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Abstract
Phosphorylation of bacterial ribosomal proteins has been known for decades; however, there is still
very limited information available on specific locations of the phosphorylation sites in ribosomal
proteins and the role they might play in protein synthesis. In this study, we have mapped the specific
phosphorylation sites in twenty-four E. coli ribosomal proteins by tandem mass spectrometry.
Specific detection of phosphorylation was achieved by either phosphorylation specific visualization
techniques, ProQ staining and antibodies for phospho-Ser, Thr, and Tyr, or by mass spectrometry
equipped with a capability to detect addition and the loss of the phosphate moiety. Enrichment by
immobilized metal affinity and/or strong cation exchange chromatography was used to improve the
success of detection of the low abundance phosphopeptides. We found the small subunit (30S)
proteins S3, S4, S5, S7, S11, S12, S13, S18, and S21 and the large subunit (50S) proteins L1, L2,
L3, L5, L6, L7/L12, L13, L14, L16, L18, L19, L21, L22, L28, L31 to be phosphorylated at one or
more residues. Potential roles for each specific site in ribosome function were deduced through
careful evaluation of the given site of the phosphorylation in 3D-crystal structure models of ribosomes
and the previous mutational studies of E. coli ribosomal proteins.

Introduction
Ribosomes are large ribonucleoprotein particles consisting of two subunits in all species. In
bacteria, the subunits are designated as the small subunit (30S) and the large subunit (50S),
which together make up the 70S ribosome. The 30S subunit is responsible for binding and
decoding mRNAs in addition to assisting the 50S subunit in translocation.1 The large subunit
(50S) possesses the peptidyl transferase activity which is buried within the 23S ribosomal RNA
(rRNA).2,3 Earlier biochemical and mutational studies of ribosomal proteins have revealed the
importance of many of these proteins in mRNA and tRNA recognition, decoding, formation
of binding sites for translation factors, peptidyl transferase activity, formation of the peptide
exit tunnel, and finally in helicase activity of the ribosomes.4-8 The recent progress in the
structural and biochemical studies of bacterial ribosomes has provided an enormous amount
of information on the overall rRNA architecture and the details of protein-RNA interactions
in each subunit, as well as the details of the interaction of the ribosome with the initiation and
elongation factors, mRNA, and tRNA.2,5,7,9-12 Surprisingly, there is limited information
available on regulation of ribosome function by post-translational modifications (PTM) of
these proteins, especially by phosphorylation. Phosphorylation of Ser, Thr, and Tyr residues
is a common type of PTM seen in signal transduction pathways. In addition to regulation of
protein function, phosphorylation could also serve as a molecular switch for conformational
changes during protein synthesis on the ribosome. In two earlier in vitro phosphorylation
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studies on E. coli and Streptomyces collinus ribosomes, the ribosomal proteins phosphorylated
by a protein kinase from rabbit skeletal muscle and a protein kinase associated with the
ribosomes were identified, respectively.13,14 E. coli ribosomal proteins S4, S9, S18, S19, L2,
L3, L5, L7/L12, L10, and L33 were found to be phosphorylated by the protein kinase from
rabbit skeletal muscle at their Ser and Thr residues13 and S. collinus ribosomal proteins S3,
S4, S12, S13, S14, S18, L2, L7/L12, L16, L17, and L23 were determined to be Ser and Thr
phosphorylated by the protein kinase associated with the ribosomes.15 The in vitro
phosphorylation of ribosomal proteins was found to change the conformation or substrate
binding sites in the ribosome and to lead to a 50% loss of activity in protein synthesis.13-15 In
a recent high-throughput analysis of the steady-state phosphoproteome of E. coli, ribosomal
proteins S7, L7/L12, L16, L19, and L28 were reported to be phosphorylated.16 Moreover,
phosphorylation of L7/L12 and L18 in Thermus thermophilus and Bacillus
stearothermophilus was reported previously.17,18 However, the knowledge of specific sites of
phosphorylation of ribosomal proteins is still very incomplete, which significantly limits our
ability to understand the regulation of prokaryotic protein synthesis by phosphorylation. In this
study, we conducted a comprehensive study to map the sites of phosphorylation in E. coli
ribosomal proteins through utilization of a combination of biochemical techniques and tandem
mass spectrometry. Of the fifty-four proteins in the 70S ribosome, we found twenty-four to be
steady-state phosphorylated. These ribosomal proteins are S3, S4, S5, S7, S11, S12, S13, S18,
S21 in the small subunit and L1, L2, L3, L5, L6, L7/L12, L13, L14, L16, L18, L19, L21, L22,
L28, L31 in the large subunit. Our findings should now allow ribosome researchers to
investigate the role of specific phosphorylation sites in regulation of protein synthesis by
mutational analysis of ribosomal proteins.

Materials and Methods
Preparation of E. coli ribosomes

E. coli ribosomes from W strain were prepared following a previously described method. 19,
20 Briefly, E. coli cells were grown to an optical density of 0.5 at A600. After grinding the cells
(usually 1.5-2 g/L) using alumina, the cell paste was resuspended in ribosomal Buffer A (20
mM Tris-HCl pH 7.6, 10 mM MgCl2, 1 mM DTT). Crude ribosomes were sedimented at 48,000
rpm in a Beckman 50.2 Ti rotor for 3.5 h from the cell suspension. The crude ribosomal pellet
was then resuspended in Ribosomal Buffer B (50 mM Tris-HCl pH 7.6, 20 mM MgCl2, 1 mM
DTT, 1 M NH4Cl) and centrifuged at 48,000 rpm in a Beckman 50.2 Ti rotor for 5 h at 4 °C
to remove the ribosome associated translational factors. Finally, the high-salt washed
ribosomes were resuspended in Ribosomal Buffer C (10 mM Tris-HCl pH 7.6, 10 mM
MgCl2, 1 mM DTT, and 50 mM NH4Cl) and 70S ribosomes were isolated from 10-30% sucrose
linear gradients prepared in Buffer C. Phosphatase (2 mM imizadole, 1 mM sodium
orthovanadate, 1.15 mM sodium molybdate, 1 mM sodium fluoride, and 4 mM sodium tartrate
dehydrate) and protease (0.1 mM PMSF) inhibitors were also added to the ribosome
preparations that are intended to be used in the proteomic analyses.

