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Figure 1. The ribosome biogenesis factors Noclp, Noc2p and Rrp5p interact in vivo. (A) Noclp-TAP efficiently co-purifies Noc2p and RrpSp from
yeast extracts. Nocl-TAP was isolated from extracts of strain Y3572 applying the tandem affinity purification method under increasing concentration
of NaCl. The composition of the Noclp containing particles was analysed on a 4-12% gradient SDS-PAGE gel, stained with Coomassie Blue.
Prominent co-purified proteins are indicated. (B) Overview of the rrp5 alleles analysed in this study and schematic presentation of the corresponding
protein variants. Black bars illustrate the SI RNA binding motifs, grey bars the tetratricopeptide repeats, respectively [adapted from (20); see
‘Introduction’ section]. Point mutations in the temperature sensitive rrp5-11 allele are indicated by asterisk. (C) Genetic interaction studies show
synthetic lethal effects between rrp5 alleles with deletions of N-terminal Sl-repeats and nocl-ts or noc2-ts mutants. The respective double shuffle
strains (Y3668, Y4207 and Y3715) were transformed with plasmids carrying the indicated wild-type and mutant alleles of Pror4-RRPS,
ProtA-NOCI, NOC2 or ProtA-NOC3 (Supplementary Figure S4). Transformants were spotted in a 10-fold dilution series on SDC+ FOA plates
and incubated at the indicated temperature and for the indicated time to analyse genetic interactions.

co-purification of RrpSp (Figure 2A, lane 8). Control
experiments using IgG-agarose beads showed no unspe-
cific binding of the proteins to the resin material (data not
shown). These experiments not only confirmed that Noclp
interacts with Noc2p in a robust and specific way (27), but
also suggested that Noclp can directly interact with

Rrp5p. In this way, Noclp bridges between Noc2p and
Rrp5p to form a hetero-trimeric protein complex, which
might act as a functional entity in ribosome biogenesis.
Next, we determined the apparent size of the affinity-
purified Flag-Noc2p—Noclp—Rrp5p complex on a gel fil-
tration column (Figure 2B). This analysis showed that the
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Figure 2. Reconstitution of the Rrp5p—Noclp—Noc2p module from proteins co-expressed in insect cells. The indicated combinations of Flag-tagged
bait proteins and potential interaction partners were co-expressed in SF21 insect cells infected with recombinant baculo viruses containing the
plasmids TK 1232, TK1504, TK1658 or TK1677 (Supplementary Figure S4). (A) The bait proteins were purified with anti-Flag affinity matrix from
lysates of 50 x 10° infected cells and eluted with buffer containing Flag peptide. Aliquots of the lysates (L) and eluates (E) were analysed by
coomassie stained SDS-PAGE (upper panel; 0.05% L, 23% E) and MS (HA-Rrp5p is indicated by “*”; Flag-Noc2p by “°”’; (Flag-) Noclp by
“+7; N-terminal Flag-Noclp fragment by “x”) or Western blotting using anti-HA, anti-Noclp and anti-Flag antibodies (lower panel; 0.006% L,
1.2% E). (B) Affinity purified Flag-Noc2p—Noclp-Rrp5p complex was fractionated on a Superose 6 gel filtration column. Aliquots of the eluate (E;
20%) and the fractions (2-20; 40%) were analysed by Coomassie stained SDS-PAGE. Elution of marker proteins in independent gel filtration runs is
indicated at the bottom. (C) Electron micrograph of an uranyl acetate stained aliquot of the Flag-Noc2p—Noclp—Rrp5p complex after Superose 6 gel
filtration column from an independent purification (corresponding to fraction 10 in Figure 2B). Arrows and arrowheads indicate particles of 12nm
and 8 nm diameter, respectively. The lower panel shows an enlarged view of the boxed area. Scale bars are 70 nm.

bait protein Flag-Noc2p was present in over-stoichio- MW = 116kDa) and HA-Rrp5p [theoretical MW

metric amounts in the purified fractions. Excess Noc2p
was separated from the other complex components
during gel filtration (Figure 2B, fractions 18+20). A
subpopulation of Flag-Noc2p [theoretical MW (Noc2p)
= 81 kDa] co-eluted together with Noclp (theoretical

(RrpSp) = 193 kDa] with an apparent molecular weight
of >670 kDa, which could indicate a higher order stoichi-
ometry of some of the proteins within the complex.
Electron micrographs of negatively stained Rrp5p—
Noclp—Noc2p complexes showed particles of ~8 nm and
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~12nm in diameter (Figure 2C), the latter of which is well
compatible with the apparent molecular weight of
670kDa, estimated by size exclusion chromatography.
However, it remains unclear whether the differently sized
particles represent different orientations of the complex on
the grid or particles differing in protein composition.

In summary, these experiments provide strong evidence
that RrpSp, Noclp and Noc2p form a large hetero-
oligomeric protein complex, but further experiments are
necessary to determine in detail the structure of the
complex and the stoichiometry of its components.

The N-terminus of Rrp5p mediates stable interaction
with Noclp

Because N-terminal RRP5S mutants that predominantly
affect LSU biogenesis (Supplementary Figure S2)
(19,20,60,61), are genetically linked to NOCI mutants
(Figure 1C), we speculated that Noclp could interact
with the N-terminus of Rrp5p. To test this idea, we con-
structed yeast NOC1-TAP strains in which the deletion of
the essential RRP5 gene was complemented by either
ectopically expressed full-length Rrp5p fused to green
fluorescent protein (Rrp5Sp-FL-GFP) or by co-expression
of an N- and a C-terminal fragment of Rrp5Sp fused to
GFP (Rrp5p-S1-9-GFP and Rrp5p-S10-TPR-GFP;
Figure 1B). Finally, the chromosomally encoded Noclp-
TAP fusion protein was affinity purified from cellular
extracts of these strains. The soluble fraction of these
cell lysate contained significantly enriched levels of
Rrp5p-S1-9-GFP  and  Rrp5p-S10-TPR-GFP  when
compared with RrpSp-FL-GFP (Figure 3A, right panel).
This upregulation may be induced in order to compensate
for bisection of RrpSp. However, despite similar levels of
Rrp5p-S1-9-GFP and Rrp5p-S10-TPR-GFP within the
supernatant, only Rrp5Sp-FL-GFP and Rrp5p-S1-9-GFP
could be efficiently co-purified with Noclp-TAP, as shown
by Coomassie stained SDS-PAGE and Western blot
analyses (Figure 3A). Accordingly, these results strongly
supported our assumption that Noclp interacts with the
N-terminal part of Rrp5p.

