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An emerging role for the ribosome as a nexus for
post-translational modifications
Deniz Simsek1,2 and Maria Barna1,2
The ribosome is one of life’s most ancient molecular machines
that has historically been viewed as a backstage participant in
gene regulation, translating the genetic code across all
kingdoms of life in a rote-like fashion. However, recent studies
suggest that intrinsic components of the ribosome can be
regulated and diversified as a means to intricately control the
expression of the cellular proteome. In this review, we discuss
advances in the characterization of ribosome post-translational
modifications (PTMs) from past to present. We specifically
focus on emerging examples of ribosome phosphorylation and
ubiquitylation, which are beginning to showcase that PTMs of
the ribosome are versatile, may have functional consequences
for translational control, and are intimately linked to human
disease. We further highlight the key questions that remain to
be addressed to gain a more complete picture of the array of
ribosome PTMs and the upstream enzymes that control them,
which may endow ribosomes with greater regulatory potential
in gene regulation and control of cellular homeostasis.
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Within the central dogma of molecular biology, that
describes the linear flow of information from DNA to
RNA to protein, translational control is considered the
final step. The ribosome, a multi-component assembly of
RNA and protein, is responsible for accurately decoding
messenger RNAs (mRNAs) and converting their
sequences into proteins. Since the first electron
microscopy observation of the ribosome as “a particular
component of small dimensions and high density” in
1955 [1], decades of research have led to the discovery
of multiple mechanisms that regulate translation.
However, most of these investigations have mainly
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focused on additional translation factors (e.g. translation
initiation and elongation factors) rather than the ribosome
itself [2,3]. In all organisms, Ribosomal Proteins (RPs)
and ribosomal RNAs (rRNAs) make up the small and
large ribosomal subunits. The space between the two
subunits harbors the catalytic activity of the ribosome.
Although the majority of the RNA and protein components, including the peptidyl transferase center that
catalyzes peptide bond formation, are well-conserved
throughout all kingdoms of life from bacteria to humans,
ribosomes have undergone structural and compositional
changes throughout evolution that reflect differences in
the translational mechanisms utilized and the complexity
of the proteomes synthesized [4,5].
Observations that ribosomes within a single species may
differ in composition have been reported since the 1970s,
primarily from the bacterial response to antibiotics or
changing growth conditions [6,7]. Despite these
intriguing observations, ribosomes have traditionally
been considered housekeeping structures, invariable in
composition within the same species. Only recently has
this perception been challenged by studies demonstrating
that the absence or presence of specific RPs or rRNA
segments actually has functional significance and can
tune the ribosome to preferentially translate specific
mRNAs. Under stress, bacteria express a site-specific
endonuclease that cleaves both mRNAs, which renders
them leaderless, as well as rRNAs, to form specialized
ribosomes that can only translate these cleaved mRNA
species [8]. In mammalian cells, a key example of
ribosome heterogeneity is Rpl38/eL38, a core RP, which
is differentially expressed in specific regions of the
developing mouse embryo, such as the somites that give
rise to the mammalian body axis. Reduction of
Rpl38/eL38 in a mouse model revealed that it does not
affect global translational regulation but is selectively
required for the translation of specific Hox genes that
control patterning of the mammalian body plan through
cis-regulatory elements residing in their 50 untranslated
regions (UTRs) [9,10]. Emerging studies that highlight
the functional significance of different RPs serving
specific roles are reviewed elsewhere [11,12] and they
suggest that the ribosome is not merely a static machine,
but rather a dynamic one whose intrinsic components can
be regulated and diversified to promote intricate regulation of translation.
It is tempting to hypothesize that an additional layer of
dynamic regulation to ribosome activity may be achieved
www.sciencedirect.com
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by RP PTMs such as phosphorylation and ubiquitylation.
