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Maintaining the appropriate balance between the small and large ribosomal subunits is critical for trans-
lation and cell growth. We previously identified the 40S ribosomal protein S2 (rpS2) as a substrate of the
protein arginine methyltransferase 3 (RMT3) and reported a misregulation of the 40S/60S ratio in rm¢3
deletion mutants of Schizosaccharomyces pombe. For this study, using DNA microarrays, we have investigated
the genome-wide biological response of rmt3-null cells to this ribosomal subunit imbalance. Whereas little
change was observed at the transcriptional level, a number of genes showed significant alterations in their
polysomal-to-monosomal ratios in rmt3A mutants. Importantly, nearly all of the 40S ribosomal protein-
encoding mRNAs showed increased ribosome density in rmt3 disruptants. Sucrose gradient analysis also
revealed that the ribosomal subunit imbalance detected in rm¢3-null cells is due to a deficit in small-subunit
levels and can be rescued by rpS2 overexpression. Our results indicate that rm¢3-null fission yeast compensate
for the reduced levels of small ribosomal subunits by increasing the ribosome density, and likely the translation
efficiency, of 40S ribosomal protein-encoding mRNAs. Our findings support the existence of autoregulatory

mechanisms that control ribosome biosynthesis and translation as an important layer of gene regulation.

The posttranslational modification of proteins is one way
that cells extend the chemical diversity of polypeptides beyond
the constraints of the encoded amino acids. Protein methyl-
ation has emerged as a covalent modification important for the
regulation of cell growth and differentiation. Protein arginine
methyltransferases (PRMT) use S-adenosylmethionine as a
methyl donor to catalytically modify proteins by the addition of
monomethyl groups onto the guanido nitrogen atom of the
arginine side chain (5). PRMTs are divided into two classes
depending on the type of dimethylarginine they generate
(asymmetric [type I] or symmetric [type II]) (5). Cellular pro-
teins harboring asymmetric and/or symmetric dimethylarginines
have been identified through a variety of genetic and biochemical
approaches (9, 21, 38). Many of the proteins modified by ar-
ginine methylation are involved in binding nucleic acids (17).
Interestingly, a proteomic survey of Golgi-associated proteins
identified several arginine-methylated polypeptides (61), sug-
gesting a broad spectrum of cellular functions for substrates of
arginine methylation.

PRMTs are specific to eukaryotes and are evolutionarily
conserved. This protein family presently includes eight verte-
brate members, several of which show strong homology to gene
products from other eukaryotic species, such as yeast, flies, and
worms (8). Although the biological roles of PRMTs remain
unclear, they have been associated with a variety of cellular
functions, such as transcriptional response (12, 28), mRNA
biogenesis and export (48, 65), DNA repair (10), and ribosome
biosynthesis (4). The importance of PRMTs during the devel-
opment of multicellular organisms is further highlighted by the
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lethal phenotypes of mice that are genetically engineered for
deletion of the prmtI (39), prmt4 (62), and prmt5 (8) genes.

The ribosome is a large ribonucleoprotein complex assem-
bled from four rRNAs and >80 different ribosomal proteins
(RPs). It is estimated that rapidly dividing yeast cells generate
new ribosomes at a rate of >2,000/min, accounting for >50%
of total cellular transcription (60). Most of the genes associ-
ated with ribosome biogenesis are coordinately regulated de-
pending on environmental stresses, nutrient conditions, and
developmental stages (11, 13, 18). The coordinate regulation
of ribosome biosynthetic factors, especially RP genes, is ac-
complished at different levels, i.e., the transcriptional (44, 47,
58), posttranscriptional (20), and translational (34) levels. Ex-
perimental evidence also suggests that the synthesis and turn-
over of RPs are controlled to generate equimolar amounts of
all RPs (40, 55, 59); however, the underlying mechanisms that
balance RP production with subunit assembly remain to be
understood. Ribosomal proteins are subject to a variety of
posttranslational modifications, including acetylation, ubiquiti-
nation, phosphorylation, and methylation (29, 31, 37). The
functional role of most of these RP modifications in ribosome
function and translational control is still unclear.

We and others have previously identified PRMT3 as an RP
methyltransferase (4, 51). Schizosaccharomyces pombe cells de-
leted for the rmt3 gene (a homolog of mammalian prmt3) are
depleted of arginine-methylated rpS2 and show an imbalance
in the level of small and large ribosomal subunits (4). Ribo-
some biosynthesis has recently received attention because of its
connection with cell size determination (25, 33) and the asso-
ciation between RP gene haploinsufficiency and tumorigenesis
(2, 54). Here we have investigated the biological response to
the ribosomal subunit misregulation of rmit3-null cells (rmt3A
cells) by using DNA microarrays. We report here the transcrip-
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FIG. 1. Genome-wide mRNA profiling of 7m¢3-null fission yeast cells.
(A) Scatter plot of mRNA signals from wild-type (x axis) and rmit3-null
(v axis) cells. The scatter plot was generated from averaged data for three
independent biological repeats. Dots above the top oblique line represent
genes induced >1.5-fold; dots below the bottom oblique line represent
genes repressed >1.5-fold. The single gene spot significantly downregu-
lated in rmt3A cells corresponds to 7mt3 mRNA and is indicated by an
arrow. (B) Real-time PCR validation of the genome-wide expression
profiling data for three ribosomal protein-encoding genes. mRNA levels
for the mpS3, pS7, and rpS26-2 genes were normalized to that of nda2
mRNA. Error bars were calculated from three independent experiments
and represent standard deviations.
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tome analysis of rmt3A cells and the first genome-wide trans-
lational profiling study with the fission yeast S. pombe. Our
data indicate significant changes in the translational activities
of several mRNAs in rmt3A cells, but little variation in overall
mRNA abundance. We found that the majority of the 40S
RP-encoding mRNAs were redistributed to larger polysomes
in rmt3-null cells, suggesting enhanced translation efficiency.
We also demonstrate that rpS2 overexpression suppressed the
ribosomal subunit imbalance seen in rmt3A cells. Our findings
suggest that rm3-null cells respond to the rpS2-dependent
small ribosomal subunit deficiency by upregulating the ribo-
some density of 40S RP mRNAs.