To further confirm this conclusion, we analysed the
interaction between yeast Flag-Noclp and different
RrpSp variants in the heterologous SF21 insect cell
co-expression system. We co-expressed Flag-Noclp
together with HA-Rrp5p, HA-Rrp5p-S1-S9, HA-RrpSp-
S1-S6, HA-Rrp5p-S1-S6-AN and HA-Rrp5p-S10-TRP,
respectively (Figure 1B), and performed anti-Flag affinity
purification. Subsequent SDS-PAGE, Western blot
analysis and MS analysis (Figure 3B) revealed that full-
length RrpSp and RrpSp-S1-9 (1-1087 aa) co-purified with
equal efficiency with the bait protein Flag-Noclp (Figure
3B, lanes 2 and 4). Furthermore, we observed that
the co-purification efficiency of RrpS S1-6 (1-777 aa)
with Flag-Noclp was significantly reduced, whereas
HA-Rrp5p-S1-S6-AN (106-777 aa) and RrpSp-S10-TPR
(1082—-1729 aa) could not be detected in the eluate fractions
(Figure 3C, lanes 6, 8 and 10). Altogether, we conclude
that the N-terminal part of Rrp5p, which contains the
S1 repeat motifs S1-9, is sufficient and required to estab-
lish a specific physical interaction with Noclp.

Noclp and RrpSp are stably associated with similar 90S
and pre-60S particles

After having established the topology of the Rrp5p-
Noclp—Noc2p module, we aimed to determine in more
detail into which kind of ribosomal precursor particles
the module is incorporated in vivo. Previous proteomic
approaches indicated that Noclp and Rrp5p are constitu-
ents of early LSU precursors purified via Ssflp or Nsa3p
(28,59,62), but absent from intermediate pre-60S particles
purified via Nsalp (59). Moreover, Rrp5p was shown to
be part of U3 snoRNA and 35S pre-rRNA containing
pre-ribosomal particles termed 90S pre-ribosome or SSU
processome (see ‘Introduction’ section). It remained
unclear whether the function of Rrp5p in LSU and SSU
biogenesis (18,20) is achieved by interaction of Rrp5Sp with
different populations of LSU and SSU precursor particles,
respectively. Since detailed knowledge on the composition
of RrpSp- or Noclp-bound pre-ribosomes was still
lacking, we decided to perform a thorough comparative
characterization of pre-ribosomes associated with Noclp
or RrpS.

First, we analysed the rRNA composition of pre-
ribosomes associated with Rrp5p-TAP and Noclp-TAP
particles. Noclp-TAP and RrpSp-TAP were affinity
purified from yeast cell extracts in a one-step procedure
in mild buffer conditions to preserve pre-ribosomal par-
ticles (Figure 4, panel IP) and co-purified (pre-) ribosomal
RNA was analysed by Northern blotting and primer ex-
tension reactions (Figure 4). The bait proteins
Noclp-TAP and Rrp5Sp-TAP were purified with equal ef-
ficiency as judged by Western blotting (Figure 41, compare
signal intensities in lanes 2/5 and 3/6).

Consistent with a direct interaction of Rrp5p and
Noclp during ribosome biogenesis, both purifications
contained a highly similar pattern of co-purified rRNA.
In both purifications, the most efficiently enriched
pre-rRNA  was the 27SA2 rRNA intermediate
(Figure 4B), which is the first specific LSU precursor
RNA directly formed by pre-rRNA processing at site
A2 (Supplementary Figure S1B). In contrast, the alterna-
tive downstream intermediates 27SB; and 27SBg
pre-rRNAs were specifically, but much less efficiently
co-purified with both Noclp and Rrp5p, as shown by
Northern blot (Figure 4C) and primer extension analyses
(Figure 4D). This is in agreement with previous studies,
which indicated that Noclp and RrpSp are part of early
pre-60S particles (23,59), but depleted in intermediate
pre-60S particles purified via Nsalp (59). Interestingly,
Noclp-TAP preferentially co-purified the less abundant
27SBr pre-rRNA from cellular extracts (Figure 4D;
compare 27SB; /27SBg ratios in lanes 2, 3, 5 and 6, re-
spectively), indicating that different release mechanisms
might play a role in the alternative B1L and B1S process-
ing pathways.

