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ABSTRACT

The assembly of eukaryotic ribosomes requires nu-
merous factors that transiently associate with evolv-
ing pre-ribosomal particles. The Pumilio repeat-
containing protein Nop9 briefly associates with the
90S pre-ribosome during its co-transcriptional as-
sembly. Here, we show that Nop9 specifically binds
an 11-nucleotide sequence of 18S rRNA that forms
the 3’ side of the central pseudoknot and helix 28
in the mature subunit. Crystal structures of Nop9 in
the free and RNA-bound states reveal a new type of
Pumilio repeat protein with a distinct structure, target
sequence and RNA-binding mode. Nop9 contains 10
Pumilio repeats arranged into a U-shaped scaffold.
The target RNA is recognized by two stretches of re-
peats in a bipartite manner, and three central bases
are unrecognized as a result of the degeneracy of re-
peats 6 and 7. Our data suggest that Nop9 regulates
the folding of 18S rRNA at early assembly stages of
90S.

INTRODUCTION

Eukaryotic ribosomes are synthesized in a complex and dy-
namic process in which four rRNAs and ~80 ribosomal
proteins (r-proteins) are assembled into small and large sub-
units (1,2). More than 200 trans-acting proteins function
in ribosome assembly in the budding yeast S. cerevisiae. A
large number of small nucleolar RNAs (snoRNAs) direct
the modification of rRNA, and four special snoRNAs, U3,
Ul4, snR30 and snR 10, are involved in 18S rRNA process-
ing. Assembly factors (AFs) and snoRNAs transiently as-
sociate with a series of pre-ribosomal particles formed dur-
ing the assembly pathway of two ribosomal subunits. The
evolvement of pre-ribosomes is coupled with pre-rRNA
processing, the binding and release of AFs and snoRNAs
and structural rearrangements.

Ribosome assembly starts in the nucleolus, where the
18S, 5.8S and 25S rRNAs and four spacer sequences are
transcribed as a single precursor rRNA (pre-rRNA) from
rDNA gene repeats. H/ACA and C/D snoRNPs rapidly
modify rRNA sequences at specific sites. The growing 5
end of the nascent transcript is co-transcriptionally packed
into a large 90S pre-ribosomal particle, which is the earli-
est precursor of the small ribosomal subunit (3-6). Within
the 90S particle, sites A0 and Al in the 5 external tran-
scribed spacer (5" ETS) are cleaved, thus generating the 5’
end of 18S rRNA, and the A2 site in the internal transcribed
spacer 1 (ITS1) is cleaved, thereby splitting the precursors of
the small and large subunits. The 90S particle is assembled
in a stepwise and dynamic manner (7,8). Approximately 70
assembly factors, ~20 r-proteins, and U3, U14 and snR30
snoRNAs are sequentially deposited on the growing tran-
script. After helix 44 near the 3’ end of 18S rRNA is tran-
scribed, the particle undergoes a dramatic reorganization
event including the association of 10 late AFs and the re-
lease of U14 and snR30 snoRNAs and ~14 AFs that bind
earlier (7). These association and dissociation events even-
tually lead to the formation of a mature 90S particle capable
of 18S processing. The order and molecular mechanism of
the late assembly events remain unknown.

