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SUMMARY

Mitochondrial ribosomal proteins (mrps) of the Hudy yeast, Saccharomyces
cerevisiae, have genetically and biochemically been most extehscharacterized. Yet, the
list of the genes encoding individual mrps is stdt complete and quite a few of the mrps are
only predicted from their similarity to bacteriabesomal proteins. We have constructed a
yeast strain in which one of the small subunit @ret, termed Mrp4, was tagged with S-
peptide and used it for affinity purification of tm¢hondrial ribosome. Mass spectrometric
analysis of the isolated proteins detected mosthef small subunit mrps which were
previously identified or predicted and about halftiee large subunit mrps. In addition,
several proteins of unknown function were identifido confirm their identity further, we
added tags to these proteins and analyzed theilization in subcellular fractions. Thus, we
have newly established Ymrl158w (MrpS8), Ypl013c (8i6), Ymrl88c (MrpS17) and
Ygrle5w (MrpS35) as small subunit mrps and Imglg2mYdrll6c (MrpLl), Ynl177c

(MrpL22), Ynr022c (MrpL50) and Yprl100w (MrpL51) &mge subunit mrps.

Keywords: mitochondrial ribosomal proteinsSaccharomyces cerevisiae, tag-assisted

purification; mass-spectrometry

Abbreviations. Mitoribosome, mitochondrial ribosome; mrp, mitookdoal ribosomal
protein; 2D, two-dimensional; AP, alkaline phosaisat

Enzyme. Lysyl endopeptidase (EC 3.4.21.50)



INTRODUCTION

The mitochondrial genome codes for only a smalinber of proteins that are
translated on mitoribosome. Previous studies shothedl mitoribosome contains more
proteins than the bacterial counterpart [1-5]. Ty indicate that some of the mrps have
been recruited to compensate the reduced size2ahitoribosomal RNAs. It is likely at the
same time that some of them might carry some haharknown mitochondrial functions. It
should be noted in this regard that the mitoch@dyenome-encoded components of yeast
respiratory chain require specific translationaivators [6] and some of them interact with
mitoribosome [7-10]. A large subunit protein, Rmlas found to be involved in the
utilization of oleate as a carbon source [11] atsd mutation affected the activity of
transcription factor Adrl [12]. One of the smallbsnit proteins of yeast mitoribosome,
YmS2 (Ppel), has similarity to human protein phasgde-methylesterase . Another small
subunit protein Rsm23 is a member of the DAP3 fawiilmitochondrial apoptosis mediators
[13]. Two large subunit proteins, MrpL31 and Ygl@6ghe latter of which is probably related
to E. coli L7/L12 proteins, might be involved in cell cycl®entrol [14]. Furthermore,
MrpS18, Rsm10, and YmL6 proteins are not only esslefor the function of mitochondria
but also indispensable for cellular growth [15]offarthese results it is conceivable that some
mrps play a role in communication between mitochiandnd other subcellular organelles
including the nucleus and peroxisome.

Recent studies on the mammalian mitoribosomes stidinat they also contain many
proteins [16-19], despite the highly reduced siztheir genomes. Interestingly, many of the
proteins that do not resemble bacterial ribosonpgear to be unique in each organism. In
order to investigate the functions of mitoribosonmat are distinct from bacterial or

cytoplasmic ribosomes, and to gain further insigito the evolution of mitochondrial
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translation system, we have attempted to idensfyrany mrps and associated proteins as
possible. For this purpose, we took advantage efuse of mass spectrometry and newly

identified several yeast mrps as described below.



MATERIALSAND METHODS

Plasmid construction. pSH_eu plasmid (Fig. 1) was used to produce S-tagged mrpsast.
It was based on the pBu vector (GibcoBRL, Life Technologies) and constedctoy
inserting a 140 bpMscl-Ncol fragment of plasmid pET-32a(+) (Novagen) encodSwgag
peptide into theMscl-Ncol site of pDB.eu. Subsequently, thédindlll-Smal fragment
containing theGAL4 DNA binding domain was replaced with th&ndlll-Smal fragment
containing the multi-cloning site of pUC119 plasmid

All plasmids containing the S-tagged mrp genesewanstructed using p3eu.
DNA fragments harboring respective genes withoutnieation codon were amplified by
PCR from the genomic DNA of RAY3A-D cells by usimgimers to add appropriate
restriction sites. They were then inserted at th#iraloning site of pSHeu in frame.