Furthermore, 35S and 32S pre-rRNA, as well as U3
snoRNA were efficiently enriched with both Rrp5p and
Noclp, consistent with previous studies identifying Rrp5p
as a component of 90S/SSU processome particles (5,6,63).
In contrast, later pre-LSU or pre-SSU RNA species
co-purified only with low efficiency with Noclp-TAP or
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Figure 3. The N-terminal part of RrpSp is required for stable association with Noclp. (A) Co-precipitation of full-length and truncated RrpSp
variants with Noclp from yeast cells. Genomic NOCI-TAP, rrp5A yeast strains harbouring plasmids encoding RrpSp-FL-GFP (FL) or
Rrp5p-S1-9-GFP and RrpSp-S10-TPR-GFP (N +C; Figure 1B and Supplementary Figure S4) were generated by plasmid shuffling from strain
Y3716 and used for tandem affinity purification of Noclp. The calmodulin eluates were analysed by coomassie stained SDS-PAGE (left panel),
whereas the supernatant of the cell lysate and calmodulin eluates were analysed by western blotting (right panel) using anti-GFP (upper panel) and
anti-CBP antibodies (lower panel) to detect Rrp5-GFP variants or Nocl-CBP, respectively. (B) Heterologous reconstitution of complexes containing
Flag-Noclp and HA-Rrp5p variants. The indicated combinations of Flag-Noclp and truncated HA-RrpSp variants (Figure 1B) were co-expressed in
SF21 insect cells infected with recombinant baculo viruses containing the plasmids TK 1658, TK1727, TK1728, TK1729 or TK1732 (Supplementary
Figure S4). Flag-Noclp was purified with anti-Flag affinity matrix from lysates of 50 x 10° infected cells and eluted with buffer containing Flag
peptide. Aliquots of the lysates (L) and eluates (E) were analysed by SDS-PAGE and coomassie staining (upper panel; 0.04% L, 20% E) or western
blotting using anti-HA and anti-Flag antibodies (lower panels; 0.006% L, 1% E). Coomassie-stained proteins were identified by mass spectrometry
(HA-Rrp5p variants are indicated by “*”; Flag-Noclp by “+”; N-terminal Flag-Noclp fragments by “x”).
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Figure 4. Comparison of pre-ribosomal particles associated with
Noclp or RrpSp. Yeast strains expressing chromosomally encoded
Noclp-TAP (TY483) or Rrp5p-TAP (TY615) and an untagged
control strain (TY1) were grown to exponential phase (OD600 = 0.8)
in rich medium. TAP-tagged proteins were affinity purified from cell
extracts using IgG-coupled magnetic beads. After washing, the beads
were split for the analysis of co-purified RNAs and proteins. RNA
isolated from aliquots of cell extracts (Input) and precipitates (IP)
was separated on acryl amide (A, E) or agarose (B, C, F, G, H) gels
and analysed by Northern blotting using the indicated probes (upper
panel, 0202-01819). Alternatively, the isolated RNA was used as
template in primer extension reactions (D). Purification of the bait
proteins was controlled by Western blotting (I) against the Protein A
moiety of the TAP tag using PAP detection reagent. Equal signal
intensities in Input and IP correspond to 2 and 11% precipitation ef-
ficiency in Northern (0.067% In, 3.33% IP) and Western blot (0.11%
In, 1% IP) analysis, respectively. (signal potentially arising from 27SA3
pre-rRNA is indicated by asterisk).

Rrp5p-TAP (Figure 4E and G, compare input lanes 2 and
3 with IP lanes 5 and 6). Quantitation of these
co-purification efficiencies showed that they were in the
range or below the ones of 18S rRNA and 25S rRNA
(Figure 4F and H, compare input lanes 2 and 3 with IP
lanes 5 and 6), which were analysed as measures for the
internal background of the experimental setup.

Altogether, these analyses indicated that Noclp and
Rrp5p are associated with highly overlapping populations
of early pre-ribosomes. In S. cerevisiae, a significant pool
of the common precursor transcript (35S pre-RNA) is
cleaved co-transcriptionally into 20S and 27SA2
pre-rRNA (9,10). Thus, co-precipitation of 27SA2 and
35S pre-rRNA implies that Noclp and Rrp5p are
recruited to the earliest LSU precursor particles.

To further characterize the composition of these early
LSU precursors, the proteins contained in pre-ribosomes
purified via Noclp-TAP and Rrp5p-TAP were identified
and relative amounts of components detected in the two
purifications were compared by MS using iTRAQ
reagents (25,64). In these analyses, a set of 33 large
subunit biogenesis factors was identified by two or more
peptides in the combined affinity-purified fractions
(Figure 5A). Most of these factors were, similar to
Noclp and Rrp5p, previously shown to be required for
early steps in LSU maturation, as the processing of the 5'-
end of 5.8S rRNA and production and/or stabilization of
27SB pre-rRNA [e.g. Rix7p (65), Ssflp (62), Ebp2p,
Rrplp, Ytmlp, Erblp, Rlp7p, Nop7p, Nsa3p (66-71),
Brxlp (72), Nop4p (73), Rrslp (74), Dbp9p (75)]. In
agreement with the low levels of 7S pre-rRNA and 20S
pre-rRNA detected in the fractions co-purified with Rrp5p
and Noclp (Figure 4E and G), no factors indicative for
later 60S or 40S precursors, like Realp, Arxlp, Nmd3p,
Rix1p, Ipilp, Ipi3p, Drglp, Lsglp or Efllp, Rio2p or
Ltvlp were identified. In contrast, and in agreement
with the 35S pre-rRNA and U3 co-purification observed
above (Figure 4A and B), 22 components of the SSU
processome, including CD box and H/ACA box
snoRNP components, were identified by two or more
peptides in the affinity-purified fractions (Figure 5B). In
addition to that, in total, six peptides of subunits of Pol-I,
which synthesizes the primary pre-rRNA transcript, were
detected (Figure 5C, see below). When the relative
amounts of biogenesis factors specifically co-purifying
with Noclp-TAP and RrpS5p-TAP were compared, for
nearly none of them a clear indication for preferential
co-purification with either Noclp-TAP or Rrp5p-TAP
could be observed [Figure 5A and B, iTRAQ ratios
(Rrp5Sp/Noclp) between 0.5 and 1.5]. We noticed,
however, that RrpSp was clearly over-represented in
Rrp5p-TAP fractions (Figure 5A). This might be due to
partial release of the labile RrpSp—Noclp interaction
(Figure 1A) or due to the existence of a cellular pool of
Rrp5p, which is not involved in Noclp-related inter-
actions with pre-ribosomes.

