Ribosomal proteins’ association with transcription sites
peaks at tRNA genes in Schizosaccharomyces pombe
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ABSTRACT

Ribosomal proteins (RPs) are essential components of ribosomes, but several RPs are also present at transcription sites of
eukaryotic chromosomes. Here, we report a genome-wide ChlIP-on-chip analysis of the association of three representative 60S
RPs with sites in the Schizosaccharomyces pombe chromosomes. All three proteins tend to bind at the same subset of coding
and noncoding loci. The data demonstrate selective RNA-dependent interactions between RPs and many transcription sites and
suggest that the RPs bind as components of a preassembled multiprotein complex, perhaps 60S or pre-60S subunits. These
findings further indicate that the presence of RPs complexes at transcription sites might be a general feature of eukaryotic cells
and functionally important. Unexpectedly, the RPs’ chromosomal association is highest at centromeres and tRNA genes—the
RPs were found at 167 of the 171 tRNA genes assayed. These findings raise the intriguing possibility that RP complexes are
involved in tRNA biogenesis and possibly centromere functions.
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INTRODUCTION

It is generally expected that most ribosomal protein mole-
cules (RPs) will be found in ribosomes (Warner 1989; Perry
2007), so the finding that at least 20 RPs—and rRNA—are
present at transcription sites in Drosophila polytene chro-
mosomes was an unexpected indication that ribosomal
subunits associate with nascent mRNAs (Brogna et al. 2002).
However, a later study showed that RPs bind to noncoding
RNA genes in Saccharomyces cerevisiae: This suggested that
the association might be independent of the translatability
of the transcript and might involve free RPs that are not
assembled into ribosomes (Schroder and Moore 2005).
Several examples of RPs with extra ribosomal functions at
transcription sites have been reported. Some RPs bind their
own mRNA, pre-mRNA, or promoter and autoregulate
their own expression by affecting translation, splicing, or
transcription (Wool 1996; Lindstrom 2009; Warner and
MclIntosh 2009; De and Brogna 2010). There is also evidence
of RPs binding with transcription factors at the promoters
of other genes: RpL11 binds the oncoprotein c-MYC at the
promoter of c-MYC target genes and inhibits transcription
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in human cells (Dai et al. 2007, 2010); RpS3 is a subunit of
the NF-kB DNA-binding complex involved in chromatin
binding and transcription regulation of specific genes (Wan
et al. 2007), and RpL22, and possibly other RPs, bind histone
protein H1 and suppress transcription in Drosophila (Ni
et al. 2006).

Clearly, individual RPs can have specific functions at
particular genes. The issue, however, is why multiple RPs
are found together at transcription sites of a number of
unrelated genes. If each RP binds individually, it should
only associate with sites that match its individual RNA-
binding or protein-binding affinities, and this would make
it hard to explain why several RPs are found together at the
same sites. It is possible that the presence of RPs at tran-
scription sites is not functionally significant—they might be
synthesized in excess of what is incorporated into ribo-
somes, with the “excess” proteins interacting nonspecifically
with other proteins and/or nucleic acids while transiting
the nucleoplasm (Lam et al. 2007). Most RPs are very basic
(pI > 10), so at high concentrations they might bind
nonspecifically to chromatin. Previous studies, however, have
indicated that mechanisms that rapidly degrade excess RPs
tend to keep the cellular concentrations of free RPs low
(Warner 1977, 1989; Maicas et al. 1988; Lam et al. 2007;
Perry 2007).

Here, we have investigated how widespread the associ-
ation of three representative 60S RPs to chromosomal
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sites is in Schizosaccharomyces pombe. We
have used chromatin immunoprecipita-
tion (ChIP) assays to assess their associ-
ation with some individual genes and
ChIP-on-chip to identify sites to which
RPs bind across the whole genome. We
found that these three RPs tend to be
most highly associated with a common
set of at least 122 transcription loci—
including 49 protein-coding and 65 non-
coding RNA genes. The similar distri- €
butions of the three RPs suggest that
they are bound as components of com-
plexes consisting of multiple RPs, per-
haps 60S or pre-60S subunits.
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RPs associate with actively
transcribed genes

To investigate whether RPs associate
with actively transcribing genes in S.
pombe we used the ChIP assay. We
analyzed three 60S RPs: RpL7, RpLl11,
and RpL25. These evolutionarily con-
served RPs were previously reported
to associate with chromosomal sites in
Drosophila and budding yeast (Brogna
et al. 2002; Schroder and Moore 2005;
Ni et al. 2006). Like other RPs in yeasts—
both S. pombe and S. cerevisine—these are
encoded by duplicated genes called a or
b isoform in S. cerevisiae or identified
by a numeral suffix, typically, 01, 02, or
03 in S. pombe, which encode identical
or very similar proteins (Komili et al.
2007).