One protein among the AFs released at the last step
of 90S assembly is Nop9. Nop9 is a conserved nucleo-
lar protein required for early 18S rRNA processing (9,10).
APUM23, the ortholog of Nop9 in Arabidopsis, has also
been shown to function in pre-rRNA processing (11). Nop9
contains multiple Pumilio (PUM) repeats that were first
characterized in the Pumilio/ferm-3 mRNA-binding fac-
tor (PUF) family proteins. PUF proteins are sequence-
specific RNA-binding proteins that commonly bind the 3'-
untranslated region of mRNA and regulate mRNA trans-
lation and stability (12,13). Besides Nop9, another PUM
repeat-containing protein, Puf6, is involved in the assem-
bly of the ribosome, in this case the large subunit (10,14).
Puf6 appears not to recognize specific RNA sequences, but
it binds structured RNA (14).
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The RNA-binding domain of PUF proteins, known as
the Pumilio homology domain (PUM-HD) or PUF do-
main, typically consists of eight PUM repeats that assemble
into a crescent-shaped superhelical structure (15,16). Each
PUM repeat contains ~36 residues arranged into three a-
helices. The RNA is bound at the inner concave surface of
the PUF domain structure in a modular fashion, and one
base is recognized by one repeat (17). Bases 1-8 are bound
sequentially to repeats 8-1, resulting in an anti-parallel ar-
rangement between the RNA and protein. Three key RNA-
binding residues (constituting the tripartite recognition mo-
tif, TRM) are located at positions 1, 2 and 5 of a 5-residue
motif (12XX5 motif) in the second helix of each PUM re-
peat (17-20). The sequence specificity is primarily deter-
mined by the residues at positions 1 and 5, which bind
the edge of the base through hydrogen bonding and van
der Waals interactions. The residue at position 2 frequently
stacks over the bases.

In this study, we located the binding site of Nop9 on 18S
rRNA and characterized the structural basis of the specific
Nop9-RNA interaction. Nop9 binds to a structurally criti-
cal region of 18S rRNA and would block the folding of this
region. This finding explains why Nop9 must be released at
the final assembly stage of 90S.

MATERIALS AND METHODS
Gene cloning and protein purification

The Nop9 gene was amplified from yeast genomic DNA
and cloned into a modified pETDuet-1 plasmid, resulting
in the fusion of Nop9 protein to an N-terminal Hisg-Smt3
tag and PreScission cleavage site. Deletion mutations were
introduced with the QuikChange system and confirmed by
DNA sequencing.

Escherichia coli Rosetta (DE3) (Novagen) cells were
transformed with a plasmid expressing Nop9 or its frag-
ments. Cells were grown in LB medium containing 30
wg/ml chloramphenicol at 37°C to an Agyp of 0.5-
0.8 and then induced with 0.2 mM isopropyl B-D-1-
thiogalactopyranoside for 16 h at 16°C. The cells were pel-
leted, resuspended in lysis buffer (50 mM Tris—Cl, pH 8.0,
200 mM NaCl, 20 mM imidazole and 5% glycerol) and
lysed by sonication. After clarification, the supernatant was
lysed again by sonication to fragment nucleic acids. The su-
pernatant was filtered through a 0.45 pm filter and then
loaded onto a 5-ml HisTrap column (GE Healthcare). The
column was washed with lysis buffer and eluted with a
linear gradient of 20-500 mM imidazole in lysis buffer.
The peak fractions were incubated with PreScission pro-
tease overnight at 4°C to remove the Hisg-Smt3 tag and
then loaded onto a 5-ml Q column (GE Healthcare) pre-
equilibrated with buffer A (50 mM Tris—Cl, pH 8.0, 200
mM NaCl). The flow-through containing the target pro-
tein was collected and loaded onto a 5-ml heparin column
(GF Healthcare) pre-equilibrated with buffer A. The col-
umn was washed with 0.2 M NaCl, 10 mM Tris-Cl, pH
8.0 and eluted with a 0.2-2 M NaCl gradient. The target
protein eluted at approximately 400 mM NaCl was pooled
and further purified with a HiLoad 16/60 Superdex 200
column (GE Healthcare) using a buffer of 10 mM Tris—Cl
(pH 8.0) and 200 mM NaCl. The purified protein fractions

were concentrated to 15 mg/ml for crystallization. The se-
lenomethione (SeMet)-substituted protein was expressed in
M9 medium as described (21). The SeMet-labeled protein
was purified through a similar procedure, except that the
lysis buffer contained 0.5 mM DTT, and all other buffers
contained | mM DTT.

Crystallization

Initial crystallization screens were carried out using a
Mosquito (TTP Labtech) by the sitting-drop vapor-
diffusion method at 20°C with 100 nl each of the pro-
tein and reservoir solutions. Crystal optimization was con-
ducted with the hanging-drop vapor-diffusion method by
mixing 1 wl each of the protein and reservoir solutions.
The crystal of SeMet-labeled full-length Nop9 protein (15
mg/ml in 10 mM Tris—Cl, pH 8.0 and 200 mM NacCl) was
grown in 0.2 M sodium sulfate decahydrate and 19% PEG
3350 and cryoprotected in 20% glycerol prepared in the
mother solution.