MATERIALS AND METHODS

Yeast cultures and plasmid construction. The use and generation of rmt3-null
fission yeast were described previously (4). Cells were grown at 30°C in yeast
extract medium supplemented with the appropriate amino acids. cDNAs carrying
the mpS2, rpS3, and rpS7 genes plus upstream regulatory sequences were
amplified by PCR from fission yeast genomic DNA, using the following primer
sets: for 7pS2, the 5’ primer AAACTGCAGGGGACTGTCGATGCAAAC
ATGAC and the 3’ primer CGCGGATCCTTACTTGTCGTCATCGTCTTT
GTAATCGTACTTCTTCTCAGTTTGCATC; for rpS3, the 5’ primer AAA
CTGCAGATGCGCATTCTTGGATAAAGACA and the 3’ primer CGCGGA
TCCTTACTTGTCGTCATCGTCTTTGTAATCGTAAGCAACAGCAGTCTC
TTGTTC; and for 1pS7, the 5’ primer AAACTGCAGGAAAGATGCACTATG
TGATGCCT and the 3’ primer CGCGGATCCTTACTTGTCGTCATCGTCTTT
GTAATCCAAGCCCTCGCCGGTAGCAACAG. The 5" primers contained PstI
sites, whereas the 3’ primers contained BamHI sites and the DNA sequence
coding for the FLAG epitope. The PstI-BamHI-digested PCR products were
ligated to pREP3X and pREP4X vector backbones previously digested with Pstl
and BamHI. This cloning strategy removed the nmtl/ promoter from the
pREP3X and pREP4X vectors and expressed the rpS2, rpS3, and mpS7 genes
under the control of their endogenous promoters.

c¢DNA microarray analysis. Total RNA for microarray analysis was obtained
from early-log-phase (optical density at 600 nm [ODgq), 0.2 to 0.4) cells and
was prepared as described at http://www.sanger.ac.uk/PostGenomics/S_pombe/.
c¢DNA synthesis, labeling, and microarray hybridization procedures have been
described previously (32). Results from microarray hybridization were analyzed
using Genepix (Axon Instruments) and GeneSpring (Silicon Genetics) software,
and the raw data were filtered and normalized as previously described (32).
Analysis of the normalized data was performed with Cluster/TreeView software
(15) (available at http://rana.lbl.gov/EisenSoftware.htm) and the Significance
Analysis of Microarrays (SAM) program available at http://www-stat.stanford
.edu/~tibs/SAMY/, as previously described (57). Briefly, SAM provides a statistical
value (d score) calculated for each gene based on the change in gene expression
relative to the standard deviation of repeated measurements. Using the gene set
detected in at least two of the three biological repeats between monosomal and
polysomal RNAs from wild-type and rmt3 deletion mutant cells (n = 3,389),
SAM performed a two-class paired comparison and generated a set of 71 sig-
nificant genes having d scores above the threshold (A) level of 2.0 for expected
values. At this threshold, the false discovery rate was estimated to be below
0.001% (57).

Polysome analysis and RNA isolation. Polysome profiles were analyzed for
extracts of log-phase fission yeast (ODy, 0.4 to 0.7) as described previously (4).

FIG. 2. Analysis of translational state of rm3-null cells at the genome-wide level. (A) Fractionated polysome profiles of wild-type (WT) and
rmt3-null (rmt3A) extracts were subsequently pooled into monosomal (mono) and polysomal (poly) fractions. Monosomal RNAs isolated from
wild-type and rmt3A cells were converted to labeled cDNAs and competitively hybridized to DNA microarrays; polysomal RNAs isolated from
wild-type and rmt3A cells were processed in the same way. (B) Translational changes in 7m:3A mutant cells. RNAs from monosomal and polysomal
fractions from rmt3A cell extracts were reverse transcribed with Cy5 and directly compared to Cy3-labeled cDNAs from wild-type (WT) monosomal
and polysomal fractions, respectively. The results displayed are for three biological repeats (x axis). Intensity ratios (rmt3A/WT) for the mRNAs
are plotted on the y axis on a log scale. Genes displayed in red (n = 59) showed a shift towards polysomal fractions in rmt3A cells compared to
wild-type cells, whereas genes displayed in green (n = 12) showed a shift towards monosomal fractions in rmt3A cells compared to wild-type cells.
(C) Genome-wide changes in the polysomal-to-monosomal RNA ratio in rmt3A cells. Using mean data for the three biological repeats, an rmt3A
mutant/wild-type signal ratio was calculated for each monosomal and polysomal mRNA detected in two of three biological repeats. A scatter plot
of the normalized monosomal (x axis) and polysomal (y axis) RNA signals is shown. Red spots represent genes coding for 40S ribosomal proteins.
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TABLE 1. Genes translationally regulated in rmt3A cells, as identified by SAM

MoL. CELL. BIOL.

