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Abstract

Mitochondria, the powerhouse of eukaryotic cells, have their own translation machinery that is solely
responsible for synthesis of 13 mitochondrially-encoded protein subunits of oxidative
phosphorylation complexes. Phosphorylation is a well-known post-translational modification in
regulation of many processes in mammalian mitochondria including oxidative phosphorylation.
However, there is still very limited knowledge on phosphorylation of mitochondrial ribosomal
proteins and their role(s) in ribosome function. In this study, we have identified the mitochondrial
ribosomal proteins that are phosphorylated at serine, threonine or tyrosine residues. Twenty-four
phosphorylated proteins were visualized by phosphorylation-specific techniques including in vitro
radiolabeling, residue specific antibodies for phosphorylated residues, or ProQ phospho dye and
identified by tandem mass spectrometry. Translation assays with isolated ribosomes that were
phosphorylated in vitro by kinases PKA, PKC3, or Abl Tyr showed up to 30% inhibition due to
phosphorylation. Findings from this study should serve as the framework for future studies addressing
the regulation mechanisms of mitochondrial translation machinery by phosphorylation and other
post-translational modifications.
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Introduction

Mitochondria, according to the endosymbiotic theory, originally descended from ancient
bacteria and became very specialized in producing the majority of the cell’s energy in the form
of ATP, commonly referred as “powerhouse of the cell”. They have their own ribosomes to
support oxidative phosphorylation through the synthesis of 13 proteins. These proteins are
encoded by ~16.5 kb circular genome present in this organelle and are crucial components of
the oligomeric complexes of oxidative phosphorylation in the inner membrane. Despite
significant similarity to their bacterial counterparts, the 55S mitochondrial ribosomes differ
mainly in composition and proteins with unknown function. They have a higher protein to
RNA ratio (67% protein and 33% RNA ) compared to those of the bacterial ribosome 1-3. The
small subunit (28S) is composed of a 12S rRNA and 29 proteins, while the large subunit (39S)
consists of a 16S rRNA and 48 proteins 4-6. Within the last decade, all the protein components
of the large and small subunits have been identified using various mass spectrometry-based
proteomics approaches 5-8. However, many questions still remain on the function of many
proteins and the mechanism of translational regulation.
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Post-translational modifications, especially phosphorylation, are commonly known to play
regulatory roles in numerous processes and likely to be involved in the mitochondrial
translation through modification of its protein components. In deed, we have recently shown
that the pro-apoptotic mitochondrial ribosomal protein DAP3 (MRPS29) is phosphorylated at
several residues, which result in decreased cell proliferation and PARP cleavage . Another
study has reported that mitochondrial translation elongation factor mtEF-Tu is phosphorylated,
causing inhibition of protein synthesis in ischemic myocardium 19, Furthermore, components
of the bacterial translational machinery have been found to be regulated by phosphorylation.
The bacterial ribosomal proteins from E. coli and Streptomyces collinus were phosphorylated
by a protein kinase from rabbit skeletal muscle and a protein kinase associated with the
ribosomes, respectively 1114, Our laboratory has conducted analysis of E. coli ribosomal
proteins that produced additional phosphorylated proteins. Many phosphorylated sites were
also mapped using tandem mass spectrometry. These recent studies clearly reveal the
significant role that the phosphorylation plays in protein synthesis 1°.

In this study, we conducted an extensive proteomics analyses to identity the proteins of 55S
mammalian mitochondrial ribosomes that are post-translationally phosphorylated. By using
2D-gel electrophoresis, various phosphorylation-specific visualization methods, and tandem
mass spectrometry, we have identified twenty-four phosphorylated proteins of which seven
were small and seventeen were large subunit proteins. Interestingly, many of the bacterial (E.
coli) homologs of these proteins are also phosphorylated as we reported previously 1°.
Furthermore, the effect of phosphorylation on translation was evaluated using potential
mitochondrial kinases PKA, PKC3, and Abl Tyr kinase in poly-U directed in vitro translation
assays.

Materials and Methods

Preparation of Bovine 55S Mitochondrial Ribosome

Preparation of mitochondrial ribosomes starting from 4 kg of bovine liver was adapted from
previously described methods 16: 17, To preserve protein phosphorylation, phosphatase
inhibitors (2 mM imizadole, 1 mM sodium orthovanadate, 1.15 mM sodium molybdate, 1 mM
sodium fluoride, and 4 mM sodium tartrate dehydrate) were added during the ribosome
purification. Ribosomes separated in sucrose gradients were either pelleted by
ultracentrifugation or concentrated using a Microcon Ultracel YM-10 centrifugal unit
(Millipore Corp.) for further analysis.