Immunoblot and 2D-gel analyses
Approximately, 15 A260 units of E. coli ribosomes were treated with RNase A, acetone
precipitated, and the resulting pellet was resuspended in a lysis buffer consisting of 9.8M urea,
2% (w/v) NP-40, 2% ampholytes pI 5-7 and 3-10, 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-HCl pH 6.8, 2% SDS, 100 mM DTT, and 10% glycerol. 21 The first
dimension NEPHGE gels of ribosomal proteins were loaded on 20% second dimension SDS-
PAGE gels. Then, the gels were either stained with Coomassie Blue or transferred to PVDF
membranes for immunoblotting analysis to probe with the following primary antibodies
(Sigma-Aldrich, Inc.) for: phosphoserine at 1:20,000, phosphothreonine at 1:10,000, and
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phosphotyrosine at 1:5,000 and the secondary streptavidin HRP antibody (Amersham
Biosciences Inc.) at 1:30,000 dilutions. The membranes were developed using the SuperSignal
West Femto Max Sensitivity Substrate (Pierce Biochemicals Inc.) according to the protocol
provided by the manufacturer.

ProQ staining and in vivo 32P-ortho phosphate labeling
Approximately, 1 A260 unit of purified E. coli ribosomes were separated on a 16% SDS-PAGE
gel and stained with ProQ Diamond Phosphoprotein Gel Stain (Molecular Probes Inc.).
Phosphorylated proteins were visualized by a laser scanner at an excitation wavelength of 532
nm. For in vivo 32P-ortho phosphate labeling of ribosomal proteins, bacteria were grown to an
early log phase at 37°C in LB medium. The culture spun down and the pellet was resuspended
in 20 ml of phosphate-free M9 medium. Isotope, 10 μCi/ml of 32P-orthophosphate, was added
and followed by 1h incubation at 37°C. The cell pellet was resuspended in ribosomal Buffer
A and sonicated before the sedimentation of crude ribosomes as described above. Then, the
purified ribosomal proteins were subjected to SDS-PAGE and autoradiography.

Enrichment of phosphopeptides by immobilized metal affinity chromatography (IMAC)
In order to maximize detection of phosphorylated peptides/proteins in our in-solution digestion
of 70S ribosome samples, IMAC/SwellGel phosphopeptide enrichment was performed. The
E. coli 70S ribosome sample (7.5 A260 units) was incubated with 10 μg of RNase A at 37 °C
for 1 h and denatured in 6 M Guanidine HCl, injected onto C4 –like polymeric reverse-phase
trap cartridge (Michrom Bioresources, Inc.) for desalting, concentration, and removal of the
degraded RNA. The eluate was dried in a SpeedVac, resuspended in 30 μL of 25 mM
NH4HCO3, and digested by trypsin (Promega Corporation) at 1:50 ratio at 37 °C overnight.
Phosphorylated tryptic peptides in the resulting in-solution digest were enriched by using a
IMAC/SwellGel gallium-chelated resin (Phosphopeptide Isolation Kit, Pierce Biotechnology,
Inc.) according to the protocol provided by the manufacturer. The samples were analyzed by
LC-MS/MS phosphorylation detection and mapping.

Enrichment of phosphopeptides by strong cation exchange (SCX) chromatography
In-solution tryptic digests of the 70S ribosomal proteins were injected on a BioBasic SCX
column (2.1×250 mm, 5 micron, 300A, ThermoFinnigan Co.). Peptides were eluted with a
gradient of 5 mM phosphate (pH 2.7), 25% acetonitrile (Mobile phase A) and 5 mM phosphate
(pH 2.7), 25% acetonitrile, 350 mM KCl (Mobile phase B). The gradient started with a hold
at 0% B for 5 min. It was ramped to 15% B in 20 min, then quickly to 80% B in 5 min, and
held there for 5 min. The column was equilibrated at 0% B for 15 min prior to next injection.
Absorbance over the range of 200 to 300 nm was measured and absorbance at 210 nm was
plotted. Fractions (600 μL) were collected throughout for 30 minutes. Early fractions, which
are expected to be enriched in phosphopeptides, were reduced to 20 μL using a SpeedVac. The
SCX fractions were online desalted and analyzed by LC-MS/MS.