Fold Fold
Gene name Function® SAMb change Gene name Function® SAMb change
and category score” —— and category score” — ——
P/M¢ T¢ P/M¢ T4
Upregulated genes psl-2 408 ribosomal protein 3.6 1.9 09
ps26-2 40S ribosomal protein 125 42 1.0 ps0-2 40S ribosomal protein 3.5 20 1.0
rps17-2 40S ribosomal protein 11.6 30 12 mcll DNA replication 35 29 1.0
rps21 40S ribosomal protein 9.6 29 11 tif45: tif] Translation initiation 35 23 1.0
SPBC29A3.07c  RNA-binding protein 9.1 28 1.0 SPBC3H7.08c Unknown 34 19 1.0
pl29 60S ribosomal protein 8.1 29 13 rpsi-1 40S ribosomal protein 3.4 20 1.0
pl39 60S ribosomal protein 7.9 26 1.0 ps15-2 40S ribosomal protein 3.4 22 11
nxt2 Nucleocytoplasmic transport 7.6 49 1.0 suil: psul Translation initiation 3.4 23 09
SPBC1539.06 Acyl-coenzyme A binding protein 7.1 35 1.0 ckbl Casein kinase regulation 33 1.7 1.0
rpl44: mpl28 60S ribosomal protein 6.8 39 1.0 SPAP27G11.04c tRNA modification 33 24 1.0
rps28-2 40S ribosomal protein 6.7 24 1.0 SPBC2D10.19¢ Unknown 33 28 1.0
ps29 40S ribosomal protein 6.3 22 1.0 dss1 Putative proteasome subunit 33 1.8 1.0
ps10-2 40S ribosomal protein 6.3 26 1.0 tif6 Translation initiation 32 20 1.0
rps19-1 40S ribosomal protein 5.8 27 1.0 rpsll-1 40S ribosomal protein 32 21 1.0
atpl7 Mitochondrial ATPase 5.5 38 1.0 SPBC1709.10c Metal-binding protein 32 1.8 1.0
rps23-2 40S ribosomal protein 53 33 11 eca39 Aminotransferase 32 1.8 1.0
Ism5 snRNA-associated protein 5.1 24 1.1 SPBC14C8.04 Acetolactase 3.2 27 1.1
ps30-1 40S ribosomal protein 5.1 23 11 sybl Vesicle transport 3.1 1.8 1.0
SPAC17H9.07 Signal recognition particle 4.8 3.0 11 1ps16-1 40S ribosomal protein 31 15 11
pepl: vpsl0 Vacuolar transport 4.6 27 1.0 atpl5 Mitochondrial ATPase 3.1 20 1.0
pss 40S ribosomal protein 4.5 24 1.0 pcl9 DNA-directed RNA polymerase 3.1 1.7 11
ps3 40S ribosomal protein 4.5 29 1.0 SPCC965.14c Cytosine deaminase 3.1 1.7 14
SPAC1F12.02¢ Unknown 4.5 20 1.0 SPAC26HS5.15 Sterol metabolism 3.0 20 09
sss1 Endoplasmic reticulum protein 4.4 23 1.0
translocation Downregulated genes
1ps7 40S ribosomal protein 43 23 11 pac2 Sexual development regulation —6.2 05 1.0
rps6-1 40S ribosomal protein 43 21 09 rpll5-2 60S ribosomal protein —54 04 1.0
1ps26-1 40S ribosomal protein 4.2 23 1.0 ura3 Dihydroorotate dehydrogenase —4.8 03 09
sec73 Guanyl-nucleotide exchange 4.2 26 1.0 gpml Gluconeogenesis —4.8 05 1.0
timl7 Mitochondrial protein import 4.1 1.8 1.0 SPAC144.12 Ribose-5-phosphate isomerase —45 04 1.0
SPBC83.18¢ Unknown 4.1 20 1.0 SPBC11G11.03 mRNA decay —4.3 0.6 1.1
SPAC823.02 Unknown 4.0 1.9 1.0 SPBC8E4.01c Phosphate transport -39 0.6 1.1
ps9-1 40S ribosomal protein 4.0 25 1.0 SPBC2G5.02¢ Casein kinase family —38 05 1.0
1ps5-2 40S ribosomal protein 4.0 22 09 pacl Double-stranded ribonuclease —3.8 05 1.0
rps9-2 40S ribosomal protein 39 1.9 11 elF3f Translation initiation -3.6 06 1.0
cox8 Cytochrome ¢ oxidase 3.9 23 1.0 SPBC1F3.08¢ Unknown -3.6 05 1.1
rpll1-2 60S ribosomal protein 3.7 23 1.0 fibl rRNA processing —34 05 12
1psi2-1 40S ribosomal protein 3.6 22 11

“ Gene function was attributed based on GeneDB at http://www.genedb.org/genedb/pombe/indev.jsp.

 See Materials and Methods for details.

¢ Fold change in the polysomal/monosomal RNA ratio in rmt3A cells compared to that in wild-type cells.
4 Fold change in the total mRNA level in rmt3A cells compared to that in wild-type cells, as determined by expression profiling.

