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Figure 14: Ribosomal proteinsare present in a detergent-resistant fraction in a salt-
sensitive fashion. (A) Left panel: Mitochondria isolated from wild-type cells were Triton
X-100 solubilized under low- and high-salt conditions. The solubilized material was
subjected to low-speed centrifugation to result in a low-speed pellet (LP) and a
supernatant (LS).The fractions were subjected to SDS-PAGE followed &teifve
blotting. (B) In a separate experiment the low- salt pellet (resuspeméieghisalt and
detergent containing buffer) and the low-salt supernatant (equilibiratedhigitbsalt and
detergent) were further analyzed by sucrose sedimentation analysis on 1i5&0% |
sucrose gradient. Fractions were collected, harvested and analyzed BASES

followed by immunoblotting with ribosomal antibodies. (C) Wild-type mitochondria
were solubilized in Triton X-114 at 3Z under low-salt and high-salt conditions. Low-
speed centrifugation from the solubilized supernatant resulted in a detergen{[pbag

and an aqueous phase (Aq). The fractions were analyzed by SDS-PAGE followed by
Western blotting with indicated antibodies. (D) Wild type mitochondria (&f)Qvere
solubilized in low-salt Triton X-100 containing buffer and divided into two equal halves
and then subjected to the low speed centrifugation to result in low-speed péllabh@_P
low-speed supernatant (LS). The LP from first half was solubilized by SDflsa

buffer. The LP from other half was further resuspended in Triton X-114 containirey buff
(low salt) at 37C and then subjected to low-speed centrifugation to result in a detergent
phase (Det) and aqueous phase (Aq). The LS, Det and Aq fractions were TCA
precipitated and analyzed on SDS-PAGE along with the LP. Western blot anelysi
indicated antibodies was performed.
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To investigate if the ribosomal proteins present in the low-salt pellet wer
associated with any hydrophobic membrane proteins, the “detergent resmtaspded
pellet from the low-salt Triton X-100 extraction was independently treatédtet
detergent Triton X-114 at 8€. The non-ionic detergent Triton X-114, when warmed
undergoes phase-partition into a detergent phase, containing extracted hydrophobic
proteins and an aqueous phase, containing extracted hydrophilic proteins. These two
phases can be separated from each other by centrifugation at room terapanatwan
be separately analyzed. The low-speed pellet thus obtained after Triton X-100
solubilization was treated with Triton X-114 either under low-salt (40mM) or$adih
(160mM) conditions, warmed to 327 and then centrifuged to obtain a detergent and an
aqueous phase. Both detergent and aqueous fractions were subsequently analyzed on
SDS-PAGE followed by Western blotting and immunedecoration with ribosomafispec
antibodies. Under low-salt conditions, the ribosomal proteins, Mrp20 and MrpL40
proteins were recovered in the detergent fraction, whereas ribosomal proteassuc
Mrp49 was largely released into the aqueous phase indicating a different bef#veor
ribosomal proteins (Figure 14C). The retention of Mrp20 and MrpL40 protein in the
detergent phase under low-salt conditions suggests that these proteins may be in
association with the hydrophobic integral membrane proteins and thus are recovered in
this fraction. In the presence of high-salt, all of the ribosomal proteins angecin the
agueous phase. The release of these proteins from the detergent phase undesalite high
conditions suggests that hydrophilic based protein-protein interactions with arembr
protein(s) may have been responsible for their observed retention in the detergent phas

under low-salt conditions.
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Next, a pilot study was initiated to identify the proteins that could be responsible
for retention of ribosomal proteins in the detergent phase under low-salt conditions. For
this purpose, the Triton X-114 detergent phase fraction (as described above) was
analyzed by SDS-PAGE followed by silver staining (Figure 14D). In allpar
experiment, this low-salt detergent phase fraction was subjected to peag®metry
analysis to identify the proteins that comprise the detergent phase. Oapgoifitally
was to identify membrane proteins that may be responsible for ensuringoretamti
ribosomal proteins with this low-speed detergent phase fraction. Due to thauanger
of proteins present in the detergent fraction, there were multiple proteini$iedicloy
mass-spectrometry data. Many of these proteins belonged to the abundant complexe
mitochondria such as pyruvate dehyrogenase (PDH) complex angfp&FP synthase
complex, that are composed of multiple subunits. The presence of the matizebbcal
PDH complex proteins in the detergent phase fraction could be an artifactebetthes
abundant nature of this protein complex. Although, the ATP synthase complex is
membrane localized, the presence of the subunits of the ATP synthase complex in this
detergent fraction was thought to be an artifact since Western blot anatisis
subunit of this complex was not observed in the detergent fraction (data not shown). In
addition to these large soluble complexes, the mass-spectrometry aalslyssvealed
the presence of membrane proteins such as Phbl and Phb2 (component of multimeric
Prohibitin complex) and interestingly, the large ribosomal protein, MrpL35. These a
preliminary results and further studies should be done to validate and further
characterized this data. The ribosomal proteins such as Mrp20 and MrpL40 that were

previously shown to be recovered in the detergent phase through immunological
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detection were not identified in mass-spectrometry approach, demonstinatiag
exhaustive analysis has not been completed. Some of the proteins indicated through this
mass-spectrometry analysis to be present in the detergent fractionearanliSable 7.