RNAs were chemically synthesized and purified
by Takara. The Nop9-RNA complex was assem-
bled from 60 pwM of a Nop9 truncation containing
residues 53-220 and 249-634 and 90 pM of RNA (§-
AAAGGAAUUGACGGAAGG-3) in a buffer of 10 mM
Tris—Cl, pH 8.0 and 200 mM NaCl. The crystal of the
complex was grown from 0.2 M sodium citrate tribasic
dihydrate and 18% PEG 3350 and cryoprotected in 20%
glycerol prepared in the mother solution.

Data collection and structural determination

Diffraction data were collected at the Shanghai Syn-
chrotron Radiation Facility beamline BL17U1 and
BL18UI1 and processed with HKL2000 (22). The apo
structure of Nop9 was determined in Phenix with the
single-wavelength anomalous dispersion method based on
a selenium derivative dataset (23). The model was built in
Coot (24) and refined in Phenix. The crystal of apo-Nop9
belongs to the space group 72,2;2; and contains one
molecule per asymmetric unit. The final model contains
residues 49-76, 80-164, 176-220 and 249-633.

The crystal of the Nop9-RNA complex belongs to space
group P2; and contains two complexes per asymmetric unit.
The complex structure was solved by molecular replace-
ment using the apo structure of Nop9 as the search model
in Phaser (25). The resultant map showed clear densities for
the missing RNA. The current model contains two copies of
the complexes, each containing Nop9 residues 48 (or 51)—
164, 176-220 and 249-633, nucleotides (nt) 1140-1150 of
18S rRNA and 104 water molecules. Protein residues 48—52
were from the tag sequence.

Electrophoretic mobility shift assay

Synthetic RNAs (Takara) were labeled with [y->’P]JATP
by T7 polynucleotide kinase and purified on G-25 spin
columns. Approximately 0.1 nM labeled RNA was incu-
bated with protein at 0.013-51.2 wM concentrationsina 10-
pl volume reaction containing 25 mM HEPES-K (pH 7.9),
100 mM NacCl, 2 mM MgCl,, 1 mM DTT, 0.01% NP-40,



and 10% glycerol at room temperature for 15 min. The re-
action products were resolved in 5% native polyacrylamide
gels running in Tris-glycine (pH 8.3) buffer at room temper-
ature. The gels were dried and visualized using a Typhoon
Phosphorlmager (GE Healthcare).

Western blot analysis

The RNPs assembled on 5'-MS2-tagged pre-rRNAs were
one-step purified via RNA affinity, as described previ-
ously (7). The bound proteins were resolved in SDS-PAGE
and detected by western blotting. The TAP tag was de-
tected with the peroxidase—anti-peroxidase (PAP) antibody
(Sigma). Polyclonal antibodies were raised in mouse for re-
combinant proteins of Enp1l and Efgl and in rat for recom-
binant proteins of Nop9 and Mrd1. These antibodies were
used with appropriate dilution ratios: PAP (1:10 000), anti-
Nop9 (1:2000) anti-Mrd1 (1:1000), anti-Enp1 (1:5000) and
anti-Efgl (1:1000).

Accession number

The coordinates and structural factors have been deposited
into the Protein Data Bank with accession codes SWTX and
SWTY.