Sucrose gradients (5 to 45%; prepared without heparin) were centrifuged for 165
min at 35,000 rpm at 4°C in a Beckman SW41 rotor. For microarray analysis, 15
0.8-ml fractions were collected. Fractions 4 to 8 (corresponding to monosomal
RNAs) and 11 to 15 (corresponding to polysomal RNAs) from three different
gradients were pooled separately in 50-ml conical tubes and precipitated by the
addition of 3 volumes of 100% ethanol. Following a 20-min centrifugation at
10,000 rpm at 4°C, each pellet was air dried, resuspended in 1 ml of buffer P (10
mM Tris, pH 7.5, 1 mM EDTA, 0.2% sodium dodecyl sulfate [SDS], 0.8 mg/ml
proteinase K), and incubated for 20 min at 37°C. The samples were then ex-
tracted with acidic phenol and phenol-chloroform (5:1; pH 4.7) and precipitated
with ethanol. The RNA pellets were resuspended in water, quantified using a
spectrophotometer, and verified for integrity by gel electrophoresis. Between 10
and 20 pg of monosomal and polysomal RNAs was used for cDNA synthesis and
microarray analysis.

For the analysis of mRNA distributions across polysome profiles by real-time
PCR, 12 1.0-ml fractions were collected, adjusted to 1% SDS, and stored at
—80°C. Following proteinase K treatment, the fractions were extracted with
acidic phenol-chloroform (5:1; Sigma), phenol-chloroform-isoamyl alcohol (25:
24:1; pH 6.6) (Ambion), and twice with chloroform-isoamyl alcohol. The RNAs
were precipitated by the addition of LiCl to a 1.5 M final concentration and 1
volume of isopropanol. The number of ribosomes per mRNA for each fraction
was deduced from the ribosomal peaks in the OD,s, profile (not shown). Each
peak in the heavier part of the gradient profile corresponds to an additional
ribosome per mRNA.

Real-time PCR. RNA samples (2 pg of total RNA or 5% of the material from
a sucrose gradient fraction) were treated with DNase (Invitrogen) and reverse
transcribed to cDNAs by using the Tagman reverse transcription reagent (Ap-
plied Biosystems). Appropriate dilutions of cDNA were added to SYBR green

PCR master mix (Applied Biosystems) in the presence of a 150 nM concentra-
tion (each) of gene-specific primers in 15-ul reaction mixtures. With the excep-
tion of duplicated ribosomal protein genes, primer selection was done using
Primer Express 2.0 (Applied Biosystems). Applied Biosystems’ Prism 7700 se-
quence detector system was used for real-time PCR amplification and detection.
For the calculation of mRNA distributions across polysome profiles, the threshold

TABLE 2. Functional class enrichment of genes with upregulated
polysomal/monosomal RNA ratios in rmt3A cells

Gene ontology class® Igi(;e(;'f P value®
Eukaryotic 43S preinitiation complex 24 <0.001
Eukaryotic 48S preinitiation complex 24 <0.001
Ribosome 28 <0.001
Protein translation 31 <0.001
Ribonucleoprotein complex (RNP) 29 <0.001
Protein biosynthesis 31 <0.001

“ Genes identified by SAM (Table 1) as upregulated in their polysomal/mono-
somal ratio in rmt3A cells were examined for gene category enrichment within
the S. pombe Gene Ontology Consortium (3), using FuncAssociate (6).

® Number of genes determined by FuncAssociate within each functional gene
class.

¢ The significance of enrichment for the listed functional categories was de-
termined by Fisher’s exact test, corrected for multiple hypothesis testing, and
displayed as a P value.
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FIG. 3. Gene expression changes of ribosomal protein-encoding mRNAs in rmit3-null cells. Each colored square represents the average ratio
of total (T), monosomal (M), or polysomal (P) mRNAs isolated from rmt3-null cells relative to wild-type cells from three biological repeats.
Polysomal-to-monosomal (P/M) RNA ratios are also represented and were calculated based on the average and normalized monosomal and
polysomal ratios. Black squares denote no significant alteration in the amount of RNA isolated from rm3A or wild-type cells; red and green squares
denote ribosomal protein mRNAs that were more or less abundant, respectively. The intensity of the color is proportional to the log, increase or
decrease, as indicated on the intensity scale.

cycle (Cy) of each fraction was subtracted from the C; of maximum value (always Protein analysis. Log-phase wild-type and rmt3A fission yeast cells were re-
either fraction 1 or 2) for each primer set. The resulting difference in threshold suspended in urea lysis buffer (50 mM sodium phosphate, pH 8.0, 4 M urea, 0.1%
cycles (ACy) was used to calculate the relative change in mRNA levels between Triton X-100, 0.25 M NaCl, 10 mM imidazole, 5 mM B-mercaptoethanol, pro-
fractions by calculating the 227 value. The mRNA distribution across the entire tease inhibitors) and lysed in Fastprep FP120 (Qbiogene, Inc.), using 0.5-mm
polysome profile was graphically presented as the percentage of mRNA in each glass beads. Clarified lysates were normalized for total protein concentration by

fraction divided by the total amount of mRNA (sum of 12 fractions). using the Bradford protein assay (Bio-Rad, Inc.). Proteins were separated by
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (13%) and transferred to
nitrocellulose membranes (Schleicher & Schuell). Mouse monoclonal antiactin
(Chemicon International), rabbit polyclonal anti-Tif45 (42), and rabbit poly-
clonal anti-Suil (64) were used to probe the membranes. Membranes were then
probed with goat anti-rabbit and anti-mouse secondary antibodies conjugated to
Alexa fluor 680 (Molecular Probes) and IRdye 800 (Rockland Immunochemi-
cals), respectively. Linear detection of the proteins was performed and quantified
using the Odyssey infrared imaging system (LI-COR).