For the disruption oMRP4, a 1.8 Kb DNA fragment containing tihRP4 gene was
PCR amplified and cloned into pUC119. Then, a KIBbHIS3-containing fragment was
inserted at thédBamHI site within MRP4 and the resultant plasmid, pU@p4::HIS3, was
used to replace the chromosorivdRP4. Similarly, pT7Blueynr022c::HIS3 was constructed

by insertingHIS3 at theMscl site ofYNRO22c cloned on pT7Blue vector (Novagen).

Strains and media. Yeast strain Ray3a (a type haploid of RAY3A-Dieu2/leu2, his3/his3,
ura3/ura3, trpl/trpl) was used to isolate mitoribosome. KiRRP4 disruptant was constructed
by transforming RAY3A-D cells carrying plasmid pBé&-MRP4 with linearized plasmid
pUC-mrp4::HIS3 and selecting histidine prototrophic recombinahtgploid strain RAY 3A-
o (mrp4::HIS3/pSHLeu-MRP4 ) was obtained after sporulation. Derivatives &YRA-a
with disruptedMRPL50 were similarly constructed using plasmid pT7Bhagsl50::HIS3.

Strains in whichMRPS3, MRPSL6, MRPS35, MRPL1 or MRPL51 was disrupted were
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purchased from Research Genetics (Huntsvill, Al)ezias haploid derivatives of BY4741
mat a his341 leu240 met1540 ura340 or heterozygous diploid derivatives of BY 4746t
a/a his341/his341 leu240/leu240 ura340/ura340 MET15/met1540 LYS2/lys240. When
necessary, haploid disruptants were isolated afierulation. Disruption of the mrp gene in
each of them was confirmed by PCR (data not sho@mwth media, culture conditions and
genetic manipulations are essentially as desciib@d For the preparation of mitochondria,
cells were grown in YPGE medium (2% Bacto-peptdt®é, yeast extract, 2% glycerol, 2%
ethanol) until Ay of 5 was reacheck. coli strain XL-1 Blue fecAl endAl gyrA96 thi
hsdR17 supE44 relAl A (lac-proAB) F’[proAB+ lacl® lacZAM15 Tn10(Te]} was used for

plasmid propagation.

Purification of the complex containing S-tagged Mrp4. Mitochondria were purified from
about 10 g wet-weight cells of strain RAY3Anmrp4::HIS3/pSH_eu-MRP4 essentially as
described previously [21]. Mitochondria were sugfaehin Buffer F (350 mM NECI, 20
mM Mg-acetate, 1 mM EDTA, 2 mM-mercaptoethanol, 20 mM Tris-HCI pH7.5) and lysed
by adding 1/20 volume of 26% Triton X-100 and tlebids was removed by centrifugation.
The lysate was further purified by filtrating thghu Ultrafree-MC (0.65um pore size,
Amicon Millipore), mixed with 50% S-agarose (Novay€60ul/ml lysate) and incubated for
30 min at room temperature. Complexes containingg8ed Mrp4 bound to S-agarose were
washed four times with buffer F as recommendedhbymanufacturer, dissolved in loading

buffer and subjected to SDS-PAGE.

Mass spectrometry. Proteins on SDS gels were visualized by the revstaaing method

[22]. Proteins were reduced by incubating with 104 lEDTA/10 mM DTT/100 mM



NH4HCO; for 1 h at 50°C and alkylated by treatment with 10 mM EDTA/40 mM
iodoacetamide/100 mM NHCO; for 30 min at room temperature. They were digestegel
with lysyl endopeptidase fromAchromobacter lyticus (Wako Pure Chemical) in 100 mM
Tris-HCI (pH8.9) for 15 h at 37C. Peptide fragments were extracted from and then
concentratedn vacuo. After desalting with ZipTip (Millipore), peptidédragments were
subjected to mass spectrometry. Mass spectra vwemrerded on a Micromass Q-Tof2
equipped with a nano-electrospray ionization sauPceteins were identified by peptide mass
fingerprinting with the MASCOT program (Matrix Saiee) by searching against the NCBInr

database.

Sucrose density gradient analysis of S-tagged mrps. Mitochondria obtained from the cells
expressing the tagged mrp were lysed as describ@ceaand mitoribosomes were pelleted
through 1.5 ml of 10% sucrose cushion by centrifiogain a Beckman 50Ti rotor at 40,000
rpm for 3 hours. Ribosomes were re-suspended im0.6f buffer F, layered on a sucrose
gradient of 10 to 30% in buffer F and centrifugediBeckman VTi65.2 at 45,000rpm for 37
min at 4°C. Fractions of about 0.12 ml were collected aradrthbsorbance at 280 nm was
measured. After diluting sucrose with the same wawf water, ribosomes were sedimented
by adding two volumes of acetone. Proteins wersotired in loading buffer and subjected to
SDS-PAGE. S-tagged proteins were then detected bgtéh blotting with S-protein AP