RESULTS
Nop9 binds a central sequence of 18S rRNA

We have previously analyzed the AFs and snoRNAs asso-
ciated with a series of 3'-truncated plasmid-encoded pre-
rRNAs and found that three proteins, Nsrl, Mrdl and
Nop9, are recruited to an RNA fragment ending at position
1154 of 18S rRNA, but not to a slightly shorter fragment
ending at position 1137 (Figure lA—C) (7). When the tran-
script is elongated to position 1770, late factors associate,
and about 12 proteins, including Nop9, Nsrl and Mrdl
and snR30 and U14 snoRNAs, dissociate. Here, we checked
the association of Utp9, Nop9, Mrd1, Enpl and Efgl with
five representative transcripts by western blotting (Figure
1D). The data confirmed the assembly and release points
of these AFs, as previously derived from mass spectrometry
analysis. Nop9 and Mrd1 associated with only the 18S-1154
and 18S-1643 RNAs but not with the shorter and longer
RNAs. Enpl, a late factor, began to bind when the 3’ end
of the transcript reached position 1770 of 18S rRNA. Utp9
and Efgl, which are recruited by the 5" ETS and the 5’ do-
main of 18S RNA, respectively, associated with the 18S-
1137 and longer RNAs. The amount of Efgl was signifi-
cantly reduced in the ITS1-239 RNA, suggesting that Efgl
is released upon 90S maturation. The previous mass spec-
trometry data also indicated a reduction in Efgl abundance
with increasing RNA length (7).

These data indicate that the association of Nsrl, Mrdl
and Nop9 critically depends on nt 1137-1154 of 18S
rRNA. Interestingly, these three proteins all contain single-
stranded RNA-binding domains: Nsrl and Mrdl have two
or four RNA recognition motif (RRM) domains (26-28),
and Nop9 contains multiple PUM repeats (9). We won-
dered whether one of these proteins might directly recog-
nize nt 1137-1154 of 18S rRNA. Because PUM repeats rec-
ognize RNA sequences by a recognition code (17-20), we
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attempted to predict the target sequence of Nop9. We iden-
tified ten PUM repeats, called R1 to R10, from the Nop9
sequence. Based on the amino acid residue identities at po-
sitions 1 and 5 of the 12XX5 motif, repeats 10 through 8
may recognize a GGG triplet, and repeats 6 to 1 may rec-
ognize a 6-mer sequence, CGACGG (Figure 1E, Table 1).
Repeat 7 lacks a canonical recognition motif and appears
to be degenerate. Interestingly, the two predicted sequences
closely matched two discontinuous segments in the 18S se-
quence required for Nop9 binding (Figure 1E).
Encouraged by this prediction, we examined the bind-
ing of Nop9 to nt 1137-1154 of 18S rRNA by using elec-
trophoretic mobility shift assay (Figure 1F). Indeed, Nop9
bound the RNA with an affinity of approximately 200 nM.
Mutation of either the 5" or 3’ part of the sequence signif-
icantly reduced the binding, indicating that Nop9 specifi-
cally recognizes the sequence (Figure 1E and F). Moreover,
the same two mutations disrupted the binding of Nop9 to
the 18S-1154 RNA in vivo (Figure 1D). As a control, the
association of Utp9 and Efgl, which assemble earlier than
Nop9, were not affected by the mutations. Notably, Mrd1
also failed to bind the mutated 18S-1154 RNAs, suggesting
that Mrd1 depends on Nop9 or the 18S sequence for asso-
ciation. These in vitro and in vivo binding data indicate that
Nop?9 specifically recognizes nt 1137-1154 of 18S rRNA.

Structure of Nop9 in the free and RNNA-bound states

To understand the structural basis of Nop9 recognition of
its target RNA, we determined the structure of Nop9 in
the free and RNA-bound states by X-ray crystallography.
The structure of free Nop9 was determined by the Se-SAD
method and refined to an Ry value of 0.266 at 3.1 A (Ta-
ble 2). The structure reveals 10 PUM repeats (R1 to R10)
and two terminal pseudo-repeats (R1” and R10’) that stack
into a right-handed U-shaped superhelix (Figure 2A and B,
Supplementary Figure S1). Each PUM repeat consists of
three a-helices. The first and third a-helices are located at
the outer convex surface, whereas the second a-helix is lo-
cated at the inner concave surface. Repeat 1 is capped by
two a-helices, termed R1’, and repeat 10 is capped by four
a-helices, termed R10'.