Protein identification and phosphorylation site mapping by tandem mass spectrometry
The spots corresponding to phosphorylated proteins detected by immunoblot analysis were
excised from a Coomassie stained gel and in-gel digestions with trypsin or Lys-C were
performed. 22 For protein identification and phosphorylation mapping by tandem mass
spectrometry, tryptic digests were analyzed by capillary liquid chromatography-
nanoelectrospray ionization - tandem mass spectrometry (LC-MS/MS). Tandem MS spectra
obtained by fragmenting a peptide by collision-induced dissociation (CID) were acquired using
a capillary liquid chromatography - nanoelectrospray ionization - tandem mass spectrometry
(LC-MS/MS) system that consisted of a Surveyor HPLC pump, a Surveyor Micro AS
autosampler, and an LTQ linear ion trap mass spectrometer (ThermoFinnigan). A portion (3-5
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μL) of each fraction was injected and loaded onto a peptide trap (Michrom peptide CapTrap,
C8 like resin, 0.3×1mm, 5μ) over 3 min at 10 μL/min for on-line desalting and concentration.
Utilizing the six-port switching valve of the LTQ mass spectrometer, the peptide trap was then
placed in line with the analytical column, a PicoFrit column (0.075 × 150 mm) packed in-house
with Wide Bore C18 reverse phase resin (Supelco Co., 5 μ, 300 Å). The column was eluted at
∼250 μL/min (obtained by a flow splitting of 150 μL/min flow using a Valco T) by a gradient
that consisted of 0.1% formic acid (Solvent A) and 0.1% formic acid in acetonitrile (Solvent
B). The peptides were eluted by ramping the solvent B to 40% over either 30 min or 120 min
depending on the complexity of the protein mixture in a given fraction. Spray voltage was
optimized routinely for sensitivity at around 2 kV. Capillary temperature was set at 180 °C.
Tube lens was at 70V. Tandem MS collision-induced dissociation (CID) spectra were acquired
for ions above a predetermined intensity threshold using the automated data-dependent
acquisition feature. For phosphopeptide mapping, MS3 was triggered by neutral loss detection
in the CID MS/MS spectra due to the neutral loss of phosphate moiety in phosphopeptides.
This loss of phosphate moiety is detected as a dominant peak in MS/MS spectrum at an m/z
value 98, 49, or 32.7 lower than that of the phosphopeptide for singly-, doubly-, or triply -
charged peptides, respectively.

Both the MS/MS and MS3 spectra acquired were processed by Xcalibur 2.0 and searched
against an in-house generated 70S and Swiss-Prot protein sequence database using the search
engines Turbo Sequest embedded in Bioworks 3.2 (ThermoFinnigan Inc) and Mascot 2.2
(Matrix Science), which are licensed and maintained locally. Database searches were
performed with cysteine carbamidomethylation as fixed modification when alkylation by
iodoacetamide was performed. 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 β-elimination during loss of the phosphate moiety. Up to 2 missed
cleavages were allowed for the protease of choice. Peptide mass tolerance and fragment mass
tolerance were set to 3 and 2 Da, respectively. Tandem MS spectra matched to phosphopeptides
with a Mascot scores of ≥40 were further evaluated manually at the raw data level with the
consideration of overall data quality, signal-to-noise of matched peaks, and the presence of
dominant peaks that did not match to any theoretical m/z value. The spectra obtained from the
LC-MS/MS analyses were also searched against the Swiss-Prot database using the Turbo
Sequest search engine using setting similar to those used with the Mascot engine. Search results
were reported as correlation coefficient (XCorr) and that is the cross-correlation value between
the observed peptide fragment mass spectrum and the one theoretically predicted. XCorr cut-
off values were >1.5, 2.0, and 2.5 for +1, +2, and +3 charged peptides, respectively.

Results and Discussion
Structural and functional information obtained from recent studies of ribosomes have focused
our attentions to rRNA; however, many of the biological functions are also contributed by the
ribosomal proteins in the ribosome.23,24 In general, proteins of the large and small subunit are
located on the outer surface of the subunits and the ones with long peptide tails permeate into
ribosomal RNA (rRNA) and shape the rRNA into the correct tertiary structure.25,26 As
summarized in Table I, many functions of the ribosomal proteins appear to be essential for
ribosome structure and protein synthesis in bacteria.24 The large subunit proteins that are
surrounding the peptidyl transferase active site and the elongation factor binding sites are
functional proteins of the 50S subunit, while the proteins located in the mRNA binding path
and decoding center are the functional sites of the small subunit (Table I).11,25,26 Therefore,
phosphorylation of these ribosomal proteins can be one of the possible regulatory mechanism
(s) employed in regulation of their functions in bacterial translation.
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In this study, we determined the phosphorylation status of ribosomal proteins in E. coli 70S
ribosomes at steady-state. First, separation of E. coli ribosomal proteins on 2D-NEPHGE gels
was performed and the gels were transferred to PVDF membranes for immunoblotting. A total
of fourteen phosphorylated E. coli ribosomal proteins were initially identified in this analysis.
Fig. 1B, C, and D show blots probed with phosphotyrosine, phosphoserine, and
phosphothreonine, respectively. Ribosomal proteins S4, S7, S9, S12, S21, L2, L9, L15, L16,
L19, and L20 were detected as Tyr phosphorylated, whereas S4, S9, S11, S12, L2, L9, L11,
L17, L19, and L20 were Ser and/or Thr phosphorylated (Table I). As detected in the
Coomassiee blue stained 2D-NEPHGE gels, majority of the ribosomal proteins are between
10-20 kDa and extremely basic (Fig. 1A and Table I). Even though identification of ribosomal
proteins in crowded regions of the Coomassie gel was not a setback, to obtain a better separation
and confirm the type of ribosomal protein phosphorylation(s) on 2D-NEPHGE gels, separation
conditions were optimized (Fig. 2A). This resulted in the identification of additional
phosphorylated ribosomal proteins S3, S5, L3, L4, L5, L13, L22, and L24. Many of these
proteins were found either in multiple spots or forming a streaky pattern verifying the
phosphorylation of these proteins and to be phosphorylated mainly at Ser and Thr residues
detected by immunoblotting. In addition to the analysis of phosphorylated ribosomal proteins,
immunoblot analysis of dephosphorylated ribosomes was also performed with the
phosphotyrosine antibody. After preincubation of ribosomes with alkaline phosphatase, a
decreased signal from the Tyr phosphorylated ribosomal proteins was observed (data not
shown).