We genetically tagged one of the
paralogs of these proteins with three copies of the hemag-
glutinin epitope (3HA) by homologous recombination of
the endogenous S. pombe genes (SPAC664.06, rpl7/rpl703;
SPBC17G9.10, rplll/rpl1102, and SPBCA4F6.04, rpl25/
rpl2502) (Fig. 1A). Western blot analysis of total protein
extracts shows stable tagged proteins of the expected sizes
(Fig. 1B). The tagged proteins appear to be functional, as
they are incorporated into polysomes with only trace amounts
of the proteins running into lighter fractions (Fig. 1C), and
the recombinant strains grow as well as the wild type in
serial dilution spot assays (Fig. 1D).

Initially, we tested for association of RPs with chromatin
by examining the PMAI (Fig. 2A) and ACTI (Fig. 3A)
genes, which are constitutively transcribed at a high level
and have been used as models in many previous ChIP-
based studies (Holstege et al. 1998; Komarnitsky et al. 2000;
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FIGURE 1. HA-tagged RPs are functional. (A) Agarose gel showing that the PCR products
expected from correct HA tagging in all integration strains; the primers were a gene-specific
forward primer corresponding to the 3’ end of the gene and a common reverse primer
corresponding to the kanMX6 tagging cassette (primers sequences in Supplemental Table S2).
(B) Western blotting analysis of whole-cell protein extracts of cells expressing the HA-tagged
RPs indicated. (C) Polysome fractionation and Western blot visualization of the HA-tagged
RPs. (D) Serial dilution colony spotting assay of the tagged strains (from left to right, ~10°,
10%, 10%, and 10 cells/mL, 4 pL were spotted onto YES plate).

Abruzzi et al. 2004; Wilhelm et al. 2008). PMA1I codes for
plasma membrane ATPase 1 and ACT1 for cytoplasmic actin.
First, we optimized the ChIP assay with a monoclonal
antibody against Pol IT (8WG16). As expected, Pol II is at
both genes and, relative to the control intergenic region, it
was highly enriched throughout these two genes (promoter,
beginning, middle, and end of coding region) (Fig. 2B,C)
PMAI; (Fig. 3B,C) ACTI. The ChIP enrichment was
estimated with two assays—by quantification of radioactive
PCR bands from gels (panels C) and by quantitative real-
time PCR (panels E)—these assays gave similar results.
As an additional positive control, we also tagged the
Cbp20 subunit of the cap-binding complex (CBC), which is
expected to bind the cap of all nascent pre-mRNAs. Similarly
to Pol II, we found Cbp20 throughout the locus in both
genes (Figs. 2C-E, 3C-E). The Cbp20 ChIP enrichment is



RP complexes associate with transcription sites

A PMAI B INPUT
rl 2 3 r4
T o+ 2 2 :
rl ’ r3 -
1 (Start) ( - m
C
Pol 11 Cbp20 RpL7 RpL11 RpL25
rl 2 13 r4 rl 2 3 rd 2 3 4 1 2 3 4 rl 2 3 r4
- . - 9 Y - - - w w
- - - =) = o
— — . -
\%t?‘ D AN a2 et RIS I A n,q W oae AR A n_:o ~
D
Cbp20-RNase RpL7-RNase RpL11-RNase RpL25-RNase
1 2 3 4 rl 12 3 rl 2 3 4 rl 2 3 r4
| —
. — - P — — -
- — | i -
ST AN AN IS N - R R AR
E
Pol 11 Cbp20 RpL7 RpLI1 RpL25
16 20 6 5 7
= 14] 184 i ;) 6
g L1 i 16t 5 4_1_]_
£ 10 I M — | | 5
< F —1—- —=1-n __I—_ z it — 4
K]l & B B Hgp I ——3«1;——1 )
Car4l H EH H R o o o o Z—-}— _— —
= : ' EE BN R B o o o g 2
CRdI B B B ER]EEE N 1 B I == )
=,/ NN T el 1
)] S L
RNase . -t -t -t -+ -+ et -t -+t -t =t -t -+
rl 2 3 4 rl 2 3 r4 rl 2 3 4 rl 2 3 r4 rl 2 3 4

FIGURE 2. RPs are present at the PMAI gene locus. (A) Schematic diagram of the PMAI gene; gray bar represents the gene ORF; the PCR
amplicons used for the ChIP assay are indicated by dotted lines above (numbers correspond to the primers positions relative to start codon). (B)
Polyacrylamide gels showing radiolabeled PCR products produced by the PMAI-specific primer pairs (top bands) and by the pair specific for the
intergenic region (bottom bands); using input DNA before ChIP. (C) PCR products as in B using ChIP-enriched DNA from the strains indicated.
The relative enrichment of PMA1 DNA relative to intergenic sequence is expressed as ratio of the intensitity of the same fragments produced with
the input DNA. (D) PCR analysis as in C of samples treated with RNases A and T1 prior ChIP. (E) Real-time PCR quantification using the same
set of primers as above (indicated in the x-axis). Fold enrichments (y-axis) are relative to the intergenic control fragment and are calculated as
ratio of ratios as in B. Gray bars show ChIP experiments not treated with RNase, black bars with RNase. Error bars represent standard deviation of

three repeats.