We next determined the structure of Nop9 bound to the
1137-1154 sequence of 18S rRNA. To facilitate crystalliza-
tion, the two terminal tails (residues 1-52 and 635-666) and
an internal loop (residues 221-248) that are disordered in
the free Nop9 structure were removed. The structure was
refined to an Rpee 0f 0.237 at 2.8 A and includes two com-
plexes in the asymmetric unit (Table 2). The two complexes
are highly similar in local structure and RNA-protein inter-
action but have slightly different overall shape (Supplemen-
tary Figure S2). The electron density map is of sufficient
resolution to distinguish guanine and adenine, allowing un-
ambiguous assignment of the RNA sequence (Figure 2D).

The Nop9 structure generally resembles other PUF do-
main structures (15-17,29-32), but is longer (10 versus 8
repeats) and much more curved (U shape versus crescent
shape) (Figure 2E and F). In this regard, Nop9 is similar
to Puf6, which contains 11 repeats arranged in an L-shape
(14).
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Figure 1. Nop9 specifically recognizes a central sequence of 18S rRNA. (A) Structure and processing sites of the 5" portion of 35S pre-rRNA. The bound-
aries of four 18S domains and the ending positions of the analyzed RNA fragments are marked. The Nop9-binding sequence is shaded. (B) Secondary
structure of 18S rRNA around the central pseudoknot. The two sites recognized by U3 snoRNA are boxed. (C) Secondary structural model showing
interactions between the 5 domain of U3 snoRNA and pre-rRNA. (D) Western blot analysis of AFs associated with pre-18S RNA fragments. The RNAs
were expressed from plasmids in the Utp9-TAP strain and pulled down via a 5 MS2-tag. The associated proteins were immunoblotted with PAP to detect
the TAP tag in Utp9 and polyclonal antibodies raised against Nop9, Mrdl, Enpl and Efgl. (E) Alignment of the two predicted target sequences of Nop9
with 18S rRNA. Also shown are two mutant sequences with the altered bases shaded. (F) RNA binding assay of Nop9. Sequence 1137-1154 of 18S rRNA
and its mutants were 5'-32P-labeled and assembled with Nop9 protein at concentrations of 0, 0.013, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8 and
51.2 wM. The free and bound RNAs were resolved on native gels and visualized by autoradiograph.
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Table 1. Prediction of target sequence of Nop9
Repeat 12XX5 Predicted base Observed base
R1 SKXXE G GI1150
R2 SHXXE G G1149
R3 SHXXR C C1148
R4 SPXXQ A Al1147
R5 SHXXE G G1146
R6 AFXXR C —
R7 GTXXI ? —
R8 SVXXE G Al142
R9 SHXXE G Gl1141
R10 SHXXD G? G1140

A

1 666

R Rl R2 R3 R4 R5 R6 R7 R8 R9 R10 R10
D

PUM1-RNA
Nop9-RNA

AN

Figure 2. Crystal structure of Nop9 (A) Domain diagram of Nop9. (B and C) Ribbon representation of Nop9 structure in the free (B) and RNA-bound
(C) states. The ten PUM repeats (R1-R10) are colored alternately in green and sky blue. R1” and R10" are colored gray. RNA is colored yellow. (D) The
2fo — fc electron density map, contoured at the 1.0o level for the bound RNA. (E and F) Alignment of the RNA complex structures of Nop9 and human
PUMI1 (PDB code: IM8Y). PUMI repeats 1-5 and 6-8 were separately aligned to Nop9 repeats 1-5 and 8-10 in E and F, respectively. Nop9 and its bound
RNA are colored in green and yellow. PUM1 and its bound RNA are colored in magenta and red.

The Nop9 structure becomes more compact after RNA
binding (Figure 2B and C, Supplementary Figure S2B and
D). The two Nop9-RNA complexes in the asymmetric
unit also display slightly different curvature (Supplemen-
tary Figure S2A and C). The bending mainly occurs at the
middle part of the structure around repeats 4-8. The plas-
ticity of the Nop9 structure contrasts with the rigid struc-

tures of PUM1 and Puf4, which display no conformational
change after RNA binding (15,17,32).

