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Genetic interactions of ribosome maturation factors Yvh1 and
Mrt4 influence mRNA decay, glycogen accumulation, and the
expression of early meiotic genes in Saccharomyces cerevisiae
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The Saccharomyces cerevisiae Yvhl, a dual-specificity
protein phosphatase involved in glycogen accumulation
and sporulation, is required for normal vegetative
growth. To further elucidate the role of Yvhl, we gen-
erated dominant mutants suppressing the slow growth
caused by YVHI disruption. One of the mutant alleles,
designated as SVHI-1 (suppressor of yvhl deletion),
was identical to MRT4 (mRNA turnover) that con-
tained a single-base substitution causing an amino
acid change from Gly®® to Asp. Mrt4(G68D) restored
the deficiencies in growth and rRNA biogenesis that
occurs in absence of Yvhl. Here, we report that the
interaction between Mrt4 and Yvhl is also essential
for normal glycogen accumulation and mRNA decay
as well as the induction of sporulation genes IME?2,
SPOI13 and HOPI. The Mrt4(G68D) could restore
the plethora of phenotypes we observed in absence of
Yvhl. We found that Yvhl1 is not essential for wild-type
induction of the transcriptional regulator of these
genes, IMEI, suggesting that either translation or
post-translational modification to activate Imel has
been compromised. Since a defect in ribosome biogen-
esis in general can be related to other various defects,
the ribosome biogenesis defect caused by absence of
Yvhl might be an indirect cause of observed
phenotypes.

Keywords: glycogen/Mrtd/Saccharomyces cerevisiae/
sporulation/Yvhl.

Abbreviations: CgTRPI1, Candida glabrata TRP1;
CgHIS3, Candida glabrata HIS3; ETS, external
transcribed spacer; ITS, internal transcribed spacer;
S. cerevisiae, Saccharomyces cerevisiae.

Protein phosphorylation and dephosphorylation are
central to many mechanisms that regulate cellular
activities in both prokaryotic and eukaryotic organ-
isms (/). During signal transduction, for example, a
cascade of factors interacts depending on their phos-
phorylation status, resulting in the regulation of gene
expression. In an organism, there are generally more
protein kinases, which are responsible for protein
phosphorylation, than phosphatases, which mediate
protein dephosphorylation, although both protein
super-families are equally important for cellular
processes.

In the genome of Saccharomyces cerevisiae genes, for
117 protein kinases and 37 protein phosphatases have
been identified (http://proteome.com). Since, we began
our project to elucidate the functions of 30 non-
essential S. cerevisiae protein phosphatases, we have
disrupted each of their genes and created for all pos-
sible combinations double-disruption mutants, fol-
lowed by phenotypic analysis (2, 3). Screening these
disruption strains for a cold-sensitive growth pheno-
type we identified YV HI, encoding a dual-specificity
protein phosphatase related to vaccinia virus VHI.
The absence of Yvhl caused a growth defect at 30°C
and a severe growth defect at 13°C, while disruption of
other protein phosphatases did not impair normal
growth at these temperatures (2).

In S. cerevisiae Yvh1 has not only been implicated in
the regulation of vegetative growth, but also in glyco-
gen metabolism, ribosome biogenesis, and sporulation.
Nitrogen starvation in the absence of a fermentable
carbon source causes diploid cells to undergo meiosis
resulting in the production of haploid spores. Loss of
Yvhl decreases, but does not abolish, expression of
early meiotic regulators, like the master sporulation
regulator /IME] and its target IME2 (4). Yvhl acts
upstream of Mckl, a dual-specificity protein kinase
that varies the level of IME] expression in response
to nutritional signals, as over-expression of MCKI or
IME] rescued the sporulation defect occurring in ab-
sence of Yvhl (4, 5). Glycogen metabolism is another
process affected upon disruption of YVHI: accumula-
tion of glycogen as observed for wild-type cells going
into stationary phase was not observed in absence of
Yvhl (6). Furthermore, there are indications that
Yvhl is involved in ribosome biogenesis: two-hybrid
analysis demonstrated that Yvhl physically interacts
with Nop7/Yphl (Yeast Pescadillo Homologue) (7, 8),
which turned out to be a nucleolar protein associated
with pre-60S particles (9) to support their transport and
assembly (/0). Depletion of Nop7 also causes a defect
in the processing of 25S precursors (/0). Moreover,
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Yvhl was recently reported to be a novel ribosome
assembly factor (//) required for the release of Mrt4, a
ribosomal stalk protein Rpp0 paralogue involved in
mRNA turnover and ribosome biogenesis (9, 12),
from cytoplasmic pre-60S particles to enable loading
of the ribosomal stalk protein Rpp0 (13, /4). How can
Yvhl be involved in so many different processes?

