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In eukaryotes, ribosome assembly requires hundreds of con-
served essential proteins not present in the mature particle.
Despite their importance, the function of most factors remains
unknown. This is because protein deletion often affects the
composition of the entire particle. Additionally, many proteins
are present in assembling ribosomes for extended times, which
makes it difficult to pinpoint their role to a particular step.
Here we have combined classical yeast biochemistry with ex-
periments using recombinant proteins and RNA to study the
role of Dim2 and its interaction with Nob1, the nuclease that
generates the 3'-end of 18 S rRNA. Analysis of Dim2 mutants
in which the interaction with Nob1 is disrupted demonstrates
that this interaction between Dim2 and Nob1 is essential for
optimal growth, and RNA binding experiments show that
Dim?2 increases Nob1 RNA affinity. Furthermore, our data in-
dicate that Dim2 helps regulate Nob1 cleavage activity at the
3'-end of 18 S rRNA, as point mutants where this interaction is
abolished in vitro accumulate pre-ribosomes containing Nob1
and 20 S rRNA in vivo. Interestingly, the site of interaction
with Nob1 is mapped to the canonical RNA binding surface of
a KH-like domain in Dim2, providing another example where
an RNA-binding domain can be repurposed for protein
interactions.

Ribosome assembly in eukaryotes is a complex and highly
regulated process that consumes much of the energy of an
actively growing cell (1). Ribosome assembly begins with the
transcription of the ribosomal RNAs (rRNAs),> three of which
(18 S,5.8 S, and 25 S) are produced as a single transcript (Fig.
1). During transcription, this RNA is extensively methylated
at 2’-OH groups (2), and initial cleavages separate the rRNAs
destined for the small and large ribosomal subunit (3). Data in
the literature indicate that 18 S rRNA processing is initiated
in the nucleolus by a non-essential cleavage step (termed A)
in the region 5’ to 18 S rRNA (5'-ETY), followed by the essen-
tial cleavages at sites A, (to generate the 5'-end of 18 S rRNA)
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and A, (to separate 18 S rRNA from 5.8 S and 25 S rRNA (4),
Fig. 1). The final step of 18 S rRNA maturation is the cyto-
plasmic cleavage at site D to form the mature 3’-end of 18 S
rRNA. This cleavage step is carried out by the PIN-domain-
containing nuclease Nob1 (5-8).

Modification and cleavage of pre-rRNAs is integrated with
rRNA folding and binding of ribosomal proteins via a large
machinery. In yeast, this essential machinery comprises ~200
proteins, assembly factors that bind transiently to pre-riboso-
mal complexes. Despite their importance for assembling this
essential biomolecule, in many cases their specific roles in
ribosome biogenesis remain unknown. The function of en-
zymes can be dissected relatively easily, resulting in the iden-
tification of all 'IRNA-modifying enzymes as well as many of
the nucleolytic enzymes, particularly in the 60 S pathway. In
contrast, the function of the majority of the assembly factors
is harder to study, as by sequence analysis many proteins only
contain either RNA or protein interaction motifs, making it
hard to propose initial models for protein function.

To address the role of these proteins, Tollervey and col-
leagues have recently developed an elegant technique to map
the RNA-binding sites of RNA-binding ribosome assembly
factors by crosslinking (9). Whereas this method has been
fruitful in many cases, not all ribosome assembly factors with
RNA-binding motifs have produced crosslinks to rRNA (10,
11). One such elusive protein is Dim2 (10).

Baserga and co-workers (12, 13) have used yeast 2-hybrid
screens to systematically map the protein-protein interaction
networks within the previously defined UtpA and UtpB com-
plexes. A subpopulation of the proposed interactions has also
been further studied using truncations or point mutations.
Together, these maps have yielded detailed insight into a so-
far intractable large RNA-protein complex. However, a de-
tailed dissection of the role of these protein interactions, as
well as how they interact with the transcriptional apparatus or
the rRNA processing machinery, awaits further study.

To address the role of Dim2 in ribosome assembly, and per-
haps develop a generally applicable method for dissecting the
role of ribosome assembly factors without enzymatic func-
tions, we focused on the protein-binding partner of Dim2, a
protein required for 40 S ribosome assembly (14 -16). Here
we have tested the existence of a proposed interaction be-
tween Dim?2 and the D-site nuclease Nob1. Our data show
that this interaction is required for optimal ribosome biogene-
sis and provide evidence for a role for Dim2 in recruiting and
activating Nob1 for cleavage at the 3'-end of 18 S rRNA. In
addition, our data reveal that this interaction makes use of a
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KH-like domain, a motif typically associated with RNA

binding.

EXPERIMENTAL PROCEDURES

Yeast Strains and Yeast Expression Plasmids—Yeast strain
YKK192, created from the Open Biosystems Nob1-TAP
strain, has a galactose-inducible promoter inserted in front of

the Dim?2 open reading frame. It was generated using PCR-

based recombination (17), and correct insertion was verified

by PCR and Western analysis. The Dim2 open reading frame,
including an N-terminal HA tag, was cloned into pRS416TEF
(18) using oligonucleotides a and b listed in Table 1.
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Protein Expression Plasmids—The Dim2 open reading
frame, as well as deletion constructs, were cloned into pSV272
for protein expression using oligonucleotides b, ¢, and d listed
in Table 1. Dim2 mutants were generated using the
QuikChange protocol.