RNA sequence recognition by Nop9

Nucleotides 1140-1150, termed as the Nop9 binding se-
quence (NBS), are resolved in the complex structure and
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Table 2. Data collection and refinement statistics

Crystal form SeMet-Nop9 Nop9-RNA complex
Data collection

Space group 121212 P2

Cell dimensions

a, b, c(A) 93.801, 134.846, 145.921 69.503, 102.744, 114.708
a, B, yC) 90.0, 90.0, 90.0 90.0, 95.5,90.0
Wavelength (A) 0.9793 0.9793

Resolution (A) 50.0-3.1 (3.15-3.1) 50.0-2.8 (2.85-2.8)
Rinerge (70) 19.5 (>100) 9.3 (83.0)
<I>/<o(l)> 17.1(1.7) 18.3 (3.0)
Completeness (%) 99.7 (100) 99.6 (100)
Redundancy 14.4 (14.7) 5.3(5.7)

Refinement

49-3.1 (3.27-3.1)
17 549 (2825)

Resolution range (A)
No. reflections

Ryork 0.194 (0.271)
Riree 0.266 (0.345)
No. atoms 4460

Protein 4460

RNA 0

Water 0

Mean B (A%) ) 67.12

Rmsd bond lengths (A) 0.010

Rmsd bond angles (°) 1.275
Ramachandran plot

Favored (%) 90.65
Allowed (%) 8.04

Outliers (%) 1.31

20-2.8 (2.85-2.8)
39 356 (2255)
0.180 (0.269)
0.237 (0.360)
9520

8934

482

104

39.07

0.008

1.199

95.74
3.99
0.28

Values in parentheses are for highest-resolution shell.

are bound at the inner surface of the Nop?9 structure. Other
nucleotides in the crystallized RNA are not visible in the
density map and are apparently disordered. In contrast to
the typical sequential recognition of an RNA sequence by
PUM repeats (17), the 11 bases in the NBS are recognized
in a bipartite manner. The five 3’ bases G1146-G1150 are
bound consecutively by repeats 5 to 1, and the three 5’ bases
G1140-A1142 are bound consecutively by repeats 10 to 8
(Figure 3A and C). The N- and C-terminal part of the
Nop9-RNA complex can be aligned individually, but not
as a whole, with the PUM1-RNA complex structure (Fig-
ure 2E and F) (17). As a result of the bipartite interaction,
the 5" and 3’ segments of the RNA are nearly perpendicular
to each other.

The linker region between the two recognized RNA seg-
ments, namely nucleotides A1143, Ul144 and U1145, is
flipped out and is not recognized in a sequence-specific
manner (Figure 3B). U1144 has little interaction with the
protein and shows poor electron density (Figure 2D). The
base of A1143 is stacked by the side chain of Arg485, but
has no contact at the edge. The interruption of the consec-
utive recognition of the RNA sequence is caused by the de-
generacy of repeats 6 and 7. Repeat 7 does not bind RNA
at all, whereas repeat 6 contacts G1146 with a stacking
interaction and a hydrogen bonding interaction to the 2'-
hydroxyl group of G1146.

The Nop9—RNA complex structure illustrates the
sequence-specific recognition mode for five guanines
(G1140, G1141, G1146, G1149 and G1150), two adenines
(A1142, A1147) and one cytosine (C1148). The basic
binding mode is conserved, but the structure also reveals
variations in RNA recognition by PUM repeats.

Except for G1140, the remaining four of the five gua-
nines are recognized by an SE motif (residues at position
1 and 5), as previously observed (17). The hydroxyl group
of the serine at position 1 forms a hydrogen bond with the
N2 group of guanine. The carboxyl group of the glutamate
at position 5 interacts with the N1 group and sometimes ad-
ditionally with the N2 group of guanine. The side chains of
the glutamate display conformational variations in the four
repeats, resulting in slightly different interactions with the
bases. Guanine recognition has previously been observed
only once, by repeat 7 of the PUF domain. Although other
recognition codes for guanine have been identified (18), the
prevalence of the SE motif in Nop9 suggests that it is the
most frequent code for guanine.