RNA dependent: Treatment of the chromatin with RNase
destroys the association (Figs. 2D,E, 3D,E)—and the high
RNase sensitivity suggests that the association is with
nascent RNA. Many previous studies have reported that
digestion of RNA within cross-linked chromatin is not
efficient even with high RNase concentrations (Abruzzi
et al. 2004). Reasoning that ionic detergents in the chro-
matin preparations probably inhibited the RNase activity in
those studies, we introduced an extra step into our assay, in
which the sonicated chromatin is column purified before
incubation with RNase: This modification dramatically im-
proves the reliability of the RNase sensitivity assay (see
Supplemental Fig. S1; Materials and Methods).

After validation of the ChIP technique, we assayed
chromatin association of the HA-tagged RPs. We found that

all three proteins associate with the two test genes, clearly
more than with the intergenic region. The level of associ-
ation is lower than that of Pol II or Cbp20—the caveat of
this conclusion, however, is that even for proteins tagged
with the same tag, epitope availability could affect the
quantification, thereby giving misleading information on
the relative abundance of the proteins. For RpL7 and
RpL11, the highest enrichment is in the coding regions
(Figs. 2C-E, 3C-E), but RpL25 is highest at the promoter
(Figs. 2C-E, 3C-E). The enrichment was quantified by both
radioactive PCR and real-time PCR, and again, the two
assays gave similar results, with the gene-associated RPs
showing two- to sevenfold enrichment relative to the intergenic
region. The association of RpL7 and RpL11 with chromatin
is very sensitive to RNase treatment, greatly reducing the
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FIGURE 3. RPs are present at the ACT1 gene locus. (A) Schematic diagram of the ACT1 gene, gene ORF is represented by gray bar; dotted lines
indicate PCR amplicons as in Figure 2. (B) Polyacrylamide gel with radiolabeled PCR products produced by the ACT1-specific primer pairs (top
bands) and the pair corresponding to the intergenic region (bottom bands), using input DNA before ChIP. (C) PCR as in B of ChIP-enriched
DNA. The relative enrichment of ACTI fragments over the intergenic region was calculated as in Figure 2. (D) PCR of samples treated with
RNases A and T1 prior ChIP as in C. (E) Quantification of ChIP-enriched DNA using real-time PCR with the primers indicated in the x-axis.

ChIP signal, but the association of RpL25 is much less
sensitive to RNase digestion (particularly with ACT1) (Fig.
3D,E). Perhaps some of the RpL25 molecules can also
associate with chromatin via an RNA-independent mech-
anism, maybe by binding DNA directly (see Discussion).

In summary, the three RPs we have tested associate with
active genes, the association is RNA dependent (this is
apparent for RpL7 and RpL11, but only partially for RpL25).
The association is highest with coding regions, but also ap-
parent with the promoter, especially for RpL25.

RPs associate both with protein-coding genes
and with other type of genes

Finding RPs at both the PMAI and ACTI genes prompted
us to investigate what other genes these proteins associate
with. To do this we used ChIP-on-chip assays: Chromatin-
immunoprecipitated DNA was hybridized to S. pombe geno-
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mic tiling arrays (Affymetrix GeneChip, see Materials and
Methods). We analyzed the same three strains described
above; for RpL7, RpLl11, and RpL25, two independent
biological replicas of the experiment were performed for
each protein by assaying chromatin samples prepared at two
different times from independent cultures. We analyzed the
raw data and identified statistically significant binding sites
with the MAT software, which is a program specifically
designed for the analysis of ChIP-on-chip data produced
using tiling arrays (Materials and Methods; Johnson et al.
2006). Between the replicas there is a high probe-to-probe
signal correlation (Pearson correlation =0.76; see Supple-
mental Fig. S2), yielding almost identical gene enrichment
profiles.

The analysis revealed that the three RPs associate with
many loci throughout the three chromosomes: We identi-
fied 460 genes/genomic regions that were highly enriched
with at least one of the proteins (Fig. 4A). RpL7 associated
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FIGURE 4. Genome-wide association of RPs. (A) Chromosomal binding profiles of the RPs on all three chromosomes, analyzed by the MAT
software and visualized with the IGB software. Each RP is shown with a different color on the graph: green (RpL7), navy blue (RpL11), and sky
blue (RpL25); x-axis shows the distance from the left chromosome end in megabases (Mb); the y-axis log2 MAT enrichment score (0-4). Each
plot is based on two ChIP—chip biological replicas and two control arrays hybridized with input DNA, used as standard in all experiments.
Position of centromeres (cen) and telomeres (tel) are highlighted with dotted boxes. (B) Venn diagram showing the number of genes/genomic
regions associated with the three RPs. (C) Pie-chart showing the proportions of the genes that are associated with all three RPs that fall within
various gene classes.
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with 236, RpL11 with 228, and RpL25 with 375, and all
three RPs associated with 122 of these genes/genomic
regions (Fig. 4B; Supplemental Table S2, the 122 hits with
enrichment score). The bioinformatical analysis indicates
that RpL25 binds extra loci compared with the other two
proteins. Visual inspection of the data, however, indicates
that the binding profile is very similar between the three
proteins (see below). Therefore, RpL25 might not be
binding many extra loci, but it simply binds more strongly,
so that at the stringent cutoff we used in the analysis it appears
that there are more enriched loci than with the other two
proteins.