conjugate (Novagen) as suggested by the manufacture



RESULTS

Identification of yeast mrps by mass spectrometry. Previously, we have purified yeast
mitoribosomal subunits by the standard sucroseityegradient method and isolated their
proteins by chromatography and two-dimensionaledettrophoresis [5]. The partial amino
acid sequence of each protein was subsequentlyndatz to clone the gene. However, the
yeast mitoribosome, especially its small subunihswinstable and we could not obtain
enough amount of small subunit to purify each congomd. Therefore, to simplify the
procedure of isolation and purification of mitorgmone, we constructed a plasmid containing
the gene for Mrp4, one of the small subunit praeitagged with a peptide derived from
ribonuclease S. This peptide of 15 amino acid teesd(S-tag) interacts strongly with S-
protein and forms an S-tag:S-protein complex withK@ of 10°M, allowing easier
purification and detection of the tagged proteiheTesultant plasmid was then introduced
into the yeast strain RAY3A- mrp4::HIS3 and complexes containing the S-tagged Mrp4
were isolated by affinity purification as describedMaterials and Methods. The purified
complex was subjected to SDS-PAGE and proteins weparated into fourteen fractions
according to the molecular mass. Proteins in eaadtibn were analyzed by the peptide mass
fingerprinting method using the MASCOT program.

As shown in Table 2, most of the small subunit snwyere detected in this way that
have already been identified or predicted from Heguence similarity to prokaryotic
ribosomal proteins. Some mrps of the large subweite also detected, albeit to a limited
extent. In addition, several proteins of unknownction such as Ygrl65w and Ynr022c were

detected.



Localization of newly identified proteins to mitoribosomal subunits. Subsequently, we
examined whether the two proteins of unknown fumctmentioned above as well as
Ymrl58w, Ypl013c, Ymrl88c, Ydrll6c, Imgl, Ynl177€¢prl00w and Img2 are indeed
yeast mrps and, if so, with which subunit they associated. The latter eight proteins
mentioned above have been related to bacteriataoibal proteins S8, S16, S17, L1, L19,
L22, and human mrps MRP-L43 and MRP-L49, respelgtivihe gene for each protein was
cloned into the plasmid p3idu to attach an S-peptide tag as described in Méteaiad
Methods and the resultant plasmid was introducéal RAY3A-[] cells by transformation.
Subsequently, mitoribosomes were purified from ttasformant and the subunits were
separated by sucrose density gradient centrifugialibe proteins in fractions recovered were
analyzed by SDS-PAGE followed by Western-blottimgl @ach of the S-tagged proteins was
detected.

As shown in Fig. 2, S-tagged Ypl013c, Ymrl88c, Mgfiw proteins were detected in
fractions of the small subunit, while S-tagged Yi#&, Img1, Ynl177c, Img2, Yprl00w and
Ynr022c proteins were localized in the large subufine molecular mass of the S-tagged
proteins synthesized from the gene cloned on pthg8H_eu should be about 6 kDa larger
than the authentic proteins. Apparent molecular smdata by SDS-PAGE for all mrps
detected, however, were found to be about 10 kpetahan expected. This was probably
caused by the nature of S-tag, because all protens similarly affected, though we have no
clear-cut explanation for the observed discrepancy.

In the case of Ymrl58w, the S-tag signal in thmsomal fractions was weak and
unequivocal identification was not possible, altijouts localization to the mitochondrial
fraction was certain (data not shown). We thouginhaps this was caused by the presence of
untagged Ymrl58w protein from the chromosomal geéhat was more efficiently

incorporated into the mitoribosome. Therefore, weoduced plasmid pStu-YMR158w
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into a derivative of strain BY4743{R158w/ymr158w::KAN) and isolated a haploid strain
harboring the disrupted gene on the chromosomeren8-taggedMR158w on the plasmid.

Using this strain we were then able to establigt ¥mr158w was localized to the small
subunit of mitoribosome. At the same time, we remtithat cells carrying only the tagged
YMR158w gene grew poorly in YPGE medium, indicating thanrf58w is essential for the

mitochondrial function and the addition of S-tagtsoC-terminus impaired its function.