In summary, these results showed that the particles
associated with Noclp and Rrp5p are very similar in
their RNA composition (U3 snoRNA; 35S, 32S, 27SA2,
27SBg pre-rRNAs), as well as in their content of SSU
processome components and early LSU ribosome
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Figure 5. Comparative proteome analysis of Noclp and Rrp5p containing pre-ribosomes. Proteins from aliquots of Noclp-TAP and Rrp5p-TAP
purifications (Figure 4) were digested using trypsin and the resulting peptides were labelled with iTRAQ(R) reagents 116 (Noclp purification) and
117 (Rrp5p purification), subsequently pooled, separated by reversed phase nano HPLC and spotted on a MALDI-MS/MS target. The top eight
peptides of the MS run in each spot were selected for fragmentation in MS/MS mode to determine the sequence of the peptide and the ratio of the
iTRAQ reporter group signal intensities (117/116). For proteins identified with more than one peptide [ion score confidence interval (CI) >95%] the
average iTRAQ ratio (117/116 = RRP5/NOC1) was calculated. LSU biogenesis factors (A) and SSU processome components (B) identified in both
purifications are listed according to their average iTRAQ ratio (error bars are standard deviations of the average ratio; numbers of identified peptides
are indicated in brackets). The average iTRAQ ratios of ribosomal proteins of the large (rpL) and the small (rpS) subunit identified with more than
one peptide are shown in (A). (C) Peptide count analysis of RNA polymerase subunits identified in both purifications. Only peptides of Pol-I-specific
subunits (A12.2, A49, A135, A190) and of common subunits (AC40, ABC23) were identified with a score >95% CI (one peptide each).

biogenesis factors.

Accordingly,
Noclp and RrpSp interact as a protein complex with the
common 90S precursor of the large and the small riboso-
mal subunits and with subsequent early pre-60S particles.

we conclude

that

Evidence for co-transcriptional recruitment of Rrp5p,
Noclp and Noc2p to pre-ribosomes

In the MS analysis of proteins co-purifying with Noclp-
TAP and Rrp5p-TAP, similar abundant peptides of six
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subunits of RNA polymerases were identified (iTRAQ
ratios ~1, data not shown). These subunits were either
specific for Pol-I (A12.2, A49, AI35 and AI190)
or common to Pol-I, Il and III (AC40, ABC23)
(Figure 5C). Since Pol-I synthesizes the primary
pre-rRNA transcripts, these data gave first evidence for
a co-transcriptional recruitment of Rrp5p and Noclp to
nascent pre-ribosomal particles.

To further test this hypothesis, we analysed whether
RrpSp, Noclp or Noc2p are specifically associated with
rDNA chromatin transcribed by Pol-I. To better distin-
guish specific protein components of Pol-I chromatin from
unspecific co-purified proteins, we compared Pol-I with
Pol-II-associated chromatin. Since both polymerases are
chromatin-associated transcription machineries, which
have common subunits and transcription factors, but
which should also differ in other co-transcriptionally
associated factors, we considered this as a reasonable spe-
cificity control.

Pol-I and Pol-II were affinity purified from chromatin
fractions of formaldehyde-treated yeast cells via Protein A
tagged subunits Rpal35p and Rpb2p, respectively and
co-purified proteins were analysed by comparative mass
spectrometry using iTRAQ reagents. The results from six
independent experiments were subjected to statistical
analysis to determine groups of proteins specifically
associated with Pol-I- or Pol-II-transcribed chromatin.
In this way, five main groups showing different interaction
patterns could be identified (Figure 6). Two groups
(Figure6, clusters A and B) consisted of proteins
enriched in the Pol-I purification, whereas two other
groups (Figure 6, clusters D and E) consisted of proteins
preferentially enriched in the Pol-II purification. A fifth
group (Figure 6, cluster C) contained proteins, which are
similarly abundant in both purifications, like common
components of RNA Pol-I and Pol-Il chromatin
(e.g. shared polymerase subunits Rpo26p, RpclOp),
general chromatin components (Rvblp, Rsc8p) and a
large number of obviously unspecific contaminants
(e.g. r-proteins, chaperones, etc.).

Clusters D and E predominantly contained Pol-II-
specific subunits, as well as Pol-II elongation factors
(e.g. SptSp, Spt6ép, Figure 6E and F) and proteins
involved in co-transcriptional mRNA metabolism (e.g.
Yralp, Sub2p, Figure 6E and F), together with a few
putative contaminants like chaperones (Hsp82p, Ssblp).
Many of these proteins are expected to be part of Pol-II-
transcribed chromatin, underlining the specificity of the
purifications.

Strikingly, cluster A contained Pol-I-specific subunits, a
known rDNA chromatin component [Hmolp; (56)], as
well as some components of the SSU processome and
small nucleolar RNPs (snoRNPs) supposed to be
co-transcriptionally recruited to nascent pre-rRNA
(Figure 6B) (5,76). Cluster B contained a larger group of
proteins specifically enriched in Pol-I-transcribed rDNA
chromatin. Among them were two proteins previously
shown to bind to rDNA chromatin [Pwplp (77), Fprdp
(78)], several components of the SSU processome and
snoRNPs, as well as several LSU biogenesis factors
(Figure 6C), but only few putative contaminants

(e.g. Tkllp, rpL15, rpL18). Interestingly, the LSU
factors included Rrp5Sp and Noclp, and 11 out of 13 of
them were already identified in the experiments shown in
Figure S5A as constituents of Noclp- and Rrp5p-
associated early LSU precursor particles. Possibly due to
limitations in sensitivity, Noc2p and several factors
thought to be co-transcriptionally recruited to rDNA
chromatin, e.g. SSU processome components, as well as
several RNA polymerase subunits, could not be detected
using this approach. Nevertheless, these results clearly
indicated that Noclp, Rrp5p and a specific set of LSU
biogenesis factors are part of Pol-I-associated chromatin,
and therefore most likely co-transcriptionally recruited to
nascent pre-(60S) rRNA.

Taken together, these findings support our hypothesis
that Noclp and RrpSp are components of the earliest
pre-60S particles.