In summary, results shown here demonstrate that a large fraction of ribosoma
proteins are not solubilized by Triton X-100 under low-salt conditions and are recovered
in the “detergent resistant” low-speed pellet fraction. Further anali/#iss low-speed
pellet with Triton X-114 demonstrated that some ribosomal proteins such as Mrp20 and
MrpL40 are associated with hydrophobic membrane proteins and thus retained in
detergent phase in a salt-sensitive fashion. Mass spectrometry anatkisi$osf-speed
detergent phase fraction obtained after Triton X-114 revealed proteins such as Phb1,
Phb2 and MrpL35 that will be of particular interest to study in future to explore their

possible role in the retention of ribosomal proteins in the detergent phase.
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Table 7 Mass spectrometry analysis of the deter gent phase obtained after Triton X-

XES

e

114 treatment
Candidate Peptide % coverage Component of the comple
proteins count
PDB1 10 29 E1 beta subunit of Pyruval
dehydrogenase
LAT1 9 22 E2 subunit of Pyruvate
dehydrogenase
ATP1 5 11 ATP Synthase
PDAl 14 Pyruvate dehydrogenase
POR1 6 26 Mitochondrial porin
ATP2 7 18 ATP Synthase
PHB1 4 18 Prohibitin complex
PET9 3 10 ADP/ATP Carrier
PHB2 2 9 Prohibitin complex
MIR1 3 11 Mitochondrial phosphate
carrier
QCR2 2 7 Cytochromereductase
MRPL35 2 6.5 Mitochondrial large
ribosomal subunit
MGM101 2 7.8 Mitochondrial genome
maintenance
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Chapter 4 Discussion

Introduction

A large number of ribosomal proteins in the mitoribosomes have acquired C-terminal
extension sequences termed mitospecific regions with an unknown function. One of the
possible roles of the mitospecific region is thought to be the stabilization of riabsom
proteins and to support ribosomal assembly process. The primary objective of the prese
study was to understand the functional importance of the mitospecific region of a
ribosomal protein, Mrp20 for the assembly of mitoribosomes in yeast mitochondria.
Mrp20 is a nuclearly encoded protein located at the exit site of the large ridbosoma

subunit of mitoribosomes.

Using a truncated derivative of the Mrp20 protein, Mzp20it was found that
the mitospecific region of Mrp20 is important for the assembly of mitoribosdroether
analysis of thenrp20AC mutant revealed the presence of a subcomplex of ribosomal
proteins being accumulated in the mutant and that the subcomplex was deficient in
proceeding to the 54S patrticle. Using the novel ribosomal assembly nmrtp2@AC,

the location of early ribosomal assembly events was analyzed.

The mitoribosomes are tightly associated with the inner membrane, howtteer, li

is known about the factors responsible for this association. One aspect of this study wa
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focused to identify the proteins/factors responsible for the tight assométitiosomes

with the inner membrane.

4.1 Proteins at the exit site of mitoribosomes are important for
ribosomal assembly and its function

The mitospecific region of Mrp20 is required for ribosomal assembly
and OXPHOS function

The present study investigates the role of the mitospecific region of the Mrp2Dh pnot
the assembly and function of mitoribosomes. Mitoribosomes have significanthtetevi
from their bacterial ancestors in terms of the protein composition and the furiBxish (
& Grivell, 1978; Yanget al, 1985). The additional presence of extra N- or C-terminal
sequences in many ribosomal proteins is one of the features that mitoriboseees ha
adapted during their evolution from bacteria (O'Brien, 2002). Notably, the unique
mitospecific sequences of ribosomal proteins are mostly conserved amangl#tizes
suggesting these sequences play an important and diverse role in the function of the
mitoribosomes. Whether the mitospecific regions are important for the Inoisome-
specific functions such as co-translational synthesis of mitochondrialbdedgroteins;
compensation for the loss of rRNA, stabilization of the ribosomal proteins; or ribsom

assembly is largely unknown.

Mrp20 is a component of the large ribosomal subunit located at the exit site of

the polypeptide tunnel. Sequence analysis of Mrp20 indicates the presence of a C-
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terminal mitospecific region (of approximately 100 aa in length) in addition to the
conserved bacterial L23 domain. It is demonstrated here that truncation of the
mitospecific region of the yeast Mrp20 protein is deleterious for the asgefrthe large

(54S) ribosomal subunit in yeast. Specifically, yeast mutants harboringran@ylly

truncated Mrp20 proteinrfp20AC mutant) are respiratory inactive. This respiratory
deficiency of thenrp20AC mutant is due to the failure to synthesize key subunits of the
mitochondrial OXPHOS enzymes that are encoded by the mitochondrial genome, caused

by the inability of their mitochondria to assemble translationally adtdasomes.