Expression and Purification of Dim2—His-MBP-tagged
Dim?2 plasmid DNA was freshly transformed into Rosetta(DE3)
Escherichia coli cells (Novagen). Protein expression was car-
ried out as previously described for Bms1 (19). Cells were ly-
sed in 50 mm NaPO, (pH 8.0), 150 mm NaCl, and 0.5 mMm
PMSF and purified via Ni-NTA chromatography using 1 ml
HisTrap columns (GE Healthcare). Ni-eluate fractions con-
taining Dim2 were pooled and dialyzed at least 3 h into 50 mm
Tris pH 8.0, 150 mm NaCl, 1 mm DTT (Buffer A) at 4 °C. Dia-
lyzed protein was loaded onto a MonoS column equilibrated
in Buffer A and eluted in a salt gradient to a final concentra-
tion of 40% of Buffer B (50 mm Tris, pH 8.0, 2 M NaCl, 1 mm
DTT) over 12 column volumes. Fractions containing Dim2
were pooled and concentrated and further purified over a
Superdex200 column in 50 mm HEPES pH 8.0, 200 mm NaCl,
and 1 mm DTT. Dim2-containing fractions were pooled, con-
centrated, glycerol was added to 10%, and protein flash-frozen
for long-term storage at —80 °C. Dim2-MBP protein concen-
tration was determined with a nanodrop spectrophotometer
using € = 76,180 M~ ' cm ™. To obtain untagged Dim2, TEV
protease was added during the dialysis step. All subsequent
steps were carried out identically. Dim?2 protein concentra-
tions were determined using € = 11,460 M~ ' cm ™', Dim2 mu-
tant proteins were purified using the same protocol as the
wild-type protein, except that a MonoQ ion-exchange column
was used.

Transcriptions—rDNA fragments were cloned into pUC19
between Xmal and PstI sites, and then transcribed as de-
scribed (7).

RNA Binding Assay—RNA binding experiments were car-
ried out using electromobility shift assays. Radioactively la-
beled RNA was folded, and binding reactions were carried out
as described (7). 10-ul binding reactions were incubated at
30 °C for 2 h and then immediately loaded onto a 6% acryl-
amide/THEM pH 7.5 gels (33 mm Tris, 67 mm HEPES, 1 mMm

FIGURE 1. Pre-18 S rRNA processing in yeast. A, schematic overview of
the rRNA transcript and cleavage sites for 18 S production. The locations of
the Northern probes used in Fig. 5 are shown with bars and letters under the
RNA. B, order of early rRNA processing and transcription steps in yeast. For

EDTA, 10 mm MgCl,) after addition of 10 ul of RNA loading
dye (0.1% xylene cyanol, 0.1% bromphenol blue, 45% glycerol).
Gels were run at 10 watts for ~2 h, dried, and exposed to a

simplicity steps required for 60 S assembly are excluded.

TABLE 1

Oligonucleotides used in this study

For Northern probes, the location of the probe (e.g., D-A2, between cleavage sites D and A2) or mature RNAs recognized (e.g., 18 S) are also indicated. See Fig. 1 for
schematic of probe locations and cleavage sites.

phosphoscreen overnight. Signal for protein-bound and free

Primer Use/Location Sequence

a 5'-HA GCCGCCACTAGTATGTATCCTTATGACGTGCCTGACTATGCCAGCCTGG
GGACCTATGGTTGCGCCTACTGCTTTG

b 3 TCAGACAAGCTTTTAGTAGCGTTCTTTTAATCTAG

c 5' GATCGAGGCGCCATGGTTGCGCCTA

d 3'AC CAAGTAAAGCTTTCAATCTAGAATCAATAGTGAGATAGAATCG

e D-A2 GCTCTCATGCTCTTGCC

f 258 GGGCAGGCTGCAGCTTCCTACCAG

g 18 S CATGGCTTAATCTTTGAGAC

h A2-A3 ATGAAAACTCCACAGTG

i U2 CAGATACTACACTTG

j A0-Al GGAAACAGCTGAAATTCC
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RNA was detected using Typhoon scanner and quantification
was performed using ImageQuant software (Molecular
Dynamics). Data were fit to the Hill equation.

In Vitro Pull-down Assays—10 um recombinant MBP-
tagged Dim2 (or MBP-tagged Nob1) was incubated with 10
M untagged Nobl (or untagged Dim?2) for 30 min at room
temperature. Pre-equilibrated amylose resin was added to the
protein mixture and incubated on a shaker for 30 min at room
temperature. The mixture was applied to a disposable column
and the flow through was collected by brief centrifugation at
<2 g. The column was washed with 1 ml of gel filtration
buffer and briefly centrifuged to collect all residual buffer.
Bound proteins were eluted with a 50 mM maltose in gel filtra-
tion buffer and analyzed via SDS-PAGE.

