revealed the structure and major
functional sites of Utp23. These functionally important re-
gions, including the zinc finger, helix al, and the C-terminal
tail, are all located outside the core structure of the PIN
domain. The ancestral PIN domain of Utp23 apparently
evolved new functionality by developing extra structural ele-
ments. The Utp23 mutants with different phenotypes identi-
fied in this study can be used as tool to further study the
assembly and dynamics of 90S pre-ribosomes.

MATERIALS AND METHODS

Gene cloning and protein purification

The DNA sequence of Utp23 was PCR-amplified from yeast geno-
mic DNA and cloned into a modified pETDuet-1 (Novagen) vector
to express Utp23 protein fused to an N-terminal Hiss-tag and a
PreScission cleavage site. The C-terminal truncation mutants were
constructed by introducing the stop code at appropriate positions
of Utp23 gene with the QuikChange method (Stratagene). E. coli
BL21 (DE3) cells were transformed and grown in LB broth contain-
ing 100 pg/mL of ampicillin at 37°C to an ODgq of 0.8. The protein
expression was then induced with 0.2 mM isopropyl-D-1-thiogalac-
topyranoside for 16 h at 16°C. Cells were pelleted, resuspended in
buffer A (50 mM Tris-HCI, pH 7.5, 300 mM NaCl, 5% glycerol)
containing 30 mM imidazole and 0.1 mM phenylmethane sulpho-
nylfluoride, and then lysed in a high-pressure JN-3000 PLUS cell
disruptor (JNBIO). After clarification by centrifugation, the super-
natant was loaded onto a 5-mL HisTrap column (GE Healthcare).
The protein was eluted with a linear gradient of 30 to 500 mM im-
idazole in buffer A. The target protein was pooled and digested with
PreScission overnight at 4°C to remove the N-terminal Hiss-tag. The
target protein was further purified through a heparin column (GE
Healthcare) followed by gel filtration (Superdex 75 10/300 GL, GE
Healthcare) pre-equilibrated in 10 mM Tris-HCl, pH 7.5, 200
mM NaCl.

Crystallization and structure determination

Utp23 1-159 was crystallized at 20°C using the sitting-drop vapor
diffusion method by mixing 1 pL of protein solution (30 mg/mL
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protein, 10 mM Tris-HCI, pH 7.5, 200 mM NaCl) and 1 pL of res-
ervoir solution (0.1 M Bis-Tris pH 6.5 or 0.1 M HEPES pH 7.5, 2%
v/v tacsimate pH 6.0, 20% w/v polyethylene glycol 3350). The crys-
tals were directly frozen in liquid nitrogen without additional
cryoprotection.

Diffraction data were collected at beamline BL17U of the
Shanghai Synchrotron Radiation Facility (SSRF) and processed
with HKL2000 (Otwinowski and Minor 1997). A 2.9-A data set
was collected at the Zn peak absorbance wavelength and used for
SAD phasing in SHARP (Vonrhein et al. 2007). Following density
modification, the experimental electron density map was of suffi-
cient quality to allow manual model building in COOT (Emsley
and Cowtan 2004). The structure was refined in Refmac and
PHENIX (Murshudov et al. 1999; Adams et al. 2010). The final
model was refined against a 2.5-A data set collected from another
crystal. The final model contains two Utp23 molecules with residues
3-159 and residues 3-92 and 97-159, respectively; two zinc ions;
and 21 water molecules. The error of coordinates is 0.40 A based
on maximum-likelihood estimation. RAMPAGE analysis showed
that 96.1% of the residues are in favored regions and 3.9% are in al-
lowed regions. The structural figures were prepared using PyMOL
(DeLano 2002).

Yeast strains, mediums, and plasmids

Standard protocols were followed for yeast manipulation. Yeast cells
were cultured in YPD (1% yeast extract, 2% peptone, 0.003% ade-
nine, and 2% glucose), Synthetic Complete (SC) medium, and
appropriate SC dropout mediums (Clontech). The used strains,
oligonucleotides, and plasmids are listed in Supplemental Tables
S1-83.