NEPHGE Electrophoresis and Phosphoprotein Staining

Approximately 1.8 Aygo units of purified ribosome sample was acetone precipitated and the
pellet was resuspended in lysis buffer consisting of 9.8 M urea, 2% (w/v) NP-40, 2%
ampholytes pl 3-10 and 8-10, and 100 MM DTT. The samples were loaded on NEPHGE (non-
equilibrium pH gradient electrophoresis) tube gels and equilibrated in buffer containing 60
mM Tris-HCI pH 6.8, 2% SDS, 100 mM DTT, and 10% glycerol 18. The second dimension
gels, usually 14%, were transferred to PVDF membranes and probed with the following
primary antibodies: monoclonal anti-phosphoserine at a 1:5000 dilution (Sigma-Aldrich Inc.,
Product # B 7911), monoclonal anti-phosphothreonine at a 1:10000 (Sigma-Aldrich Inc.,
Product # B 7661) or monoclonal anti-phosphotyrosine at a 1:5000 dilution (Sigma-Aldrich
Inc., Product # P 4110). The membranes were developed using the SuperSignal West Femto
Max Sensitivity Substrate (Pierce Biochemicals Inc.) according to the protocol provided by
the manufacturer. For further confirmation of protein phosphorylation, gels were stained with
the ProQ Diamond phosphoprotein dye (Molecular Probes) and visualized by a laser scanner
at an excitation wavelength of 532 nm.
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In vitro Phosphorylation Assays

Mitochondrial ribosomes (1.8 Aygp units) were incubated with 50 uCi [y-32P] ATP and 200
uM cold ATP at 30 °C for 1 hr. The ribosomal proteins were separated by two-dimensional
NEPHGE gels, fixed in 20% methanol/7% acetic acid, and visualized by phosphor-imaging
(Amersham Biosciences Inc.). In vitro phosphorylation reactions were also performed in the
absence or presence of commercial kinases. In this case, 0.4 Aygg units of mitochondrial
ribosomes were incubated with 5 uCi [y-32P] ATP and 200 uM cold ATP, 2500 U of cAMP-
dependent protein kinase (PKA) the catalytic subunit (New England BioLabs, Product #
P6000S), 48 ng of protein kinase C delta (PKC3) (Sigma-Aldrich Inc., Product # P 8538), and
100 U of Abl protein Tyr kinase (New England BioLabs, Product # P6050S) at 30 °C for 1 hr.
The conditions for each phosphorylation assay were adapted from the protocols provided by
the manufacturers. The ribosomal proteins were separated on an SDS-PAGE gel and visualized
by phosphor-imaging (Amersham Biosciences Inc.) or used directly in the poly (U)-directed
in vitro translation reactions.

Protein Identification by Tandem Mass Spectrometry

Phosphorylated proteins separated by two-dimensional gel electrophoresis and determined to
be phosphorylated by one of three phosphorylation-specific visualization techniques were
excised from the gel and in-gel digested by sequencing grade trypsin overnight. The tryptic
peptides were extracted from the gel with 50% acetonitrile, 1% formic acid. The extract volume
was reduced to 20 pL in autosampler inserts for analysis by capillary liquid chromatography
- nanoelectrospray ionization - tandem mass spectrometry (LC-MS/MS), which consisted of a
Finnigan Surveyor Micro AS autosampler, a Finnigan Surveyor MS Pump Plus quaternary
gradient pump, and Finnigan LTQ linear ion trap mass spectrometer from ThermoFinnigan
Electron Corporation. Samples (2-3 uL) were injected at 10 uL/min on to an LC Packings
PepMapTM C18 (0.3x5mm, 5um, 100 A) for on-line desalting and concentration for 3 min.
The trap column was put on-line with the analytical column and peptides were eluted by
ramping from 2% to 40% acetonitrile (in 0.1% formic acid) over 30 or 60 minutes at ~0.3 pL/
min for digests from 2D gel separations, respectively. The analytical column was a PicoFrit
self-pack column with a 15 pum id spray tip packed in-house with 5um wide pore C18 particles
(Supelco Co., Bellefonte, PA) using a pressurized nitrogen. Nano electrospray ionization was
achieved using the source supplied by the instrument manufacturer. VVoltages applied to spray
tip, tube lens, heated ion transfer tube were optimized as needed in order to maintain a stable
and efficient spray. Fragmentation by Collision Induced Dissociation (CID) was triggered for
the 5 most intense precursor ions from first stage MS scans performed over m/z 550 to m/z
2000 by using an intensity threshold (1000 -2000 counts) that is determined baseline of blank
or standard runs. Commercial tryptic digest of BSA (Michrom Bioresources) was routinely
analyzed and database searched prior to and after a batch samples to monitor instrument
performance. Blank injections were employed following injection of concentrated sample to
eliminate any potential carryover at the injector port.