The hits are clearly shared between the three proteins.
This tendency for the three RPs to bind to the same genes is
highly statistically significant (P < 10~°, see Materials and
Methods). The hits that are not shared have lower enrich-
ment scores; however, with a less-stringent cutoff (P-value of
1 X 107° instead of 1 X 107* see Materials and Methods)
they are also enriched above background with all three
proteins. At the 1 X 107> cutoff, there are twice as many
enriched regions (data not shown). Although many regions
were not included in the hits list because their score was
below the stringent 1 X 10~* cutoff, enrichment peaks are
apparent in close-up views of genomic regions with all three
proteins. For example, a visual inspection of the enrichment
profile over the 200-kb region around the PMAI locus shows
several enrichment peaks over flanking loci; yet, at the
stringent cutoff that we have selected, the MAT software
only considers the RNA-coding gene SPAPBI5E9.02¢ en-
riched in all experiments, while PMAI, which the gene-
specific ChIP experiments clearly indicated as enriched with
all three RPs, was considered enriched only in the RpL11 and
RpL25 experiments (see Supplemental Fig. S3). For these
reasons, the number of regions that are associated with RPs is
probably a conservative underestimate.

To gain further insights, the shared 122 hits were
classified according to whether the genes encode proteins
or nonprotein-coding RNAs. Surprisingly, only 40.16% (49
loci) are protein-coding genes. Of the others, 44.26% (54
loci) are tRNA genes, 6.56% are in repeat regions of the
genome and 9.02% correspond to miscellaneous RNA genes,
including one snoRNA, two snRNAs, one 5S rRNA, and
seven noncoding RNAs (Fig. 4C). As detailed below, large
plateaus of enrichment encompass all centromeric regions
(Fig. 4A, centromeres are highlighted).

We also compared the enrichment of RPs on individual
genes with published values for the enrichment of Pol II at
the same genes (Wilhelm et al. 2008); surprisingly, we only
found a small degree of correlation (Fig. 5). A second
correlation analysis between ChIP-on-chip RPs enrichment
and transcript levels—as a proxy for the transcription rates
of the corresponding genes (Neil et al. 2009; Xu et al.
2009)—also showed little correlation between these pro-
cesses (data not shown). For example, there is no sign of
enrichment at some highly expressed Pol II genes like
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RpS17 (SPCC24B10.09) and Sec26 (SPBC146.14c¢); we also
assayed the histone H2A gene (SPAC19G12.06¢) by gene-
specific ChIP during S phase and found no enrichment
(data not shown). In summary, these data indicate that RPs
bind specific genes rather than any transcribed locus (see
Discussion).

RPs are enriched on centromeric regions

Unexpectedly, the nonprotein-coding loci with which the
RPs associate are most abundant in the telomeric and
centromeric regions (Fig. 4). The most enriched class of
genes are tRNA genes (Fig. 4C). The enrichment is highest
at tRNA genes found in dense clusters in the centromeres
(Fig. 4A). Fission yeast centromeres span 35-110 kb. Each
has a central core of nonrepetitive DNA (cnt), which is
flanked by two repeat regions, the innermost repeats (imr)
and the outer repeats (otr); the outer regions contain multiple
copies of dh/dg repeats (Fig. 6A; Pidoux and Allshire 2004).
The ChIP-on-chip analysis indicates that RPs associate with
all three centromeres, and that the association is highest
at the cnt and imr regions (Fig. 6A). To investigate this
association further, we examined segments of the cnt, imr,
and dg domains by sequence-specific ChIP and real-time
PCR. The results confirm that the RPs associate with all
three regions and that the association is sensitive to RNase
treatment (Fig. 6B). Surprisingly, we found that the RpL25
association with centromeric regions, unlike at the ACT1
and PMAI, is also very sensitive to RNase treatment (Fig.
6B). The otr regions are transiently transcribed into small
interfering RNAs (siRNA), which drive heterochromatin
formation and transcription silencing (Volpe et al. 2002;
Chen et al. 2008). Therefore, the association at these
regions might be with nascent transcripts of the RNA-
coding loci. Surprisingly, the association at the cnt region is
also RNase sensitive. In this region there are only a few
RNA-coding genes annotated in GeneDB, including some
tRNAs, and until recently was believed not to be tran-
scribed to any detectable extent (Wilhelm et al. 2008);
a recent study, however, indicates that a large proportion of
it is, in fact, transcribed by Pol II, yet RNAs fail to
accumulate because they are rapidly destroyed by the
exosome (Choi et al. 2011).