RESULTS

Genome-wide expression profiling of rmt3A cells. To eluci-
date the mechanism by which rmi#3-null cells respond to the
imbalance between the levels of small and large ribosomal
subunits, steady-state changes at the transcriptional level were
examined using DNA microarrays. Total RNAs harvested
from rmt3A cells and an isogenic wild-type strain were reverse
transcribed, labeled, and hybridized to microarrays that dis-
played all of the known and predicted genes in the S. pombe
genome, as well as some noncoding sequences (32). The over-
all data analyzed from three independent biological replicates,
including a dye-swapping experiment, revealed that the global
pattern of gene expression in rmt3A cells was similar to that in
wild-type control cells. As shown in Fig. 1A, rmt3 was the only
gene that consistently demonstrated a >1.5-fold change in
gene expression in all three biological repeats. In conclusion,
rmt3A cells demonstrated little change in their global expres-
sion signature compared to normal cells. These data show that
rmt3-null cells do not respond to the ribosomal subunit imbal-
ance by changing the mRNA abundance of genes involved in
ribosome function.

Genome-wide translational profiling of rm¢3A cells. Because
of the absence of change at the transcriptional level, we next
hypothesized that alterations in the spectrum of translated
mRNAs may provide a biological response to the ribosomal
subunit imbalance in rmit3A cells. To test this, we examined the
translational state of a large number of cellular mRNAs by
microarray analysis of monosomal versus polysomal RNAs.
Total cellular extracts prepared from wild-type and rm¢3-null
cells were separated in 5% to 45% sucrose gradients and frac-
tionated into 15 different samples. Fractions corresponding to
free ribosomal subunits and monosomes (fractions 4 to 9; Fig.
2A) and to polysomes (fractions 11 to 15; Fig. 2A) were
pooled, and the corresponding RNAs were isolated. Following
conversion of the RNAs to labeled cDNAs, monosomal RNAs
from wild-type and rmt3A cells were competitively hybridized
to the S. pombe arrays; the polysomal RNAs were processed
and analyzed in the same way (Fig. 2A).

According to the hybridization signals obtained from the
microarray data, 3,389 genes were detected in at least two of
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the three biological repeats in both monosomal and polysomal
RNA fractions from wild-type and rmt3-null cells. Statistical
analysis by SAM (see Materials and Methods) was used to iden-
tify mRNA species that significantly changed their polysomal-to-
monosomal RNA ratios between wild-type and rmt3A cells.
Using a two-class paired comparison, SAM identified 59 up-
regulated and 12 downregulated mRNAs in rmit3 deletion mu-
tants (Fig. 2B). The genes identified by SAM are presented in
Table 1.

Computational algorithms (3, 6) were used to distinguish
functional gene classes within the mRNA species identified by
SAM. The analysis identified several functional categories as-
sociated with the protein synthesis machinery for the gene set
that showed higher polysomal-to-monosomal RNA ratios in
rmt3A cells (Table 2). Significantly, 24 genes coding for small-
subunit RPs were among the 59 mRNAs with induced poly-
some/monosome ratios (Tables 1 and 2). When examined glo-
bally, the microarray data revealed that the majority of the 40S
RP-encoding mRNAs showed redistribution from the mono-
somal to the polysomal fraction in rm3A cells (Fig. 2C and 3).
According to the expression profiling data obtained for rmt3A
cells, the increased ribosome loading of small-subunit RP mR-
NAs was not a consequence of greater levels of the corre-
sponding transcripts (Fig. 1 and 3). Figure 3 also shows that
when both the small and large ribosomal subunits were ana-
lyzed, the mRNAs coding for 60S RP did not show the overall
increase in ribosome density observed for the 40S RP mRNAs.
These data suggest a specific posttranscriptional response to-
ward the 40S ribosomal subunit in rmi¢3-null cells.

Validation of microarray analysis. We used real-time PCR
to confirm the redistribution of several of the mRNAs selected
from Table 1 across sucrose gradients. The nda2 and nda3
mRNAs, coding for the S. pombe tubulin alpha-1 and beta
chains, respectively, were selected as control genes whose poly-
somal-to-monosomal ratios did not change, as determined by
the microarray analysis. For these experiments, 12 fractions
were collected from sucrose gradients and compared for dif-
ferent mRNA levels using gene-specific primers. Because each
individual fraction was quantitatively analyzed, this higher-
resolution study resulted in a more comprehensive examina-
tion of the distribution of specific mRNAs across polysome
profiles than the microarray approach, where monosomal and
polysomal RNAs were pooled.

Four different small-subunit RP mRNAs were first exam-
ined for their distributions across polysome profiles. Figure 4A
shows that the levels of the mpS3, 1pS7, rpS23-2, and pS26-2
mRNAs peaked in fraction 8 for profiles prepared from wild-
type cells. This corresponded to a translation efficiency of 2 to