Feature of newly identified mrps. The predicted amino acid sequences of Ymrl58w,
YplO13c, Ymrl88c and Ydrll6c proteins clearly iredec their homologous relation with
bacterial ribosomal proteins S8, S16, S17 and é&&pectively (Fig. 3, [18, 19]): Ymrl88c
has an extra sequence of about 150 amino aciduessat the C-terminus and is consequently
three times as large &scoli S17. Imgl and Ynl177c show similarity to L19 ar@RLfamily
proteins, respectively, although the degree oflanity is not high (Table 1, Fig. 3). Ypr100w
and Img2 have no sequence similarity to bactei@lsomal proteins, but recent analysis of
bovine mrps by mass spectrometry in reference toadmuand mouse proteins predicted from
the genome analysis data led to the discovery ofeprs homologous to them [17, 18].
Subsequent analysis suggested the presence of (fpii@mologues in other organisms such
as Drosophila melanogaster, Caenorhabditis elegans and Arabidopsis thaliana (Table 1,
[18]). Likewise, Img2 homologues were found in atbeganisms, although Img2 appears to
be less conserved than Yprl00w (Table 1). In cehtdgrl65w has no sequence similarity
to any known ribosomal proteins. BLAST search, heosve shows that the fission yeast
Schizosaccharomyces pombe seems to possess a protein related to it. Siwilanb
homologue of Ynr022c has been found yet. BLAST deahows a weak similarity to L9 of
Bacillus subtilis, but it is not in the region conserved among tBefdmily proteins (Fig 3),

and we consider that Ynr022c is a novel proteimuaito yeast mitoribosome.
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Until now, we have named yeast mrps in the same agaye did with bacterial
ribosomal proteins, namely according to their posg on the 2D-PAGE. However, mrps
have been identified in various methods and nqtralieins were actually corresponded to the
spots on the 2D-gel. In addition, some of the pnst¢hat are related to bacterial ribosomal
proteins were named by including the bacterial@mohames. It will therefore be necessary
to rename all yeast mrps more systematically tadagossible confusions. However, it will
not be an easy task because the number of yeastasrpell as that dE. coli ribosomal
proteins may still increase [23] and the phylogenetentity is not always clear due to the
lack of data for mrps in other organisms. For thessesons, we simply name Ymrl58w,
Ypl013c, Ymrl88c, Ydrll6c and Ynll77c proteins ®MrpS8, MrpS16, MrpS17, MrpL1l
and MrpL22, respectively, according to the protimilies based on the ribosomal proteins
of E. coli. Furthermore, we name Ygrl65w, Ynr022c and Yprl@dateins to be MrpS35,
MrpL50 and MrpL51, respectively, since they are redated to bacterial ribosomal proteins

and their assignment to protein spots on the 2D fZ3] is not clear.

Functional characterization of novel mrps. Most of the yeast mrps have been shown to be
essential for the mitochondrial function, thatfay, growth on a non-fermentable sugar as a
sole source of carbon (Table 2). We have examinedytowth of cells in which the gene for
the newly identified mrps was disrupted. As shownFig. 4A, disruptants oMRPS3
(YMR158w), MRPS16 (YPL013c), MRPS35 (YGR165w) and MRPL51 (YPR100w) failed to
grow on YPGE medium and showed slow growth on YRDnathe case of disruptants of
most other mrp genes.

In the case oOMRPS3, it was indicated that the addition of a shorttukpto the C-
terminus caused poor growth in liquid YPGE mediusndascribed already, although the

effect of tagging was not clear on agar plates. (#). Additionally, we constructed a strain

-12 -



in which an HSV (Herpes Simplex Virus glycoprot&ntag was attached to the C-terminus
of MrpS8. A significant portion of the cells of thesultant strain was found to be respiration-
deficient (data not shown). It was probable tha t-terminal modification of MrpS8
affected the mitoribosomal function. The bactehi@anologue of MrpS8 is known to bind to
16S rRNA and the C-terminal region is importantttas interaction [25, 26]. Therefore, the
C-terminal portion of MrpS8 might be critical fdsibinding to rRNA in yeast mitochondria
as well, despite that the amino acid sequence mnsfile for the binding in bacterial
counterparts is not conserved in yeast MrpS8. Tiwevip defect on YPGE was further
exacerbated at a higher temperature. APG7cells with the HSV-taggeMRPSS failed to
grow, and those carrying S-taggeldRP8 on the plasmid pSlkeu-MRPS3 showed very poor
growth (Fig. 4B). Disruptants ¢fiIRPS8 were unable to grow at any temperatures on YPGE.

Disruptants oMRPL1 showed reduced growth on YPGE which was recovieyeitie
introduction of plasmid pSEHu-MRPL1. The growth retardation was more pronounced at a
lower temperature (Fig. 4C). This indicates thatpMr is not essential for the protein
synthesis in mitochondria, just as the cask.afoli L1 [27]. It should be noted that all other
mrps that were found dispensable for the mitochiahdunction are not homologous to
bacterial ribosomal proteins (Table 2). TherefdtepLl is the first instance of yeast mrp that
is homologous to a bacterial ‘core ribosomal prétand yet is dispensabl®RPL50 has
been found to be another example of dispensablegame. The disruptant showed growth
indistinguishable from its parental strain on b¥GE and YPD, which was also the case at
different temperatures.