PTMs are covalent modifications that can change the
stability, subcellular localization, and/or interaction partners of the modified substrate and can regulate such
properties within developmental and physiological timescales. Initial proteomic studies of ribosomes crudely
isolated through centrifugation methods attempted to
identify PTMs via database searches of either intact
RPs or digested RP-peptides [13–15]. However, PTM
assignment based on mass difference, such as acetylation
or methylation, is not comprehensive and is prone to
misinterpretation as specific masses could result from a
combination of multiple PTMs or could be due to artifacts arising from sample preparation methods. Recent
advances in PTM enrichment methods from digested
peptides, combined with high-resolution quantitative
mass spectrometry (MS), permit systems-level PTM
mapping for phosphorylation and ubiquitylation,
whereby the conjugation sites of the modification can
also be identified with higher confidence [16,17]. Interestingly, many of these near-comprehensive static PTM
maps or dynamic PTM snapshots in response to different
perturbations contain RPs as candidates [18–22,23].
Although the presence of diverse PTMs increases the
combinatorial diversity of ribosomes, analogously to the
histone PTMs that make up the histone code, our understanding of the mechanisms that underlie ribosomal
PTMs and their potential functional roles in regulating
translational output is in its infancy. In this review, we will
summarize recent findings, concentrating on examples of
phosphorylation and ubiquitylation of RPs identified by
both focused, case-by-case studies and by unbiased,
large-scale proteomic studies that enrich for a specific
PTM.

Phosphorylated ribosomes in sickness and in
health
The first inducible PTM identified at the ribosome was
the phosphorylation of mammalian Rps6/eS6, which was
discovered almost 40 years ago by analyzing ribosomes
from regenerating livers, utilizing radioactive phosphate
incorporation and two dimensional (2D) gel electrophoresis [24]. Phosphorylation events on Rps6/eS6 are
mapped to five sites that can all be catalyzed by S6K1/
S6K2 kinases. RSK, PKA, and CK1 kinases can also
phosphorylate distinct sites of Rps6/eS6, whereas all
the phosphorylation can be reversed by phosphatase
PP1 (Figure 1a) [25]. Numerous studies have shown that
Rps6/eS6 phosphorylation occurs downstream of multiple
external stimuli (e.g. growth factors), which are transduced via the PI3K and mTOR pathways. As a result,
Rps6/eS6 phosphorylation is frequently used as a readout
for mTORC1 activation [25]. Moreover, in mice physiological or pharmacological stimuli that activate neurons,
also lead to an increase in Rps6/eS6 phosphorylation
[26,27]. This observation led to the development of
phosphorylated Rps6/eS6 as a marker of activated
www.sciencedirect.com

neurons and antibodies that specifically recognize this
modification enabled the enrichment and isolation of
ribosomes and associated mRNAs translated in response
to neuronal activation [27]. A knock-in mouse model in
which all five Rps6/eS6 phosphorylation sites were
mutated, along with mouse models deficient in S6K1/
S6K2 kinases, paved the way for a better understanding of
the role of Rps6/eS6 phosphorylation. Surprisingly, Rps6/
eS6 phosphorylation-deficient mice are viable and only
display subtle, tissue-specific phenotypes, for example,
smaller pancreatic beta cells accompanied by impaired
glucose homeostasis [28], and smaller myoblasts with
decreased muscle mass [29]. Moreover, studies using
Rps6/eS6 phosphorylation-deficient mice in different
cancer mouse models suggested a role of Rps6/eS6 phosphorylation in the initiation of pancreatic cancer, but
found it was dispensable for AKT-mediated thymic lymphomas [30–32]. Therefore, although the regulatory
inputs leading to Rps6/eS6 phosphorylation have been
extensively studied and Rps6/eS6 phosphorylation has
been successfully used as a readout of these inputs, the
physiological roles of this modification Rps6/eS6 are not
yet entirely known.
A second prominent example of RP phosphorylation
comes from human monocytic cells and the interferon
(IFN)-g-mediated innate immune response (Figure 1a).