FIG. 4. High-resolution analysis of mRNA distributions across polysome profiles for selected genes and effects on the synthesis of TIF45 and
SUI1 proteins. (A) Specific mRNAs selected from Table 1 were quantitatively analyzed over the entire polysomal profile by real-time PCR. The
nda2 and nda3 genes were selected as control mRNAs whose distribution did not change based on the microarray analysis. Black and white bars
represent the percentage of total RNA present in each fraction for wild-type (WT) and rme3-null (rmt3A) cells, respectively. The data are the
averages of two independent biological replicates. (B) Total cell lysates prepared from wild-type (WT; lanes 1 and 3) and rmt3-null (rmt3A; lanes
2 and 4) cells were resolved by SDS-PAGE on 13% gels, transferred to nitrocellulose membranes, and immunoblotted simultaneously with both
mouse antiactin and rabbit anti-Tif45 (top panel) or mouse antiactin and rabbit anti-Suil (bottom panel). Membranes were then probed with
different fluorescently coupled secondary antibodies (see Materials and Methods) and detected using the Odyssey infrared imaging system
(LI-COR). (C) Tif45 and Suil protein levels were normalized to the actin signal, using Odyssey quantification software. The obtained protein ratios
were then normalized to wild-type (WT) levels. The results represent the averages of three independent biological repeats.
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3 ribosomes/mRNA according to the polysome profiles (see
Materials and Methods for details). This is in contrast to a
density of 4 to 6 ribosomes/mRNA for the same transcripts in
rmt3-null cells (Fig. 4A, peaks in fractions 10 and 11), suggest-
ing a 50% increase in the translation rates of these transcripts.
Three translation initiation factors were also among the genes
that showed upregulated polysomal/monosomal ratios in rmit3A
cells (Table 1). Two of these, suil and if45-1, were analyzed for
their distributions across sucrose gradients by real-time PCR.
Consistent with the microarray data, the mRNAs coding for Suil
and Tif45 were redistributed to heavier polysomal fractions in
rmt3A cells than in wild-type cells (Fig. 4A). In contrast, the
nonribosomal nda2 and nda3 genes showed similar distribu-
tions across both polysome profiles. Several genes were also
verified for their expression levels in wild-type and rm3-null
cells. Consistent with the transcription profiling data, the levels
of three mRNAs coding for small-subunit RPs were not altered
by the deletion of the rmt3 gene (Fig. 1B).

The aforementioned results indicating a shift to heavier
polysomes could be the consequence of more efficient initia-
tion rates or slower elongation kinetics. To distinguish between
these two stages of translation, we determined the protein
levels of the Tif45 and Suil initiation factors, whose mRNAs
were redistributed to heavier polysomes in rm3-null cells
(Table 1 and Fig. 4A). Total cellular extracts prepared from
wild-type and rmit3A cells were analyzed by immunoblotting
using antibodies directed against Tif45 and Suil, and the ex-
pression levels were normalized to actin levels (Fig. 4B). Actin
protein levels were used as an internal control in these exper-
iments because it was found that the actl mRNA profile did
not change in microarray and real-time PCR analyses (data not
shown). The results of several immunoblots are quantified in
Fig. 4C and indicate higher levels of Tif45 and Suil proteins in
rmt3 deletion mutants than in wild-type fission yeast. In con-
clusion, the data presented in Fig. 4 corroborate the micro-
array data revealing an increase in ribosome loading of several
mRNA species in mmt3-null cells. Our results also indicate
elevated protein synthesis for two of the genes showing in-
creased polysome association in mmt3A cells, consistent with
enhanced translation initiation rates for these mRNAs.

The ribosomal subunit imbalance of rm¢3-null cells is caused
by a small-subunit deficit and can be rescued by rpS2 over-
expression. Given the decrease in the 40S/60S ratio detected in
rmt3A cells (4), the coordinate upregulation in the ribosome
density of 40S RP mRNAs in this mutant (Fig. 2 to 4) would be
consistent with a biological response to a small-subunit defi-
ciency. To test this hypothesis, we compared sucrose gradient
profiles of extracts prepared from wild-type and rm#3A mutant
fission yeast. Deletion of the rmit3 gene resulted in a ribosomal
subunit imbalance that was consistently demonstrated by def-
icits in the level of small subunits (Fig. 5SA). The reduction of
40S ribosomal subunits in rmt3-null cells led to the accumula-
tion of free 60S ribosomal subunits (Fig. SA), consistent with
the profiles detected for previously reported mutants defective
in small-subunit levels (24, 26, 30, 45).

RMT3 posttranslationally modifies the 40S ribosomal pro-
tein S2 by arginine methylation in fission yeast and mammals
(4, 51). To test the possibility that the ribosomal subunit im-
balance observed in rmit3-null cells is dependent on rpS2 func-
tion, we examined whether overexpression of rpS2 would alle-
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viate the altered polysome profile of rmt3A cells. A plasmid
expressing C-terminal FLAG-tagged rpS2 from its endogenous
promoter was transformed, along with a vector control, into
wild-type and rmt3A cells. The rpS2-FLAG protein was incor-
porated into ribosomes and arginine methylated in an rmi3-
dependent manner (data not shown), indicating that the plas-
mid-expressed ribosomal protein was functional. As demonstrated in
Fig. 5B, the polysome profile for rm¢3-null cells transformed
with the vector control exhibited an enlarged free 60S ribo-
somal peak and reduced levels of free small subunits (bottom
panel, gray profile). In contrast, an increased dosage of rpS2 in
rmt3A cells consistently reestablished the equilibrium between
free 40S and 60S ribosomal subunits (bottom panel, black
profile), similar to the case in wild-type fission yeast (top
panel). Restoration of the altered ribosomal profile of rmt3-
null cells was specific to rpS2, as the expression of two different
40S ribosomal proteins, rpS3 and rpS7, did not reestablish the
equilibrium between free 40S and 60S subunits (Fig. 5C and
D). These results indicate that rmt3 deletion mutants have
reduced levels of the 40S ribosomal subunit and that the mo-
lecular events leading to the ribosomal subunit imbalance of rmi3-
null cells are mediated through the 40S ribosomal protein S2.
Because the overexpression of rpS2 rescued the decrease in
40S ribosomal subunit levels (Fig. 5B), we tested whether rpS2
expression also restored the increased ribosome density of 40S
RP mRNAs detected in rmz3-null cells (Fig. 3 and 4). Real-
time PCRs were used to examine the distributions of the
pS23-2 and rpS26-2 small-subunit mRNAs across polysome
profiles. Consistent with the results presented in Fig. 4A,
pS23-2 and rpS26-2 mRNA levels peaked in fraction 10 in
profiles prepared from rmt3-null cells previously transformed
with the vector control (Fig. 6A and B). The expression of rpS2
(Fig. 6A), but not rpS3 (Fig. 6B), reduced the ribosome den-
sities of the 7pS23-2 and 7pS26-2 mRNAs to levels similar to
those detected in normal fission yeast (Fig. 4A). The results
presented in Fig. 5 and 6 strongly suggest that the translational
upregulation of 40S RP mRNAs is a response to the reduced
levels of the 40S ribosomal subunit detected in rm¢3-null cells.