Northern Analysis—YKK192 was transformed with Dim2
constructs in pRS416TEF (or empty plasmid vector). Trans-
formants were grown in galactose in midlog phase for at least
12 h before being grown in YPD for sample collection. 10 OD
units of cells were collected at 0, 8, and 12 h after the switch
to glucose media. Cells were pelleted and washed twice in
water before being stored at —80 °C. For RNA extraction,
cells were resuspended in 400 ul of TES buffer (10 mm Tris,
pH 7.5, 10 mm EDTA, 0.5% (w/v) SDS). 400 ul of acidic phe-
nol was added, and samples were incubated at 65 °C for 45
min. The acid phenol extraction was repeated, followed by a
phenol/chloroform extraction. RNA was ethanol precipitated
at —80 °C for an hour and resuspended in nuclease-free water
and stored at —20 °C. RNAs were separated on a 1% agarose/
formaldehyde gel, transferred to Amersham Biosciences Hy-
bond-N membrane (GE Healthcare) by passive transfer, and
crosslinked at high efficiency using optimal conditions of the
UV-crosslinker (FB-UV XL-1000; Fisher Scientific). To detect
transferred RNAs, 10 uM of the Northern probe (IDT, Table
1) was end-labeled using T4 polynucleotide kinase (NEB) and
[y-P??]ATP. The 5-ul reaction was incubated at 37 °C for 1 h,
diluted with 25 ul of water, and purified using G-50 columns
(GE Healthcare). Membranes were washed twice with 0.1%
SDS for 10 min at 65 °C followed by a 1-4 h of incubation at
37 °C in prehybridization buffer (7.5X Denhardt’s Solution,
5X SSPE, 0.75 M NaCl, 75 mm Na-citrate, pH 7.0, 0.1% SDS,
0.1 mg/ml single-stranded DNA). Then, 5 ul of the probe (in
500 wl prehybridization buffer) was denatured at 95 °C for 3
min and added to the membrane. Membranes were incubated
with probes at 37 °C overnight. Membranes were washed in
5X SSPE, 0.1% SDS for 10 min at 37 °C followed by a wash in
0.5X SSPE, 0.1% SDS for 10 min at 37 °C. Membranes were
exposed to a phospho-screen or film for 2—6 h (depending on
the probe used), and analyzed using ImageQuant software.

Sucrose Gradients—YKK192 was transformed with Dim2
constructs in pRS416TEF (or empty vector). Overnight cul-
tures were shifted to YPD for 8 h prior to sample collection.
After 7.5 h, 100 OD units of cells were incubated with 100
pg/ul cycloheximide at 30 °C while shaking and subsequently
pelleted and resuspended in gradient lysis buffer containing
100 pg/pl cycloheximide (20 mm Tris 8.0, 150 mm NaCl, 5
mMm MgCl,) before being flash frozen. Cells were lysed under
liquid nitrogen by grinding with mortar and pestle before be-
ing thawed and loaded onto 10-50% 5 ml sucrose gradients
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FIGURE 2. Dim2 interacts directly with Nob1. A, in vitro pulldowns with
recombinant Nob1 and MBP-tagged Dim2. B, reverse in vitro pulldowns
with recombinant MBP-Nob1 and Dim2. Control reactions show that Nob1
and Dim2 do not interact with MBP alone.

containing 100 ug/ul cycloheximide. Gradients were made by
layering five sucrose-containing solutions, with each layer
being frozen at —80 °C for 15 min before the next one was
added. Frozen gradients were thawed at 4 °C for 1 h prior to
sample loading to allow for thawing and smoothing of the
gradient. Gradients were centrifuged at 40,000 rpm for 2 h.
375-ul fractions were collected and half of the volume was
TCA-precipitated and analyzed by Western blots using IgG
antibody to detect the TAP tag on Nobl.

RESULTS

Prior work suggested that Dim2 and Nob1 might interact
with each other, as an interaction was found in a yeast 2-hy-
brid assay (20). Furthermore, Nob1 was also co-precipitated
with Dim2 in yeast. We wanted to confirm that this interac-
tion is direct and not mediated by concomitant association
with the same pre-ribosomal particle(s). In addition, we
wanted to dissect the role of this interaction in ribosome as-
sembly. To test if these proteins interacted directly, we over-
expressed and purified recombinant Nob1 from E. coli, as pre-
viously described (7). Dim2 was also overexpressed and
purified from E. coli as described under “Experimental Proce-
dures.” The identity of both proteins was confirmed by mass
spectrometry, which also revealed that full-length Dim2 was
obtained.

Dim?2 Binds Directly to Nob1—To test if Nob1 and Dim2
bind directly we performed pull-down experiments. MBP-
tagged Dim2 was incubated with untagged Nob1, bound to
amylose resin, washed extensively, and then eluted with malt-
ose. The data in Fig. 24 show that Nob1 is retained in the
presence of Dim2-MBP, but not MBP alone. Furthermore, the
reverse pull-down using MBP-tagged Nob1 and untagged
Dim?2 verifies this result (Fig. 2B). These data show that Dim2
and Nobl1 directly interact with each other.