In this study, we have isolated mutants capable of
suppressing the slow-growth phenotype of the Ayvil
disruptant. One of the suppressor-alleles, SVHI-1, we
found to be a dominant mutant allele of MRT4 that
results in an amino acid change from Gly®® to Asp
[MRT4(G68D)] which enables the mutant Mrt4 to re-
store the growth-defect phenotype of the Ayvhl strain.
Although same and similar mutations were recently
reported independently by Lo et al. (I3) and
Kemmler er al. (14) as a mutation that can suppress
the defective maturation of 60S ribosomal particles
caused by the absence of Yvhl, we show here that
MRT4(G68D) mutation restores, apart from normal
growth and rRNA maturation, also the other pheno-
types that occur in absence of Yvhl, including a delay
in mRNA turnover and defects in glycogen accumula-
tion and sporulation. We found that recovery of sporu-
lation efficiency in Ayvhl MRT4(G68D) diploids was
accompanied by up-regulation of early meiotic genes
which are down-regulated in the Ayvhl disruptant. The
expression level of IMEI was not affected by absence
of Yvhl although genes activated by its translation
product were. Since a defect in ribosome biogenesis
in general can be related to other various defects (4,
6, 12, 15—19), the ribosome biogenesis defect caused by
absence of Yvhl might be an indirect cause of
observed phenotypes.

Experimental Procedures
Strains and media

The S. cerevisiae wild-type strains used in this study were W303-1A
(SH4848, MATa wura3-1 leu2-3, 112 trpl his3-11, 15 ade2-1),

Table 1. Oligonucleotides used in this study.

W303-1B (SH4849, MATo. wra3-1 leu2-3, 112 trpl his3-11, 15
ade2-1) (20), and their diploid, W303 (SH4502). The Ayvhl disrup-
tants were made in W303-1A (SH7783, Ayvhl::CgTRP) and
W303-1B (SH6001, AyvhI::CgHIS3) (3). SVHI-1 mutant (SH6002)
was isolated as a suppressor of the slow growth of Ayvil (SH6001).
All strains were propagated on YPDA medium [1% yeast extract,
2% peptone, 2% glucose (Sigma-Aldrich, St Louis, MO, USA), and
0.04% adenine] or synthetic complete (SC)-ura medium [2% glucose,
0.67% yeast nitrogen based without amino acids (Becton, Dickinson
and Company, Sparks, MD, USA), and the required auxotrophic
supplements without uracil]. All solid media contained 2% agar. For
sporulation, we constructed diploid strains homozygous for Ayvil
and heterozygous for MRT4(G68D) by crossing SH7783 and
SH6001, and SH7783 and SH6002. Cells were pre-grown in
YEPAc (2% polypeptone, 1% yeast extract, and 2% potassium
acetate) at 30°C to a density of ODggo ~1.0, washed twice with
sporulation medium (2% potassium acetate, pH 6.6), and resus-
pended in pre-warmed and pre-aerated sporulation medium to an
ODggo ~1.0. The cultures were then incubated at 30°C for 6—12h
before mRNA-levels were determined by real-time polymerase chain
reaction (PCR) (see below) and for over 6 days the numbers of asci
were counted.

Analysis of Ayvh1 suppressors

The Ayvhi disruptant SH6001 was mutagenized with ethyl metha-
nesulfonate according to standard procedures (27/) and grown on
YPDA plates at 30°C, replica-plated onto two fresh YPDA plates
and kept at 13°C and 30°C yielding 28 fast growing colonies, which
contained dominant suppressors of Ayvhl, SVHI. From one of
these, SVHI-1 (SH6002), a chromosomal DNA library was con-
structed by cloning its genomic DNA, partially digested with
HindIII (Takara Bio, Kyoto, Japan), into pMO36 (ter” URA3,
ARS/CEN), a derivative of pTR262 (22), and transformed into
Ayvhl strain SH6001. Plasmids from fast-growing transformants
were verified to be able to suppress the slow growth of Ayvhl at
30°C and 13°C after retransformation of Ayvhl strain SH6001.
Candidates were analysed by restriction digests and sequencing.
Subclones were prepared from one of these plasmids, pSANS4,
and from these only pPSANS4MRT?2, containing a 3.2kb Xbal and
EcoRV fragment in pRS316 (Fig. 2A) showed to have SVHI-1 ac-
tivity. The responsible gene had to be MRT4, the only gene absent
from other non-complementing plasmids, which was confirmed by
testing plasmids pSANMRTWT-1 and pSANMRTSV-1 that con-
tained, respectively, wild-type and mutant versions of MRT4
(including 0.41kb upstream and 0.39kb downstream sequence)
amplified by PCR (using primers MRT4-1 and MRT4-2, Table I)
from wild-type W303-1B or SVHI1-1 (SH6002) genomic DNA and
cloned into pRS316 as BamHI-Sall fragments. The mutation of