DISCUSSION

For the present study, genome-wide analyses were per-
formed with cells deleted for the ribosomal protein methyl-
transferase gene rmt3, uncovering a posttranscriptional re-
sponse to the ribosomal subunit imbalance detected in these
cells. We showed that the number of ribosomes per transcript
for the majority of the small RP mRNAs significantly increased
in rmt3-null cells. Importantly, we have shown using expression
profiling and real-time PCR that the increased ribosome load-
ing of 40S RP mRNAs in rmt3A cells is not due to elevated
mRNA levels from these genes. Our data also demonstrated
that the levels of small ribosomal subunits are reduced in
rmt3A cells and that the consequent 40S-60S imbalance can be
rescued by the overexpression of rpS2. The results presented
here suggest a case of autoregulation in which rm#3-null cells
compensate for the reduced amounts of small subunits by
increasing the translational activity of mRNAs coding for 40S
RPs. To our knowledge, autoregulation of ribosome synthesis
by a translational response has not been previously reported.
These findings help to elucidate the cellular mechanisms co-



VoL. 26, 2006 AUTOREGULATION OF RIBOSOME SYNTHESIS BY TRANSLATION 1739

A B

— WT rmi3A Vector — rpS2-Flag

"' 60S 80S

Vector —— rpS2-Flag

C Vector —— rpS3-Flag rmit3A

“ o rmt3A -

D Vector +*

Vector ~——rpS7-Flag rpS2-Flag +

501 ; 56 rpS3-Flag +
n mf3_4 rpS7-Flag +
onitflg0 (kDa)

-48

| I — -33

-— —25

-16
1 2 3 4

FIG. 5. The ribosomal subunit imbalance of rm¢3-null cells is caused by a small-subunit deficit and can be rescued by rpS2 overexpression.
(A) Sucrose gradient analysis of 25 A,s4 units from extracts prepared from wild-type (gray line) and rmt3-null (black line) fission yeast. Small (40S)
and large (60S) ribosomal subunits as well as 80S monosomes are indicated. (B) Sucrose gradient analysis of 25 4,5, units from extracts prepared
from wild-type (WT; top panel) and rmit3-null (rmt3A; bottom panel) fission yeast previously transformed with an empty vector control (gray line)
or a vector expressing a C-terminal FLAG-tagged rpS2 protein (black line). (C) Sucrose gradient analysis of 25 4,5, units from extracts prepared
from rmt3-null fission yeast previously transformed with an empty vector control (gray lines; top and bottom panels) or a vector expressing a
C-terminal FLAG-tagged rpS3 (black line; top panel) or FLAG-tagged rpS7 (black line; bottom panel) protein. (D) Total cell lysates prepared
from rmt3-null cells previously transformed with an empty vector control (lane 1) or vectors expressing C-terminal FLAG-tagged versions of rpS2
(lane 2), rpS3 (lane 3), and rpS7 (lane 4) were resolved by SDS-PAGE on 12% gels, transferred to nitrocellulose membranes, and immunoblotted
with an affinity-purified FLAG antibody. Molecular size standards are indicated on the right, in kilodaltons.

ordinating RP production with ribosomal subunit assembly in a translational response that compensates for the reduced lev-
eukaryotes. els of small ribosomal subunits in rmt3 deletion mutants; yet,

Regulatory networks of ribosome biosynthesis. Ribosomal an imbalance of the 40S/60S ratio persists in these cells (4)
subunit homeostasis is an integral part of actively dividing cells (Fig. 5). It is estimated that normal yeast cells contain approx-
and is regulated at multiple levels (14, 60). Our results describe imately 200,000 ribosomes and 15,000 mRNAs (60). However,
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FIG. 6. Expression of rpS2 restores ribosome densities of 7pS23-2 and rpS26-2 mRNAs to wild-type levels. 7pS23-2 and 7pS$26-2 mRNAs were
quantitatively analyzed over the entire polysomal profile by real-time PCR. (A) Bar graphs representing the percentage of total RNA present in
each fraction for rmt3-null cells previously transformed with a vector control (black bars) or a vector expressing rpS2-Flag (white bars). (B) Bar
graphs representing the percentage of total RNA present in each fraction for rmt3-null cells previously transformed with a vector control (black
bars) or a vector expressing rpS3-Flag (white bars). The data are the averages of two independent biological replicates.

the limiting number of ribosomes sufficient to permit normal
cell growth and division is still unclear. Because the growth
rate of rmit3-null cells is comparable to that of wild-type fission
yeast, the redistribution of 40S RP mRNAs to heavier poly-
somes described here could provide a sufficient number of
small ribosomal subunits and functional ribosomes to accom-
modate global protein synthesis and survival in the mutant.
This idea would be consistent with data suggesting that ribo-
somal proteins, and perhaps ribosomes, are normally oversyn-
thesized (1).