Mutations in Dim?2 Central KH-like Domain Abolish Nobl
Binding in Vitro—To understand the role of the Dim2-Nob1
interaction in ribosome assembly, we wanted to create point
mutants that disrupt this interaction and dissect their effects
on ribosome assembly iz vivo. To map the Nob1 binding site,
we created Dim2 truncations that removed either the C-ter-
minal KH-domain or the N-terminal domain. Both of these
Dim?2 fragments retain Nob1 binding, indicating that the
Nob1-binding site resides in the central domain (supplemen-
tal Fig. S1B and data not shown). Sequence analysis indicates
that this central domain contains conserved features of ca-
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FIGURE 3. Mutations in the Dim2 central KH-like domain abolish its in-
teraction with Nob1. Nob1 interacts with MBP-tagged wild-type Dim2 but
not the DDD/K, HR/E, or GXXG mutants. Asterisks denote Dim2 breakdown
products, not Nob1, as confirmed by Western blotting (data not shown).

nonical KH-domains, including the predicted BaaBa sec-
ondary structure elements, as well as conserved hydrophobic
residues that help in packing of the sheets typically found in
KH-domains (supplemental Fig. S24). However, the Dim2
central domain does not contain the GXXG signature loop
between the first and second a-helices. As a result, certain
structure prediction programs do not annotate it as a KH-
domain. Because this region of Dim2 (aa 87-178) has strong
similarity but lacks the GXXG loop, it is called the central
“KH-like” domain hereafter.

To further confirm that the central KH-like domain is in-
volved in Nob1 binding, we created several point mutants in
this region and tested the recombinant mutant proteins for
Nob1 binding. The first mutant recreates a GXXG loop by
converting the NSWT sequence in Dim2’s central KH-like
domain to the GKDG in Dim2 C-terminal KH-domain
(GXXG mutant). Furthermore, we noticed that several con-
served, charged residues were surface-exposed, according a
structure prediction for Saccharomyces cerevisiae Dim?2,
based on an archeal Dim?2 structure (supplemental Fig. S2B
and Ref. 21). In the predicted structure, these residues sur-
round the NSWT loop. Because the nature of the charge (pos-
itive or negative) was strictly conserved on these residues,
suggesting that they may be involved in a conserved interac-
tion, we mutated these residues (His-104, Arg-105; Asp-167,
Asp-169, and Asp-170) to reverse the charge. The resulting
mutants are referred to as HR/E and DDD/K, respectively.

All mutants were expressed in E. coli as MBP fusion pro-
teins and incubated with Nob1 as described for wild-type pro-
tein. Interestingly, the GXXG, HR/E, and DDD/K mutations
abolish Nobl1 binding in vitro (Fig. 3). Fig. 3 also shows that
for the mutant proteins, little full-length protein was ob-
tained. Instead, most of the protein was truncated at the C
terminus, resulting in a product similar, or identical, to one
observed by Vanrobays et al. (15).* However, removing the
entire C-terminal domain does not affect Nob1 binding as
described above (supplemental Fig. S1B), indicating that the
truncation in the mutants does not cause the loss in Nob1
binding. Furthermore, the mutant, truncated proteins still
bound RNA (supplemental Fig. S3) showing that the mutant

4 We have used the 55 and 66 kDa markers on the SDS-PAGE gel to obtain
an estimate of 2 kDa for the size difference between truncated and full-
length Dim2. Using an average of 110 Da/amino acid, we thus estimate
the loss of about 18 amino acids. That would suggest that the KH-do-
main is truncated between a-helices 3 and 4 (supplemental Fig. S2). In-
deed, a-helix 4 is not present in many KH-domains, consistent with the
observation that the truncated proteins still bind RNA.
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FIGURE 4. Mutations in the Dim2 central KH-like domain are lethal. A
yeast strain with Dim2 under a galactose-inducible promoter was trans-
formed with pRS416TEF plasmids encoding wild type or Dim2 mutants and
then grown on glucose- or galactose-containing plates.

truncated proteins are properly folded. Taken together, these
results indicate that the Dim2 central KH-like domain inter-
acts with Nob1.

Mutations in the Dim2 Central KH-like Domain Are
Lethal—To test if the interaction between Nob1 and Dim2
was important for cell viability, we tested if the Dim2 mutants
that abolish the Nob1:Dim?2 interaction in vitro affect ribo-
some assembly in vivo. Because Dim2 is an essential protein
and cells cannot grow in its absence, we first created a yeast
strain in which Dim2 was under the control of the inducible
galactose promoter. As expected, this strain requires galactose
and does not grow in the presence of glucose (Fig. 4). Viability
in glucose is restored when this yeast strain is transformed
with a plasmid encoding full-length wild-type Dim2 under the
control of the constitutive TEF promoter (Ref. 18 and Fig. 4).
In contrast, plasmids encoding the HR/E or GXXG mutants
do not provide for growth in glucose, and the DDD/K mutant
gives a distinct slow growth phenotype. Importantly, Western
blotting shows that all proteins are stable (data not shown).

Mutations in the Dim2 Central KH-like Domain Result in
20 S Accumulation—Prior data in the literature indicate that
Dim?2 binds to pre-ribosomes prior to Nob1. This conclusion
is based on the observation that deletion of Dim?2 or its C-
terminal KH-domain inhibits co-transcriptional cleavage at
site A,, while deletion or mutations in Nob1 inhibit cytoplas-
mic cleavage at site D (5, 6, 14, 15). In addition, Dim2 co-puri-
fies with ribosome assembly factors involved in both late and
early steps, indicating that Dim2 is associated with late as well
as early pre-ribosomal particles (22—-25). In contrast, Nobl
mostly co-purifies with late ribosome assembly factors (23, 24,
26). Because Dim2 directly binds Nob1, we wanted to know if
the Dim2:Nob1 interaction was required to recruit Nob1 to
pre-ribosomal particles. Because Nob1 is the endonuclease
required for cleavage at site D (5 8) and its depletion leads to
accumulation of 20 S rRNA (5, 6), one might be able to ob-
serve 20 S accumulation (the Nob1 phenotype) if the Dim2
mutations only affect the binding of Nob1 to Dim2. In con-
trast, if the Dim2 mutations also affect processes other than
Nob1 binding, inhibition of cleavage at site A, may be ob-
served, as seen in the absence of Dim2.