Similarly, our previous studies (Jtal, 2009) have indicated that the
mitospecific region of MrpL40, another component of the large ribosomal subunit is
involved in the assembly of large ribosomal subunit. MrpL40, like Mrp20 is located at
the exit site of the mitoribosomes and can cross-link with the inner membragi@ prot
Oxal. In contrast to Mrp20 and MrpL40, the functional relevance of the mitospecific

regions of MrpL4 and MrpL22 (also located at the exit site) remains unknown.

Collectively, these results indicate that the mitospecific regions of th@vand
MrpL40 proteins are important for the ribosomal assembly. Based upon the location of
both these proteins at the exit site, it is tempting to speculate that mitiesgeegon of
Mrp20 and MrpL40 and may be other proteins at the ribosomal exit site function together

for the assembly of mitoribosomes or mitoribosome-specific functions.

Mrp20 and MrpL40 are physically and functionally related
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It is reported here that Mrp20 and MrpL40 proteins exist in close vicinity to eaah othe
and are interdependent on each other for stability. An independent study also later
reported the ability of Mrp20 to be cross-linked with MrpL40 in yeast mitochondria and
thus further substantiated our previously published results that are presented here
(Gruschkeet al, 2010). In this study, it was shown that Mrp20 can chemically cross-link
with MrpL40 in intact wild-type mitochondria indicating their close proxinmtyhe
assembled ribosome (JBgal, 2009). The purified Mrp20 protein was shown here to
directly interact with the recombinant mitospecific region of the MrpL4Ceprot
suggesting these two proteins are physical neighbors in the assembled eilbosom
Furthermore, the truncation in Mrp20 leads to instability in both Mrp20 and MrpL40.
Likewise, modulation of the mitospecific region of MrpL40 was shown to spedyfical
cause a reduction in the steady state levels of Mrp20. From these, iesalishe
concluded that truncation in the mitospecific region of either protein (Mrp20 or4@jpL
disturbs their physical interaction and subsequently affects the stabitiottothe

proteins.

What could be the significance of the interaction of Mrp20 and MrpL40 for the
mitoribosomes? From the work presented here, it can be speculated that Mrp20 in
association with the MrpL40 protein may function to secure the assembly and/ity ac
of the mitoribosomes to specific locations of the inner membrane, where the s/nthesi

and coupled insertion of mitochondrially-encoded proteins could occur.
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4.2 Ribosomal assembly subcomplexes

Little is known about the events that bring together ribosomal proteins and rRNA to form
stable large (54S) and small (37S) ribosomal subunits of the mitoribosomes. One of the
large ribosomal subunit components, MrpL32, has been identified to be assembled at the
later stage of the assembly process of 54S particle in yeast mitoniessThe

processing of MrpL32 protein by inner membrane proteases, YtalO/Ytal2 iedefquir

the assembly of 54S particle (Noldetral, 2005). Thus, an accumulation of pre-54S

particle has been reported in thygal0OAytal2 mutant and that the pre-54S patrticle is
thought to contain all the large ribosomal proteins except a membrane tetherechabos
protein, MrpL32. The presence of other ribosomal precursor particles or subcesiplex

the assembly process of the mitoribosomes has not been previously described. On the
contrary, in the bacterial or eukaryotic cytosolic ribosomes assemblygatawumber

of assembly intermediates which accumulate in the absence of assertly liave

been characterized. The composition of such assembly intermediates baweeals

identified by advanced proteomic studies (Jieing, 2006; Merlet al, 2010; Talkington

et al, 2005). However, the presence of such assembly intermediates (other than pre-54S)

or subcomplexes and their composition is not known in mitoribosomes.

The availability of thenrp20AC mutant (from this study) that is defective in the
assembly of mitoribosomes has provided a novel tool to gain new insights into some
early events in the ribosome assembly processnfp20AC mutant is quite unique
from the previously reported mitoribosome assembly mutants. Despite digplayin

strongly reduced mitochondrial protein synthesis capacity, unlike many dibsomal
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mutantsmrp20AC mitochondria retained theiy” status and the levels of ribosomal
proteins analyzed, with the exception of Mrp20 and MrpL40, were similar (or even
slightly elevated), to those of the wild typ&mitochondria. Yeast mutants defective in
mitochondrial protein synthesis have been reported to lose their mt DNA with high
frequency, i.e. change fropi to p7p° status (Myerst al, 1985) and the non-assembled
ribosomal proteins are present at strongly reduced levels, most likely thesrt
proteolytic instability in the absence of their assembly. The normal leviie of
ribosomal proteins in therp20AC mitochondria suggested that at least these proteins
had proceeded far enough in their assembly pathway to ensure their proteabyfity st
and in contrast tp® mitochondria, where the ribosomal proteins are proteolytically
unstable. Thus, the availability of th&p20AC mutant with its stable levels of ribosomal
proteins was really exciting as this assembly mutant was blocked acaiptigeam of
the known ribosomal assembly mutakytalO/Aytal2 (containing pre-54S particle) and
downstream from thg?, (deficient in ribosomal assembly due to absence of rRNA and
contain reduced levels of ribosomal proteins). fiinp20AC mutant thus represented a

useful tool to study the early events in the ribosomal assembly pathway.