The acquired spectra were evaluated using Xcalibur 2.0 and Bioworks 3.2 softwares. The raw
CID tandem MS spectra were also converted to Mascot generic files (.mgf) using the extract
msn software (ThermoFinnigan). The .dta and .mgf files were submitted to a site-licensed
Sequest and Mascot (version 2.2) search engines to search against in-house generated
sequences of 55S proteins, all known mitochondrial proteins, and proteins in the Swiss-Prot
database. Database searches were performed with cysteine carbamidomethylation as a fixed
modification. The variable modifications were methionine oxidation (+16 Da) and
phosphorylation (+80 Da) of Ser, Thr, and Tyr residues and loss of water (—18 Da) from Ser
and Thr due to beta elimination during loss of the phosphate moiety. Up to two missed cleavages
were allowed for the protease of choice. Peptide mass tolerance and fragment mass tolerance
were set to 3 and 2 Da, respectively.
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Polymerization Assays

Poly (U)-directed in vitro translation reactions contained 50 mM Tris-HCI pH 7.8, 1 mM
dithiothreitol, 0.1 mM spermine, 40 mM KCl, 8.5 mM MgCly, 2.5 mM phosphoenolpyruvate,
0.18 U pyruvate kinase, 0.5 mM GTP, 50 U RNasin Plus, 12.5 pg/mL poly (U), 26.4 pmol
[14C]-Phe-tRNA, 0.25 uM EF-TUps, 1 ug EF-Gpy, and 0.4 Aygg units of mitochondrial
ribosomes. EF-Tupm: and EF-Gp,; were prepared from recombinant proteins as described
previously.19 20, The reaction mixture was incubated at 37 °C for 30 min and terminated by
the addition of cold 5% trichloroacetic acid followed by incubation at 90 °C for 10 min. The
precipitate was collected on nitrocellulose filter membranes and the incorporation of [14C]-
Phe was quantified using a liquid scintillation counter. Results were analyzed using the two-
tailed unpaired t test. Values of *P<0.05 were considered statistically significant.

Results and Discussion

In vitro phosphorylation of mitochondrial ribosomal proteins and effects of phosphorylation
on translation. To verify phosphorylation of mitochondrial ribosomal proteins, we first carried
out in vitro phosphorylation of bovine 55S ribosomes. For this, we first isolated 55S ribosomes
from bovine liver using a well-established sucrose gradient separation and phosphorylated the
ribosomal proteins in the presence of [y- 32P] ATP. Separation of phosphorylated ribosomal
proteins by 2D-NEPHGE (non-equilibrium pH gradient electrophoresis) was shown in Figure
1. After aligning 32P-labeled proteins with the proteins in the Coomassie blue stained gel,
proteins were excised from the gel and identified by tandem mass spectrometry analysis. In
this analysis, a total of seventeen phosphorylated mitochondrial ribosomal proteins, MRPS7,
MRPS11, MRPS18-2, MRPS23, MRPL3, MRPL9, MRPL10, MRPL11, MRPL15, MRPL18,
MRPL22, MRPL24, MRPL27, MRPL28, MRPL40, MRPL45, and MRPL49, were identified
by in-gel tryptic digests of the Coomassie stained 2D-gel spots corresponding to 32P -labeled
phosphorylated protein spots (Figure 1 and Tables I-11). In the in vitro phosphorylation assay,
the majority of proteins were possibly phosphorylated by a trace amount of endogenous kinase
(s) associated with the mitochondrial ribosomes.

Having identified this many phosphorylated proteins in bovine mitochondria out of seventy-
seven ribosomal proteins, we estimated that ~30% of the ribosomal proteins were
phosphorylated. We hypothesized that post-translational modification of ribosomal proteins
might affect the translation and provide a feedback inhibition for mitochondrial translation to
control ATP production in oxidative phosphoryation. Phosphorylation could therefore be one
of the regulatory mechanisms of protein synthesis in mammalian mitochondria. Likewise, it
had already been shown that phosphorylation of the bacterial ribosomes reduced the translation
significantly by ~50% 12: 13, To determine the extent of phosphorylation, mitochondrial
ribosomes were incubated in the presence of [y-32P] ATP alone and with various purified
kinases known to be localized to the mitochondria such as PKA, PKC3, and Abl protein Tyr
kinase (Figure 2A). Due to the presence of endogenous kinases associated with mitochondrial
ribosomes, a low level of phosphorylation of ribosomal proteins was detected under steady-
state conditions. In addition to endogenous unknown kinase(s), these ribosome samples contain
pyruvate dehydragenase (PDH) subunits and PDH kinase that phosphorylates the PDH E1
subunit as demonstrated by the arrow (Figure 2A). On the other hand, addition of other kinases,
increased the phosphorylation of ribosomal proteins rather than the E1 subunit (Figure 2A).
For this reason, these kinases may serve as candidates endogenously phosphorylating the
mitochondrial ribosomes in vivo. For example, cAMP-dependent protein kinase (PKA), a Ser/
Thr kinase associates with A-kinase anchoring proteins (AKAPs), which allows for PKA to
localize to the mitochondrial matrix 21. Recently, a comparative analysis of wild-type and
cAMP deathless S49 lymphoma cells, indicated PKA-stimulated apoptosis occurs by way of
the mitochondria 22. In fact, PKA appeared to phosphorylate many of the ribosomal proteins
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in in vitro assays and the banding pattern resembled the control lane with only ribosomes and
[y- 32P] ATP implying the phosphorylation of the same proteins in the ribosome (Figure 2A).
We have also demonstrated the phosphorylation of recombinant MRPS29 (also known as
DAP3) at its highly conserved Ser and Thr residues by PKA and PKC3 in vitro®. Lastly,
although Abl protein Tyr kinase has been shown to be translocated into the mitochondria upon
endoplasmic reticulum stress-induced apoptosis and in response to necrotic cell death caused
by oxidative stress, fewer mitochondrial ribosomal proteins were Tyr phosphorylated by this
kinase compared to Ser and Thr phosphorylation by other kinases (Figure 2A) 23 24,