To analyse more directly the association of Rrp5p,
Noclp or Noc2p with Pol-I-transcribed rDNA chromatin,
we performed ChIP experiments using yeast strains
expressing TAP tag fusion proteins of RrpSp, Noclp or
Noc2p. Additionally, ChIP was carried out with extracts
from yeast strains expressing TAP tag fusion proteins of
Utp4p, a SSU processome component reported to be
co-transcriptionally recruited to nascent pre-ribosomes
(5,8), and of Nog2p, a LSU biogenesis factor predomin-
antly associated with LSU precursors of later maturation
state (79). The DNA co-purified with tagged factors from
extracts of formaldehyde-treated cells was measured by
quantitative PCR. In addition to several amplicons
distributed over the Pol-I-transcribed region of rDNA,
amplicons spanning regions of the Pol-III-transcribed 5S
rRNA gene and the Pol-II-transcribed PDC1 gene were
included in the analyses as internal background controls
(Figure 7A). In purifications from cell extracts of strains
expressing no tagged protein or Nog2p-TAP, Pol-I-
transcribed regions of rDNA were not significantly
enriched compared with DNA from the PDCI locus or
the 5S rRNA gene locus (Figure 7B, compare amplicons
1-7 with 8 and 9). Consistent with analyses performed by
Wery et al. (8), in the Utpd4p-TAP purification DNA
spanning the internal transcribed region 2 (ITS2) and
the 5-end of the 25S rRNA coding region of rDNA
were specifically enriched over the internal background
(Figure 7B, compare amplicons 4-7 with 8 and 9). Note
that 5S rDNA is significantly more enriched than PDCl1
DNA, possibly due to increased non-specific crosslinking
of Utp4p to nucleolar chromatin.

A similar result was obtained when analyzing the DNA
co-purified with RrpSp-TAP. However, enrichment of
ITS2 and the 5-end of the 25S rRNA coding regions
with regard to the internal background of co-purifying
PDC1 DNA in Rrp5p-TAP purifications was less than
the enrichment observed in Utp4p-TAP purifications.
On the other hand, enrichment of ITS2 and 25S rRNA
coding regions over 5S rDNA was very comparable in
both cases. Analyses of DNA co-purified with Noclp-
TAP and Noc2p-TAP indicated specific association of
both proteins with rDNA chromatin regions coding for
the 3’ region of 25S rRNA (Figure 7B, compare amplicons
4-7 with 8 and 9.).
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Figure 6. A specific set of LSU and SSU biogenesis factors is part of Pol-I-transcribed chromatin. Yeast strains expressing chromosomally encoded
Protein A fusion proteins of the Pol-I subunit Rpal35p (TY2423) or the Pol-II subunit Rpb2p (TY2424) were grown in rich medium to exponential
phase (OD600 ~0.5-0.8) and cross linked using formaldehyde. Chromatin fractions were prepared and the bait proteins were purified using IgG
coupled magnetic beads. The co-purified proteins were subjected to comparative MS analysis using iTRAQ reagents. For proteins identified with at
least one peptide with an ion score of >95% CI, the (average) iTRAQ ratio (Pol-II versus Pol-I purification) was calculated to determine the relative
abundance of the respective protein in the Pol-I purification compared with the Pol-II purification. The results of six independent experiments were
subjected to statistical analysis using clustering algorithms to determine groups of proteins specifically associated with Pol-I or Pol-II-transcribed
chromatin. Only proteins identified in at least four out of six experiments were included. (A) Overview of the cluster analysis of six independent
comparative Pol-1I/Pol-I purifications with the five main clusters indicated on the right. The colour code for the log2 transformed iTRAQ ratios of
Pol-II versus Pol-I purifications are indicated (for details, see ‘Materials and Methods’ section). grey: protein not identified in this experiment; blue:
enriched in Pol-I purifications; yellow: enriched in Pol-11 purifications; black: equally abundant in Pol-I and Pol-II purifications. (B, C, E, F) Detailed
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Figure 7. Analysis of co-transcriptional recruitment of Noclp, Noc2p and Rrp5p to the 35S rRNA gene. (A) Primer pair positions on the rRNA
gene to perform quantitative PCR (qPCR) analysis of ChIP experiments. The relative positions of the rDNA amplicons analysed by qPCR (1-8) are
indicated. For normalization, an amplicon in the PDCI gene (9) was used. (B) ChIP experiments were performed with yeast strains in which Noclp
(TY483), Noc2p (TY577), Rrp5p (TY615), Utpdp (TY1540) or Nog2p (TY1965) are expressed as tandem affinity purification (TAP) tag fusion
proteins, and with a control strain expressing no tagged protein (TYS543). Cells were grown in rich medium at 30°C to exponential phase
(OD600 = 0.5-0.7) and cross-linked using formaldehyde (final concentration 1%) for 15° at 30°C. ChIP analysis was performed as described in
‘Materials and Methods’ section. The amounts of specific DNA fragments present in the input and retained on the beads were determined by qPCR
with primer pairs amplifying the regions 1-8 of the rDNA depicted in the schematic representation and of the PDCI gene (primer pair 9). In each
experiment the precipitation efficiencies [percent IP (rDNA)] for the respective amplified DNA regions were calculated and normalized to the PDCI1
precipitation efficiencies [percent IP (rDNA)/percent IP (PDC1)]. The graph shows the average of three biological replicates, including standard
deviations. A black line depicts the internal background as a result of the normalization to the precipitated PDC1 DNA.

Recruitment of UTP-A and UTP-B components
to rDNA chromatin might be mediated by nascent
(pre-r)RNA (8). To address this point for the components
of the Rrp5p—Noclp—Noc2p module, we performed ChIP
experiments as described above, however with or without
treatment of the chromatin fractions with RNase prior to
chromatin IP (Supplementary Figure S6). In a similar

approach we analysed if RNase treatment affects the
protein composition of chromatin co-purifying with
Pol-I. The results of both analyses were in agreement
with the assumption that the association of sub-groups
of early acting LSU biogenesis factors with rDNA chro-
matin is mediated by pre-rRNA. However, we note that
interpretation of these analyses was complicated by the

Figure 6. Continued

view of the clusters A, B, D and E, respectively, including a classification of the identified proteins. rDNA: shown to co-immunoprecipitate rDNA;
Poll: Pol-I subunit; SSU/Sno: part of SSU-processome/90S pre-ribosome or snoRNPs involved in ribosome biogensis; LSU: Large ribosomal subunit
biogenesis factor; mRNP: part of co-transcriptionally formed mRNP; elongation: Pol-II elongation factor; Pol2-assoc.: shown to associate with
Pol-II. LSU biogenesis factors are shown in red if they were already identified in the Noclp/RrpSp proteome analyses shown in Figure 4. Identified
components of the Rrp5p—Noclp-Noc2p module are indicated by asterisk. (D) Proteins in cluster C are classified and listed according to their
physiological function. The numbers of identified proteins are indicated in brackets.
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partial interference of RNase treatment with the purifica-
tion of Pol-I-associated chromatin and of the TAP-tagged
Noclp and Noc2p proteins (see comments in figure legend
of Supplementary Figure S6 for more details).