Here, the identification of a novel subcomplex of ribosomal proteins that accamulat
in the absence of the mitospecific region of the Mrp20 protein is reported. Using His-
tagged Mrp2@C protein, the Mrp28C subcomplex was purified and its protein
composition was determined. Additionally, the accumulation of another protein

subcomplex in therp20AC mutant, the MrpL35 subcomplex, is also presented.



106

Mrp20AC subcomplex

In the absence of complete assembly of the 54S patrticley f2AC mutant

accumulates a ribosomal assembly subcomplex, containing the MZg#0tein and a
number of other ribosomal proteins. These proteins were identified to be largenébos
proteins, MrpL40, MrpL4, MrpL25 and MrpL27. Proteins of the small ribosomal subunit
were notably absent from this complex. A number of these proteins were previously
identified in chemical cross-linking approaches used to identify proteinsdacatiee
proximity of the tunnel exit of mitochondrial ribosomes ial, 2003; Jiaet al, 2009;
Gruschkeet al, 2010). Using ribosomal proteins in the yeast mitoribosomes such as
Mrp20 and MrpL40 that show homology to the conserved bacterial ribosomal proteins
(L23 and L24, respectively) located at the exit site of bacterial ribosdinesg, chemical
cross-linking approaches identified a network of ribosomal proteins including Mrp20,
MrpL4, MrpL40, Mrp27, MrpL22, MrpL13 and MrpL3. In the present study, the
ribosomal subcomplex in therp20AC mutant contains a number of these exit site
proteins, namely Mrp20, MrpL4, MrpL40 and MrpL27, thus supporting the proposal that
this subcomplex represents a true assembly intermediate enriched in pludims &
common location within the ribosome, i.e. the exit site of the ribosomal exit tunnel. In
addition, a novel ribosomal protein, MrpL25 was found to be a component of the
Mrp20AC subcomplex. This protein had not been previously identified as a neighbor of
Mrp20 and these other exit site proteins. MrpL25 represents one of the mitoribosome-
specific proteins, which are not conserved from the bacterial ribosomes and indeed,

blastp search would indicate this protein to be exclusively found in fungal mitochondria
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(Smitset al, 2007). Its presence is required to support aerobic growth indicating its
function must be specialized to the fungal mitoribosomes. From the demonstrated
association of MrpL25 with the MrpA@ subcomplex in this study, it can be speculated
that the MrpL25 protein may also be located at or near the exit site of fipepide

tunnel.

It is important to note that the Mrp®G subcomplex is limited in composition, as
other large ribosomal subunit proteins, such as MrpL36 and Mrp7 were not found in this
subcomplex. The MrpL36 and Mrp7 proteins represent homologs of the bacterial large
ribosomal subunit proteins, L31 and L27 respectively, both of which are located at the
interface of the large and small ribosomal subunits, i.e. distant from thetexit e
polypeptide tunnel of the large ribosomal subunit (Haenas, 2001). The absence of
MrpL36 and Mrp7 from the Mrp20C subcomplex, which contains proteins comprising
the exit site of the polypeptide tunnel, may be indicative that different regidhs lairge
subunit may independently assemble into distinct subcomplexes, prior to their iomficat

into a complete 54S particle.

From the present study, it may be concluded that proteins known to be located at or
near the exit site of the ribosome nascent chain tunnel initially co-asstnblm a
subcomplex. This subcomplex is thought to secure stability to the ribosomal pnoteins i
the absence of their further assembly into stable 54S ribosomal particlexabhe
function of the mitoribosome-specific proteins such as MrpL25 and MrpL27 is not

known but it is plausible that these proteins may ensure the tight associatimrsofnes
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with the inner membrane or can interact with assembly factors required famlos

assembly.

Finally, an intact mitospecific region of Mrp20 is not required for the foonaif the
Mrp20AC-subcomplex. From the results presented here, it can be proposed that the
presence of the mitospecific region of the Mrp20 protein may be criticdidor t
interaction of this Mrp20-subcomplex with either an assembly factor, and/orpeitifis
component(s) of another ribosome assembly intermediate required to ensure ttemext

in the 54S assembly.

MrpL35 subcomplex

Themrp20AC mutant was defective in the assembly of the 54S large ribosomal subunit
and further analysis of the mutant using His-tagged M&g@2protein revealed the

presence of a Mrp2@ subcomplex. Interestingly, a second subcomplex, termed here as
MrpL35 subcomplex, which accumulated in thgp20AC, was also identified in this

study. This subcomplex was shown to be composed of the large ribosomal proteins,
MrpL35, MrpL4, Mrp7, MrpL36 and possibly, MrpL7 and MrpL17. The preliminary
studies also suggested a non-ribosomal protein, Mam33 to be associated with this

MrpL35- containing subcomplex.