Name Sequence (5—3')

MRT4-1 CTCGTCGACGCTATGGGACTCATGTTCATCAAGGT
MRT4-2 CTCGGATCCCACTACTCCAACTGACAGTACTCCAA
IME2-RT1 GATGCCAGTAATTTGGTCCATAAA
IME2-RT2 TGACAACCTCAGATAAATCGGATAGT
IMEI-RTI GCAAGCGGATATGCATGGA

IMEI-RT2 TGCTGTTCAAAAGGAAAGAGGAA
SPO13-RTI CGCCCCTCATTTGATAATTCC

SPO13-RT2 GAACCGGCGTTGAAGTAGATTT

HOPI1-RT1 CCCAGTCACGGGCATTTG

HOPI-RT2 ACACGGTGGCTGCTTTGG

ACTI-RTI TCGAGAGATTTCTCTTTTAC

ACT2-RT2 TCTGGGGCTCTGAATCTTTC

RPL28-1 ATGCCTTCCAGATTCACTAA

RPL28-2 TTAAGCGATCAATTCAACAA

URAS-1 ATGCCTATTATGTTGGAAGA

URAS-2 TTAAGCGGAGGCACCGTAGG

35S-3 AAGAAATTTAATAATTTTGAAAATGGATTT
35S-5 GTTGTATTGAAACGGTTTTAATTGTCCTAT
35S-7 AAACTTTCAACAACGGATCTCTTGGTTCTC
35S-8 TTTAAGAACATTGTTCGCCTAGACGCTCTC

Restriction enzyme sites are underlined.
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SVHI-1 (SH6002) was determined by comparing the sequenced
inserts of pSANMRTWT-1 and pSANMRTSV-1 as well as of five
independent pUC19 clones containing the M RT4 fragment amplified
with primers MRT4-1/-2 from SVHI-1 (SH6002) genomic DNA.

Integration mapping

Plasmid pSANI-1, which is Smal/Xbal cut pRS306 (amp", URA3;
23) ligated to the EcoRV/Xbal fragment from pSANS4, was linear-
ized by cleavage within the mutant MRT4 and transformed into
SVHI-1 strain SH6002. Stable Ura™ transformants were isolated
and the correct integration of the plasmid into the MRT4 locus
was verified by southern blot analysis. The obtained strain was
mated with Ayvihl (SH7783) and, after tetrad analysis, growth of
spores was monitored at 30°C on YPDA plates and checked for
2:2 Ura® Svh™:Ura~ Svh™ segregation, indicative for genetic
linkage.

Glycogen staining

Glycogen was detected after 1x10* cells were spotted onto SC
plates, incubated for 4 days at 30°C and exposed to iodine vapour
as described (24).

Measurement of mMRNA decay rates

As described previously (25), 50 ml cultures in YPDA medium were
grown to mid-log phase, collected by centrifugation, resuspended in
12ml of pre-warmed fresh medium and shaken at 30°C.
Transcription was then inhibited by the addition of thiolutin
(Tocris Bioscience, Bristol, UK) to a final concentration of
20 pg/ml, and 2ml aliquots were snap-frozen after 0, 5, 10, 15, 20
and 35min. RNAs from these samples were isolated and analysed by
northern blotting as described below and hybridized to RPL28 and
URA5 mRNA probes prepared by PCR with primers RPL28-1/
RPL28-2 and URAS-1/ URAS-2, respectively (Table I). The
half-lives were determined by calculating mRNA band intensity
using Labo-1D software (KURABO, Tokyo) and normalization of
the data such that time zero after addition of thiolutin equalled
100%.