Having observed the phosphorylation of mitochondrial ribosomal proteins with these kinases,
poly-U directed in vitro translation assays were performed to test the role of phosphorylation
in protein synthesis. In these assays, prior to translation, ribosomes were phosphorylated by
the addition of kinases and ATP in vitro. Upon addition of ATP and phosphorylation buffer as
a control; inhibition of 6-7% was detected and this observation was in agreement with the
extent of phosphorylation (Figure 2B). However, in the presence of PKA and Abl protein Tyr
kinase there was a significant inhibition, ~30%, in translation (Figure 2B). Furthermore,
phosphorylation by PKCS3 had no significant effect on translation and was comparable to the
control assay performed in the presence of ATP (Figure 2). In conclusion, modification of the
Ser, Thr, and Tyr residues of mitochondrial ribosomal proteins is a mechanism by which
translation can be reversibly regulated.

Phosphorylated Proteins of Bovine 55S Mitochondrial Ribosomes

Mammalian mitochondrial 55S ribosomes are composed of two rRNA components and
seventy-seven proteins °-8. We identified twenty-four of the ribosomal proteins as
phosphorylated at steady-state using 2D-gel and mass spectrometric analyses of mitochondrial
ribosomes (Tables I” 11). Due to basic nature of MRPs, purified 55S ribosome samples were
first separated on 2D-gels and transferred to PVDF membranes for immunoblotting analysis
with phospho-specific phospho-Ser, -Thr and -Tyr antibodies. Then, phosphorylated protein
spots detected in blots were compared to a Sypro Ruby stained gel and the corresponding
proteins were excised and digested with trypsin for protein identification by mass spectrometry
using locally maintained Swiss-Prot and mitochondrial protein databases (Figure 3). In this
analysis, twenty mammalian mitochondrial ribosomal proteins; MRPS7, MRPS9, MRPS11,
MRPS16, MRPS18-2, MRPS29, MRPL1, MRPL2, MRPL3, MRPL9, MRPL10, MRPL13,
MRPL15, MRPL22, MRPL24, MRPL28, MRPL40, MRPL43, MRPL45, and MRPL49, were
phosphorylated at Ser and/or Thr residues (Figure 3B and Table I1). However, only ten
phosphoproteins from mitochondrial ribosomes were identified as Tyr phosphorylated
including: MRPS7, MRPS18-2, MRPL2, MRPL9, MRPL10, MRPL15, MRPL22, MRPL24,
MRPLA45, and MRPL49 (Figure 3C and Table I1). In summary, the majority of the
mitochondrial ribosomal proteins were phosphorylated at Ser and Thr residues, while less than
half are phosphorylated at their Tyr residues, complementing our recent phosphoproteomic
analysis of E. coli ribosomal proteins 1°.

To support the results obtained from immunoblotting analyses and identify additional
phosphoproteins of mitochondrial ribosomes, another method was also performed. In this
method, 2D-gels of ribosomal proteins were stained with a phospho-specific fluorescent dye,
Pro-Q Diamond, and fourteen phosphorylated ribosomal proteins, MRPS7, MRPS9, MRPS11,
MRPS23, MRPS29, MRPL1, MRPL3, MRPL9, MRPL10, MRPL22, MRPL24, MRPL40,
MRPL45, and MRPL49 were identified from the tryptic digests of the 2D-gel spots with a
strong fluorescent signal (Figure 1D and Table I1).