Upon IFN-g incubation, the DAPK1-ZIPK kinase-signaling cascade results in the phosphorylation of Rpl13a/
uL13 at stoichiometric levels at a single serine. This
process results in the release of Rpl13a/uL13 from the
assembled large ribosomal subunit [33]. Released phosphorylated Rpl13a/uL13 has an extra-ribosomal function
as an essential component of the interferon-g-activated
inhibitor of translation (GAIT) complex, which binds to a
defined element in the 30 UTRs of a select group of
inflammation-related mRNAs to inhibit their translation
[34]. Phosphorylation of Rpl13a/uL13 is the rate-limiting
step in GAIT complex-mediated translational repression.
After the complex is recruited to target mRNAs, phosphorylated Rpl13a/uL13 interacts specifically with the
initiation factor eIF4G and suppresses translation by
blocking the recruitment of the small ribosomal subunit
[33,35]. Interestingly, DAPK1-ZIPK kinases themselves
are translational targets of phosphorylated Rpl13a/uL13,
thereby forming a negative feedback loop [33].
A more recent study showed how phosphorylation of an
RP can be critical for the etiology of the neurodegenerative Parkinson’s disease (PD) (Figure 1a) [36]. Rps11/
uS17, Rps15/uS19, and Rps27/eS27 were found to be the
major interactors of LRRK2, a kinase frequently mutated
in familial and sporadic PD. Intriguingly, 19 of 67 RPs
tested can be phosphorylated directly by LRRK2 [37].
For Rps15/uS19, the mutation of a single phosphorylation
site rescues the neurotoxicity caused by the LRRK2
mutation in Drosophila, and phospho-mimetic Rps15/
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Ribosomes are remodeled: examples of RP phosphorylation and ubiquitylation events.
(a) Phosphorylation (represented by P) of Rps6 has been observed downstream of multiple growth signals and pharmacological stimuli. The
functional role of Rps6 phosphorylation has been elucidated in mouse models lacking Rps6 phosphorylation sites. Phosphorylation of Rpl13a
occurs as part of the innate immune response and leads to the separation of this RP from assembled ribosomes to carry out a transcript-specific
translation program as part of the GAIT complex. Rpl13a phosphorylation has been identified in human monocytic cells. Phosphorylation of Rps15
is critical for the neurotoxicity phenotype seen in Parkinson’s disease models in human neurons and Drosophila. Pencil symbol denotes the
enzymes responsible for attaching the PTM to the RPs, whereas scissors symbol denotes the enzymes reversing the PTM. Pencil or scissors
symbols in green indicates that the specific enzymes are known for this particular PTM; whereas pencil or scissors in white indicates the enzymes
remain unknown.
(b) Ubiquitin modifications (represented by magenta circles) at the ribosome can lead to diverse outcomes: non-degradative K63 linked ubiquitin
chains or mono-ubiquitin signals can modify RPs in response to stress conditions. For example, in response to oxidative stress in yeast, RPs are
modified by K63 linkages. Upon ER stress, cytoplasmic ribosomes, but not ER-ribosomes are decorated with mono-ubiquitin on multiple different
RPs as shown in a tissue-culture based system. Ubiquitin signaling at the ribosome as part of the mRNA-protein quality control pathway is
versatile and can modify nascent chains with degradative K48-linked ubiquitin chains while also modifying RPs with mono-ubiquitin signals.
Ubiquitin signaling can also mark ribosome biogenesis factors and may lead to ribosome functional diversity during neural crest cell differentiation.