The MrpL35 protein is a constituent of the large ribosomal subunit and essential
for mitochondrial translation. BLASTp analysis indicates that MrpL35 is iimétodrial-
specific protein conserved from fungi to mammals (where it is known as MRHiLE8

does not share any homology with the known bacterial ribosomal proteins €Gahjts
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2007). Furthermore, both the fungal and mammalian homolog of MrpL35 contains a
putative C-terminal phosphatidyethanolamine binding protein (PEBP) domain. The
functional relevance of the PEBP domain of MrpL35 for the mitoribosomes is not known
but it will be interesting to analyze if the PEBP domain of MrpL35 is requireithéor
association of mitoribosomes with the mitochondrial inner membrane that ia rich i

phosphatidyethanolamine (PE).

The finding that MrpL36 and Mrp7, large ribosomal proteins (not component of
the Mrp2\C subcomplex) were specifically associated with the MrpL35 further supports
the previously proposed hypothesis that different regions of ribosomal proteins may
assemble independently. However, the ability of MrpL4 protein, (a componentefithe
site) to associate with MrpAC as well as MrpL35 subcomplex was intriguing and raises
the possibility that in the final assembled ribosomes M&g2and MrpL35 subcomplex
are in vicinity to each other and MrpL4 may be present at the interface behgseriwo
subcomplexes. Finally, future studies should be done to validate the association of
ribosomal proteins such as MrpL7, MrpL17 and non-ribosomal protein, Mam33 with the

MrpL35 subcomplex.

Prx1 association with ribosomal subcomplexes

Using His-tagged Mrp2€C, the association of a mitochondrial peroxiredoxin protein,
Prx1, with the Mrp2@C subcomplex was observed. The reciprocal affinity purification
of Prx1y;s from themrp20AC mitochondria indicated Prx1 to be in association with not

only the Mrp2@C subcomplex, but also the MrpL35 subcomplex, a second subcomplex
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found to accumulated in thnerp20AC mutant. Using milder detergent solubilization
conditions (digitonin and low salt, as opposed to Triton X-100 and high salt used for the
Ni-NTA purifications here) and sucrose gradient centrifugation, no evidenaepors

an association between Prx1 and the assembled 54S particle from wild type mit@chondri
could be obtained. Interestingly, Prxlwas found to be associated with large ribosomal
proteins in the wild type mitochondria. The studies here indicated that over-eaprefssi
Prx1yis disturbs ribosomal assembly. Thus, Rsxéssociation with ribosomal proteins in
wild-type mitochondria may reflect the increased population of ribosomahbise

subcomplexes formed when over-expression of jydisturbed ribosomal assembly.

Peroxiredoxinsire ubiquitous thiol-specific proteins that have multiple functions
for stress protection as antioxidants and molecular chapeandes the regulation of
signal transduction (Greetham & Grant, 2009). Mitochondrial peroxidoxin, Prx1, is
involved in the anti-oxidative stress in response to the reactive oxygen spé&atshirR
decomposing hydrogen peroxide,() and was found to be important in suppressing
mitochondrial DNA mutations caused by oxidative damage. A cytosolic homologue of
Prx1 in yeast, Tsal (Thiol specific antioxidant) has been shown to be assodilated w
cytosolic ribosomes where it is suggested to play both an antioxidant and a chaperone
function to maintain the integrity of the ribosomes by preventing the aggregation of

ribosomal proteins under stress conditions (Tratter, 2008).

To our knowledge, this is the first report showing association of Prx1 with large
ribosomal subunit proteins that are not able to assemble into the 54S ribosomal. particl

On the basis of this current finding, it is reasonable to propose that Prx1 may bednvolve
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in the assembly of ribosomal subcomplexes and that Prx1 acts as a chaperone to prevent
their oxidative damage, prior to assembly, but dissociate following the fisairdly of
mitochondrial ribosome. However, the association of Prx1 with the non-assembled
ribosomal proteins or ribosomal subcomplexes does not appear to be an essential in the
assembly process aprx1 cells are able to grow on glycerol-based media like wild-type
cells suggesting that the assembled and functional ribosomes can be formed in the

absence of Prx1 protein.

4.3 Inner membrane acts as a platform for the assembly of
mitoribosomes

A large number of reports demonstrate the tight association of the assembled and
functional ribosomes with the inner membrane. But a little is known where the agsembl
events prior to the formation of 54S occur, i.e. in the soluble matrix region or anchored to
the inner membrane. The detergent stable pre-54S ribosomal assemblydisteriftleat
accumulates in thaytalO/Aytal2 mutant) has been depicted to accumulate in the matrix
that is later targeted to the inner membrane to associate with MrpL32 and &table
54S particle (Noldewt al, 2005). However, it was never investigated where the pre-54S
particle actually assembled.