In summary, twenty-four mitochondrial ribosomal phosphoproteins were confidently detected
by three different complementary approaches; specifically seven proteins from the 28S subunit
and seventeen proteins from the 39S subunit were consistently identified in the LC-MS/MS
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analyses. Eighteen bovine mitochondrial ribosomal proteins have E. coli homologs,
particularly five from the small subunit and thirteen from the large subunit, while the remaining
six represent new classes of proteins. Location of the phosphorylated mitochondrial ribosomal
proteins with bacterial homologs was modeled using coordinates for the crystal structure of
E. coli at 3.5 A (Figure 4) 25 26, As seen in the model, phosphorylated proteins were mainly
located in the functional sides of the ribosome such as the mRNA binding path, the peptide
exit tunnel and the sarcin-ricin loop (SRL) region of the ribosome. More interestingly, based
on our recent study, eleven of these proteins have phosphorylated E. coli ribosomal protein
homologs implying a conserved role(s) for phosphorylation in protein synthesis 1°. Moreover,
as first noted for bacterial protein synthesis, our data also suggests that phosphorylation of
ribosomal proteins may reduce mitochondrial translation possibly by inducing conformational
or structural changes which may alter protein-protein or protein-RNA interactions during
different stages of translation. Therefore, given the functional significance of phosphorylation
in the bacterial and mitochondrial translation systems, phosphorylated mitochondrial
ribosomal proteins will be discussed in detail emphasizing their roles in protein synthesis and
newly acquired functions in apoptosis and disease.

MRNA Binding Path—Many of these phosphorylated ribosomal proteins are located in the
head region of the small subunit and interact with both mMRNA and tRNA throughout the
translation process 27-30, Structural studies have demonstrated that the head of the 30S subunit
undergoes conformational changes during subunit association, binding of aminoacyl-tRNA or
factors, and translocation 30-35. An example of MS/MS spectrum of a tryptic peptide obtained
from MRPS9 and its phosphorylated form is shown in Figure 5. The molecular weight
difference between the phosphorylated and nonphosphorylated form of the peptide is +80 Da,
which corresponds to the addition of phosphate (HPO3) group to the peptide (Figure 5A-B).
As seen in the alignment of the phosphorylated peptide from several mitochondrial and
bacterial MRPS9 homologs, the homology between bacterial and mitochondrial proteins is
significant and the phosphorylated Thr279 is conserved in mitochondrial and E. coli S9 (Figure
5C). E. coli ribosomal S9 was shown to be phosphorylated at Ser and Thr residues by a protein
kinase from rabbit skeletal muscle, similarly we have also detected phosphorylation of MRPS9
at Ser residues by immunoblotting (Table 11) 11. Bacterial S9 is located on the back of the head
region of the 30S subunit and its extended C-terminal tail enters into the P site of the small
subunit (Figure 4A) 28: 30, 36, 37 There are several Lys and Arg residues that make up the C-
terminal tail of S9 and promote interactions with the phosphate backbone of the anticodon
stem-loop tRNA and control P site specificity during initiation 37. In addition to the basic C-
terminal tail, there are also highly conserved Thr and Ser residues in the C-terminal tail of the
mitochondrial S9 proteins and phosphorylation of these residues would alter the charge on the
S9-tail and result in modulating the interaction between this protein and the tRNA (Figure S1).

Another highly phosphorylated protein with a bacterial homolog is MRPS11. Bacterial S11 is
located in the platform region of the small subunit and is known to interact with both mMRNA
and tRNA during protein synthesis (Figure 4A) 38, The platform of the 30S subunit undergoes
conformational changes during translation as observed in structural studies of bacterial
ribosomes, which may promote an interaction at the E site between S7 and S11 30: 33, 35, 37,
38, MRPS11 was detected to be phosphorylated by ProQ-stained, after incubation with
[y-32P] ATP, and immunoblotting with pSer- and pThr-antibodies (Figures 1 and 3, Tables I°
I1). However, phosphorylation of MRPS11 just by the addition of [y-32P] ATP suggests that
this protein was specifically phosphorylated by a kinase associated with the mitochondrial
ribosome (Figure 1B). Furthermore, its bacterial homolog is phosphorylated primarily at Ser
and Thr residues, especially Thr58 of E. coli is positioned in a loop region spanning between
the N-terminal tail and helix1, where S11 and S7 interact at the mRNA binding path (Table I)
15,38 |nterestingly, Thr58 is conserved in mitochondrial (Thr127) and archaeal S11 homologs,
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whereby the additional negative charge may weaken the association with helix1 or trigger
conformational changes in S11 hindering its interaction with S7 (Figure S1).