In addition to immunoblotting analysis, 32P-orthophosphate was added to E. coli cell culture
to promote incorporation of 32P phosphate into phosphorylated ribosomal proteins. Due to
addition of limited amount of 32P ortho phosphate, most of the labeled phosphate was
incorporated into rRNA and a very small amount of 32P-labeled the phosphoproteins of 70S
ribosomes; therefore, RNaseA treatment of the ribosomes caused smearing of the
phosphorylated proteins rather than obtaining well separated phosphorylated ribosomal protein
bands (Fig. 3B). We also stained the ribosomal proteins separated on SDS-PAGE gels using
phosphorylation specific ProQ stain (Fig. 3C). As seen in Fig. 3B and 3C, the majority of
ribosomal proteins around 15kDa were highly phosphorylated in both 32P-labeling and ProQ
staining of the ribosomal proteins.

Following the detection of the phosphorylated proteins of E. coli ribosomes detected by
phosphorylation specific antibodies and the ProQ staining, mapping of the specific sites of
phosphorylation was conducted using variety of proteomics approaches. These approaches
employed various techniques to separate the proteins and enrich the phosphopeptides prior to
tandem mass spectrometry (MS/MS). Phosphopeptide analysis by mass spectrometry presents
unique challenges mainly due to varying amounts of phosphorylated peptides and also some
difficulties faced during chromatography and even tandem mass spectrometry. In one
approach, the ribosomal proteins were separated on 2D-gels prepared at two different
ampholyte conditions and each spot detected by Coomassie Blue staining was digested in-gel
by a protease (Fig. 1A and 2A). Although the coverage from the tryptic in-gel digestion of
ribosomal proteins was usually above 50%, it was difficult to map some of the phosphorylation
sites from the tryptic digests due to the basic character of the ribosomal proteins. For example,
it was not possible to map any phosphorylation sites for S21 after trypsin and Lys-C digestions
of the gel spots. Since some potential phosphorylation sites are in the lysine-rich regions of
the basic protein, tryptic peptides from these regions were below the lower limit of the mass
analyzer (∼ m/z 400) and were therefore not analyzed by the mass spectrometer.

As reported by many structural studies, conformational changes during translation is associated
with many different functional states of ribosomes and these different functional states are
essential for protein synthesis.27-30 For this reason, different stoichiometries of phosphorylated
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proteins or even specific phosphorylation sites within the same protein is possible due to
different functional stages of ribosomes prepared at steady-state conditions. For example
stoichiometry for phosphorylation of L18 is reported as 1:1 ratio; however, if the
phosphorylation is regulatory, not structural, only a small fraction of the protein would be
phosphorylated because of the different stages of translation at steady-state. 18 To overcome
the low abundancy issue for some of the phosphorylation sites and map additional
phosphorylation sites, two other proteomic approaches were employed with in-solution tryptic
digestions of ribosomal proteins followed by two commonly used phosphopeptide enrichment
methods, IMAC or SCX. In addition to two different 2D-gel conditions, these methods allowed
us identify additional phosphopeptides (Table II). Basically, these separation/enrichment
techniques helped us to simplify the sample as much as possible to facilitate the detection of
the phosphopeptides within the time window available to the mass spectrometer. Samples
enriched by IMAC using Galium-chelated resin also contained significant number of acidic
peptides as expected in addition to the phosphopeptides. However, we chose not to convert the
acidic moieties to their methyl esters due to significant loss of sample experienced during this
process. The SCX chromatography proved to be very efficient and effective in both
fractionation of the peptide mixtures and the enrichment of the phosphopeptides. At low pH
(∼2.7), positive charges (2+ and higher for most tryptic peptides) on phosphopeptides are
reduced due to presence of negatively charged phosphate groups and therefore result in
convenient early elution of phosphopeptides in cation exchange chromatography. The early
fractions were concentrated and easily desalted online since they all had less than ∼20 mM
KCl as they eluted from the column. MS/MS analysis indeed produced more phosphopeptides
in these early SCX fractions compared to the later fractions, which are expected to contain
mostly non-phosphorylated peptides.

The mass spectrometry data obtained from phosphorylated peptides either by 2D-gel and
phosphopeptide specific enrichment techniques is listed in Table II and each spectrum was
included in the supplementary Fig. S1. The spectral data were processed and searched against
the Swiss-Prot database using both Mascot and Sequest search engines; however, only the
Sequest scores are provided in the tables. In the case of uncertainty about the exact location of
the phosphorylation site for phosphopeptides with more than one possible site, other possible
sites were given in parenthesis in Tables II. Moreover, protein sequences of phosphorylated
proteins of E. coli ribosomes were aligned with homologous ribosomal proteins from other
bacterial species and human mitochondria to evaluate the conservation of phosphorylation sites
in these proteins (Supplemental Fig. S2). In the following paragraphs, phosphorylated
ribosomal proteins were grouped according to their possible roles in ribosome function and
potential roles of phosphorylation is discussed.

Phosphorylated proteins located around the mRNA binding path
Phosphorylated proteins S3, S4, S5, S7, S11, S18 and S21 are located between the head,
shoulder and platform of the 30S subunit, which forms the part of the mRNA binding path
interacting with the 3′ and 5′-ends of mRNAs during translation.31-33 Closing of this path
around the mRNA has been suggested to have a role in processivity and directionality of mRNA
movement.33,34 The mRNA is surrounded by S3 at the top, S4 at the bottom, and S5 at the
lower left (Fig. 4A). S7 and S11, S18 and S21 are located in the head and platform regions of
the small subunit right across from each other respectively, and both interact with mRNA and
tRNA at different conformational stages of ribosomes during translation.25,26,33,35

In the immunoblotting analyses, phosphorylation of S3 and S4 was clearly detected by all three
antibodies, (Fig. 1 and 2). Phosphorylation sites found in S3 are Ser34 and Ser118 (Thr120 or
Ser121) (Table II). Some of these residues, specifically, Ser34, appear to be involved in
intermolecular interactions to provide possible conformational changes and the other
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phosphorylated residue, Ser118 (Thr120 or Ser121), is located in the α-helix and loop region
of the domain II extending towards the mRNA-binding path. In the MS/MS analysis,
phosphorylation sites in S4 were found at Thr29, Ser133, Tyr134, (Ser137), Thr169, and
Ser188 (Ser204) residues (Table II). S5 is a 17.5 kDa protein phosphorylated at Ser, Thr, and
Tyr residues as detected in both immunoblotting of 2D-gels and mapping by tandem mass
spectrometry (Fig. 2, Table II). The phosphorylated Ser, Thr, and Tyr residues mapped in these
proteins are distributed mainly at the solvent accessible sites (Fig. 4A).