RNA isolation, cDNA preparation, quantitative real-time

PCR and northern blot analysis

Total RNAs were isolated as described (26). For the preparation of
cDNA extracted RNAs were treated with DNase I (Nippon gene,
Tokyo, Japan) and reversely transcribed using QuantiTech Reverse
Transcription kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. Quantitative real-time PCR was per-
formed using SYBR green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) in triplicates in an Applied Biosystems 7300
real-time PCR system (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. Relative mRNA levels
were normalized to ACT/ mRNA levels. For determination of
mature rRNA levels by real-time PCR total RNA isolated from
10ml of yeast cultures, grown to mid-log phase in selective media,
was used. For northern blot analysis, RNAs (20 pg) were resolved on
2.0% agarose—formaldehyde gel, stained with ethidium bromide to
visualize 258 and 18S species, and transferred to Hybond N* mem-
brane (GE Healthcare Bio-Science Corp., Piscataway, NJ, USA).
The Alkphos Direct Labeling and Detection System (GE
Healthcare Bio-Science Corp.) was used for probe labelling, hybrid-
ization and detection; blots were exposed on ECL film (GE
Healthcare Bio-Science Corp.). Primers used for quantitative
real-time PCR, e.g. to determine mRNA levels for ACTI
(ACTI-RT1/ACTI-RT2), IME2 (IME2-RT1/IME2-RT2), IME]
(IMEI-RT1/IMEI-RT2), SPOI3 (SPO13-RT1/SPO13-RT2) and
HOPI (HPOI-RT1/HOPI1-RT2), and to prepare probes for north-
ern blot analysis are listed in Table I. Probes I and II used for the
detection of pre-RNAs were prepared by PCR using two primer sets,
35S-3/35S-5 and 35S-7/35S-8, respectively. Probe II was used to
detect mature 5.8S rRNA. For normalization of pre-rRNA intensi-
ties, blots were stripped and reprobed for ACT as a loading control.
To calculate total RNA (mg)/ODggo ratios, the amounts of total
RNA isolated from cells grown to mid-log phase (ODggo=~1.0)
in 50ml of YPDA were determined by measuring the absorbance
at 260 nm and divided by the ODygg values of the corresponding
cultures.

Suppression of Ayvh1 phenotypes by MRT4(G68D)

Results

A mutation in Mrt4 suppresses the growth

defect of Ayvh1

Strains in which Yvhl1 is absent grow slowly at all tem-
peratures (Fig. 1A; 2—6, 8, 11, 13, 14, 27), have a
sporulation defect and do not accumulate glycogen
during stationary phase (Fig. 4A; 4—6, §8), which can
be suppressed by expression of the C-terminal region
of the protein but not its catalytic centre (6, 27). The
exact mechanism by which Yvhl acts during sporula-
tion and glycogen accumulation is not known and in
order to enhance the understanding of its role, we set
out to isolate suppressors of the Ayvhl growth defect.
We undertook ethyl methanesulfonate mutagenesis of
the Ayvhl disruptant and obtained 28 colonies capable
of growing faster at 13°C and 30°C. Standard genetic
analysis performed on the suppressors, termed SVH/
(suppressor of Ayvhl deletion), showed that they were
allelic and dominant.

Genomic DNA isolated from one of those suppres-
sors, SVHI-1, was used to construct a library from
which 31 plasmids were isolated that suppressed the
growth defect of the Ayvhl disruptant. Restriction ana-
lysis and sequencing showed that these plasmids car-
ried the same HindIII inserts, one of which derived
from chromosome XIII and the other two from one
locus on chromosome XI, indicating that two

WT

Ayvhl

Ayvhi SVHI-1

Ascus

[ B e )

Spore clones
YPDA 30°C

Fig. 1 Suppression of the Ayvhl growth-phenotype by SVHI-1.

(A) 10-fold dilutions of wild-type yeast (WT; SH4849), Ayvhl
(SH6001) and Ayvhi SVHI-1 (SH6002) cells were spotted on YPDA
medium and incubated at 30°C. (B) Tetrad analysis of the diploid
resulting from a cross between Ayvihl SVHI-1 (SH6002) and Ayvhl
(SH7783). Each dissected ascus is numbered and small letters
indicate its spores.
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Fig. 2 Complementation tests (A) and amino-acid change on Mrt4 (B). (A) After transformation of Ayvihl SVHI-1 (SH6002) with pMO36
(vector), or Ayvhl (SH6001) with pMO36 (vector), pSANS4, or pRS316 containing the indicated fragments sub-cloned from pSANS4
(pPSANS4/15, /12, /4, MRT2) or PCR amplified wild-type (PSANMRTWT-1) and mutant M RT4 genes (PSANMRTSV-1), cells were spotted on
SC-ura medium and grown at 30°C for 2 days. The plus and minus signs indicate complementation or lack thereof, respectively, of the Ayvhl
disruptant. (B) ClustalW2 (http://www.ebi.ac.uk/) alignment of S. cerevisiae Mrt4 and Rpp0 and C. elegans and H. sapiens Rpp0 homologs.
Conserved amino acids are indicated with an asterisk below the alignment; ‘—’ represents gaps, ‘:” indicate conserved substitutions and ‘.’
semi-conserved substitutions. The G68D mutation (D) is indicated above the sequence.