Although mitoribosomes have originated from the bacterial ancestors, the
translation machinery of mitochondria is specialized to synthesize mauhigghobic
integral membrane proteins in contrast to the bacterial ribosome, that gathath

soluble and membrane proteins. In bacteria, the assembly of bacterial ribdakese
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place in the soluble cytosolic region and the assembled ribosomes are targeted to the
membrane with the help of proteins like SRP for the co-translational inserticaspraic
membrane proteins. After the translation of the membrane proteins, the bacterial
ribosomes are possibly cycled back to the cytosol (Dadbaly 2010). However, in
mitoribosomes, the SRP-like protein is not present and the mitoribosomes are thought to
be permanently associated with the membrane thus circumventing the needlidia
population of ribosomes which need targeting to the inner membrane . It is not clear
though, if only assembled ribosomes are tethered to the membrane or if the entire
assembly pathway takes place at the membrane. Using ribosomal asgeasbly

mutants, the location of the early assembly events of mitoribosomes wagjateelsin

this study.

Membrane association of ribosomal proteins in the ribosomal
assembly mutants

In the absence of assembly of the 54S (or stable pre54S) particles, ttehesul
demonstrated that the large ribosomal subunit proteins are still found in assowittti

the mitochondrial inner membrane. Using both differential centrifugation andraeen
floatation assay, the ribosomal proteins were shown to co-fractionate witinére
membrane in the® andmrp204C mitochondria, where ribosome assembly is blocked at
early stages, as well as in thgtalO null mitochondria, where a late stage (stable
pre54S) ribosomal particle has been shown to accumulate (Nailder2005).

Furthermore, the Mrp2QC protein which is anchored to the membrane in the absence of

complete ribosome assembly is present in its subcomplex, because if the mit@thondr
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membranes are purified to remove the mitochondrial soluble proteins prior to detergent
solubilization, the affinity purified Mrp28C;s protein, which had been membrane

bound, was found to be in association with the MrpL25, MrpL27, MrpL4 and MrpL40
proteins (results not shown). A significant portion of the MrpL36 and Mrp7 proteins were
also membrane anchored in thgp204C mitochondria, suggesting that the MrpL35
subcomplex and its ribosomal proteins may also associate with the membrane, but this
remains to be further tested. It could be possible that the PEBP domain of MrpL35 is
important for the association of the proteins of this subcomplex for their associdtion w
the inner membrane. These results indicate that the process of ribosontayasseors

on the surface of the inner membrane.

Accumulating evidence has demonstrated that the assembled mitoribosemes ar
tightly associated with the inner membrane (Spithidl, 1978; van der Kle#t al, 1994)
but if the non-assembled ribosomal proteins or ribosomal assembly interreediate
also associate with the membrane is not currently known. It has also been shiown tha
non-translating ribosomes (but assembled) still have the ability to atesadih Oxal
and Mbal suggesting that the ribosomes may be permanently associated initierthe
membrane (Jiat al, 2003; Ottet al, 2006)

To our knowledge, this is the first report indicating the association of ribosomal
proteins with the inner membrane prior to their assembly into the translatiantite
ribosomes. The finding that not only fully assembledlarge ribosomal subunit but even the
ribosomal subcomplexes or non-assembled ribosomal proteins can associate with the
inner membrane is intriguing as it supports the hypothesis that the inner membrane, the

site of ultimate translational activity, acts as platform for all tisembly events of
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mitoribosomes. Furthermore, the present data also supports the idea that mitosbosome
do not need to recycle back into the matrix, i.e. a soluble population may not exist, but
rather they are permanently tethered to the inner membrane. The s$igtiatien of the
mitoribosomes is important for the co-translational insertion of the integmalomane
proteins. Even the synthesis of a soluble small ribosomal protein, Varl, is also
synthesized at the membrane suggesting that there is no requirement of tkee solubl
matrix-located ribosomes (Fiagi al, 2003). The organization of the assembly events of
the mitoribosomes thus significantly differs from their bacterial countspahere, the
assembly of ribosomes occurs in the soluble cytosol and the assembled ribogomes ar
targeted to the plasma membrane to facilitate the co-translationalanssrthe

membrane proteins.

Based on the results discussed here, it is reasonable to propose that staging the
assembly process of mitoribosomes on the inner membrane will circumvent the need t
target an assembled matrix-localized large ribosomal subunit to the nmemidran
translation is required. It is tempting to speculate that certain inner raeenproteins or
lipids may contribute to form specialized ribosome assembly sites in the iendsrane
to which ribosomal proteins become targeted to following their import into mitochondria
It is possible that recruitment to a specialized location in the inner membraserca as
nucleation sites for the initial assembly of ribosomal subcomplexes, such ag@ M
MrpL4-MrpL40-MrpL25-MrpL27 subcomplex or MrpL35-MrpL36-Mrp7, prior to the
complete 54S complex assembly.