Disruption of MRPSL7 (YMR188c), MRPL22 (YNL177c), IMG1 and IMG2 has
previously been reported to render the mutant aeilsble to grow on a non-fermentable
carbon [28-30]. The loss of Imgl and Img2 was shdwrdestabilize the mitochondrial

genome [29, 30]. It is well known that defects irtaohondrial protein synthesis lead to the
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loss of mitochondrial genome. Recent analysis otamis indicated that availability of
isoleucine in the cell might be related to the #itgbof the mitochondrial genome [31],
although the exact mechanism remains to be elwddét addition, a disruptant MRPL22
was reported to be defective in internalizatiordpé anda-factor [32]. In this connection, it
should be noted th&tiRPL4 disruptants showed poor growth on fermentable cadources
with abnormal cell size and enlarged vacuoles ia #tationary phase, although the
mechanism which interrelates this protein and eyidscs is not known [33]. Perhaps,
mitochondria and membranous subcellular organellessomehow functionally related with

each other.

-14 -



DISCUSSION

The mass spectrometric analysis of the proteisecated with yeast mitoribosome
isolated by affinity purification using the S-tagtaghed to Mrp4 protein led to the
identification of 27 mrps of the small subunit &®lof the large subunit (Table 2). The mrps
thus identified include ten proteins that are eith@vel or only predicted before. This brings
the total number of mrps identified to 31 of theafinsubunit and 46 of the large subunit
(MRPL7, MRPL38, MRPL10, MRPL24 and MRPL17 produce two types of proteins [5]),
which are in good agreement with the number eséthadly 2D-PAGE analysis: namely, the
mitoribosome ofS. cerevisiae contains at least 34 and 49 proteins in the saradl large
subunit, respectively [5, 34]. From the structusahilarity to known ribosomal proteins,
YNRO36¢ andvyNL081c are likely to encode proteins of the small subunijle YGLO68w,
YDR115w and YPL183W-A most probably encode those of the large subumitveyer, their
products were not detected as mrps in this work.

Saveanu and colleagues [13] used a similar syrdtagthe isolation of the small
subunit of yeast mitoribosome and identified 12 nmaws. They used a “tandem affinity
purification” tag that they claim to be suitable the isolation of protein complexes under
native conditions. However, their isolation conmutis were suited for tag-antibody and tag-
calmodulin interactions. In contrast, we perfornafihity purification under the conditions
suited for the isolation of active mitoribosome.isTimight have led to the identification of
more mrps than Saveanu and colleagues, though wle ot identify Rsm18, one of the new
proteins found by them.

In addition to mrps, analysis of the tag-purifiedmplex showed the existence of
various yeast proteins of other functions (datashatwvn). One possible reason for this would

be due to the method we used to isolate mitoribesorhe tagged Mrp4 protein must be
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synthesized on cytoplasmic ribosomes and then pgoatesd into mitochondria. Therefore,
proteins such as Rpl6a, Rps19a and Mas6 were dfiepguwith mitoribosomes because of
their association with the tagged Mrp4 protein dgrihe course of these processes. The fact
that proteins localized in mitochondrial inner meeanrte, such as Sdh2, Atp5, Qcr2, Pet9 and
Sscl, were detected would support the previousrirepat mitoribosomes are closely
associated with inner membrane and a fraction eftihemains within insoluble membrane
fractions [35]. Indeed, in our previous examinasiari mrps by 2D-PAGE, we reproducibly
observed some faint protein spots that might hasleeated the presence such proteins.

Another reason for the presence of various prstether than mrps might indicate the
possibility of their functional interaction with toribosome. In this connection, it should be
noted that our mass spectrometric analysis idedtifdh2, an NAD-dependent isocitrate
dehydrogenase, and we were able to detect its |bogesignificant association with
mitoribosomes in sucrose gradient centrifugatioatgdnot shown). The NABdependent
isocitrate dehydrogenase may bind to mRNA and etguihe translation in mitochondria
[36]. Further analysis of the genes identifiecur work might, therefore, reveal some new
features of translation of genetic information iiaohondria.