fragments had been ligated into the same vector, yield-
ing plasmid pSANS4 (Fig. 2A). Complementation ana-
lysis with subclones derived from this plasmid
identified MRT4 (for mRNA turnover; /2) as the
gene harbouring the SVHI-1 allele. A subclone
PSANS4MRT2 was the only plasmid other than
PSANS4 that complemented the Ayvhl disruptant
and contained the complete coding sequence of
M RT4 including its putative promoter and terminator
regions (Fig. 2A). This was confirmed by the finding
that the MRT4 gene isolated by PCR from SVHI-1
was able to suppress the Ayvhl growth defect, whereas
the wild-type copy did not complement (Fig. 2A).
Furthermore, upon integration of URA3 into the
MRT4 locus of SVHI1-1 and subsequent analysis of
14 tetrads, we found that the marker co-segregated
with SVHI-1 suppressor activity (data not shown),
demonstrating genetic linkage and that SVHI-1 har-
bours a dominant M RT4 allele.

When the coding sequence of M RTH4 isolated from
the SVH1-1 suppressor was compared to that of the
parental strain, only a single-nucleotide substitution
was found, namely a change from G to A at position
202 of MRT4. Mrt4 has 44% similarity to ribosomal
protein Rpp0, a central component of the S. cerevisiae
ribosomal stalk complex (28). The N-terminal region
of RppO is highly conserved in eukaryotes, and 121

106

amino acids in this region are directly involved in the
interaction of Rpp0 with the ribosomal RNA (rRNA)
(29). Interestingly, a similar N-terminal region is pre-
sent in Mrt4 and the M RT4 mutation we identified in
this study changed an evolutionarily conserved glycine
at position 68 in this domain to an aspartic acid
(Fig. 2B). Hereafter, we describe the SVH -1 mutation
as MRT4(G68D).

Yvh1is involved in normal accumulation of rRNAs

A same and similar M RT4 mutation was recently re-
ported independently by Lo ez al. (13) and Kemmler
et al. (14) as a dominant mutation that can suppress
the defective maturation of 60S ribosomal particles
caused by the absence of Yvhl. When we examined
steady-state levels of mature ribosomal RNAs (Fig.
3A and B) by northern analysis, we observed that the
absence of Yvhl leads to reduced steady-state levels of
both the small subunit 18S rRNA and the large sub-
unit 25S and 5.8S rRNAs. Especially the amount of
25S rRINA decreased, to ~40—60% of wild-type levels,
whereas the abundance of 18S (60—80%) and 5.8S
(80%) rRNAs was less affected (Fig. 3B). In line
with this, the total amount of RNA in Ayvhl cells
was <60% of wild-type cells (Fig. 3C), indicating
that, as the majority of RNA in the cell is ribosomal,
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Fig. 3 Steady-state levels of mature rRNA species and analysis of pre-rRNA processing. (A) After ethidium bromide staining (top panel) northern
blots of total RNA from wild-type (SH4849), Ayvhl (SH6001), and Ayvihil MRT4(G68D) (SH6002) strains were probed for 5.8S rRNA as
described in the Experimental Procedures, stripped and reprobed for ACT! as a control (lower panels). Two sets of experiments using inde-
pendent samples are shown and (B) used to obtain normalized averages of relative levels of the mature rRNAs. Black, white, and grey bars
indicate wild-type, Ayvhl, and Ayvhl MRT4(G68D) strains, respectively. (C) Assessment of total RNA. Ratios of total RNA (ng) to ODggo of
cultures determined from three independent experiments (including the standard deviations) as described in the ‘Experimental Procedures’
section are depicted. Black, white, and grey bars indicate wild-type, Ayvhl, and Ayvhl MRT4(G68D ) strains, respectively. (D) Major pre-rRNA
processing pathway in S. cerevisiae. In the 35S pre-rRNA the mature 18S, 5.8S, and 25S rRNA sequences are flanked by the 5" and 3’ external
transcribed spacers (ETS) and separated by internal transcribed spacers 1 and 2 (ITS1 and ITS2). Pre-rRNA cleavage sites are indicated by
upper-case letters. The positions of probes used for northern blotting are indicated as I and II by dotted lines. (E and F) Total RNAs prepared
from wild-type (SH4849, lane 1), Ayvhl (SH6001, lane 2), and Ayvihl MRT4(G68D) (SH6002, lane 3) strains were analysed by northern blotting
with probes I (E) and II (F). Positions of pre-rRNA species and size markers are indicated on the left and right side of each panel. (G) Values for
pre-rRNA levels were normalized to that of ACT7 and expressed relative to those of the wild-type strain (defined as 1.0); error bars show the
standard deviation of three independent experiments. Black, white, and grey bars indicate wild-type, Ayvil, and Ayvhl MRT4(G68D) strains,

respectively.

the growth defect in the absence of Yvhl could be
caused by a defect in ribosome synthesis.