We used the glucose-repressible Dim?2 strain transformed
with plasmids encoding wild type or mutant Dim?2 and de-
pleted endogenous Dim?2 for 0, 8, or 12 h. Total RNA was ex-
tracted from these cells, fractionated on agarose gels, and
probed by Northern blotting. A probe directed against the
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FIGURE 5. Northern analysis of pre-rRNA processing in strains containing Dim2 mutants. A, Nob1TAP; Dim2::Gal strains supplemented with plasmids
encoding wild type or mutant Dim2 under the constitutive TEF promoter were grown in glucose-containing medium for 0, 8, or 12 h prior to harvest. Total
RNA was extracted and separated on an agarose-formaldehyde gel. The gel was transferred onto a membrane and probed with the indicated oligonucleo-
tides. The sequences and locations of these probes are listed in Table 1. B, accumulation of 20 S, 21 S, and 23 S pre-rRNAs after 8 h in glucose relative to the
strain with plasmid-encoded wild type Dim2 (adjusted for loading differences by normalization to the U2 probe). These averages are obtained from three or

more independent experiments.

spliceosomal U2 snRNA was used as a loading control. The
data in Fig. 5 show that depletion of Dim?2 leads to a loss of 20
S rRNA and accumulation of the 21 S rRNA, indicating that
cleavage at site A, is inhibited, which is consistent with prior
data (14-16).

We next analyzed the Dim2 mutants and compared the
accumulation of the 20 S pre-rRNA as well as the non-pro-
ductive 21 S and 23 S intermediates to that observed in cells
containing wild-type Dim2. Importantly, the DDD/K mutant
shows a 4-fold accumulation of 20 S rRNA, consistent with an
effect on Nob1 binding to pre-ribosomes (Fig. 5B). This effect

is larger at 8 h than at 12 h after shut-off of endogenous Dim2,

indicating that secondary events happen at later times. In
contrast, the pre-rRNA processing phenotype of the HR/E
mutant resembles that of the Dim2 depletion with accumula-
tion of the 21 S and 23 S rRNAs and depletion of the produc-
tive 20 S intermediate. The GXXG mutant has an intermedi-
ate phenotype, as it shows a 2-fold accumulation of the 20 S
rRNA as well as an accumulation of 21 S and 23 S rRNAs.
Together, these data show that Dim2 is required for cleav-
age at site D in addition to the previously documented re-
quirement for cleavage at site A,. Furthermore, our data also
provide evidence that, in addition to the C-terminal RNA-
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binding domain, (15), the central KH-like domain is also re-
quired for cleavage at site A,. We do not think that the ability
to bind Nobl1 is required for cleavage at site A,, as the DDD/K
mutant is deficient in Nob1 binding but only minimally af-
fects cleavage at site A,.

Mutations in the Central KH-like Domain of Dim2 Reduce
Nob1 Binding to Pre-ribosomes in Vivo—To further test if the
Dim?2 mutations affect the Nob1 interaction with pre-ribo-
somes, we also performed sucrose gradient centrifugation
followed by Western analysis to detect free Nob1 and Nob1
associated with pre-ribosomal particles. Lysates were pre-
pared from yeast cells expressing no Dim2, or wild type or
mutant Dim2, with endogenous Dim2 depleted for 8 h. After
clarification, lysates were fractionated on a 10-50% sucrose
gradient to separate free proteins from ribosomes or pre-ribo-
somal particles.

As expected and consistent with prior data (5, 27, 28), in
cells containing wild type Dim2, Nob1 is bound to 43 S pre-
ribosomes, 90 S pre-ribosomes, as well as in polysomes, where
it is associated with 43 S pre-ribosomes (Fig. 6, data not
shown and Ref. 28). In cells lacking Dim2, some Nobl is
found free at the top of the gradient, not associated with pre-
ribosomal particles. Furthermore, because no 20 S rRNA is
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FIGURE 6. Nob1 binding to pre-ribosomes in strains containing Dim2
mutants. Nob1TAP; Dim2:Gal strains supplemented with plasmids encod-
ing wild type or mutant Dim2 were grown in glucose-containing medium
for 8 h prior to harvest. Lysates were then fractionated on 10-50% sucrose
gradients. Proteins were TCA-precipitated, run on an SDS-PAGE gel, and
probed for Nob1.

made in these cells (Ref. 14, 15 and Fig. 6) there is no associa-
tion with polysomes. However, association with a 40 S-like
particle remains. Given that there is no 20 S rRNA (Fig. 6 and
data not shown) but instead 21 S rRNA, it seems likely that
this represents a 40 S-like particle containing 21 S rRNA that
does not mature to 18 S rRNA (18 S levels are depleted). Al-
ternatively, Nob1 could be bound to mature 40 S ribosomes, a
protein complex containing ribosome assembly factors akin
to one recently found in the absence of rRNA transcription
(29), or, finally, Nob1 might be bound to entirely unrelated
particles, including the proteasome as previously suggested
(20). Nevertheless, the increased amount of free Nob1 in the
absence of Dim2 is consistent with a role for Dim2 in recruit-
ing Nobl.