The observation that MrpA@ and MrpL35 subcomplexes were located on the

membrane surface, demonstrates however, that the mitospecific region of Mmp20 is
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required to target the MrpAQC protein and either of its subcomplexes to the surface of
the inner membrane. The association of the Mrp20 protein with the membrane was,
however, partially affected when the C-terminal mitospecific region masdted, as a
fraction the Mrp2@.C protein was recovered in soluble mitochondrial fraction under
conditions when the full-length Mrp20 protein was recovered entirely with the

mitochondrial membrane fraction.

It is therefore concluded from this study that an intact mitospecifiomegfiMrp20
may support, but is not required to target the protein to the inner membrane. The
mitospecific region of Mrp20 is more likely to support the assembly of subcorsplexe
into 548 patrticle by interacting with ribosomal assembly factors. Ifuthee it will also
be important to study if the MrpAC subcomplex can interact with inner membrane
proteins such as Oxal or Mbal that have been shown to interact with Mrp20 and MrpL40
in the assembled 54S patrticle (éial,2003 ; Jieet al,2009; Ottet al, 2006). This will
allow one to understand whether the early ribosomal events at the membrane thexur at

site where insertion takes place or at a different site in the inner membrane.

4.4 Detergent resistant extraction of ribosomal proteins

Yeast mitoribosomes have been shown to be tightly associated with the inrmierame
and released only under high salt and detergent conditions(Qdlainki977). What is
the nature of tight association of mitoribosomes with the inner membrane? A bioahemi

study with ribosomal proteins and their ability to tether with the inner membrane unde
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different salt conditions was recently performed in bovine mitoribosomes (Liu and
Spremulli, 2000). This study reported that under low-salt conditions, 50% of the large
ribosomal subunits were membrane tethered. Interestingly, when the mitochosrdria w
treated with buffers containing high salt and detergent (Triton X-100) to lyse the
membrane, approximately 15% of the ribosomal proteins were recovered ingeuliete
resistant fraction (Liu and Spremulli, 2000) which pelleted under centrifugation
conditions where free solubilized ribosomes would not pellet. Thus, it appears that there
is a large detergent-resistant patch or scaffold of membrane proteingletdipvhich the

ribosomal proteins can associate (Liu and Spremulli, 2000).

Using wild type mitochondria from yeast, a study with a two-fold objecta® w
initiated here. First, experiments were designed to test if yetwibosomes behave in
the same manner as bovine mitoribosomes with respect to the detergent resistamt beha
of the ribosomal proteins and second, embark on a strategy to identify the components of

such detergent-resistant fraction.

In this study, it is demonstrated that ribosomal proteins in yeast mitoribosomes,
like bovine ribosomal proteins, are extracted in a detergent-resistamtipaitcs
pelletable under low speed centrifugation conditions. Notably, the ribosomahprote
under low-speed centrifugation did not pellet independently as all of the ribosomal
proteins were recovered in the solubilized supernatant fraction when the mitochondria
were detergent solubilized under high salt conditions. Furthermore, the ribosomal
proteins that were part of this detergent-resistant low speed pelletouektb represent

fully assembled ribosomes, as evidenced by sucrose sedimentation anhbststeBults
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confirm that this detergent-resistant pellet contain assembled ribos@mtahprand not
aggregated ribosomal proteins. Since the ribosomal proteins could be released from the
detergent resistant pellet by the addition of high-salt, it is proposed thahgaitein
interactions may be responsible for retaining the ribosomes in the detergjetant

platform fraction. It is possible that some large oligomeric membrandrsa@@mplexes

may form special phospholipid rich (such as phosphatidylethanolamine, (PE) or
cardiolipin, (CL) present in the inner membrane) microdomains to which ribosomal

proteins are associated, that are not solubilized by the detergent.

In the second part of this study, the composition of the detergent-resistant pellet
was further investigated to examine if this pellet contains any integral raeenproteins
that may be responsible for recruiting and binding the ribosomal proteins. When the low-
speed detergent resistant pellet (Triton X-100) was further extradtedmton X-114,
partitioning of hydrophobic membrane proteins (to the detergent phase) and hycrophil
soluble proteins (to the aqueous phase) was achieved. Mass-spectrometry ahtigsi
detergent phase fraction revealed membrane proteins such as Prohibitin 1 and 2 (Phbl
and Phb2), the ribosomal protein MrpL35, in addition to the components of the pyruvate
dehydrogenase complex and the ATP synthase complex. The latter arburadgra
complexes and their presence in the mass spectrometry results may be due to

contamination.