The production of the mature ribosomal RNAs
occurs by processing of a 35S precursor RNA, which
is assembled with ribosomal proteins and processing
factors into a large complex (30). Cleavages at sites
A0, Al, and A2 generate the 20S and 27S precursors
of, respectively, the small and large subunit rRNAs
(Fig. 3D). Subsequent processing of 27S pre-rRNA
occurs at sites A3 and Bl to generate the 5-end of
5.8S rRNA and at C1 and C2 to remove the second
internal transcribed spacer (ITS2) separating the 5.8S
and 25S sequences. In absence of Yvhl, the early pro-
cessing at A0, Al and A2 is compromised as the 35S
pre-rRNA accumulated about 2.5-fold whereas an ab-
errant 23S product, which presumably resulted from
cleavage at A3 or Bl (30), becomes 1.5-fold more
abundant (Fig. 3E and G). Concomitantly, 2-fold
less 20S pre-rRNA is formed by processing at A2
than in case of the wildtype. The 27S large subunit
pre-rRNA that is generated in Ayvhl cells together

with the 20S and 23S species accumulated >1.5-fold
(Fig. 3F and G), indicating that the subsequent re-
moval of ITS2 is affected. This could explain the low
25S rRNA levels described above and is supported by
the 20% reduced steady-state level of the 7S precursor
of 5.8S rRNA which is formed by cleavage at C2
(Fig. 3F and G). Thus, Yvhl is involved in both
early as well as late pre-rRNA processing steps. Its
absence seems to have a major impact on the late
steps that generate mature 25S rRNA leading to less
60S subunits that also could be functionally impaired.
As a result, the number and quality of ribosomes
formed in Ayvhl cells could be insufficient to support
normal growth.

MRT4(G68D) restores glycogen accumulation and
sporulation in Ayvh1

Disruption of YVHI causes a defect in glycogen accu-
mulation and sporulation (4—6, 8). This prompted us
to examine whether the M RT4(G68D) mutation that
virtually alleviates the shortage of mature rRNAs in

107

2T0Z ‘9z Jequueldss uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploixo-qly:dny woly pepeojumod


http://jb.oxfordjournals.org/

M. Sugiyama et al.

A B 50 I
40 2
WT Ayvhl — Ayvhl MRT4(G68D) S
5 30
ks
2 20
(=9
w
10
0 | 1
1 2 3 4 6
Time (days)
C 60 D 30 E 18 F 18
° T ° °
2 50 - 225 215 515 I
S 40 S 20 S 12 S12
S 2 = =
g 30 g 15 39 59
S S S z
2 20 210 o 6 2 6
~ 10 ~ 5 & 3 & 3
0 v 0 1 0 0 L1
0 6 12 0 6 12 0 6 12 0 6 12
Time (h) Time (h) Time (h) Time (h)

Fig. 4 Glycogen staining, sporulation efficiency, and IME2, IME], SPO13, and HOP]I transcription levels. (A) Glycogen accumulation in
wild-type (SH4849), Ayvhl (SH6001), and Ayvhl MRT4(G68D) (SH6002) cells was visualized by iodine staining as described in the
‘Experimental Procedures’ section. (B) Upon transfer to sporulation medium (Experimental Procedures) wild-type (black bars), Ayvil/Ayvhl
(white bars), and Ayvhl/Ayvhi MRT4/MRT4(G68D) (grey bars) cultures were sampled at indicated time points and monitored by light
microscopy. The graph shows the percentages of asci observed among at least 300 cells. (C—F) The mRNA levels of IME2 (C), IMEI (D),
SPO13 (E), and HOPI (F) were analysed in wild-type (black bars), Ayvhil/Ayvhi (white bars), and Ayvhl/Ayvhl MRT4/MRT4(G68D) (grey
bars) diploid cells grown in sporulation medium by quantitative real-time PCR. Relative mRNA values (normalized to ACT expression)
determined in triplicate are indicated with wild-type values at time 0 set to 1.0; the error bars show the standard deviation.

Ayvhli cells could also repair the glycogen accumula-
tion defect. In agreement with a previous report (6),
Ayvhli cells failed to accumulate glycogen relative to
the wild-type cells as indicated by the lack of brown
colorization after iodine staining (Fig. 4A). In con-
trast, Ayvhl MRT4(G68D) cells appeared to accumu-
late glycogen to wild-type levels.