uS19 is neurotoxic, demonstrating that Rps15/uS19 is a
critical pathogenic LRRK2 substrate. Consistently, Rps
15/uS19 is found to be hyperphosphorylated in postmortem brain lysates from PD patients that inherited the
LRRK2 mutation. LRRK2 kinase has been suggested to
have other substrates pertinent for endocytosis, cytoskeleton remodeling, and autophagy [38]. LRRK2 has also
been previously suggested to enhance translation by
phosphorylating 4E-BP1, which in return promotes the
interaction of 4E-BP1 and AGO2 and therefore disrupts
microRNA-dependent translational repression of certain
a few mRNAs [39]. However, this finding did not pinpoint
whether 4E-BP1 phosphorylation is causative for neurodegeneration. To gain mechanistic insights into the neurotoxicity caused by phosphorylated Rps15/uS19, future
studies should aim to understand whether different
Current Opinion in Cell Biology 2017, 45:92–101

subcellular pools of Rps15/uS19 are phosphorylated
and whether this modification results in alterations of
ribosome biogenesis, since Rps15/uS19 is known to be
important for nuclear export of the pre-40S complex [40].
Moreover, the phospho-deficient form of Rps15/uS19
appears to attenuate the global translational increase
observed with LRRK2 mutations as measured by radioactive methionine incorporation, although the molecular
mechanisms leading to this remain to be determined
[37]. It is plausible that the phosphorylated Rps15/
uS19 may be important for the differential translation
of specific mRNAs, which when altered may underlie
neurodegeneration. Because such information is not available by analyzing global protein synthesis, applying techniques such as ribosome profiling, which measures ribosome occupancy and translation efficiency of each
www.sciencedirect.com
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transcript genome-wide [41], to phospho-mutant Rps15/
uS19 cells could provide a high-resolution view of the
translational impact of this PTM.
While the very first study that identified the Rps6/eS6
phosphorylation in 1974 concluded that “only a single RP
is phosphorylated” in mouse livers [24], this is likely due
to the sub-stoichiometric levels of the phosphorylated
forms of other RPs which were below the detection limit
of 2D gels. Recent technological advancement in phospho-proteomic methods that combine strong cation
exchange chromatography with phospho-peptide enrichment methods has increased the dynamic range and
sensitivity for the identification of phosphoproteins
[16]. Using these techniques, many groups have investigated phosphorylation sites proteome-wide, demonstrating changes during stem cell differentiation, across different mouse tissues, and during difference stages of the
mammalian cell cycle [18–20]. Although these studies did
not concentrate on ribosomes particularly, a close examination of these data suggests that phosphorylation of RPs
may change between different physiological conditions.
For instance, RPs are phosphorylated throughout the
mammalian cell cycle and contain the consensus kinase
recognition site for CDK1 [19,42], a kinase that orchestrates essential steps of mitosis [42,43]. Additional evidence lies in work exploring CDK1 activity, which was
found to phosphorylate Rps3/uS3 in vitro [44]. Interestingly, ribosome profiling across cell cycle stages revealed
that specific transcripts are preferentially translated during different stages of the cell cycle, even though translation is globally repressed [45,46]. Another PTM, OGlcNAcylation, can compete with phosphorylation for
modifying substrate serines and threonines, and the balance of these two marks was suggested to work in concert
to control cell division [47]. While O-GlcNAc profiling
experiments found multiple RPs to be enriched [48], it
remains to be formally investigated as to whether OGlcNAcylation and phosphorylation of RPs can cross-talk
and may, either individually or in combination, confer
specificity to the ribosome in the translation of cell cycleregulated mRNAs.

Ubiquitin comes in various sizes and shapes
at the ribosome
A second prevalent PTM at the ribosome is ubiquitylation, whereby a ubiquitin peptide consisting of 76 amino
acids is covalently attached to a lysine residue in a
substrate protein. Ubiquitin itself contains seven lysines,
which, in addition to its N-terminus, can serve as sites for
further ubiquitin chain assembly in vivo [49]. The most
abundant ubiquitin chain is formed via K48 linkages that
result in the proteasome-dependent degradation of substrate proteins. K63 linked chains, on the other hand, do
not trigger degradation but rather allow for the formation
of signaling complexes [50]. A 2D gel approach using wild
type (WT) or K63 linkage mutant strains revealed that
www.sciencedirect.com

non-degradative K63 linkages modify Rpl28/uL15 in
yeast and that ubiquitylation of Rpl28/ uL15 was low
during G1 and higher during the S-G2 phases of the cell
cycle [51]. Although ubiquitylation of Rpl28/uL15 is
conserved in mammalian cells, the ubiquitin enzymes
responsible for the modification or the direct functional
roles of Rpl28/uL15 ubiquitylation remain unknown.