Sarcin-Ricin Loop Region—In our mass spectrometric analysis, MRPL3 was detected by
2D-gel immunoblotting with a phospho-Ser antibody, ProQ staining, and after incubation with
[y-32P] ATP (Tables I-11). Not surprisingly, E. coli ribosomal L3 had previously been
mentioned as a phosphoprotein, whereby a protein kinase from rabbit skeletal muscle could
access and phosphorylate its Ser and Thr residues (Table 1) 11. Bacterial L3 is one of the
ribosomal proteins responsible for arranging the sarcinricin loop (SRL) particularly domain
VI of the 23S rRNA for factor binding (Figure 4C-D) 30: 39, \We had mapped a few
phosphorylation sites at the N-terminal domain of E. coli L3, which are partially conserved in
mitochondria and might also be phosphorylated affecting protein interactions at the sarcinricin
loop (Table 11I: Figure S1) 15, In bovine MRPL3, we have identified two phosphorylated
peptides at the N-terminal domain of the protein (Table I11).

MRPL13 was identified in the immunoblotting analysis of ribosomal proteins by phospho-Ser
and Thr antibodies at steady-state conditions (Tables I-I1). The bacterial homolog of MRPL13
was present in active sub-ribosomal particles and is primarily phosphorylated at Thr and Tyr
residues (Table 1) 15 40, Bacterial L13 is oriented to interact with at least four ribosomal

proteins including L3 and L6 near the factor binding site (SRL) as well as L20 and L21 at the
opposite end (Figure 4C-D) 39. Therefore, phosphorylation of MRPL13 can be implicated in
having a role in scaffold formation in the SRL region and factor binding to the ribosome.

L7/L12 Stalk Region—L10 and L11 in conjunction with multiple copies of L7/L12 are
referred to as L7/L12 stalk in bacteria 1. Specifically, the N-terminal domain of L7/L12 binds
to the C-terminal end of L10, docking this flexible protein to the large subunit of the ribosome
(Figure 4C-D) #1. From an earlier report analyzing E. coli phosphorylated ribosomal proteins,
L10 was Ser and Thr phosphorylated by a protein kinase from rabbit skeletal muscle (Table I)
11 Based on our 2D-gel analysis, MRPL10 was identified in each of the immunoblots with
phospho-specific antibodies in addition to being detected in the ProQ phospho gel and after
incubation with [y-32P] ATP (Table I1). Many of the Ser and Thr residues found in
mitochondrial and bacterial homologs are conserved and phosphorylation of these residues
may influence the binding ability of MRPL10 as the N-terminal domain is responsible for
attaching to the large subunit (Figure S1). In addition to phosphorylation, MRPL10 is also
found to be acetylated by both immunoblotting and mapping modified phosphorylated and
acetylated residues by mass spectrometry (Table Il and Figure S2).

Bacterial L11 is in close proximity to L10 and the L7/L12 stalk near the factor binding site on
the 50S subunit (Figure 4C-D) 42. L11 is a central player in translation termination favoring
UAG-dependent termination by release factor 1 (RF1), while ribosomes stripped of L11 prefer
UGA-dependent termination by release factor 2 (RF2) 3. Furthermore, the N-terminal domain
(residues 1-72) of L11 is required for stringent factor stimulation, when the ribosome stalls
44 This domain is very flexible and attached to a linker region (residues 73-75). Upon factor
binding, the N-terminal domain swings in towards the large subunit and then moves away due
to conformational changes stimulated by GTP hydrolysis 4446, MRPL11 was only detected
after incubation with [y-32P] ATP and evolutionarily conserved Ser and Thr residues that might
be involved in interactions of L11 with the translation factors and the large subunit rRNA and
proteins (Tables I-11). Changes in phosphorylation of these residues could impact protein-
protein and protein-rRNA interactions, and specifically act as a pivot point when the flexible
N-terminal domain changes conformation upon factor binding.

Peptide Exit Tunnel—MRPL22, ~24 kDa in size, was identified in each of the 2D-gel
analyses of phosphorylated mitochondrial ribosomal proteins (Tables I-11). Bacterial L22 lines
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the peptide exit tunnel of the large subunit and forms the narrowest portion of the channel with
L4 39, L22 is a core protein associating with all six domains of the 23S rRNA 39, Furthermore,
a deletion of Met82-Lys83-Arg84 in bacterial L22 leads to erythromycin resistance inhibiting
peptide chain elongation 7. Several Ser, Thr, and Tyr residues are clustered in close proximity
to the conserved Lys83-Arg84 in bacteria resulting in erythromycin resistance (Figure S1).
Furthermore, phosphorylation of MRPL22 may be responsible for altering interactions with
L4 and the 16S rRNA, acting as a mechanism to regulate the nascent polypeptide release from
the exit tunnel.

MRPL24 is another ribosomal protein located near the peptide exit tunnel, and phosphorylation
of this proteins was detected in the immunoblotting, ProQ phospho staining, and in vitro
phosphorylation by [y-32P] ATP (Figure 1 and 3, Tables I-11). L24 is also located at the end of
the peptide exit tunnel as displayed in Figure 4D and is capable of interacting with chaperones
and the signal recognition particle (SRP) in bacteria 48 49, As an initiator protein, it functions
in assembling the 50S subunit needed for protein synthesis 2 % 51, Therefore,
phosphorylation at various residues might induce conformational changes during the assembly
process or alter protein interactions with neighboring chaperones near the exit tunnel.