To test whether MRT4(G68D) mutation also sup-
presses the spoluration deficiency of the Ayvil disrup-
tant, we constructed diploid strains homozygous for
Ayvhl and heterozygous for MRT4(G68D). The
sporulation efficiency of these strains and those of
homozygous Ayvhl and wild-type diploids were com-
pared by determining the number of tetrads formed
over time in each diploid (Fig. 4B). In the homozygous
Ayvhl culture, 4% asci could be counted after 6 days
of sporulation. In contrast, the number of asci formed
from wild-type cells after 3 days and from homozygous
Ayvhl cells heterozygous for MRT4(G68D) after
6 days was 10-fold higher: ~40% spore-forming cells
were counted. Thus, apart from defects in growth,
ribosome biogenesis, and glycogen formation, the
MRT4(G68D) mutation also suppressed the sporula-
tion defects of the Ayvhl disruptant.

Mrt4(G68D) reinstates the expression of early meiotic
genesIME2, SPO13 andHOP1 in Ayvh1 cells

Decreased sporulation efficiency in Ayvhl cells is
accompanied by dramatically reduced expression of
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the early meiotic gene IME2 which encodes a Ser/
Thr protein kinase and is a positive regulator of
early, middle and late meiotic genes (4). To gain
more insight into the molecular mechanisms by
which the MRT4(G68D) suppresses the sporulation
defect of Ayvhl cells, we examined by quantitative
real-time PCR the expression levels of /M E2 after in-
duction of sporulation in diploid wild-type, homozy-
gous Ayvhl, and homozygous Ayvhl cells heterozygous
for MRT4(G68D) (Fig. 4C). After 6h of transfer to
sporulation medium /M E2 expression in wild-type dip-
loid cells increased to ~40-fold higher levels than that
of actin mRNA. In contrast, such induction was
absent from homozygous Ayvil cells even after 12h
in sporulation medium, confirming the previously re-
ported result (4). When homozygous Ayvhl cells het-
erozygous for MRT4(G68D) were transferred to
sporulation medium, /ME2 mRNA levels increased
to the same level as wildtype after 12h, indicating
that expression of IME2 in the Ayvhl disruptant is
restored by the MRT4(G68D) mutation.

Expression of IME1, which encodes a positive regu-
lator of IME?2, has been reported to be 2-fold lower
than wildtype after 6h incubation in sporulation
medium (4). We did not, however, observe such a de-
crease in IME] expression in homozygous Ayvhl cells
(Fig. 4D). In contrast, in these cells we found that
expression of SPOI3 and HOPI, both of which
are early meiotic genes transactivated by Imel, are
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Fig. 5 Analysis of mRNA decay. Wild-type (SH4849), Ayvhl
(SH6001), and Ayvhi MRT4(G68D) (SH6002) strains were grown
to mid-log phase, and then incubated with 20 pg/ml thiolutin. The
half-lives (min) of RPL28 (top) and URAS5 (bottom) mRNAs shown
below each northern blot were determined as described in the
‘Experimental Procedures’ section.

down-regulated. Upon introduction of Mrt4(G68D) in
the absence of Yvhl SPOI3 was up-regulated more
than three times while expression of HOPI increased
5-fold and reached wild-type levels after 12 h in sporu-
lation medium (Fig. 4E and F). These results indicate
that the MRT4(G68D) mutation enhanced the expres-
sion of early meiotic genes that were not significantly
induced in the Ayvhl disruptant upon transfer to
sporulation medium. Thus, the efficient sporulation
we observed for diploid Ayvihl MRT4(G68D) cells
probably results from the partial recovery of wild-type
regulation of early meiotic genes in these cells. This
would further suggest that disruption of YVHI may
cause some defects downstream of /M E] transcription.

Disruption of YVYH1 moderately increases

half-lives of mRNAs

MRTH4 has not only been identified as a component of
a pre-ribosomal particle (9, 13, 14) but also in a screen
for factors involved in mRNA decay (/2). Mutant
mrt4-1189 containing an A to G change at position
647, which results in a change of lysine 216 to arginine
in Mrt4, caused a temperature-sensitive phenotype. At
37°C the mrt4-1189 mutant exhibited a 2- to 3-fold
increase in the half-lives of RPL28 and URAS
mRNAs. Accordingly, incomplete absence of Mrt4
the URA5 mRNA became 3-fold more stable (/2).
Disruption of MRT4 causes a general growth defect
(9, 13, 14), presumably because Mrt4 is required for
proper nuclear export of pre-60S ribosomal particles
(13, 14).