The UTP23 gene, including the flanking promoter and termina-
tor sequences were PCR-amplified from yeast genomic DNA and
cloned into the URA3 pRS416 plasmid with the In-fusion method
(TaKaRa). The plasmid p415GPD-Utp23-TAP that expresses C-ter-
minally TAP-tagged Utp23 under the GPD promoter was kindly
provided by Dr. Susan Baserga (Bleichert et al. 2006) and mutated
with the QuikChange method. To generate the UTP23 shuffle strain,
the heterozygous deletion diploid utp23A/UTP23 (Euroscarf) was
transformed with the URA3 UTP23 plasmid. The transformants
were sporulated, and the spores were isolated and germinated.
The utp23A haploid strain complemented with the URA3 UTP23
plasmid was selected in Ura-deficient SC medium containing anti-
biotic G418 and verified by PCR.

Yeast growth assay

The utp23A haploid strain carrying pRS416-UTP23 was trans-
formed with p415GPD-Utp23-TAP encoding wild-type or mutant
Utp23-TAP. The transformants were inoculated into 2 mL of Ura-
and Leu-deficient SC liquid medium and grown at 30°C until the
ODggo value reached 0.6-1.0. Cells were adjusted to an ODggo of
0.6 and serially diluted 10-fold with sterile water. The dilutions
were spotted on SC plates with or without 0.1% 5-fluoroorotic
acid (5-FOA) and incubated for 4 d at 37°C and 30°C and for 5 d
at 20°C. The live strains in 5-FOA plates were recovered, cultured
in liquid YPD medium, spotted onto YPD plates, and grown for 2
d at 37°C and 30°C and for 4 d at 20°C.
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Immunoprecipitation

Yeast utp23A strains carrying pRS416-Utp23 and p415GPD-Utp23-
TAP or mutants were cultured in 10 mL of Leu- and Ura-deficient
SC medium for ~16 h and further grown in 1 L of YPD to ODg
between 0.8 and 1.0. IP was preformed as previously described
(Hoareau-Aveilla et al. 2011). Cells were collected and resuspended
in lysis buffer (20 mM Tris-HCI, pH 8.0, 5 mM Mg-acetate, 200 mM
NaCl, 0.2% Triton X-100) supplemented with EDTA-free protease
inhibitor cocktail (Roche), 0.5 units/pL RNasin (Promega), and 1
mM DTT. After cells were broken by a high-pressure cell disruptor,
lysates were clarified by centrifugation at 10,000¢ for 30 min. To ob-
tain high speed extracts, half the supernatant was centrifuged at
180,000¢ for 45 min. IgG Sepharose beads (100 pL) were incubated
with 150 OD,g units of supernatant for 2 h and washed seven times
with 1 mL lysis buffer.

For protein analysis, the precipitants were separated on 4%—-20%
gradient SDS-PAGE gels and immunoblotted with peroxidase anti-
peroxidase (1:5000, Sigma). For RNA analysis, RNA was isolated us-
ing the hot phenol method, separated in 6% polyacrylamide-8M urea
gels, and transferred to Hybond N* membranes (GE Healthcare).
The following oligonucleotides were used for northern hybridiza-
tion: Ul: 5-CTGATATCTTAAGGTAAGTAT; snR30: 5'-ATGTCT
GCAGTATGGTTTTACG; U3: 5-GGATTGCGGACCAAGCTAA;
snR10: 5'-GTGTTACGAATGGCTGTTA; Ul4: 5-TCACTCAGA
CATCCTAGG; Trp tRNA: 5-CATTACGAGTGCGATGCCTTAC.
Northern blotting was conducted as described (Lin et al. 2013).

Sucrose gradient sedimentation

Sucrose gradient sedimentation analysis was preformed as described
(Lin et al. 2013). Yeast cells (250-300 mL) were grown to ODggo =
0.8-1.0 at 30°C. For low temperature treatment, yeast cells were
grown at 30°C to an ODgq of 0.6 and then for 3 h at 20°C.

EMSA

RNAs were in vitro transcribed by T7 polymerase using PCR prod-
ucts as template and gel purified. RNAs (10 pmol) were assembled
with Utp23 or mutant proteins in different molar ratios in 10 pL of
binding buffer containing 25 mM HEPES-K (pH 7.6), 100 mM
NaCl, 2 mM MgCl,, 1 mM DTT, 0.01% NP-40, and 10% glycerol.
RNAs were separated in 5% native acrylamide gels and stained with
GelRed.

DATA DEPOSITION

The atomic coordinates and experimental data have been deposited
in the Protein Data Bank under accession code 4MJ7.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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