Ribosomal S7 is a primary rRNA binding protein responsible for arranging the 3′ major domain
of the 16S rRNA to fold properly enabling other proteins to bind.36,37 Structural studies clearly
showed that the head and platform of the 30S subunit undergo conformational changes during
subunit association, binding of aminoacyl-tRNA or factors, and translocation.1,5,26,38,39 In our
studies, S7 was found to be phosphorylated in immunoblotting analyses performed with
phospho amino acid specific antibodies and in MS/MS analyses at residues Ser53, Ser56,
Ser82, Thr83, Tyr84, Ser114(Ser124) and Tyr149 (Table II). Phosphorylation sites at Ser53,
Ser56, and Ser114 (Ser124) are in close proximity to each other and located at the top of the
S7 protein. In addition, a phosphopeptide containing Ser82, Thr83, and Tyr84 residues was
also repeatedly detected in the analysis (Table II). Another phosphorylated Tyr residue,
Tyr153, was found in a peptide located near the mRNA binding path. Interestingly, these
residues are at the tip of the flexible arm of the S7 towards the shoulder region, where it interacts
with S11 and phosphorylation of these residues will hinder mRNA binding in this region (Fig.
4B). Therefore, phosphorylation of S7 at these residues might be important in release of mRNA
and/or tRNA from the ribosome.

S11 is a tertiary RNA binding protein located in the platform region of the small subunit with
highly conserved Ser and Thr residues. An interaction at the E site was found between S7 and
S11, which most likely is involved in the 30S conformational changes that take place during
protein synthesis.35,40 When either S7 or S11 mutated, translational errors such as codon
misreading and frameshifting were increased.41 Phosphorylation of highly conserved Ser and
Thr residues may play an important function in conformational changes of the 30S subunit
and/or translocation to ensure proper readthrough of the mRNAs. In fact, S11 is mainly
phosphorylated at Ser and Thr residues as determined from immunoblotting analyses of 2D-
gels and by mass spectrometry at residues Ser16 (Ser25), Ser54, Ser57, Thr58, and Thr113
(Thr110) (Table II). All these residues are located in two N-terminal β-sheet structures where
S11 interacts with the 16S rRNA. Phosphorylated residues, Ser54, Ser57, and Thr58, are all
positioned in a loop region between the N-terminal tail and the helix1 where S11 interacts with
S7 at the mRNA binding path. Especially, Thr58 is a very highly conserved residue among the
bacterial, archaeal, and mitochondrial S11 homologs (Fig 5C). The other phosphorylated
residue(s), Thr113 or Thr110, is located in protein-protein interfaces; specifically Thr113 is
located near the positively charged residues the C-terminal ends of S18 and S21 proteins (Fig.
4B).11 Phosphorylation of these residues in S11 may cause a major rearrangement of S11, S18,
and S21 in the platform region of the 30S subunit during mRNA decoding and translocation.

S18 and S21 are located in the platform region of the 30S subunit that interacts with 5′ ends
and the Shine Dalgarno helix in bacterial mRNAs. Specific interaction of this helix and S18 is
important for the initiation complex formation.42-45 In the crystal structure of the initiation
complex solved by Yusupova et al., the highly flexible and basic N-terminal end of the S18
protein is in close contact with the Shine Dalgarno helix in the initiation complex whereas in
the post-initiation complex this helix is shifted and rotated to interact with S2 rather than
S18.46 The S18 protein was determined to be phosphorylated at residues Tyr31, Thr33, and
Ser35 (Table II). On the other hand, S21 is found to be phosphorylated only at Tyr residues in
the immunoblotting experiments (Fig. 1B). Interestingly, there are two highly conserved Tyr
residues in bacterial S21 homologs; however, no phosphorylated Tyr residue was detected and
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mapped in our LC-MS/MS analysis due to the size of the tryptic peptides obtained from S21
spot. Possibly, the phosphorylated residues in both S18 and S21 might be involved in either
protein-protein or protein-mRNA interactions in the platform region exposed to mRNA binding
surface of the protein (Fig. 4B).

Phosphorylated proteins at the interface region of the small and large subunits
S12 and L2 are the two proteins located at the interface between the small and large subunits
of the ribosome near the tRNA-binding sites.35 In the LC-MS/MS analysis of 2D-gel spots,
ribosomal proteins S12 and L20 were identified in the same spot. This S12 and/or L20 spot
appears to be Ser, Thr, and Tyr phosphorylated in the immunoblotting experiments (Fig. 1 and
2). Due to high Lys and Arg content of these proteins, only phosphorylated tryptic peptide
detected was from S12. For this reason, we did not include L20 as a phosphorylated ribosomal
protein in Table I.

Phosphorylation of S12 at Ser and Thr residues was also demonstrated by a ribosome associated
kinase in S. collinus. 15 S12 is important for tRNA decoding at the A site specifically in relation
to the wobble base (the third position), where coordination of a magnesium ion occurs. 24 For
this reason, it is conceivable to suggest that the phosphorylation of S12 might be important in
the A site tRNA binding, especially after locating the phosphorylated residues in close
proximity to the hinge region of the 16S rRNA around position 912 and H44 in the crystal
structure (Fig. 4B).