The association of RPs with tRNA genes requires
their transcription

As mentioned above, within the centromeric regions there
is a tendency for the RPs’ association to be highest in
correspondence of tRNA genes loci (Fig. 6A, tRNA genes
are indicated by vertical red lines). Multiple tRNA genes are
present at all three centromeres and are also present at the
border between otr regions and the chromosome arms
(Wood et al. 2002). For example, two apparent peaks of
RPs enrichment in chromosome II are at the borders with
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the centromere and coincide with two dense clusters of
tRNA genes (Fig. 6A, centromere II, tRNA clusters high-
lighted). RPs also clearly associate with tRNA genes
dispersed in different chromosomal regions (Fig. 7A,
specific tRNA genes are indicated by arrowheads). As
reported above, at the stringent cutoff (P-value 1X 10~ %)
the MAT software indicate 54 tRNA genes as highly
enriched (Fig. 4C). To evaluate the enrichment at all tRNA
loci, we classified all known tRNA loci in a given chromo-
some into six classes depending on the RP enrichment
scores, ranging from less than onefold to more than fivefold
enrichment above background (the top 54 tRNA genes are
on average 9.36-fold enriched with all three RPs, see
Supplemental Table S2). The classification shows that as
many as 170 of the annotated 171 tRNA genes in the array
(there are 196 tRNA genes in the genome, of which 53 are
in centromeric regions) (http://www.sanger.ac.uk/Projects/
S_pombe/genome_stats.shtml) might associate with RPs,
RpL7 (170), RpL11 (170), and RpL25 (167) (Fig. 7B).

To further investigate the association of RPs with tRNA
genes, we assessed the recruitment of RpL7 to an ectopic
tDNA™" construct integrated at the leul* locus (Pebernard
et al. 2008). We found that RpL7 associates with a wild-
type copy of the gene construct, but not with two mutant
derivatives (Fig. 7C). One mutant (mutB Box-tDNA™")
carries a C— G mutation in the B Box of the Pol III
promoter, inhibiting TFIIIC binding and transcription
(Kurjan and Hall 1982; Baker et al. 1986; Pebernard et al.
2008), and the other (AtDNA™") lacks the tRNA-coding
sequence (Pebernard et al. 2008). It seems that RpL7 only
binds to this tRNA gene if it is being actively transcribed.

The centromeres are not adjacent to the nucleolus

In S. cerevisiaze, tRNA genes are dispersed throughout the
chromosome arms, yet within the intact nucleus they
appear to cluster in the vicinity of the nucleolus (Thompson
et al. 2003). It is conceivable that a similar phenomenon
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occurs in S. pombe, and that the prom-
inent association of RPs with the cen-
tromere is simply the passive consequence
of the region being spatially adjacent to
the nucleolus. To evaluate this possibil-
ity we examined the spatial distribution
of the nucleolus and centromere in cells
using an antibody against Cnp1 (Kniola
et al. 2001) in a strain carrying GFP-
tagged Gar2, a nucleolar marker (Win
et al. 2005). The results indicate that
centromeres and the nucleolus are un-
connected in S. pombe (Fig. 8A). The
analysis was done with asynchronous
culture and does not show any colocal-
ization in cells at any stage of the cell
cycle (Fig. 8B). In a few cells, the cen-
tromeric and nucleolar markers seemed
to be nearby; however, in all cases a
more detailed analysis showed that the
two markers are in distant planes of
focus (Fig. 8C); the seeming proximity
is simply due to the 2D projection of
the signals, and when only the nucleolar
signal is visible, the weaker centromeric
signal is simply out of focus (Fig. 8C, cf.
the top and bottom pictures, which
were taken at different focal planes). A
measurement of the distance between
the centers of the nucleolar and cen-
tromeric signals in pictures of 100 un-
synchronized cells with both signals
visible shows that, essentially in all cells,
the flat projection distance between the
two structures is >0.5 pm (Fig. 8D).
Therefore, the data appear to exclude that
the centromere and associated tRNA genes
can contact the nucleolus at any stage of
the cell cycle.