As summarized in Table 2, proteins homologousdatdyial ribosomal proteins have
been found in both yeast and mammalian mitoribosprakhough the degree of homology
varies from one protein to another. The degree iffErdnces between the yeast and
mammalian mitoribosome is correlated with thathef differences in ribosomal RNA. Yeast
MrpS8 protein, for example, has a weak but sigarftcdegree of similarity t&. coli S8
protein, and yeast 15S rRNA contains a hairpincsting, although much smaller in size, that
corresponds to thE. coli S8 binding region. However, no protein correspngdo S8 was
found in mammalian mitoribosome and mammalian IRISA has no such hairpin structure

(Cannone et al., http://www.rna.icmb.utexas.eddf).the other hand, a protein homologous
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to E. coli L24 was found in mammalian mitoribosome but sat&homologue has not been
identified in yeast. It might be that the L24 hoogue of yeast mitoribosome has so much
deviated from bacterial L24 and is no longer disit®e. Alternatively, the L24 homologue
might have become dispensable in protein syntltksing the course of evolution as in the
case of aik. coli mutant [27].

In both yeast and mammals, about a half of thesrarp unique to mitoribosome and
only a small fraction of them are reasonably corestrThis is in a sharp contrast to the mrps
similar to bacterial ribosomal proteins. The mib@some-specific proteins may have
functions other than being involved in the translain mitochondria. Otherwise, the various
observed effects caused by the disruption of thp ganes to the cellular growth under
fermentable conditions cannot be explained.

To elucidate further the structure and functidatrenship as well as the evolution of
ribosomes, it will be interesting and important iteentify the molecular components of
mitoribosomes in various organisms and investigagdifferences among them. Perhaps,
more clues with respect to parallel evolution @ gtructure and function of mitochondria as

well as some related functions that are specifiadiovidual organisms will be obtained.
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L egendsto Figures:

Fig. 1. The structure of plasmid pSHLeu. Unique restriction sites within the multi-cloning
site are underlined. The target sequences for thiroend enterokinase cleavage, as well as

His-tag and S-tag sequences are indicated.

Fig. 2. Subunit localization of newly identified mrps. Mitoribosomes with indicated S-

tagged mrps were purified from yeast cells and siltbwere separated by sucrose density
gradient centrifugation. Proteins in each fractiwware acetone-precipitated, separated by
SDS-PAGE and analyzed by Western blottidga typical profile of sucrose density gradient
centrifugation. The 30S and 50S subunit peaks la@dractions analyzed in B are indicated.

B, Western blot analysis of the respective mrps.

Fig. 3. Alignment of newly identified mrps in S. cerevisiae with related proteins from
various organisms. Multiple alignment was performed with homologoustpins from
Schizosaccharomyces pombe, Synechococcus sp. PCC 6301Bacillus subtilis, Escherichia
coli, Homo sapiens, Drosophila melanogaster, Reclinomonas americana, Borrelia
burgdorferi, Thermotoga maritima, Caenorhabditis elegans, Synechocystis sp., and
Saphylococcus aureus by using CLUSTAL X [37]. For comparison, bacteri#bosomal
proteins of L9 family were shown below the sequealagnment of Ynr022c (MrpL50) with
its homologue. Boxes show degrees of sequence rvatis|e with asterisks indicating the

residues identical in all sequences.

Fig. 4. Growth of disruptants of newly identified mrps and of cells with tagged MRPSS8.

A, Strains with disrupted geneglmrps8 (dymrl158w), Amrpsl6 (4ypl013c), Amrps35
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(4ygr165w), Amrpll (4ydr116c), Amrpl50(4ynr022c) and Amrpl51 (dypr100w) were
streaked on YPD and YPGE plates and incubated 8€3B, Strains with S-taggeMRPS3
(Amrps8/pSHLeu-MRPS8) and with HSV-taggedMRPS8 (4mrps8::MRPS3-HSV) were
streaked on YPGE plates and incubated at eithélC36r 37°C. C, Disruptant ofMRPL1
(4Amrpll) and its plasmid carrieidfnrpl/pSH_eu-MRPL1) were streaked on YPGE plates
and incubated at either 28 or 30°C. Strains harboringimrps8 andAmrpsl6 deletions are
o-type haploid derivatives of BY4743. Strains wihnrps35, Amrpll anddmrpl51 deletions
are derived from BY4741, and those wilmrpl50 and the HSV-taggedMRPS3 from
RAY3A-a. RAY3A-a and a haploid derivative with wild type mrps igeth from BY4743

(WT) were included as controls.
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Table 1. Conservation of newly identified mrpsin other organisms. Protein sequence similarity was
searched by BLAST against the non-redundant dagadadCBI.n indicates that no protein with significant
similarity was identified. a), percent identitytime aligned region. b), probably belongs to theesprotein
family but the similarity was below the level of BET detection. c), BLAST search failed to find the
correspondingE. coli ribosomal protein but found those of other baatetiL19 ribosomal protein from
Borrelia burgdorferi. ** L22 ribosomal protein fronThermotoga maritima.