A more recent study in yeast, leveraging quantitative MS
techniques, performed similar comparative experiments
between WT and K63 linkage mutant strains in response
to hydrogen peroxide stress (Figure 1b). Interestingly,
nearly 25% of these targets (30 proteins) were RPs and
translation elongation factors [52]. In this system, by
testing candidate enzymes that are known to form K63
linkages, the authors identified RAD6/BRE1 as the
enzyme that conjugates K63 linkages. UBP2 is the major
deubiquitylating enzyme (DUB) that reverses this modification. Moreover, it was discovered that UBP2, rather
than RAD6/BRE1, acted as a potential redox sensor and
was regulated upon hydrogen peroxide stress. Because
the relative stoichiometry of ubiquitylated proteins
depends on the interplay between ubiquitylating
enzymes and the reverse reaction catalyzed by DUBs,
this study demonstrated that specific enzymes that
reverse RP PTMs likely exist and remain to be identified.
Multiple RPs were found to be modified by K63 linkages,
and when these RPs are mapped to the ribosome structure, they are positioned throughout the ribosome without any localization pattern. Furthermore, in the K63
linkage mutant strain changes in global protein abundance upon oxidative stress were observed using quantitative MS [52]. It will be important to determine
whether these changes in protein synthesis are due to
indirect alterations to protein degradation dynamics, or
linked to differences in the modification of specific RPs
and possible subsequent changes in translational control.
With respect to these questions, a ribosome profiling
study that monitored changes upon hydrogen peroxide
stress in yeast suggested that short upstream ORFs or
non-AUG ORFs are preferentially translated [53]. Therefore, it remains to be investigated whether the oxidative
stress-induced K63 polyubiquitylation of ribosomes can
specifically influence the stringency of start codon recognition. High-resolution cryo-electron microscopy (cryoEM) structures of human ribosomes demonstrate that
certain mammalian RPs have greater solvent-exposed
domains when compared to their yeast homologs, and
may act as possible platforms for additional PTMs [5]. It
will be important to determine whether such RP modifications in response to oxidative stress are also conserved
in mammalian cells, for example in neuronal cells that are
especially vulnerable to oxidative stress [54].
Evidence for a functional role of mammalian RP-ubiquitylation has started to accumulate from a recent, unbiased
study that examined ubiquitylation dynamics in response
Current Opinion in Cell Biology 2017, 45:92–101
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to drugs that induce ER unfolded protein response (UPR)
(Figure 1b) [23]. UPR is a well-studied response to
proteotoxic stress and facilitates the protein-folding
capacity of the cell by allowing selective translation of
specific mRNAs while repressing the translation of most
mRNAs to maintain ER protein homeostasis [55,56]. The
proteome-wide ubiquitylation targets upon ER stress
were determined by employing an antibody that recognizes the di-glycyl remnant on the ubiquitylated lysine of
the substrate protein following trypsin digestion [23,57].