Analysis of the binding hierarchy to pre-ribosomes

Next, we wanted to elucidate the binding hierarchy of the
Rrp5p—Noclp—Noc2p module members to pre-ribosomes.
First, we tested whether RrpSp, which directly interacts
with specific sites in the pre-rRNA (23,24), affects recruit-
ment of Noclp and Noc2p to pre-ribosomes. Therefore,
chromosomally encoded TAP-tag fusion proteins of
Noclp and Noc2p were affinity purified from extracts of
cells expressing Rrp5Sp under control of the galactose in-
ducible/glucose repressible GAL1/10- or the endogenous
RRP5-promoter after cultivation in glucose containing
medium.

Northern blot analyses of total RNA isolated from cell
extracts indicated that 18 h after shut down of Rrp5p ex-
pression, the previously described pre-rRNA processing
phenotype was well established (18). The 35S pre-rRNA
was still detectable in similar levels as in the non-depleted
control strain, but levels of 32S, 27SA2, 27SB, 20S and 7S
pre-TRNAs  were strongly reduced. Accordingly,
Rrp5p-depletion caused a general destabilization of the
canonical TRNA precursors (Figure 8A, compare lanes
2/4, 10/12), whereas persistence of 35S pre-rRNA could
be either due to ongoing transcription, impaired
pre-rRNA processing or to both. Additionally, several
aberrant pre-rRNA fragments [most likely resembling
the described 318/, 30S’, 24S, 175, 125" RNAs (18)] were
detected and levels of mature 25S, 18S and 5.8S were
reduced (Figure 8A, compare lanes 2/4, 10/12). As
described above (Figure 4), Noclp-TAP co-purified U3
snoRNA, 35S, 32S, 27SA2 and less efficiently 27SB
pre-rRNAs from lysates of cells expressing RrpSp
(Figure 8A, lanes 5 and 6). Noclp-TAP still co-purified
U3 snoRNA with similar and 35S pre-rRNA with even
increased efficiency after in vivo depletion of RrpSp
(Figure 8A, compare lanes 2/6 and 4/8). Besides, signifi-
cant amounts of aberrant pre-rRNA fragments detected
by oligo 0207 (Supplementary Figure S1A), were specific-
ally enriched in affinity-purified Noclp-TAP fractions
(Figure 8A, lane 8, see fragments running between 35S
and 27SA2 pre-rRNA marked by a cross).

Analysis of the Noc2p-TAP purifications showed virtu-
ally the same results. Noc2p specifically co-purified U3
snoRNA, 35S, 32S, 27SA2 and 27SB pre-rRNAs and
some amounts of 7S pre-rRNA from extracts of cells
expressing RrpSp (Figure 8A, lanes 13 and 14). After
in vivo depletion of Rrp5p, U3 snoRNA and 35S
pre-rRNA were co-purified even more efficiently with
Noc2p-TAP, and also the above mentioned aberrant
pre-rRNA fragments were specifically enriched in the
affinity-purified Noc2p-TAP fractions (Figure S8A,
compare lanes 10/14 and 12/16, fragments marked by a
Cross).

These experiments indicated that Noclp and Noc2p can
bind to nascent, destabilized pre-ribosomes when Rrp5p
expression is shut down.

Nucleic Acids Research, 2013, Vol. 41, No.2 1205

Next, we investigated whether Noclp or Noc2p deple-
tion affects the recruitment of Rrp5p to pre-ribosomes.
Besides, we addressed the influence of Noclp on the
recruitment of the UTP-C component Utp22p to pre-
ribosomes, which was found to depend on the function
of RrpSp (16). Therefore, analogous experiments as
above (Figure 8A) were performed with yeast strains in
which NOCI or NOC2 genes are under the control of the
GALL1/10 promoter and which express TAP-tag fusion
proteins of RrpSp or Utp22p (Figure 8B and C). In the
corresponding strains protein levels of Noclp and Noc2p
were reduced to ~25%, <5% and <2% of endogenous
levels after 10, 18 and 24h shift to glucose containing
medium (data not shown).

The pre-rRNA processing phenotypes in these mutant
strains were virtually identical and largely resembled the
ones observed in yeast strains carrying temperature sensi-
tive alleles of NOCI and NOC2 (27). Levels of 355/32S
and 23S pre-rRNA were slightly elevated compared with
the wild-type control. This delay in early pre-rRNA pro-
cessing events at A0, Al and A2 was observed before in
numerous mutants affecting the LSU maturation pathway
[(80), and discussion therein; see also (81,82)]. The 27SA2,
27SB and 7S pre-rRNAs were drastically reduced, whereas
decrease in 20S pre-rRNA was less severe. Consequently,
levels of mature LSU components 25S and 5.8S rRNA
were significantly diminished, whereas levels of the
mature SSU component 18S rRNA showed only slight
reduction (Figure 8B and C, compare lanes 2/4/5, 12/14/
15, 22/24/25). Altogether, the data indicated a pronounced
destabilization of most LSU precursors after depletion of
Noclp and Noc2p.