DISCUSSION

The results we have presented here in-
dicate that RpL7, RpL11, and RpL25—
chosen as representative of all RPs—are
present at many transcription sites on
S. pombe chromosomes. This finding
confirms previous observations with
the polytene chromosomes of Drosoph-
ila (Brogna et al. 2002) and indicates
that the physical association of RPs
with transcription sites might be a gen-
eral feature of eukaryote cells. As in
the previous study in S. cerevisiae
(Schroder and Moore 2005), we found
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RPs both at protein-coding and at nonprotein-coding
genes in S. pombe. The chromosomal association of RPs is
RNA dependent: RNase treatment eliminates the ChIP
signal for RpL7 and RpL11 and reduces that of RpL25.
Perhaps RpL25 binding is less sensitive to RNase because
it can bind DNA directly—this protein belongs to the
RpL23 family of RPs, which in higher eukaryotes contains
a histone-H1-like domain in the N terminus that could
bind DNA (Ross et al. 2007). The observed RNase
sensitivity suggests that RPs associate with RNAs at both
proteins- and RNA-coding loci. However, we detect little
correlation between RP enrichment at genes and either
Pol II occupancy or the steady-state level of the tran-
scripts. Highly transcribed genes typically have more Pol
II molecules engaged at the locus (Wilhelm et al. 2008), so
their DNA should be more accessible and replete with
nascent RNA (Jackson et al. 1993; Wansink et al. 1996).
Furtheremore, RPs are not at some highly transcribed
genes. The observations are consistent, with their re-
cruitment being selective and not primarily driven by
their passive electrostatic affinity for RNA or DNA or the
hyperphosphorylated Pol IT C-terminal domain. The obser-
vation that the three RPs are typically found simulta-
neously at the same sites suggests that the proteins may be
recruited together, most likely as parts of preassembled com-
plexes, perhaps even as entire ribosomal subunits. In line
with this interpretation, the RNase sensitivity of the inter-
action might in part be due, particularly at promoter re-
gions, to the RPs being bound to the rRNA.

An unexpected finding of this work is that the RPs are
mostly enriched at centromeres, and that their association is
also RNase sensitive. Unlike in the euchromatic sites, the asso-
ciation of RpL25 with centromeric regions is also very sensitive
to RNase treatment; perhaps the protein cannot bind DNA
directly in heterochromatin and the specialized CENPA“"!
chromatin that assemble on the centromere core, and thus, the
interaction is only with nascent RNAs (Choi et al. 2011).

Within the centromeres, the association is most apparent at
tRNA genes, but tRNA genes located in other chromosomal
regions also associate with the RPs. Strikingly, tRNA genes
make up ~0.1% of the S. pombe genome, yet represent >44%
of the RPs’ binding sites. Similar to other regions, statistical
calculation and visual inspection of the enrichment profiles
strongly indicate that all three RPs associate with the same
centromeric and tRNA loci, suggesting also that, here, the
proteins are recruited together as preassembled complexes. As

mentioned above, in S. cerevisize, tRNA genes physically
associate with the nucleolus (Thompson et al. 2003) and
dispersed tRNA and other Pol IIIT genes appear to relocate at
the centromeres in S. pombe (Iwasaki et al. 2010). Therefore, it
can be argued that centromeres and tRNA genes preferentially
associate with RPs simply because these regions are physically
adjacent to the nucleolus. Our data argue against this
explanation. We found no indication of the centromeres
being proximal to the nucleolus at any stage of the cell cycle,
consistent with our current understanding of how chromo-
somes are organized in the yeast nucleus (Zimmer and Fabre
2011). Furthermore, in S. pombe the rDNA repeats are at
the telomeres of chromosome III (Wood et al. 2002); yet,
telomeres and centromeres appear to stay separated through-
out the cell cycle (Funabiki et al. 1993). In addition, the
regions near the rDNA repeats are not any more enriched
than those flanking the telomeres of the other two chromo-
somes. The rDNA repeat regions, as expected, bind the RPs
(Supplemental Fig. S4); however, the level of enrichment is
lower than at other sites—perhaps due to the microarray
carrying probes for only one to two rDNA repeats rather than
the 100-120 of the genomic regions (Wood et al. 2002;
Materials and Methods). In summary, at this stage our
conclusion is that the RPs’ chromatin association is not a
passive consequence of spatial proximity to the nucleolus.
We speculate that the RP complexes might be involved in
centromere functions and tRNAs biogenesis. This is in
agreement with the reports that three other RPs—RpLS6,
RpL26, and RpLl4—copurify with TFIIIE in S. cerevisiae
(Dieci et al. 2009) and that RpL11 represses Pol III transcrip-
tion in mammalian cells (Dai et al. 2010).

It is communally understood that to carry out the extra
ribosomal functions RPs need to be detached from the
ribosomal subunits—future studies might change this view
(De and Brogna 2010); in E. coli, for example, ribosomal
protein S10 (a classic example of RP moonlighting, see
Warner and McIntosh 2009) can bind the transcription factor
NusG while still associated to the small ribosomal subunit
(Burmann et al. 2010)—this interaction couples bacterial
transcription to translation (Proshkin et al. 2010). Here, many
of the genes with which RPs associate do not encode proteins.
While this argues against translation occurring at these
nonprotein-coding loci, it leaves open the possibility that
tRNAs, which readily bind to the ribosome in vitro non-
enzymatically (Prince et al. 1982; Fahlman and Uhlenbeck
2004), might first associate to ribosomes or preribosomes at

tRNA transcription sites. Of course, the
interaction with protein-coding genes

FIGURE 6. Centromeric regions bind RPs. (A) ChIP-on-chip enrichment graphs for RPs at
the centromeric region of each chromosome, generated with the IGB software. The map below
each panel shows a schematic of fission yeast centromeres, with the three major domains
labeled otr, imr, and cnt (see text for more details). Centromeric tRNA gene loci are indicated
by red lines, and the ORFs of protein-coding genes by brown boxes. Two tDNA clusters in
centromere 2 are highlighted by dotted boxes. Values on the y-axis show log2 enrichment
scores. (B) Real-time PCR quantification of RPs enrichment at three specific centromeric

repeats regions, with or without RNase digestion prior to ChIP.