We next analyzed association of Nob1 with pre-ribosomes
in cells containing mutant forms of Dim2. All three mutants
show a slightly increased amount of free Nob1, which can be
detected in fraction 2 in all Dim2 mutants but not wild-type
Dim?2. Furthermore, the amount of Nobl1 in fraction 3 is in-
creased. However, the remaining substantial ribosome associ-
ation of Nobl1 also shows that Nob1 binds independently of
Dim2, likely held via its own RNA binding activity as well as
by protein-protein interactions (7). These results are consis-
tent with a non-essential role for Dim2 in helping to recruit
Nobl.

In addition, the HR/E mutant shows decreased association
of Nob1 with polysomal fractions, consistent with the obser-
vation that no 20 S rRNA is made. Northern analysis confirms
that fractions 6 —8 contain 35 S rRNA, and indicates that the
40 S-like particles in the HR/E mutant contain 21 S rRNA
(data not shown), as expected from the bulk Northern analy-
sis in Fig. 5 that shows that no 20 S rRNA is made.

In contrast, Nob1 is bound to 40 S particles and polysomal
fractions in the GXXG and DDD/K mutants, consistent with
the formation of 20 S rRNA in these particles (Fig. 6). Nota-
bly, both mutants show increased association of Nob1 in poly-
somal particles as previously observed upon accumulation of
20 S rRNA (28).

The observation that Nob1 bound to 20 S rRNA accumu-
lates in 40 S and polysomal fractions in the DDD/K and
GXXG mutants suggests that the defect from these mutations
does not simply arise because Nobl is no longer bound to
polysomal fractions. Instead, the Nob1 function in D-site
cleavage is somehow impaired in these mutants.
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FIGURE 7. Binding of Dim2AC strengthens the Nob1 RNA binding affin-
ity. Data were fit to the Hill equation and yield K, values of 0.14 um? and
0.26 um? in the presence and absence of Dim2AG, respectively. Different
Hill coefficients were used because independent experiments indicate that
the addition of Dim2 changes the stoichiometry of the Nob1-rRNA interac-
tion from 4:1 to 2:1 (A. C. Lamanna and K. Karbstein, unpublished data). The
different Hill coefficients preclude direct comparison of K ,, values. How-
ever, the different Hill coefficients do not change the finding that Dim2 in-
creases Nob1 RNA binding affinity, as all data points in the presence of
Dim2 are to the left of the corresponding ones in the absence.

Dim?2 Binding Strengthens the Nobl RNA Binding Affinity—
Nobl is the nuclease for cleavage at site D (5-8), and corre-
spondingly, it binds pre-rRNAs containing cleavage site D (7).
The Northern data and polysome gradients described above
suggest that mutations in Dim?2 that abolish the interaction
with Nob1 stall ribosome assembly at the Nob1-dependent
D-site cleavage step, resulting in accumulation of a particle
that has Nob1 bound but is unable to cleave. Thus, we wanted
to test if Dim2 affected Nobl interaction with rRNA or its
cleavage activity.

Because the Dim2 C-terminal KH-domain binds rRNA
(15), complicating the analysis of an effect from Dim2 binding
on Nob1 RNA binding activity, we made a C-terminal trunca-
tion of Dim2 (Dim2AC). As expected, Dim2AC does not bind
rRNA (supplemental Fig. S1A and Ref. 15), but it retains the
ability to bind Nob1 (supplemental Fig. S1B). Addition of
Dim2AC increases the Nob1l RNA binding affinity (Fig. 7).
Because this effect is independent of the Dim2 RNA binding
activity it must be an allosteric effect on the Nob1 RNA bind-
ing site. This finding suggests that within Nob1 the Dim2 and
RNA-binding sites communicate and that the presence of
Dim?2 changes the mode of the Nobl1 interaction with rRNA
to increase its RNA binding affinity. No effect from Dim2 on
the Nob1 rRNA cleavage activity was observed (data not
shown).

DISCUSSION

A Direct Interaction between Dim2 and Nob1 Is Essential for
Ribosome Assembly

Prior data in the literature had indicated that Dim2 might
interact directly with Nobl, as an interaction was found in a
yeast 2-hybrid screen as well as in vivo pull-downs (20). How-
ever, yeast 2-hybrid screens suffer from a large number of
false positives, and because Dim2 and Nob1 are known to
bind the same ribosome assembly intermediate (23, 24, 26,
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30), it is possible this mediated their interaction in vivo. Thus,
we tested for binding of recombinant Dim2 and Nob1 using
in vitro pull-downs. Our data show that Nob1 and Dim?2 di-
rectly interact. Mapping of the protein complex interface by
truncation analysis indicated that the central KH-like domain
in Dim?2 is responsible for this interaction. This was con-
firmed by the analysis of point mutants around the NSWT
loop that replaces the GXXG loop found in canonical KH-
domains. These point mutations in Dim2 abolish the interac-
tion with Nob1 and provide a tool to study the role of the
Nob1-Dim?2 interaction in vivo. Analysis of the consequences
of these mutations on ribosome assembly reveals multiple
functions of Dim2 as described below.