Rrp5p-TAP co-purified the same RNA species as
observed in the experiments shown in Figure 4 from
extracts of cells normally expressing Noclp and Noc2p
(Figure 8B and C, lanes 6, 7, 16 and 17). After in vivo
depletion of Noclp or Noc2p, co-purification efficiency
of U3 snoRNA, 35S, 32S and 23S pre-rRNAs with
Rrp5p-TAP increased (Figure 8B and C, lanes 9, 10, 19
and 20), indicating Noclp/Noc2p independent recruit-
ment of Rrp5p to pre-ribosomes and a possible prolonged
dwelling time of Rrp5p in the corresponding RNPs.
Remarkably, in this situation a significantly increased
population of Rrp5p was found to be associated with par-
ticles containing 23S pre-rRNA, possibly by direct inter-
actions with a pre-rRNA region between processing sites
A2 and A3 (23,24). Besides, a quite heterogencous set of
non-canonical pre-rRNA fragments migrating between
32S and 27SA2 pre-rRNA were specifically enriched
with Rrp5p (Figure 8B and C, lanes 9, 10, 19, 20, 29
and 30), underlining that in the absence of Noclp or
Noc2p, early ribosomal precursors are not properly pro-
cessed or are destabilized and finally get degraded.

As expected, the UTP-C component Utp22p-TAP
co-purified most efficiently U3 snoRNA, 35S, 3285, as
well as 23S, 22S and 218 pre-rRNAs from cells expressing
Noclp (Figure 8C, lanes 26 and 27). After in vivo deple-
tion of Noclp, co-purification efficiency of U3 snoRNA,
358, 32S and 23S pre-rRNAs with Utp22p-TAP increased
(Figure 8C, lanes 29 and 30), as observed for Rrp5p-TAP
(see above). These results indicated a Noclp independent
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Figure 8. Analysis of the binding hierarchy of biogenesis factors to pre-ribosomal particles. Yeast strains expressing chromosomally encoded
Noclp-TAP (TY2302/TY2343) or Noc2p-TAP (TY2303/TY2301) in which the RRPS5 gene is either under control of the endogenous or the inducible
GAL 1/10 promoter were cultivated for 10 and 18 h in glucose containing rich medium (final OD600 = 0.5-1). Analogous experiments were carried
out with strains expressing chromosomally encoded Rrp5p-TAP (TY2499/TY2501) or Utp22p-TAP (TY2417/TY2418) with NOCI under the control
of its endogenous or the GAL 1/10 promoter, and for strains that express chromosomally encoded Rrp5p-TAP (TY2500/TY2502) with NOC2 under
the control of its endogenous or the GAL1/10 promoter. These strains were cultivated for 10,18 and 24h in glucose containing rich medium (final
OD600 = 0.5-1). The respective background strains expressing no tagged protein (TY1, TY616), which served as controls, were cultivated for 18h in
glucose containing rich medium. TAP-tagged proteins were affinity purified from cell extracts using IgG sepharose. After washing, the beads were
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recruitment of Utp22p to pre-ribosomes and a possible
prolonged dwelling time of Utp22p in the corresponding
RNPs.

Altogether, these data suggested that LSU precursors
that are depleted of either Noclp, Noc2p or Rrp5Sp are
specifically sensitive to pre-rRNA degradation pathways.
Interestingly, after depletion of one complex component
the respective other module members were still associated
with the residual detectable particles.

DISCUSSION

Here, we present a detailed analysis of the ribosome bio-
genesis factor module constituted of yeast Noclp, Noc2p
and RrpSp. We show evidence that Noclp can simultan-
eously establish specific contacts with RrpSp and Noc2p
and thus enables the formation of a bridged hetero-
oligomeric Rrp5p—Noclp—Noc2p protein complex. In
agreement with Rrp5p and Noclp acting in vivo as part
of one protein module on pre-ribosomes, we found that
the RNA and protein compositions of ex vivo purified
Rrp5p and Noclp containing RNPs are very similar.
Both proteins are predominantly associated with the first
detectable specific pre-60S particle, which result in yeast
from pre-rRNA cleavage in the ITS1 pre-rRNA region at
site A2 and the subsequent separation of the LSU and
SSU precursors [Figure 4; see also (23)]. According to
studies of de Boer et al. (23) and our analyses, dissociation
of Noclp and Rrp5p from pre-ribosomes is tightly linked
to the removal of residual ITS1 sequences from LSU
pre-rRNAs downstream of A2.

Our data indicate that the RrpSp—Noclp—Noc2p
module is already co-transcriptionally recruited to
nascent pre-rRNA. Congruently, Pol-I subunits were
detected together with 35S pre-rRNA and U3 snoRNA
and numerous other co-transcriptionally recruited SSU
processome components (5-8,14,16) in affinity-purified
Noclp and Rrp5Sp fractions. Assembly of Noclp and
Noc2p into the earliest ribosomal precursors is consistent
with the previously observed co-sedimentation of Noclp
with 35S pre-rRNA in sucrose gradients (27) and the
co-precipitation of U3 snoRNA with human Noc2p/
NIR (32). Strikingly, chIP analyses showed that Rrp5p,
Noclp and Noc2p associate specifically with the 25S
rRNA coding region of the 35S rDNA chromatin. In
agreement with this, many of the SSU and LSU biogenesis
factors found in early pre-ribosomal particles together
with Rrp5p and Noclp were detected in Pol-I-associated
rDNA chromatin. Altogether, there is good evidence that
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recruitment of the RrpSp—Noclp—Noc2p module into
pre-ribosomes can occur already co-transcriptionally in
yeast, similar to the recruitment of SSU processome com-
ponents. But in clear contrast to SSU processome compo-
nents, the RrpSp—Noclp—Noc2p module predominantly
associates with LSU precursors after separation of LSU
and SSU pre-rRNAs through cleavage in the ITSI.

The previously observed apparent lack of LSU factors
in 90S/SSU processome particles (6) can be in part
explained by the existence of different SSU processome
particles in the cell (83). Accordingly, one population
contains the common 35S pre-rRNA, SSU biogenesis
factors and LSU biogenesis factors as the Rrp5p—
Noclp—Noc2p module. After cleavage in the ITSI
region of the rRNA precursor, which occurs in yeast
with fast kinetics (10), the assembled factors stay, at
least in part, still associated with the resulting pre-40S
and pre-60S particles. As a consequence, pre-ribosomal
particles purified via tagged SSU processome components
can comprise a mixture of common 90S and predomin-
antly, specific pre-40S pre-ribosomes. Analogously, Noclp
and RrpSp co-purify predominantly LSU precursors
together with LSU biogenesis factors and smaller
amounts of 35S rRNA and SSU biogenesis factors con-
taining common precursor particles.