L2 is another phosphorylated protein located right at the interface between the subunits and
this protein absolutely required for subunit association as a primary rRNA binding protein and
important for peptidyl transferase activity. 47-49 Evidently, L2 is the second largest 50S protein
consisting of 273 residues and it is one of the most highly conserved ribosomal proteins with
numerous functions in protein synthesis. Our data shows that L2 is a highly phosphorylated at
Ser, Thr, and Tyr residues (Fig. 1 and 2, Table I). Previously, in vitro phosphorylation of this
E. coli ribosomal protein by a protein kinase from rabbit skeletal muscle was reported.13 Even
though L2 was found to be phosphorylated at Ser, Thr and Tyr residues due to high occurrence
of tryptic Lys and Arg sites, we were not able to detected many of the highly conserved and
predicted phosphorylation sites in L2. Only one phosphorylated peptide was identified in the
mass spectrometric analysis of the 2D-gel spot (Fig. 1A and 2A). The only phosphorylated Thr
residue is located at position 190 and in the globular domain of the L2 protein (Table II). In
the event of Thr190 phosphorylation, the globular domain of L2 may be expanded due to charge
repulsion in the rRNA-protein interface and this expansion might be important in subunit
association/dissociation (Fig. 6A).

Phosphorylated proteins located at the central protuberance and 30S head regions
L5 is the only protein located at the interface region of the central protuberance of the 50S
subunit, where it interacts with the small subunit proteins S13 and S19 in the head of the 30S
subunit. Ribosomal L5 is a 20 kDa protein phosphorylated at Ser, Thr, and Tyr residues as
detected by immunoblotting and tandem MS analyses (Fig.2, Table I). Some of these
phosphorylation sites were found as one or two phosphorylations per peptide; however, it was
not possible to determine the exact phosphorylation sites in some of the peptides (Table II).
Many of the phosphorylation sites in L5 are probably involved in conformational
rearrangements of L5 and 23S rRNA during translocation in the central protuberance. The
phosphorylated peptide containing the phosphorylated Tyr127 has another very highly
conserved Tyr residue at position 142; however, the score for phosphorylation of Tyr142 is
low compared to the Tyr127 phosphorylation. On the other hand, Tyr142 is more likely to be
phosphorylated according to the NetPhos predictions. Moreover, Tyr142 is located in the
extended β4-β5 loop and might be significant in regulating the role of L5 in subunit association
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and ratchet-like movement of EF-G bound ribosomes during translocation and subunit
dissociation.39,50,51 In the E. coli structure, the side chain of Tyr142 is surrounded by
hydrophobic residues (Ile135, Ile140, Val145, and Val148). 11,39 Phosphorylation of this Tyr
residue gets phosphorylated at any stage of translation would cause rejection from the
hydrophobic pocket and cause conformational changes in interactions between the two flexible
loops of L5 and S13 and S19 proteins at the inter-subunit bridges B1a, B1b, and B1c.

In the small subunit, S13 is located right across from the L5 and only one phosphorylated
peptide was detected from S13 containing Ser45, Ser48 and Thr54. Even though the highest
phosphorylation score was obtained for Ser45, Ser48 is more conserved among the bacterial
S13 proteins and it is predicted to be phosphorylated (Fig. S2). All of these possible
phosphorylation sites either Ser45 or Ser48 residues are on the surface of S13 at the rRNA-
protein interface.

Phosphorylated proteins surrounding the SRL region
Ribosomal proteins L3, L6, L13, L14 and L19 are positioned below the L7/L12 stalk organizing
the sarcin-ricin loop (SRL) domain, mainly domain VI of 23S rRNA, for factor binding (Fig.
6A). 26,52 Phosphorylation of L3, L6, L13, and 19 were detected on 2D-gels and identified in
the LC-MS/MS analyses; however, due to the high degree of phosphorylation and differences
in pIs, it was difficult to determine specific phosphorylation status of some of these proteins
in the immunoblotting analyses (Fig. 1 and 2, Table I). Therefore, most of the phosphorylated
peptides for these proteins were identified in repeated analyses of IMAC and SCX from the
in-solution digestions of ribosomal proteins.

L3 is one of the proteins that might have an effect on peptidyl transferase activity of ribosomes
due to its close proximity to the active center.53,54 In immunoblotting and mass spectrometric
analyses, L3 is mainly phosphorylated at Ser and Thr residues at positions Thr16, Ser21, and
Thr25 (Fig. 1 and 2, Table II). These phosphorylated residues reside at the N-terminal end of
the protein at the L3-L14 protein interface to possibly increase the strength of protein-protein
interactions; however, Ser21 is completely solvent accessible and may be involved directly in
factor binding.

L6 is located right below the L7/L12 stalk and extended towards the back of the large subunit.
11 Similar to proteins surrounding the SRL region, the surface of L6 and L13 proteins provide
interaction sites for elongation factors binding to the ribosomes. 52,55 The peptide identified
for L6 revealed phosphorylation sites at residues Ser73 (Thr79) and Thr83 (Table II). It is
conceivable to propose a role for all these phosphorylation sites in regulation of factor binding
to L6 due to their location below the SRL region (Fig. 6B, C). Especially, residues Thr79 and
Thr83 are highly conserved in L6 homologs from many bacteria, and Thr83 is replaced by a
Glu residue in Bacillus possibly implying the requirement for a negatively charged residue in
that position (Fig. S2).