The prohibitin (Phbl and Phb2) proteins form a multimeric ring structure (~2
MDa) and are proposed to act as a scaffold for the organization of proteins in the inner

membrane (Tatsugt al, 2005). This multimeric prohibitin complex in the inner
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membrane is also proposed to recruit lipid domains enriched in PE and CL in the inner
membrane (Osmaet al, 2009b). Genetic analysis reveals a functional relationship
between prohibitins and enzymes of phospholipid metabolism (Oaragr2009a) . It is
therefore an attractive possibility that mitoribosomes are assdaiath the multimeric

ring complex of Phb1/Phb2 proteins in the inner membrane that may render the
ribosomal proteins detergent resistant. It is tempting to speculate thaahiseaaf some

of the ribosomal proteins with a detergent resistant patch in the inner memlaraaetm

as a nucleation center for the assembly of ribosomal proteins. Furthermore, the
identification of MrpL35 as a potential candidate in the detergent resistatbn is very
attractive because as previously mentioned MrpL35 is reported to contain a PE binding
protein (PEBP) domain in its C-terminal region. It is therefore possible tt3@

protein may associate with the inner membrane (rich in PE and CL) and the Phb1 and
Phb2 proteins in the inner membrane and is one of the factors responsible for the
tethering of ribosomes to the inner membrane. However, the possibility of other
ribosomal proteins associating with Phb1/Phb2 or the inner membrane cannot be
excluded. Current efforts are underway in our lab to understand the importance of the
PEBP domain of the MrpL35 protein. Moreover, further studies should be done in the
future to identify other membrane proteins or the lipids that are involved in thgetdter
resistant extraction behavior of ribosomal proteins as this may unveil hovibostmmes

are tightly associated with the inner membrane.
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4.5 Proposed model for the assembly of mitochondrial
ribosomes

Based upon findings reported here for niri@20AC mutant, a model for the early

ribosomal assembly events, and the possible role of the mitospecific regiop2d Mr
protein in the assembly process, is proposed. In this model, the inner membrana acts as
platform for the formation of ribosomal subcomplexes in the early asseragbssand is
where the completion of the assembly of large ribosomal assembly (54S).dti=ur
proposed that the ribosomal proteins that constitute different locations in the final
assembled ribosome can initially co-assemble to form independent subconaplirees

inner membrane. For instance, large ribosomal proteins that are locatedxdt stie ef

the ribosomes (such as Mrp20, MrpL40, MrpL22, MrpL4, MrpL25 and MrpL27) begin
their assembly at specific locations in the inner membrane at or closesitetbé

translation and insertion of mitochondrially-encoded proteins. Likewise, pridesied

at the interface of small and large ribosomal subunits (such as MrpL36, Mrp7, MrpL35
and possibly MrpL7 and MrpL17) form a different subcomplex. The components (such
as membrane proteins or assembly factors) of the detergent-reststasiex may guide
where the ribosomal assembly process should initiate at the membrane. Prxiliprotei
proposed to be associated with these subcomplexes during the assembly process to
prevent their aggregation or their oxidative damage. The ribosomal subcomplexeas forme
at the membrane are further stabilized by the rRNA that is thought asadstatnsure

their structural and proteolytic stability. These subcomplexes are propogssotriate

with as yet unidentified assembly factors or membrane proteins that démsure t

progression of the assembly of ribosomes to form a pre-54S ribosomal particle at the
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membrane. The membrane associated MrpL32 protein finally assocididbevire-54S
ribosomal particle to form a stable 54S ribosomal particle at the membrane writier
recruits 37S ribosomal particle to form fully assembled and translationtihg 4¢4S)

ribosomes at the inner membrane.

From the data discussed in this dissertation, it is proposed thatmnpgP@AC
mutant, the ribosomal assembly is stalled at anearly stage tha$ reshi accumulation
of a stable subcomplex of the large ribosomal subunit components. It is likely that the
mitospecific region of the Mrp20 protein could be required for the interaction of Mrp20
containing subcomplex with ribosomal assembly factors or with the membran@agrotei

that are important for staging the progression of ribosomal assembly.
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Figure 15: The assembly pathway of mitribosomes occurs at the membranein the

wild type and mrp20AC mitochondria. Upper panel — In wild type mitochondria,

distinct subcomplexes of ribosomal proteins (stabilized by rRNA) are pdpgode
associated with the inner membrane. Prx1 protein is thought to act as a chapettume fo
non-assembled ribosomal subcomplexes. The assembly of these subcomplexes proceeds
possibly by interacting with soluble/membrane assembly factors. The spleses
consisting of ribosomal proteins at the exit site are proposed to co-asserhbéhert
subcomplexes at a site in the inner membrane where the translation and inseingon of
mitochondrially encoded proteins will occur. The assembly process then carttnue

form pre-54S and 54S ribosomal particle at the inner membrane. Lower panké— In t
mrp20AC mitochondria, two different subcomplexes, MrpZDand MrpL35 subcomplex
have been identified. The ribosomal proteins identified with these subcomplexes are
listed. Prx1 can associate with both the subcomplexes. In the absence of the ifiitospec
region of Mrp20, the assembly process is stalled at the early stagesamtlasl 54S
ribosomal particle are not present. It may be possible that the intact mificsegon is
important to interact with the soluble/membrane assembly factors to cafuyrtbetr
assembly process.
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