Specifically, trypsin digestion cleaves off the rest of the
ubiquitin leaving two C-terminal glycine residues of
ubiquitin attached to the substrate lysine, thereby allowing the identification of the modified lysines. Analysis of
the proteome-wide data revealed that ER stress results in
dynamic levels of ubiquitylation on RPs. Small ribosomal
subunit RPs, Rps2/uS5 and Rps3/uS3, were shown to be
mono-ubiquitylated at sub-stoichiometric levels of 5–
15% in response to drugs that induce ER folding stress
as well as to drugs that inhibit translation elongation [23
]. Since ribosomes exist in multiple subcellular locations,
it is critical to distinguish whether ribosome PTMs are
present on the assembled ribosomes or instead demarcate
RPs, as in the case of Rpl13a/uL13, for their extra-ribosomal roles. Interestingly, the authors showed that the
mono-ubiquitylated small subunit RPs are predominantly
in the cytoplasmic ribosome pool as opposed to ERassociated pool, and are present in assembled 80S ribosomes but absent from translating ribosomes. Mono-ubiquitylation typically affects protein–protein interactions
rather than substrate turnover [49], thereby suggesting
that these modifications on the ribosome may act as
nucleation sites for interactions with additional, yet
uncharacterized proteins. One feature of the UPR is
the ability to decrease global translation at the ER, a
function that when blocked leads to cell death [58].
Mutating the specific mono-ubiquitylation sites on the
small subunit RPs (Rps2/uS5 and Rps20/uS10) renders
the cell more susceptible to cell death upon UPR induction, suggesting a critical function for these ubiquitylation
events [23].
In order to define the upstream molecular mechanisms
leading to RP mono-ubiquitylation upon stress conditions, it is critical to identify the ubiquitylating and
DUB enzyme networks that can perform and reverse
these modifications. Since the human genome encodes
for an estimated number of 1000 enzymes that can
recognize and attach ubiquitin to specific substrates
[49], testing each of these enzymes for RP ubiquitylation
may be challenging. Therefore, the ubiquitin-related
enzymes that can interact with the mammalian ribosomes
should be investigated by following a more focused,
selective ribosome enrichment strategy with the potential
to connect the ribosome with yet-unidentified enzymatic
activities. It is also possible that known ribosome-interacting E3 enzymes that ubiquitylate nascent chains as
Current Opinion in Cell Biology 2017, 45:92–101

part of a multilayered mRNA-protein quality control
mechanism [51] could also be potential candidates for
enzymes that directly modify the ribosome. LTN1 (mammalian homolog Listerin) is one example of mRNAquality control related ubiquitin enzymes and is necessary
and sufficient for ubiquitylation of truncated polypeptides at stalled ribosomes [59]. LTN1 binds to the large
ribosomal subunit and is absent from assembled or translating ribosomes [60,61]. In addition, genetic screens in
yeast using reporter constructs designed to induce stalled
translation identified another ubiquitin ligase, HEL2, and
implicated it in the initial response to stalled translation
[32,62]. Moreover, the ATPase UPF1 [63,64], which
contains a ubiquitin ligase domain [65], and NOT4 ubiquitin ligase [66] are additional candidates since they are
involved in mRNA-protein quality control pathways and
co-sediment with ribosomes in fractionation experiments.
Insights into which ubiquitin ligases may modify RPs
came from two recent studies that sought to determine
whether ZNF598, the mammalian homolog of HEL2 also
has a role in the response to stall-inducing sequences on
reporter constructs (Figure 1b) [67,68]. These studies
suggested that ZNF598 may achieve such a role by monoubiquitylating primarily Rps10/eS10. By using a mutant
Rps10/eS10 that cannot be ubiquitylated, this modification was shown to be important for resolving ribosomes
stalled at the poly(A) sequences of the reporter constructs. These findings highlight the possibility that the
sequence context of the mRNA may influence a ubiquitin
ligase interacting with the ribosome to modify a core RP
for proper mRNA-protein quality control. Additional
work will be required to fully elucidate the detailed
mechanisms and the importance of ZNF598-dependent
Rps10 modification for physiologically stalled ribosomes.
Interestingly, ZNF598 may affect the ER stress-dependent ubiquitylation of some but not all of the RPs to
different levels, suggesting that other yet-unidentified
ubiquitin ligases exist and may also have specificity for
certain RPs [23,67,68].