Roles for Dim2 in Ribosome Assembly

Dim?2 Is Required for Cleavage at Site D—Northern analysis
of the DDD/K (and to a lesser extent the GXXG) mutant
shows that this mutation inhibits cleavage at site D, as ex-
pected from a mutation that disrupts the interaction with
Nobl. However, inspection of the Nob1 association with pre-
ribosomes also indicates that Nob1 remains fully bound to 43
S pre-ribosomes. This suggests that (2) the Nobl RNA bind-
ing affinity is sufficient for binding to 43 S pre-ribosomes (al-
though binding is reduced in the absence of Dim2) and (b)
that Dim2 must affect Nob1 activity in a more subtle manner.
Our data show that Dim2 modulates the way in which Nobl
interacts with rRNA, as binding of truncated Dim2, which
cannot bind RNA by itself, strengthens the interaction of
Nob1 with RNA via an allosteric effect. It is possible that this
modification of the rRNA binding interface in Nobl is re-
quired for efficient Nob1-dependent cleavage at site D. How-
ever, in a simple recombinant system to study Nob1-depen-
dent cleavage that includes Nob1 and pre-rRNA fragments,
Dim?2 has no effect on Nob1-dependent cleavage (data not
shown). Nevertheless, we note that rRNA cleavage in that
system is slow (31), suggesting it may lack elements of the in
vivo cleavage reaction. A direct effect from Dim2 on Nob1-
dependent cleavage could either require these other elements
or the requirement for Dim2 might be mediated by other fac-
tors. Comprehensive analysis of all assembly factors stably
bound to late 43 S pre-ribosomes (Tsr1, Rio2, Enp1, Ltvl,
Dim1, and Nob1) shows that Dim2 is part of an extensive net-
work of interactions between Nob1 and the essential kinase
Rio2 (41), rendering Rio2 a possible candidate for such a role.
In addition, it is possible that any effect from Dim2 on Nob1-
dependent cleavage involves either ribosomal proteins or as-
sembly factors not stably bound to the pre-43 S ribosome,
such as Fap7 or Riol. Additional experiments will be required
to distinguish between these possibilities.

Dim?2 Is Required for Cleavage at Site A,—Northern analy-
sis of the HR/E mutant suggests that this mutation affects an
earlier step of ribosome assembly (that is probably indepen-
dent of Nob1 binding), as the HR/E mutation inhibits cleav-
age at site A, (and also, to a lesser extent, at A, and A ;) This
finding suggests that the central KH-like domain in Dim2
forms interactions with additional ribosome assembly factors
early during assembly. We tested if Dim?2 interacts with Rcll,
the suggested nuclease for cleavage at site A,, but were not
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able to detect an interaction (data not shown). The observa-
tion that different mutations in the KH-like central domain
disrupt different steps in ribosome assembly suggests that
Dim?2 is part of a highly dynamic region in pre-ribosomes that
is being remodeled during assembly. It also suggests that
there might be multiple ways to create a protein binding in-
terface with a KH-like domain, such that different regions of
the KH-like domain are used for different interactions. This
latter conclusion is consistent with previous structural analy-
sis that shows that canonical KH-domains, which bind RNA,
can also pack against each other on the other side of the do-
main (32, 33).

Dim?2 Contributes to Nobl Binding to Pre-ribosomes—The
gradient centrifugation data presented herein suggest that
Dim?2 contributes to binding of Nob1 to pre-ribosomal parti-
cles, as Nob1 accumulates in unbound form on top of the gra-
dient in the absence of Dim?2 and is increased in free fractions
with Dim2 mutants that disrupt Nob1 binding. However, they
also show that Nob1 can bind to pre-ribosomes independ-
ently of Dim?2, as each strain showed remaining binding of
Nob1 to pre-ribosomal particles.

Furthermore, we observe that the amount of Nobl1 in free
particles is greater when no 20 S rRNA but 21 S or 23 S rRNA
is made (no Dim2 and the HR/E mutant). This suggests that
Nob1 binding to 20 S-containing 43 S pre-ribosomes is stron-
ger than binding to the 21 S-containing pre-40 S-like particle.
Two possible models could explain this observation. It is pos-
sible that the Dim2-Nobl1 interaction is remodeled during
ribosome assembly, such that it is more important early in
assembly. Alternatively, and perhaps more likely, the differ-
ence could arise from Nobl interactions with pre-ribosomes
being remodeled, such that they are stronger later in assembly
compared with earlier. Thus, the Dim2 interaction would be
relatively more important early on. In that context, we have
recently shown that particles that are not yet cleaved at site
A, are in a different structure from particles cleaved at that
site (31). These different structures result in differences in the
mode of interaction between Nob1 and pre-rRNA, which
could explain the observed differences.

Dim?2 Is Required for 40 S Export and SSU Processosome
Assembly—Previous work from the Lafontaine laboratory has
shown that Dim?2 has a nuclear export sequence (NES), which
is required for efficient export of the 40 S subunit (15). In ad-
dition, long time courses of Dim2 depletion also inhibit SSU
(small subunit) processosome assembly, pointing to additional
roles of Dim2 in early processing steps.