Apoptotic Proteins—MRPS29 and MRPLA40, were identified as proapoptotic proteins.
MRPS29 also known as DAP3 (Death Associated Protein 3) has been implicated in
mitochondrial physiology as DAP3 deficiency is lethal in mice, while the over-expression
results in mitochondrial fragmentation 52: 53, Furthermore, it is the only GTP-binding protein
on the ribosome and has been localized to the base of the lower lobe of the 28S subunit by
immunoelectron microscopy ®* 5. In arecent study, we have shown phosphorylation of bovine
ribosomal DAP3 at several highly conserved Ser and Thr residues using a combination of 2D-
gel analysis and mass spectrometry and role of these residues in induction of apoptosis .
MRPS29 was detected in the phospho-Ser immunoblotting and has many conserved Ser
residues throughout its protein sequence particularly clustering around the specific GTP-
binding motifs (Tables 1”1l and Figure S1). In addition, two earlier studies reported the
importance of DAP3 phosphorylation by Akt kinase in suppression of anoikis and by LKB1,
a Ser/Thr kinase, in induction of apoptosis in cells ectopically expressing DAP3 56: 57,

Mitochondrial ribosomal protein L40 also known as MRPL37 was identified from
immunoblotting with phospho-Ser and phospho-Thr antibodies as well after incubation with
[y-32P] ATP and staining with ProQ phosphoprotein dye (Tables I-11). Interestingly, this protein
shows sequence similarity to another apoptotic protein MRPS30 (PDCD9) from the small
subunit 58 59, Widely expressed in multiple organs of the body, increased expression was
observed in lung tumor cells compared to normal cells, as the gene may be activated in
transformed cells °°. Therefore, this finding allows us to hypothesize that phosphorylation may
act as a molecular switch in the stimulation or progression of apoptosis. In addition, gradually
more evidence is accumulating that the mitochondrial ribosomal proteins are involved in cell
death pathways, with at least two being phosphoproteins, and disease states suggesting
conformational and/or functional changes of the ribosome occur as a result of this post-
translational modification.

Conclusion

As we reported for bacterial ribosomes!®, mitochondrial ribosomes are also phosphorylated at
Ser, Thr, and Tyr residues. More importantly, we provide the first evidence for the regulatory
role of phosphorylation on mitochondrial protein synthesis by in vitro phosphorylation of
ribosomal proteins in the presence of mitochondrial kinases PKA, PKC3, and Abl Tyr kinase.
Therefore, findings reported in this study suggest that phosphorylation of ribosomal proteins
might play a significant role in inhibition of mitochondrial protein synthesis, specifically
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synthesis of 13 essential components of the oxidative phosphorylation by ATP which is the
final product of this process. Here, we identified the majority of the phosphorylated proteins
in mitochondrial ribosomes; however, it is necessary to continue mapping phosphorylation
sites by tandem mass spectrometric approaches and site-directed mutagenesis studies to
specifically determine the role of each modified site in protein synthesis.
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We have employed combination of 2D-gel electrophoresis and mass spectrometry to
analyze the mammalian mitochondrial ribosome for phosphorylation. Moreover, we have
demonstrated the phosphorylation and inhibition of protein synthesis in vitro by
mitochondrial kinases PKA, PKC3, and Abl Tyr kinase. Therefore, this study should serve
as the framework for future studies addressing the regulation mechanisms of mitochondrial
translation machinery responsible for the synthesis of thirteen essential proteins of oxidative
phosphorylation.
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Figure 1.

Two-dimensional gel analysis of in vitro phosphorylated mitochondrial ribosomal proteins
using [y-32P] ATP. Bovine mitochondrial ribosomes (1.8 Ayg Units) were incubated in the
presence of 50 uCi [y-32P] ATP for 1 hr at 30 °C and separated on non-equilibrium pH gradient
electrophoresis (NEPHGE) gels using pl 3-10 and 8-10 ampholytes. The phosphorylated
proteins were excised, digested with trypsin, and analyzed by LC-MS/MS for potential
phosphorylation sites using an ion trap mass spectrometer. (A) Coomassie Blue stained gel
and (B) Phosphor-image of mitochondrial ribosomal proteins obtained from purified 55S
ribosomes. Not all of the phosphorylated proteins identified by mass spectrometry are labeled
in these 2D-gels.
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Figure 2.