Ubiquitin is a versatile signaling molecule, which has also
been directly linked to controlling the stoichiometry of
RPs in the cell. In eukaryotes, ribosome biogenesis starts
with precursor rRNA synthesis in the nucleolus. RPs that
are translated in the cytoplasm are imported into the
nucleus where rRNA and RPs are assembled via multistep processes and then are exported to the cytoplasm
with the help of many trans-acting factors [69]. It has been
shown that in both mammalian and yeast cells, RPs are
translated in excess and are degraded in a proteasomedependent manner in the nucleus [70,71,72]. A recent
study in yeast shows that when RPs do not incorporate
into mature cytoplasmic ribosomes, they are ubiquitylated by TOM1 and subsequently undergo proteasomedependent degradation. This pathway is conserved in
mammalian cells, and although the exact mechanism of
www.sciencedirect.com
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recognition remains to be identified, it was shown that
TOM1 modifies lysines of RPs that become available
only if they do not interact with rRNA [70].
In humans, there are 70 additional factors that can affect
rRNA processing without known yeast homologs, suggesting that mammalian ribosomes may be assembled by
adopting unique strategies and/or by different trans-acting factors [73]. A recent study showed that ubiquitin
signaling can modify a ribosome biogenesis factor,
TCOF1, during human neural crest differentiation
(Figure 1b) [74]. The role of TCOF1 in ribosome
biogenesis has been extensively studied and mutations
in Tcof1 cause Treacher Collins syndrome, a craniofacial
disorder characterized by loss of cranial neural crest cells
[75,76]. Tcof1 knockdown or Tcof1 haploinsufficiency in
mice results in pre-rRNA synthesis defects [77]. In a
recent study aimed at identifying neuronal-lineage specific substrate adaptors of CUL3 ubiquitin ligases, both
TCOF1 and another rRNA processing factor, NOLC1,
were found to be mono-ubiquitylated by the KBTBD8
CUL3-adaptor [74]. Moreover, at specific time points in
neural crest differentiation, knockdown of the Kbtbd8
adaptor or even Tcof1 itself did not affect ribosome
biogenesis or general protein synthesis. Instead monoubiquitylated TCOF1 was shown to act as a proteininteraction scaffold. Mono-ubiquitylated TCOF1 preferentially interacted with NOLC1, RNA polymerase I, H/
ACA complex that results in rRNA pseudouridylation,
and SSU proteins that control small ribosomal subunit
maturation [78]. Ribosome profiling studies upon knockdown of Kbtbd8 at specific differentiation time points
suggested that certain transcripts were differentially
translated. Interestingly, it has previously been shown
that rRNA pseudouridylation affects the translation of
specific mRNAs [79,80]. This finding leads to the hypothesis that mono-ubiquitylated TCOF1, by recruiting
rRNA modification and SSU enzymes, may result in
the formation of ribosomes that favor the translation of
select transcripts during neural crest differentiation.
However, characterization and identification of potentially distinct cytoplasmic ribosomes due to TCOF1
mono-ubiquitylation remains to be demonstrated. It is
also of particular interest to determine whether TCOF1 is
modified in the nucleolus or in the cytoplasm, since most
of TCOF1 is present in the nucleolus [77]. Furthermore,
since knockdown of Kbtbd8 may affect translation independently of its role in TCOF1 mono-ubiquitylation, it
will be critical to determine the functional consequences
of mutating TCOF1 such that it can no longer be
ubiquitylated.
In summary, emerging studies, albeit few in number,
suggest that the ribosome is at the nexus of diverse
PTMs. By coupling phosphorylation and ubiquitylation
enrichment methods with stringent ribosome enrichment
strategies, it will be increasingly feasible to determine
www.sciencedirect.com

comprehensively how many RPs are modified by PTMs.