G1140 is the 3’ terminal nucleotide and is recognized by
a novel SD motif in repeat 10 and extra residues in repeat
10". In repeat 10, S565 binds the N2 group of guanine. De-
spite having a shorter side chain, Asp569 at position 5 con-
tacts the N1 group of guanine like a glutamate. In repeat 10,
Asn608 further specifies the O6 atom of G1140 and GIn604
makes a stacking interaction with G1140.

A1147 is bound by an SQ motif in repeat R4 similarly
to previous observations (17). GIn305 interacts with the N1
group of A1147 (Figure 3A). Ser301 makes a van der Waals
interaction with the C2 group of A1142 and also stabilizes
the side chain of GIn305. Unexpectedly, the other adenine,
A1142, is recognized by an SE motif in repeat 8 that nor-
mally specifies guanine (Figure 3B). The C2 group of A1142
is contacted by a van der Waals interaction from Ser48§,
and the N6 group of A1142 is bound by the carboxylic
group of Glu492. Val489 at position 2 of repeat 8§ does not
stack over A1142. Instead, the side chain of Arg485, located
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Figure 3. Interaction between Nop9 and target RNA. (A and B) Recognition of the 3'- (A) and 5'-half (B) of the target RNA. RNA and the side chains
of the interacting protein residues are shown as sticks. Nitrogen is blue, oxygen is red, phosphorus is orange, and carbon is green for Nop9 and yellow for
RNA. Dashed lines stand for hydrogen bonds. (C) Schematic of Nop9-RNA interaction. Dashed lines, ‘>>>" and stacked bars denote hydrogen bonds,
van der Waals interactions and stacking interactions, respectively. The three unrecognized bases are colored in red.

at the extended N-terminus of the second helix of repeat 8§,
wedges between the bases of A1142 and A1143 and pushes
A1143 out of the track of the 5 RNA segment.

Our structure shows two divergent recognition codes for
A1142 and G1140. Both bases are located at the termini
of a consecutively recognized RNA sequence and adjacent
to non-canonical repeats (R10’, R7). The different environ-
ment may alter the binding specificity and hence complicate
the target prediction.

Naturally occurring PUM repeats that recognize cytosine
have not been identified. However, directed evolution stud-
ies have shown that PUM repeats having a residue with a
small side chain (Gly, Ala, Ser, Thr, Cys) at position 1 and
an arginine residue at position 5 specifically bind to cytosine
(19,20). Our structure illustrates for the first time how a cy-
tosine is specifically recognized in a natural context. C1148
in the NBS is recognized by an SR motif in repeat R3, con-
sistent with a previous prediction (19). Specifically, the side
chain of Arg207 at position 5 makes two hydrogen bonds
with the Watson-Crick edge of C1148. Ser203 at position 1
does not contact the base but stabilizes the conformation
of Arg207. These interactions are very similar to those ob-
served between cytosine and an engineered SYXXR motif
(19). However, C1148 in our structure makes no stacking

interaction with the residues at position 2 of repeats 3 and
4,

DISCUSSION

The final assembly stage of the 90S pre-ribosome consists
of numerous association and dissociation events. The or-
der and logic underling these complicated assembly events is
unknown. Our biochemical and structural data reveal that
Nop9 specifically recognizes nt 1140-1150 of 18S rRNA
during co-transcriptional assembly of 90S, providing major
insight into the function of Nop9 in 90S maturation. The
binding site of Nop9 is located at a structurally critical re-
gion (Figure 1B). The 5’ half of the NBS (1140-GGAAU-
1144) pairs with the 5 end region (10-GAUCC-14) of 18S
rRNA to form the central pseudoknot (CPK) in the mature
subunit. The CPK is a prominent conserved structure that
organizes the global architecture of small subunits and con-
stitutes the decoding center (33).