FE. coli S. pombe D. melanogaster C. elegans Homo sapiens
Identity score accession Identity score accession Identity score accession Identity score accession Identity score accession
(%) = number (%) = number (%) = number (%) » number (%) = number
Ymrl58w 22 42 AAC76331.1 40 294 CAA19274.1 n n n
Ypl013c 39 59 AACT5658.1 51 227 CAA17806.1 36 128 AAF58284.1 35 97 AAA81099.2 39 61 NP_057149.1
Ymrl88c 35 34 AAC76336.1 36 108 CAB52616.1 - - AAF47177b - - AAB53829> 35 37 NP_057053.1
Ygr165w n 24 147 CAA18433.1 n n n
Ydrll6e 24 62 AAC76958.1 29 221 CAB90309.1 27 32 AAF54214.1 24 32 T32555 24 37 AAH14356.1
Imgl (290¢ (37 ¢ NP_212833.1* 28 124 CAB52265.1 - - NP_524284 n - - NP_055578b
b
Ynl177c  (28)¢ (40)c NP_229295** 28 164 CAA20776.1 - - NP_523379 - - CAA21022.1> 25 33 NP_054899.1
b
Ypr100w n 47 317 CAB52039.1 33 149 AAF47047.1 28 133 CAB02765.1 25 42 NP_115488.1
Img2 n 35 130 CAA93160.1 34 36 AAF48212.1 - - CAA99906> 36 46 NP_004918.1
Ynr022c n n n n n

-28 -



Table 2. Summary of yeast mrp genes. Genes newly identified or confirmed in this work indicated in bold
and those identified in this work by mass specttoimanalysis of the S-tag-complex are underlir@ds in
italics are those predicted to be yeast mrps frequence similarity to bacterial ribosomal proteins.
Homologous ribosomal proteins Bécherichia coli (E. ¢.) and human mrps are listed. a). Protein names are
taken from refs 16 and 17. b). “ypg-", “slow”, “=lhd “?” indicate, respectively, that the disruptaat unable
to grow, grew slowly, showed no obvious growth déefn glycerol medium, or not examined. SGD indisat
that the data were taken from the “Saccharomyce®m@e Database”. c). References not shown in Tlole |
ref. 13 or Table 1 of ref. 24 are listed.
E.c

M(kD

ORF Gene Humarf ) pl  Disruptant Referencé
(small subunit)
S1
YHLOO4w MRP4 S2 MRP-S2 44.2 8.86 ypg-
S3
YNL137c  NAM9 s4 56.4 9.81 ypg-
YBR251w  MRPS5 S5  MRP-S5 34.9 9.72 ypg-
YKLOO3c MRP17 S6 MRP-S6 15.0 9.99 ypg-
YJR113c RSM7 S7 MRP-S7 27.8 9.90 2
YMR158W MRPS8 S8 17.5 ypg- This work
YBR146w MRPS9 S9  MRP-S9 32.0 10.39 ypg-
YDR0O41w RSV10 S10 MRP-S10 23.4 9.41 lethal
YNL306w  MRPSI18 S11 MRP-S11 24.6 10.05 lethal
YNRO36¢ S12 MRP-S12 16.9 11.23 ypg- [38]
YNLO81c S13 16.1 10.59 slow
YPR166¢C MRP2 S14 MRP-S14 13.6 11.13 ypg-
YDR337w MRPS28 S15 MRP-S15 33.1 10.08 ypg-
YPLO13c :\SARPS]' S16 MRP-S16 13.7 10.55 ypg- This work
YMR188c MRPSL7 S17 MRP-S17 27.6 9.76 ypg- This work, [28]
YERO50c  RSM18 S18 MRP-S18(1-3)23.5 10.63 ypg-
YNRO37c  RSM19 S19 10.3 10.68 ypg-
S20
YBLO9Ow  MRP21 S21 MRP-S21 20.4 10.68 ypg-
YKL155c  RSM22 72.2 957 ypg-(SGD)
YGL129c  RSM23 (“Q)F;F;'Szg 55.6 9.91 ypg-
Q0140 VARL 47.2 10.01 ypg-
YHRO75c¢c PPE1(MRPS2) 449 6.83 n
YGR165w MRPS35 39.6 10.01 ypg- This work, [28]
YPL118w MRP51 39.5 10.11 ypg-
YGR084c MRP13 39.0 958 n
YDR175¢c RSM24 MRP-S28 37.4 9.35 ypg-
YDR347w MRP1 36.7 9.23 ypg-
YOR158w PET123 36.0 9.97 ypg-
YILO93c  RSM25 MRP-S23 30.5 6.01 ypg-(SGD)
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YJR101w
YFR0O49w
YGR215w