Mitochondrial ribosomes were phosphorylated in the presence of endogenous and
mitochondrially located Kinases to determine the effect on mitochondrial translation.
Approximately, 0.4 Aygg units of mitochondrial ribosomes were incubated with 5 pCi [y-32P]
ATP and 2500 U of cAMP-dependent protein kinase (PKA) the catalytic subunit, 48 ng of
protein kinase C delta (PKC3), and 100 U of Abl protein Tyr kinase at 30 °C for 1 hr. The
ribosome in the presence of the kinase buffer served as the control. (A) The ribosomal samples
were run on an SDS-PAGE gel, fixed, dried, and visualized by phosphor-imaging. The upper
arrow indicates the autophosphorylation of PKC3 and lower arrow is highlighting the
phosphorylation of pyruvate dehydrogenase subunit. (B) After phosphorylating the ribosome
with different kinases, poly (U)-directed polymerization assays were conducted. Shown is the
mean * SD of three independent experiments. *, P < 0.05.
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Figure 3.

Two-dimensional gel analysis of phosphorylated mitochondrial ribosomal proteins.
Approximately, 1.8 Aygp units of bovine mitochondrial ribosomes were separated on non-
equilibrium pH gradient electrophoresis (NEPHGE) gels using pl 3-10 and 8-10 ampholytes.
The phosphorylated proteins were excised, digested with trypsin, and analyzed by LC-MS/MS
for potential phosphorylation sites using an ion trap mass spectrometer. (A) SYPRO Ruby
stained gel of the ribosomal proteins obtained from bovine 55S ribosomes. (B and C)
Immunoblots of 55S ribosomes using anti-phosphoserine and anti-phosphotyrosine antibodies,
respectively. Not all of the phosphorylated proteins identified by mass spectrometry are labeled
in these 2D-gels for simplicity. (D) ProQ Diamond stained gel of the phosphorylated proteins
from 55S ribosomes visualized at 532 nm.
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Figure 4.

3D-Models of the E. coli ribosomal subunits displaying the location of phosphorylated
mitochondrial ribosomal proteins. The phosphorylated ribosomal proteins are highlighted in
different colors, while gray represents unphosphorylated ribosomal proteins, and blue is the
rRNA. Coordinates of the E. coli 30S subunit and 50S subunit were obtained from the Protein
Data Bank (Acc. # 2AW7 and 2AW4). (A) The 30S subunit is illustrated from the solvent side,
while (B) represents a view of the small subunit from the 50S interface. (C) Representation of
the 50S subunit from the 30S interface, while (D) is a view of the large subunit from the solvent
side. Specific regions, peptidyl transferase center (PTC), central protuberance (CP), sarcin-
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ricin loop (SRL), L1 and L7/L12 stalks, exit tunnel, and the phosphorylated ribosomal proteins
were labeled in the model generated by PyMOL software.
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Mapping of phosphorylation site(s) in mitochondrial ribosomal proteins by MS/MS. (A) A
tryptic peptide (TANAEAVVYGHGSGK, m/z 730.91, 2+) obtained from MS/MS analysis of
MRPS9 spot was presented. (B) The CID spectrum of the phosphorylated form of the same
peptide pPTANAEAVVYGHGSGK (m/z 770.93, 2+) at the first Thr residue was shown (C)
The phosphopeptide obtained from bovine MRPS9 was aligned with the same region of
MRPS9 homologs from dog (XP_531774), bovine (Q58DQ5), human (P82933), mouse
(Q9D7NS3), chicken (XP_416921), thernus (P80374), and E. coli (POA7X3) using
CLUSTALW program in Biology Workbench and the results are displayed in BOXSHADE.
The asterisk indicates the site of phosphorylation mapped for MRPS9 peptide.
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Protein pl Size (kDa) Subunit E. coli Phosphorylated Homolog?
MRPS7 9.95 27.9 28S Yes
MRPS9 9.35 45.2 28S No
MRPS11 10.50 20.8 28S Yes
MRPS16 9.69 15.1 28S No
MRPS18-2 9.27 29.2 28S Yes
MRPS23 8.90 21.6 28S No
MRPS29 9.31 45.6 28S No
MRPL1 9.03 36.6 39S Yes
MRPL2 11.45 333 39S Yes
MRPL3 9.45 38.6 39S Yes
MRPL9 10.04 30.0 39S No
MRPL10 9.83 29.3 39S Yes
MRPL11 9.88 20.8 39S No
MRPL13 9.35 20.6 39S Yes
MRPL15 10.15 337 39S No
MRPL18 9.74 204 39S Yes
MRPL22 9.87 24.2 39S Yes
MRPL24 9.47 24.8 39S No
MRPL27 10.19 16.0 39S No
MRPL28 9.21 30.0 39S Yes
bMRPL4O 8.75 48.0 39S No
MRPL43 10.12 17.7 39S No
MRPL45 9.31 35.2 39S No
MRPL49 9.65 19.3 39S No
aPaper accepted15.

bAlso known as MRPL37.
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