The CPK formation is regulated by U3 snoRNA that is a
key component of 90S pre-ribosomes. U3 binds at two sites
in the 5 ETS (34-37). In addition, U3 is proposed to bind
both the 5’ (nt 9-25) and 3’ sides (nt 1139-1143) of the CPK
(Figure 1C) (38-40). The U3-18S interactions bring the two
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sides of the CPK close and may facilitate its formation. The
base pairing interaction between U3 and the 5 side of the
CPK was supported by the observation that mutations in
the 5’ side of the CPK resulted in defective pre-rRNA pro-
cessing at sites A1 and A2 and the phenotype can be largely
rescued by the compensatory mutation in U3 (38). The mu-
tation on the 3’ side of the CPK (3’-CPK) also inhibited
cleavage at sites Al and A2, but the inhibition cannot be
rescued by the compensatory mutation in U3 (38). Our re-
sults show that mutations of the 3’-CPK would affect Nop9
binding (Figure 1D), thus providing an alternative explana-
tion of the mutational phenotype.

Association of Nop9 would exclude U3 from binding to
the 3’-CPK. Nevertheless, U3 might bind the 3’-CPK before
association of Nop9 or after release of Nop9. Since Nop9
binds the 3’-CPK sequence as soon as it emerges from the
pre-rTRNA, the interaction of U3 with 3’-CPK is more likely
to occur subsequently to Nop9 release. Nop9 might assist
the duplex formation between U3 and 3'-CPK through a
hand-off mechanism.

The formation of the CPK requires release of Nop9
and U3 from 18S rRNA. Nop9 is dissociated before the
cleavage-competent 90S particle is assembled (7), thus free-
ing the 3’-CPK. U3 is released during the transition of 90S
to pre-40S after the pre-rRNA is cleaved at A0, Al and A2
sites. The RNA helicase Dhrl has been proposed to unwind
the U3-18S duplex (41).

The 3’ part of the NBS (1145-UGACGG-1150) forms he-
lix 28 in the head domain. Obviously, the association of
Nop9 would prevent the target sequence from pairing with
other RNA clements and would thereby block the ribosome
assembly from proceeding. In the Nop9-bound state, the
CPK, the putative duplex between U3 and the 3-CPK and
helix 28 cannot be assembled. In this way, Nop9 may pro-
tect the target sequence from forming premature structures
when other structural elements needed for productive as-
sembly are not yet in place.

Nop9 and other factors are released after helix 44 is tran-
scribed. Although it is unknown which type of structure the
target sequence will form during the last assembly stage of
908, the release of Nop?9 is a prerequisite for the subsequent
assembly of the target sequence. Our findings suggest that
Nop9 dissociation is a key step that coordinates the con-
certed late reorganization events of 90S assembly.

Recently, systematic evolution of ligands by exponential
enrichment (SELEX) has been applied to find the RNA
target sequence of the Arabidopsis Nop9, APUM?23 (42).
The derived 10-nt consensus sequence closely matches the
yeast target sequence identified here, further supporting
our conclusion. However, the previous assignment of base-
repeat pairing for the 5 half of NBS is not consistent with
our structure. APUM23 binds the target RNA much more
tightly than Nop9, and the SELEX analysis of Nop9 was
not successful, suggesting that APUM?23 and Nop9 might
not bind the target RNA in the same way (42).

The 11-nt target sequence of Nop9 is identical in the
18S rRNAs of S. cerevisiae, S. pombe, A. thaliana, D.
melanogaster and H. sapiens. Interestingly, the TRMs of
PUM repeats are generally conserved, but not identical, in
the Nop9 orthologs from these organisms. For example, the
Glu in the SE motif for guanine recognition is frequently re-

placed by Gln and Asp (Supplementary Figure S1). These
natural variations demonstrate the diversity and plasticity
of base recognition by PUM repeats. In addition, the func-
tion of Nop9 might not require optimal binding for all bases
of the target sequence.

Because of the modular recognition of RNA sequences
and the simple recognition code, PUF domains have been
engineered to target designed RNA sequences for vari-
ous purposes (43,44). These efforts have all been based
on the classic PUF domains, which contain eight repeats
and bind similar sequences that bear a 5 UGUR (where
R is a purine) motif and a 3’ UA motif. The intermedi-
ate nucleotides between the two motifs are variable in se-
quence and length and can be recognized in non-canonical
ways (29,31,32). Nop9 displays a distinct structure, target
sequence and RNA binding mode from classic PUF do-
mains and would provide a different scaffold for engineering
sequence-specific RNA-binding domains.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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