RSM26
YMR31
RSM27

YDLO45w-A MRP10
(large subunit)

YDR116c
YELO50c
YGR220c
YMLO25¢
YDR237w
YHR147c
YGLO68w

YDL202w
YNL185c
YOR150w
YKL170w
YNL284c
YBLO38w
YJLO63c

YCRO046¢

YJLO96w
YNL177c
YDR405w

YNLOO5c
YMR193w

YMR286w
YBR122c
YCROO3w
YMLOO09c
YDR115w

YPL183W-A
YMRO024w
YDR322w
YLR439w
YPL173w
YNL252¢

MRPL 1
RML2
MRPL9
YmL6
MRPL7
MRPL6

MRPL11
MRPL19
MRPL23
MRPL38
MRPL10
MRPL16
MRPLS

IMG1

MRPLA49
MRPL 22
MRP20

MRP7
MRPL24

MRPL33
MRPL36

MRPL32

MRPL39

MRPL3
MRPL35
MRPL4
MRPL40
MRPL17

L1
L2
L3
L4
L5
L6

MRP-S36

MRP-L1
MRP-L2
MRP-L3
MRP-L4

L7/12 MRP-L7

L9

L10
L11
L13
L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25
L27
L28
L29
L30

L31

L32
L33
L34
L35
L36

MRP-L9

MRP-L10
MRP-L11
MRP-L13
MRP-L14
MRP-L15
MRP-L16
MRP-L17
MRP-L18
MRP-L19
MRP-L20
MRP-L21
MRP-L22
MRP-L23
MRP-L24

MRP-L27
MRP-L28

MRP-L30

MRP-L32
MRP-L33
MRP-L34
MRP-L35
MRP-L36
MRP-L44
MRP-L38
MRP-L47

MRP-L46
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30.2
13.7

12.4

10.7

31.0
43.8
29.8
32.0
33.1
23.9
20.7

28.5
16.7
18.5
14.9
36.4
26.5
27.0

19.4

25.4
35.0
30.6

43.3
30.1

9.5

22.2
21.5
8.0
12.1

10.7
44.0
42.8
37.0
33.8
32.2

8.99
9.69
10.38
10.05

10.13
10.89
10.33
9.75
9.84
10.06
9.38

9.86
10.05
10.27
10.02
10.52
10.47

9.96

10.51

10.74
10.13
9.58

9.96
10.29

10.36
9.73
10.01
10.91
12.53

11.33
9.58
9.64
7.51
9.62
9.19

YPg-
n
?

YPg-

slow

YPY-

Ypg-
lethal
?

ypg-
lethal

YPg-
?

YPg-
?
?
YPg-
YPg-

YPg-

YPg-
YPg-
YPg-

YPG-
YPg-

YPG-
?

YPg-

[39]

This work
[40]

[14]

[41]

[42]

This work, [29]

[43]
This work, [28, 32]

(28]

(10]

[43]



YKRO06¢
YLR312w-A
YKRO085c
YGRO76¢C
YDR462w
YBR282w
YCRO71C
YNRO22C
YPR100w
YKL167c
YKL138c
YBR268w
YMR225¢

MRPL13
MRPL15
MRPL20
YMR26(MRPL25)

MRPL28
MRPL27

IMG2
MRPL 50
MRPL51
MRP49
MRPL31
MRPL37
YMRA4(MRPL44)

MRP-L41
MRP-L49

MRP-L43

MRP-L54

31.5 9.47 slow

28.2 948 ?

224 10.31 ypg-
18.6 10.19 ypg-

174 10.64 72

16.5 10.27 ypg-
16.4 10.02 ypg-

16.3 8.90 n

16.1 10.62 ypg-

16.0 9.53 cs

15.5 10.84 ypg-
12.0 10.00 ypg-

115 972 7

This work, [30]
This work
This work

(14]
(28]
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H. sapiens IRFDLCLTEQQMKEAQKWNQPWLEFDMMREYDTSK------- IEAAIWKEIEASKRS---

D. melanogaster N-IDEYLKDKHRLSAAKVQKPWEKYDMMKDYRSSIPEEEQTEIFAEVHTELHALELQRKR

R. americana - - - - - - -

B. burgdorferi -

E. coli -

S. cerevisiae -

S. pombe =

H. sapiens = = --------------

D. melanogaster NKRKRTFIKPKQLA

R. americana  --------------

B. burgdorferi -

E. coli -
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E. coli
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