A Role for Eukaryotic Dim2 in Translation Initiation?—The
observation of a complex between archeal Dim2 (aDim2) and
alF2a has led to suggestions for a role for aDim2 in transla-
tion initiation (21). We note however that the Dim2/IF2« in-
terface observed in the crystal is not conserved in eukaryotic
Dim?2. Furthermore, the archeal Dim?2 has a bona-fide RNA-
binding domain in place of the KH-like central domain found
in eukaryotic Dim?2. In the structure, this KH-domain inter-
acts with the anti-Shine-Dalgarno sequence, which is not con-
served in eukaryotes. Finally, archeal Dim2 lacks the N-termi-
nal domain found in eukaryotic Dim2. Our data suggest that

VOLUME 286+NUMBER 4+-JANUARY 28, 2011



deletion of this domain is detrimental in vivo.> Together,
these observations suggest that there are substantial differ-
ences between eukaryotic and archeal Dim?2, leading us to be
cautious with making inferences about the function of Dim2
from one kingdom to the next.

A KH-like Domain Provides a Protein-Protein Interaction
Interface

KH-domains are well-characterized RNA-binding domains
in which a three-stranded antiparallel 3-sheet packs against
three a-helices (34). The RNA binding surface is provided by
a conserved loop between the first two a-helices. The first
and last residue of this 4-residue loop are conserved as gly-
cines, hence the name GXXG loop. In addition, the first two
helices and the second strand of the B-sheet are also typically
part of the RNA binding surface. We denote the Dim2 central
domain as a KH-like domain because it contains all the con-
served secondary structure elements as well as conserved hy-
drophobic residues to stabilize the KH-fold, yet it does not
contain the GXXG loop, which is instead replaced with the
sequence NSWT (supplemental Fig. S24).

Our data show that the central KH-like domain of Dim2
provides the interface for interaction with Nob1 and possibly
other ribosome assembly factors. Previous structural work
with proteins containing two tandem KH-domains has shown
that in a few cases two KH-domains can interact with each
other “on the back site”, i.e. away from the RNA binding mo-
tif. While different modes of packing of these KH-domains
have been observed (32, 33, 35), none of them involve the
RNA binding surface and all are consistent with concomitant
binding of both KH-domains to RNA. In contrast, the data
herein imply that the surface that usually is used for RNA
binding is used for the interaction of the KH-like domain with
Nob1 (supplemental Fig. S2C). Our data suggest that both the
NSWT loop, which replaces the canonical GXXG loop, and
the first a-helix, which contains the HR motif, interact with
Nobl. Both of these structural elements are part of the RNA
binding site in canonical KH-domains. The DDD muotif is part
of a helix not found in all KH-domains (both the KH and KH-
like domain in Dim?2 as well as all 15 KH-domains in vigilin
have this helix (36)). Interestingly, the location of the DDD
sequence in the predicted structure is close to the HR motif
and the NSWT loop (supplemental Fig. S2B), and it is also
similar to the location of an extension to the last a-helix
found in the Nova proteins. This helix is known to contribute
to RNA binding via specific hydrogen bonds (37, 38).

This analysis indicates that the mode of interaction be-
tween the Dim2 KH-like domain and Nob1 appears to be very
similar to the mode of interaction between canonical KH-
domains and RNA, and suggests that this is an example of the
canonical RNA binding surface of a KH-type domain used for
protein-protein, not RNA-protein, interactions. Similar sug-
gestions have been made for individual KH-domains in multi-
KH-domain-containing proteins. For example, the last two
KH-domains in human vigilin have been shown to interact
with a histone-methyltransferase even in the absence of RNA,

5 H. A. Woolls and K. Karbstein, unpublished data.
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suggesting strongly that at least one of these KH-domains is a
protein-interacting module, although the mode of interaction
(via the RNA binding surface or other surfaces) is not clear. It
is also worth pointing out that not all the 15 KH-domains in
vigilin contain the conserved GXXG loop. In all vigilin pro-
teins the first KH-domain is divergent, and so are at least two
additional ones (although their locations are not conserved),
although S. cerevisiae vigilin contains only six canonical
GXXG-loop containing KH-domains, and eight or nine diver-
gent ones. Similarly, the first KH-domain in the alternative
splicing factor PSI has a mutation in the GXXG loop. Never-
theless, in the case of PSI it is known that the first KH-domain
contributes to RNA binding (39), and in the case of human
vigilin, the last two KH-domains that are known to interact
with proteins are canonical KH-domains. Thus, there does
not seem to be a strict correlation between mutations in the
GXXG loop and the ability of KH-domains to bind proteins
instead of RNA.

The finding that the “RNA-binding” surface of a KH-like
domain is used for protein-protein interactions is reminiscent
of another RNA-binding domain, the RNA-recognition-motif
(RRM), which has recently been shown to bind proteins (40).
Perhaps this is another remnant of the evolution from the
RNA to the protein world, which likely started with small
peptides that bound RNA. Once proteins became more preva-
lent, protein-protein interaction domains had to be evolved. It
seems plausible that some of these motifs would be directly
descended from ancestral RNA-binding domains, as sug-
gested by data herein.
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