might have a different explanation than
that of tRNA and other RNA-coding loci.
Future work shall focus on unveiling the
functional significance of RP complexes
at transcription sites and address the im-
portant issue of whether bona-fide ribo-
somal subunits are present.
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MATERIALS AND METHODS

Yeast strains and methods

The complete list of S. pombe strains used in this study is shown in
Table 1. Fission yeast transformation was as described earlier, with
minor modifications (Gietz and Woods 2006). Typically, a 50-mL

1722 RNA, Vol. 17, No. 9

culture grown to an ODgq of 0.7-0.8 was pelleted, washed with water,
and resuspended in 100 L of lithium acetate buffer. Then, 1 g of
linearized plasmids or 4 g of PCR product was mixed with 4 pg of
ssDNA, added to the cells, and incubated at room temperature for
10 min, followed by the addition of 260 wL of 50% PEG4000,
incubation for a further 60 min at 30°C, followed by heat shock at
42°C for 15 min. The target proteins were HA-tagged by homologous
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FIGURE 8. Centromere and nucleolus are spatially detached. (A) Micrographs showing the subnuclear localization of the nucleolar protein
Gar2-GFP (green) and the centromeric protein Cnpl (red) in interphase S. pombe cells. 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI,
blue) was used to stain the DNA. (B) Micrograph of Gar2 and Cnp1 proteins at various cell cycle stages. (C) Micrographs of a cell taken at two
different focal planes (at the nucleolus or centromere). On the right is a schematic of the cell with the nucleolus in green, the DNA in blue and the
centromere in red. (D) Histogram showing the distribution of cells within four different nucleolus-centromere distance classes (in microns [pm]).
The quantification is based on images of 100 unsynchronized cells acquired with a Hamammatsu Orca R2 CCD camera using a 100X objective.
Distances were measured with the Nikon NIS-element software from the center of the nucleolar to the center of the centromeric signal.

recombination using a PCR-amplified fragment containing the
kanMX6 cassette flanked by targeting sequences (Bahler et al.
1998); all of the PCR primers are listed in Supplemental Table S1.

Western blot analysis and polysome fractionation

Protein extraction for Western blot analysis was done as described
previously (Matsuo et al. 2006). For detection of HA-tagged proteins,
blots were incubated with a mouse monoclonal anti-HA (12CA5,
CRUK). The secondary antibody was a rabbit HRP-conjugated
anti-mouse IgG, which was detected with chemiluminescent HRP

substrate (Immobilon Western, Millipore). The chemiluminescent
signal was analyzed with Quantity One (Bio-Rad). For polysome
analysis, yeast cultures were grown in 50 mL of YES to an ODgq
of 0.3-0.4 and treated with 100 pg/mL cycloheximide for 15 min
prior to harvesting. Cell pellets were washed with 10 mL of lysis
buffer (20 mM HEPES at pH 7.4, 2 mM magnesium acetate, 100
mM potassium acetate, 100 pg/mL cycloheximide, 0.5 mM
dithiothreitol). The cells were pelleted again and resuspended in
600 pL of lysis buffer with 40 U/mL of RNase inhibitor (RNase-
OUT, Invitrogen) and EDTA-free protease inhibitor cocktail
(Roche). Whole-cell extracts were prepared by glass-bead grinding
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TABLE 1. List of strains used in the study

Name Strain Genotype Source

DB1 RpL7-HA h™ rpl7-3HA::kanMx6 This study

DB2 RpL11-HA h™ rpl11-3HA::kanMx6 This study

DB3 RpL25-HA h™ rpl25-3HA::kanMx6 This study

DB4 Cbp20-HA h™ cbp20-3HA::kanMx6 ade6-M216 This study
leu1-32 ura4-D18

SAL424 Cdc25-22 h? cdc25-22 ade6-704 leul-32 ura4-D18 Tony Carr

DB5 RpL7-HA-tRNA h? rpl7-3HA::kanMx6 pJK148-tDNA™"::leuT-32 This study
ade6-704 ura4-D18 cdc25-22