Ribosomal L13 was one of the eight ribosomal proteins that were found in active sub-ribosomal
particles containing both 23S and 5S rRNA.56 C-terminal end of the L13 is closely positioned
at the factor binding site between L3 and L6 proteins, towards the back of the 50S subunit and
the other end interacts with ribosomal proteins L20 and L21 (Fig. 6A).52 Almost all of the
phosphorylated residues found at Tyr16, Tyr44, Thr45, Thr50, and Tyr53 positions are solvent
accessible towards the back of the 50S subunit with possible roles in binding of ribosome
interacting proteins. The other phosphorylated protein that is interacting with L13 is L21 and
the only phosphorylated residue detected in our analysis is located at Tyr2. This residue is at
the N-terminal end of L21 that interacts with L20 and L13.11
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L14 and L19 form the parts of the intersubunit bridges between the small and large subunits;
therefore they may have significant roles in subunit association.26,57 The ribosomal L14 protein
is phosphorylated at Thr6 and Ser109 residues. Even though L19 and L9 proteins were not
clearly separable due to their molecular masses and pIs, the 2D-gel spot appeared to be
phosphorylated at Ser, Thr and Tyr residues (Fig. 1, Table I). We were able to map a Ser
phosphorylation site in L19 protein but could not detect the peptide covering the highly
conserved Tyr98 and Tyr99 residues. The phosphorylated L19 peptide obtained from tryptic
digests of 2D-gel spot revealed the phosphorylation of Ser18 and phosphorylation of this
residue was also determined to be phosphorylated in a recent high throughput
phospoproteomics analysis of the E. coli proteome.16 From a study using reverse genetics, it
was shown that L19 is essential for cell viability.58 The mutations in L19 resulted in increased
sensitivity to aminoglycosides active at the A-site, indicating a perturbation of the decoding
step; however, this mutation was compensated by a mutation in S12 at Lys42.59 We have
detected two phosphorylation sites, Ser18 and Ser82 (Ser84), in L19 and interestingly, these
residues are in the same axis as Gln40 in the crystal structure of 50S subunit at 3.5 Å.11

Therefore, the phosphorylated form of L19 may be the active form allowing for the assembly
and decoding processes to occur.

Phosphorylated L7/L12 stalk proteins
L7/L12 stalk is located on the opposite side of the L1 stalk in the 50S subunit and is essential
for the function of elongation factors EF-Tu and EF-G, initiation factor IF-2, and release factor
RF3 on the ribosome.38,60-62 The stalk is formed by L10, L11 and multiple copies of L7/L12
and due to flexibility of this stalk only L11 was mapped in the crystal structure of the
ribosome11. Among these three proteins only L11 was detected as phosphorylated in a spot
overlapping with L17 in the 2D-immunoblotting analysis of the ribosome preparations (Fig.
1). We were not able to map any specific phosphorylation sites on L11 while it was possible
to detect phosphorylated peptides in-solution digestions of ribosome preparations for
phosphorylated L7/L12 by MS/MS (Table II).

In early cross-linking studies, L7/L12 was determined to be the only ribosomal protein that is
present in multiple copies, four copies in E. coli and six copies in thermophiles.17,63 Based on
structural investigations by cryo-EM and NMR, the protein is determined to be composed of
two distinct globular domains connected by a linker called the “hinge region”. The N-terminal
domain has a role in dimerization and anchoring L7/L12 to the ribosome, while the C-terminal
domain interacts with the factors during translation. Finally, the hinge region, including
residues 33 to 52, of L7/L12 is an alanine rich region responsible for large conformational
changes of the C-terminal domain of the protein during translocation.30,64-66 Recently,
requirement of L7/L12 phosphorylation and acetylation for ribosome association was
demonstrated by mass spectrometry; however, the specific sites for phosphorylation were not
determined.17,67 In a recent phosphoproteome analysis of E. coli, L7/L12 was also found to
be phosphorylated at Ser89.16 We determined three additional phosphorylation sites that are
located at the Ser15, Ser33 and Thr52 (Table II). Clearly, phosphorylation of residues located
at the beginning (Ser33) and end (Thr52) of the linker or hinge region could possibly play a
role in the conformational changes of the C- and N-terminal domains of L7/L12 during
translation.

Other phosphorylated proteins of the 70S ribosome
Ribosomal protein L16 is an essential component of the bacterial ribosome that organizes the
tRNA interacting site in the 50S subunit.68 It is also one of the only few ribosomal proteins
come close to the peptidyl transferase cleft, and therefore, a preferred target for antibiotic
binding to the ribosome (Fig. 6B). In the 2D-gel systems used, L16 was found in multiple spots
along with L15 (Fig. 2); however, the mass spectrometric analysis of these spots revealed the
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presence of phosphorylated peptides only from L16. We have found three phosphorylated
peptides with phosphorylation sites located at residues Thr24 (Ser27), Tyr103, and Thr132
(Thr134) (Table II) and many of these phosphorylated residues are located in the globular part
of the L16 away from the cleft possibly involved in protein binding to the L7/L12 stalk base
(Fig. 6B).

Another phosphorylated protein that we detected is L22 and it is located at a L22 protein consist
of a globular domain exposed to the rear surface of the large subunit and an extension
penetrating into the 23S rRNA forming the lining of the peptide exit tunnel.52,69 The extensions
contributing to the lining of the peptide exit tunnel have been implicated in a gating mechanism
that might regulate the exit of nascent peptides and mutations in these extensions are also
involved in antibiotic sensitivity.70-72 In the 2D-gel system, L22 was detected in multiple spots
(Fig. 2) along with L24 and only two phosphorylated peptides were detected in the mass
spectrometric analysis of the tryptic digests of these spots. Both peptides had multiple
phosphorylation sites at Thr37, Tyr38, Thr39 and Thr100, Ser101, Thr104 residues. The
phosphorylated peptide containing Thr37, Tyr38 and Thr39 residues are located in the globular
domain near the L32 interface and the other phosphorylated residues Thr100, Ser101 and
Thr104 are at the peptide exit tunnel.