Since M RT4 appears to be involved in mRNA turn-
over, we examined whether Yvhl also functions in
mRNA decay by analysing the kinetics of turnover
of RPL28 and URA5 mRNAs in the wild-type,
Ayvhl, and Ayvhl MRT4(G68D) cells. The URAS
mRNA has a short half-life while the RPL28 mRNA
is a moderately stable transcript (3/). Northern blot
analyses from which the half-lives of the RPL28 and
URA5 mRNAs were calculated are shown in Fig. 5. In
the absence of Yvhl, the decay rates of RPL28 and
URA5 mRNAs moderately decreased compared to
the rates measured for the wild-type strain, leading to
1.5- and 1.2-fold increases in the half-lives of these

Suppression of Ayvh1 phenotypes by MRT4(G68D)

mRNAs, respectively. Interestingly, introduction of
the MRT4(G68D) allele into the Ayvhl disruptant re-
sulted in shorter half-lives for both mRNAs tested.
The stability of the URAS mRNA returned to that of
wild-type, whereas the RPL2S transcripts appeared to
be degraded even faster than normal, indicating that
Mrt4(G68D) accelerates mRNA turnover in Ayvhl
cells. These results show that Yvhl is, directly or in-
directly, involved in mRNA turnover.

Discussion

In this study, we isolated a M RT4(G68D ) mutation as
a suppressor of the slow growth phenotype of a Ayvil
disruptant. Our analysis revealed that Ayvhl cells
failed to accumulate mature rRNAs, especially 25S
rRNA and, to a lesser extent, 18S and 5.8S rRNAs
(Fig. 3B), which was accompanied by delayed process-
ing of 35S and 27S pre-rRNAs (Fig. 3G). Especially
the late maturation steps involving the removal of the
ITS2 appeared to be affected, leading to a reduction
of mature 25S rRNA by over 60%. These ribosome
biogenesis defects were, however, absent when
Mrt4(G68D) was expressed in these cells, indicating
that absence of Yvhl has been compensated by a
single amino acid change in the N-terminal region of
Mrt4 highly similar to the rRNA binding region of the
essential ribosomal stalk protein RppO (Fig. 2B).
Interestingly, Mrtdp and RppO association with 25S
rRNA is mutual exclusive, while a chimaeric protein
consisting of the N-terminal rRNA binding domain of
Mrt4 and the C-terminal region of Rpp0 can comple-
ment for the absence of Rpp0 although its association
with the small subunit appears to be weaker. (32). Very
recently, Yvhl was reported to be a novel ribosome
assembly factor (/7) required for the release of Mrt4
from cytoplasmic pre-60S particles to enable loading
of the ribosomal stalk protein Rpp0 (13, /4). It was
shown that Yvhl is essential for a late maturation step
in the 60S biogenesis and that disruption of YVHI
causes a rRINA processing delay, which is consistent
with our findings.

Importantly, we found that the MRT4(G68D) mu-
tation not only restores growth of Ayvhl cells and
normal accumulation of mature rRNAs in these cells,
but rescued all other Ayvhl phenotypes tested, i.e.
defects in sporulation and glycogen accumulation as
well as reduced mRNA turnover (Figs 4 and 5), not
described in any other studies on Yvhl/Mrt4 cooper-
ation. As far as we know, many gene including
NUPI20, RPL35A4, and RRP4, that are involved in
ribosome biogenesis, are reported to show defects,
when disrupted or conditionally repressed, in glycogen
accumulation, sporulation, or mRNA catabolic
process (4, 6, 12, 15—19). Furthermore, disruption or
conditional repression of a lot of genes involved in
ribosome biogenesis, which causes ribosome biogenesis
defects such as decreased accumulation of 40S or 60S
ribosome subunits, also causes other various defects
including increased heat and cold sensitivity, decreased
resistance to many drugs, or abnormal morphology of
mitochondria (Saccharomyces Genome Database:
http://www.yeastgenome.org). Although their detailed
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mechanisms are not clear, it is possible to speculate
that a defect in ribosome biogenesis, in general, can
be related to other various defects, and thus loss of
Yvhl that likely causes impaired ribosome biogenesis
results in multiple phenotypes including glycogen ac-
cumulation, sporulation, and mRNA decay defects.
Therefore, these data suggest that fairly different
phenotypes of Ayvhl cells may be caused by a dimin-
ished accumulation of fully functional ribosomes
occurring in the absence of Yvhl (11, 13, 14).

Human YVH]I was frequently amplified and highly
expressed in sarcomas (33). Over-expression of human
YVHI during sarcoma development or progression
would correlate with up-regulation of ribosome bio-
genesis during tumourigenesis and proliferation of
tumour cells (34). Since human Yvhl is also able to
release Mrt4 in human cells (/3), we think that human
Yvhl is involved in sarcoma development through
ribosome biogenesis.
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