DB6 RpL7-HA-mutB h? rpl7-3HA::kanMx6 pJK148-tDNA™"-mutBBox::leul-32 This study

Box-tRNAM ade6-704 ura4-D18 cdc25-22

DB7 RpL7-HA-AtRNA"" h? rpl7-3HA::kanMx6 pJK148-AtDNA™"::leuT-32 This study
ade6-704 ura4-D18 cdc25-22

DB8 Gar2-GFP h~ gar2-GFP::kanMX6 leul ura4 Shao-Win Wang

(Win et al. 2005)

using the Precellys 24 (Bertin Technologies) beads shaker—typically
three rounds of 15 sec at 6300 rpm. The whole-cell extracts
containing polysome were adjusted to 10 OD,s, U/mL and gently
loaded onto the top of the 10%-50% sucrose gradients and
centrifuged for 2.5 h at 38000 rpm in a Beckman SW4I1 rotor.
Positions of ribosomal species in the gradient were determined by
monitoring OD,s, absorbance with a UV monitor (Pharmacia
LKB-Optical Unit UV-1). Fractions, 1.0 mL each, were collected
and precipitated with trichloroacetic acid and analyzed by SDS-
PAGE (10% gel) and Western blotting.

Immunostaining and imaging

Cells were fixed for 8 min by adding freshly prepared formalde-
hyde solution (3.7% final) directly to the liquid culture immedi-
ately after removing from the incubator, and processed as pre-
viously described (Kniola et al. 2001). The primary antibody used
was sheep anti-Cnp1 (provided by Robin Allshire), the secondary
antibody was an Alexa Fluor555 conjugated (Molecular Probes).
Imaging was performed using the Eclipse Ti Nikon Microscope.

ChiP

ChIP was performed according to Abruzzi et al. (2004). Cleared
cell extracts were incubated with Protein-A Sepharose beads (Sigma)
prebound to anti-HA (12CA5, Roche) or anti-Pol II (8WG16,
Covance) antibodies. The amount of DNA in the “input” and
“IP” samples was quantified using both radioactive (PCR frag-
ments were labeled with 0.03 wCi [«’*P]dCTP with 24 cycles of
amplification) and real-time PCR (SYBR Green, QIAGEN).
Radioactive PCR signals were quantified with a PhosphorImager
(Bio-Rad). Normalization and calculation of the ChIP enrichment
was done as described previously: The enrichment level was
expressed as a ratio of the signal of the gene-specific PCR fragment
to that of the intergenic control in IP DNA, divided by the same
fragments ratio in input DNA (Komarnitsky et al. 2000; Abruzzi
et al. 2004). For the RNase sensitivity test, samples were treated
with 7.5 U of RNase A (Sigma) and 300 U of RNase T1 (Sigma)
for 30 min (Abruzzi et al. 2004). To improve RNase activity, the
sheered chromatin sample was purified by centrifugal filtration
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before RNase treatment using an YM-10 Microcon cartridge
(Millipore); this step removes SDS and other chemicals that block
RNase enzymes.

ChIP-chip

Immunoprecipitated DNA was first linearly labeled using Seque-
nase (USB Corporation) with a random primer flanked by an
adaptor that was used for PCR amplification (Robyr and Grunstein
2003). Amplified DNA was fragmented and labeled using the
GeneChip WT Double-Stranded DNA Terminal Labeling Kit
(Affymetrix). The labeled DNA was hybridized to S. pombe Tiling
1.0FR Arrays (Affimetrix), (probe labeling, hybridization, and
scanning were performed by the Dr. Andy Hayes, COGEME facility,
Manchester University, except for the second RpL11 experiment,
which was done by Dr. John Arrand at the Affimetrix facility of the
School of Cancer Sciences, University of Birmingham). We used the
Model-based Analysis of Tiling Array (MAT) software (Johnson
et al. 2006) for analysis of the Affymetrix hybridization data. ChIP
input DNA was used as a control for the analysis. Enrichment
scores were assigned to genomic positions using the S. pombe
genome coordinates and a bpmap file for the Affymetrix array
(ftp://ftp.sanger.ac.uk/pub/yeast/pombe/GFF; and S. pombe 8/23/
07 library). Enriched regions were initially defined at different
P-value thresholds; the P-value of 1 X 10~ was chosen because
this was the lowest P-value at which both the experimentally
validated PMAI (all but one experiment) and ACTI genes were
flagged as enriched. Given genes were classified as positive hits
only if the enrichment was at least 50% or more of the gene
sequence, therefore excluding regions with minimal levels of
enrichment. Other than the P-value, default parameters were used
with the MAT software. The results of the MAT software were
visualized with the Affymetrix Integrated Genome Browser (IGB).
In order to test the statistical significance of the overlap between
the enriched regions identified with the three proteins, a program
was written that randomly sampled the observed number of
enriched regions from the total number of unique features of
the S. pombe genome (total size of 10694—including all genes and
unknown repeat regions) for each of the proteins, and determines
what the overlap is between the three samples. We never observed
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an overlap larger than 6 in 4.5 X 10° simulations, implying
a P-value <10°,

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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