L18 was only identified in LC-MS/MS analysis of in- solution digestions of 70S ribosomes
with over 60% coverage. In fact, Bloemink and Moore have shown that the phosphorylation
of L18 is necessary for 5S rRNA binding to 23S rRNA and the phosphorylated Ser residue
was predicted to be at position 57 in B. stearothermophilus L18.18 In the mass spectrometric
analysis of peptides from L18, we determined that Ser45 is the most likely residue to be
phosphorylated in E. coli rather than Ser52 that corresponds to Ser57 in B.
stearothermophilus. However, the phosphorylated peptide containing the Ser45 residue was
also predicted to be phosphorylated at Ser52 or Thr53 with a lower score (Table II). All these
residues that are located in a peptide extends at the rRNA-protein interface may be involved
in L18 binding to 5S rRNA. In addition, L18 is near the end of the signal recognition particle
(SRP) binding path and phosphorylated Ser45 can also be important for SRP-large subunit
interactions.73

Conclusions
Data presented here and previous studies on phosphorylated proteins of bacterial ribosomes
demonstrate the significance of phosphorylation in function and regulation of protein synthesis.
13-16 Therefore, in order to better understand the role of essential ribosomal proteins in protein
synthesis, post-translational modification analysis of these proteins was a mandatory task for
proteomics researchers. We accomplished this task partially by identifying the phosphorylated
ribosomal proteins and specific phosphorylation sites at steady-state levels in E. coli. Mapping
of the phosphorylated residues in these ribosomal proteins will provide structurally relevant
insights into the role of phosphorylation in ribosome function and regulation. As modeled in
the crystal structures of E. coli subunits, the phosphorylated residues are mostly on the surface
of ribosomal proteins with solvent accessible -OH side chains where functions of ribosomal
proteins could be regulated by this modification. In general, phosphorylation patterns seen in
the small and large subunit, especially around the mRNA binding path and SRL region, imply
the significance of this modification in protein synthesis. On the other hand, phosphorylated
ribosomal proteins with no assigned function might participate in an unknown function or
conformational change which is yet to be discovered.
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Fig. 1. Two-dimensional gel analysis of phosphorylated E. coli ribosomal proteins
(A) 15 A260 units of E. coli ribosomes were separated on NEPHGE gels using pI 5-7 and 3-10
ampholytes. The gel was stained with Coomassie Blue. (B, C, D) Immunoblotting analysis of
E. coli ribosomal proteins using phosphotyrosine, phosphoserine, and phosphothreonine
antibodies, respectively. The regions labeled correspond to phosphorylated proteins identified
by LC-MS/MS analysis from the tryptic digests of the gel pieces. Not all of the proteins that
are found to be phosphorylated are marked in the figures.
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Fig. 2. Further analysis of phosphorylated E. coli ribosomal proteins by NEPHGE gels
(A) 15 A260 units of E. coli ribosomes were better separated on NEPHGE gels using pI 8-10
and 3-10 ampholytes. The gel was stained with Coomassie Blue. (B and C) Immunoblotting
analysis of E. coli ribosomal proteins using phosphoserine and phosphotyrosine antibodies,
respectively. The regions labeled correspond to phosphorylated proteins identified by LC-MS/
MS analysis from the tryptic and Lys-C digests of the gel pieces. Not all of the proteins that
are found to be phosphorylated are marked in the figures.
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Fig. 3. Detection of phosphorylated E. coli ribosomal proteins by [32P]-orthophosphate labeling
and ProQ phospho staining
(A) Coomassie Blue stained gel of E. coli ribosomes. (B) E. coli ribosomes visualized by
phosphor-imaging after labeling with [32P]-orthophosphate. (C) ProQ Diamond
phosphoprotein stained gel of E. coli ribosomes visualized by a laser scanner at 532 nm.
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Fig. 4. 3D-model of the 30S subunit from E. coli indicating the location of each phosphorylated
ribosomal protein
The phosphorylated ribosomal proteins in the 30S subunit are represented by green color, while
the phosphorylated residues mapped by mass spectrometry and unphosphorylated proteins are
colored red and pink, respectively. Coordinates of the E. coli 30S subunit were obtained from
the Protein Data Bank (Acc. # 2AW7). (A) Depicting the 30S subunit from the solvent side,
while (B) gives a view of the small subunit from the 50S interface.
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Fig. 5. MS/MS and MS3 spectra of a phosphorylated tryptic peptide from E. coli ribosomal S11
(A) CID MS/MS spectrum for doubly–charged phosphorylated peptide
ITNITDVpTPIPHNGCRPPK (m/z 1077.5) with a neutral loss of 49 Da. (B) MS3 fragmentation
spectrum of the dephosphorylated peptide (m/z 1028.7). (C) The primary sequence alignment
of the tryptic peptide from E. coli S11 with the peptides from the same region of several
bacterial and the human mitochondrial S11 sequences. Abbreviations for bacterial species:
ECOLI; E. coli, HAEIN; Haemophilus Influenzae, MYCTU; Mycobacterium tuberculosis,
BACSU; Bacillus subtilis; and THET8; Thermus thermophilus. The alignment was processed
with the CLUSTALW program in Biology Workbench and the results are displayed in
BOXSHADE. The two asterisks indicate possible phosphorylated residues as detected in the
LC-MS/MS analysis of the phosphorylated tryptic peptide.
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Fig. 6. 3D-model of the E. coli 50S subunit showing the position of each phosphorylated ribosomal
protein
The color coding is the same as in Fig.4. Coordinates of the E. coli 50S subunit were obtained
from the Protein Data Bank (Acc. # 2AW4). (A) Depicting the 50S subunit from the solvent
side, (B) gives a view of the large subunit from the 30S interface, and (C) is the side view of
the large subunit showing the phosphorylated proteins around the SRL. Specific regions,
peptidyl transferase center (PTC), central protuberance (CP), sarcin-ricin loop (SRL), L1 and
L7/L12 stalks and the 50S ribosomal proteins were labeled in the model generated by PyMol
software (DeLano Scientific LLC).
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