Autoregulation of ribosome biosynthesis has been previ-
ously reported. Defects in the yeast secretory pathway lead to
the transcriptional repression of RP genes (36). Interestingly,
when alterations in the secretory pathway are coupled with the
depletion of a 60S RP, but not a 40S RP, the transcription of
RP genes is derepressed (35, 67). Specificity in the responses to
the small and large ribosomal subunits was also indicated in
our studies (Fig. 3) and supports the existence of independent
regulatory mechanisms targeting the 40S and 60S ribosomal
subunits. The identification of separate molecular machineries
involved in the biogenesis and nuclear export of the small and
large ribosomal subunits is consistent with this view (19, 56).
Little is known about the molecular circuitry implicated in
monitoring defective or misassembled ribosomal subunits in

eukaryotes. Several factors involved in proteasome-mediated
protein degradation are important for ribosome biogenesis
(16, 46, 52, 53), and subunits of the proteasome are recruited
to RP genes in Saccharomyces cerevisiae according to genome-
wide location analysis (K. Auld et al., submitted), suggesting
the involvement of the proteasome in the quality control and
regulation of ribosome biosynthesis.

Translational control of ribosomal protein mRNAs in yeast.
Our results support the notion that in addition to transcrip-
tional control, the expression of S. pombe RP mRNAs can be
coordinately regulated through translational regulation. Al-
though the mechanisms are likely to differ, eubacteria and
vertebrates utilize translation as a major means of regulation
for RP genes (34, 66). It seems energetically advantageous to
increase the translation efficiency of 40S RP mRNAs rather
than to activate a transcriptional response; an immediate trans-
lational response will circumvent the synthesis, splicing, poly-
adenylation, and nuclear export steps required for the gener-
ation of new transcripts.

Evidence indicates that divergent organisms use different
mechanisms and cis-acting elements to control the translation
of RP mRNAs. Mammalian RP mRNAs harbor a terminal
oligopyrimidine (TOP) motif in their 5’ untranslated regions
that mediates translational control under diverse growth con-
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ditions (34). Such TOP sequences are not found in budding
and fission yeast RP mRNAs (our unpublished data). Simi-
larly, RP mRNAs from the slime mold Dictyostelium lack 5’
TOP elements but are translationally repressed during specific
developmental stages (50). Further evidence supporting the
posttranscriptional regulation of yeast RP mRNAs comes from
experiments where mRNA decay was examined at a genome-
wide level in S. cerevisiae. This study revealed that RP mRNAs
are among the least stable messages in the cell (20), consistent
with the existence of cis-acting determinants within yeast RP
mRNAs. Our data and work by others (20, 27, 63) strongly
suggest that yeast RP mRNAs are posttranscriptionally regu-
lated at the levels of translation and stability. We were unable
to identify potential cis-acting elements that are significantly
conserved among the 5" or 3’ untranslated regions of S. pombe
40S RP genes by using a variety of computational analyses. It
is possible that the determinants mediating the posttranscrip-
tional regulation of RP mRNAs are located within the coding
regions, as previously suggested (22).

Interestingly, the mRNA coding for rpS2 did not respond
to the translational upregulation detected for most 40S RP
mRNAs in rmz3-null cells (Fig. 3). Our observation was con-
firmed by real-time PCR analysis of rpS2 mRNA across poly-
somal profiles of wild-type and rmt3A cells and further indi-
cated that the rpS2 mRNA is translated more actively than
other 40S RP mRNAs under normal growth conditions (data
not shown). Our preliminary observations suggest a model in
which rpS2 is overproduced relative to other 40S RPs and in
which methylation by RMT3 modulates rpS2 activity and/or
stability, thereby regulating small ribosomal subunit biosyn-
thesis.

Role of RMT3 in regulation of ribosome biosynthesis. What
is the mechanism that causes the ribosomal subunit imbalance
in rmt3A cells? Although the molecular details remain to be
determined, our data indicate that rpS2 overexpression re-
stores the stoichiometry between small and large ribosomal
subunits in rmt3-null cells. This suggests that the role of argi-
nine methylation by RMT3 in the regulation of ribosome bio-
synthesis primarily influences the expression or function of
rpS2. Interestingly, rmt3 is one of the S. pombe core environ-
mental stress response genes that are downregulated in re-
sponse to three or more stress conditions (13). Therefore, the
reduction of 40S ribosomal subunit levels upon repression of
rmt3 expression (Fig. 5A), coupled with the coordinate tran-
scriptional and translational downregulation of RP genes dur-
ing stress (27, 41, 49), could represent a stress-dependent
mechanism activated alongside the phosphorylation of eukary-
otic initiation factor 2 (23) to downregulate translation initia-
tion by limiting the number of available free 40S ribosomal
subunits.

Together with recent studies (7, 43, 49), our findings high-
light translation as an important layer of gene regulation and
emphasize the importance of accounting for the translational
response when analyzing signaling pathways using genomic
approaches. Further characterization of RMT3 in the regula-
tion of ribosome biosynthesis and of the signaling pathways
involved in ribosomal subunit autoregulation will be important
given recent findings that indicate that many RP genes are
haploinsufficient tumor suppressors (2, 54) and that ribosome
synthesis is an important determinant of cell size (25, 33).
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