Co-transcriptional assembly of the SSU processome
and the concomitant gradual compaction of the
pre-rRNA is thought to result in the formation of
‘terminal ball’ structures or ‘SSU knobs’ seen in chroma-
tin spreads of rRNA genes (3-5). Appearance of new
terminal structures, called ‘LSU knobs’, was observed on
nascent rDNA transcripts of S. cerevisiae, from which
SSU knobs are thought to be cleaved off in some cases
through a co-transcriptional cut in the rRNA-ITS]1 region
(9,10). We propose that the RrpSp—Noclp—Noc2p module
assembles either into these early LSU knobs or, in case
cleavage in the ITS1 pre-rRNA region does not occur
during ongoing transcription, into 90S pre-ribosomes con-
taining 35S pre-rRNA and SSU processome components.
The size of the reconstituted Rrp5Sp—Noclp—Noc2p
module (~12nm; Figure 2C) is smaller than the size of
early LSU knobs (15-20nm) (9). This could mean that
other LSU biogenesis factors, which co-purify with
Noclp and Rrp5p (Figure 5) and which are part of
the Pol-I-associated chromatin like Erblp, Dbp3p,
Nop7p, Brxlp (Figure 6C), or which show (weak) associ-
ation with 35S pre-rRNA-like Ssflp (62), Nop7p (84),
Rlp7p, Nsa3p and Ytmlp (71) are also constituents of
early LSU knobs, as it was recently suggested for
Nop53p (11).

Figure 8. Continued

split for the analysis of co-purified RNAs and proteins. RNAs isolated from aliquots of cell extracts (Input) and immuno-purified fractions (IP) were
separated on acrylamide or agarose gels and analysed by Northern blotting by subsequent hybridization using the indicated probes (0202-01819;
binding sites are depicted in Supplementary Figure S1A). In general, all input and IP samples of the purification of one bait protein in the different
strains were analysed on the same gel [see also entire blots shown in the Supplementary Material (Supplementary Figure S7)]. Purification of the bait
proteins was controlled by Western blotting (WB) against the Protein A moiety of the TAP tag using anti-Protein A antibody. (A) Depletion of
Rrp5Sp; (B) depletion of Noc2p; (C) depletion of Noclp; (D) control strains. Equal signal intensities in Input and IP correspond to 2 and 1.5%
purification efficiency in Northern blots of agarose and acrylamide gels, respectively. In Western blots, equal signal intensities in Input and IP
correspond to 20% (RrpS-TAP), 33% (Nocl-TAP), 17% (Noc2-TAP) and 50% (UTP22-TAP) purification efficiencies. Aberrant pre-rRNA frag-
ments resulting from depletion of biogenesis factors are indicated by multiplication symbol.
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Although the protein compositions of affinity purified
Rrp5p and Noclp particles are comparable, RrpSp shows
features and functions different from those of Noclp
and Noc2p: (i) the C-terminal part of Rrp5p, which does
not bind to Noclp (Figure 3), is required for pre-40S
biogenesis (18-20); (ii) Rrp5Sp, not Noclp, is required for
the recruitment of the UTP-C complex to 35S pre-rRNA
(Figure 8C); (16); (iii) the rDNA ChIP profiles of
Rrp5p are shifted more towards 18S rRNA coding
regions when compared with the ones of Noclp and
Noc2p, similar as for the SSU component Utp4p
(Figure 7); (8). All of them are consistent with an add-
itional temporally and/or physically separated role of
Rrp5p in ribosome biogenesis. It is possible that Rrp5Sp
acquires these pre-40S-specific features in the context of
the Rrp5p—Noclp—Noc2p module, potentially involving
its C-terminus. Alternatively, a Noclp—Noc2p-free
fraction of RrpSp could exist that interacts with pre-40S
particles either weakly or very transiently. In either
case, this implies that RrpSp could have another
interaction interface with SSU rRNA precursors
upstream of the A2 processing site, as suggested by
Young et al. (24).

The experiments analyzing the binding hierarchy of
Rrp5p—Noclp—Noc2p module members to 60S subunit
precursors (Figure 8) point toward important functional
characteristics of factors acting early in the LSU matur-
ation pathway. Individual depletion of each module com-
ponent leads to a drastic reduction of canonical rRNA
precursors (Figure 7, input lanes) and to the appearance
of a variety of aberrant pre-rRNAs, which are still bound
by the other module components, respectively (Figure 7,
IP lanes). We see two major implications of these results:
first, each of the module members is individually required
to protect pre-ribosomal particles from aberrant RNA
processing and, most likely, degradation events. Second,
the interaction interface with pre-ribosomes is not
provided by one single module member. Taken together,
it is likely that the RrpSp—Noclp—Noc2p module esta-
blishes a rather extended interaction interface within
nascent pre-ribosomal particles during rDNA transcrip-
tion. This in turn might protect pre-LSUs from inappro-
priate and non-productive nucleolytic activities and might
be involved in early folding events of the rRNA. Depletion
of other LSU biogenesis factors found in the early LSU
precursors purified via RrpSp and Noclp causes a similar
pronounced destabilization of pre-rRNAs [e.g. Rix7p (65),
Ssflp (62), Nop4p (73), Rrs3p (74), Dbp9p (79)].
Therefore, it is possible that either each of these factors
has similar functional properties or represents an essential
unit of one common functional entity in early LSU bio-
genesis. A common function of these factors is also sup-
ported by the observation that in corresponding yeast
mutant strains residual non-degraded pre-60S particles
fail to leave the nucleolar compartment (27,70,85).
Future in vivo and in vitro studies will help to reveal
how the Rrp5p—Noclp—Noc2p module stimulates
folding and compaction of pre-rRNA into LSU knob-
like structures and how this affects downstream
assembly events and the action of nucleases involved in
pre-ribosome processing and turnover.

SUPPLEMENTARY DATA
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