A major challenge that remains is to define the functional
consequences of the RP PTMs. Examples highlighted
here at the level of RP phosphorylation show that these
modifications serve as markers of mTORC1 activity and
neuronal activation, can control the extra-ribosomal pool
of an RP upon specific stimuli to regulate translation of
certain transcripts, and are critical for the pathogenesis of
PD. Ubiquitin signaling has proven to be a versatile
means of modifying RPs and highlights how diverse
linkages and modifications of the ribosome have different
functional outcomes. Notable examples of RP ubiquitylation occur when specific transcripts must be preferentially translated despite global translational repression,
such as during the cell cycle or upon ER folding stress.
The ubiquitin signal can also modify nascent polypeptide
chains to integrate mRNA and protein quality control
pathways, to monitor ribosome stoichiometry, and to
modify ribosome biogenesis factors. Currently, in addition to the antibody-based enrichment of ubiquitin diglycyl remnants from digested peptides, there are additional tools to study specific ubiquitin linkages such as
linkage-specific antibodies [81–83]. Combining these
tools with stringent ribosome enrichment strategies will
lead to a more complete understanding of ubiquitin
signaling at the ribosome.
The studies summarized in this review provide crucial
insights and pave the way for more directed investigations. For example, it will be important to define the
mechanisms for how PTMs affect ribosome activity, such
as whether they can play structural roles on the ribosome,
control ribosome subunit assembly, stabilize mature ribosome complexes, or influence specificity in translational
control. Stoichiometry of the RP modification should be
considered as well as the localization of modified RPs on
the ribosome structure. For example, if RPs near the
mRNA entry or exit channels are modified, one can
envision that these PTMs may affect the interaction of
the ribosome with specific mRNA classes and thus may
alter the rate of elongation or specificity of termination.
From recent cryo-EM studies, we also know that ribosome structures are dynamic during translation [84] and
that binding of trans-acting factors can result in conformational changes in the ribosome at sites distinct from
their initial binding site [85]. Therefore, it is also tempting to hypothesize that modifications of an RP distant to
conventional mRNA binding surfaces may still be critical,
and could lead to the recruitment of additional RNA
binding proteins to impart translational specificity.
The histone code describes the interplay of modifications
at histones whose hierarchical assembly and disassembly
have been functionally dissected [86]. In addition to the
examples of RP phosphorylation and ubiquitylation discussed above, the spectrum of PTMs is rapidly expanding
and RPs may potentially be modified with other types of
Current Opinion in Cell Biology 2017, 45:92–101
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Is there a ribosome code?
Diverse PTMs observed in RPs include O-GlcNAcylation (represented by green pentagons), phosphorylation, and ubiquitylation. The enzymes that
can catalyze (writers) or reverse (erasers) the PTMs may interact with and modify different sub-pools of ribosomes, leading to increased dynamics
of ribosome heterogeneity. Analogous to the ‘histone code’, the possibility of downstream trans-factors that can recognize combinations of these
PTMs (readers) remains to be investigated. It is possible to envision that PTMs can recruit RNA binding proteins (RBPs) to the ribosome that can
specifically recognize certain structures or sequence motifs within selective groups of mRNAs.

PTMs. It remains to be determined whether RP PTMs
follow underlying mechanistic rules that exclude or
enable combinations of modifications to cross-talk and
thereby increase the complexity and dynamics of the
translation machinery (Figure 2). We are now poised to
understand the consequences of RP PTMs towards translational control in more detail. For example, one can
perform ribosome profiling with site-specific RP mutants
that can no longer be modified. Also, interactions of
kinases or ubiquitylating enzymes on the ribosome can
be mechanistically studied using cryo-EM techniques.
Moreover, systematic approaches to identify the writers,
erasers, and downstream trans-factors that could read
ribosome PTMs are an area of research that requires
extensive study. Finally, establishing antibodies that
can recognize site-specific PTMs will help to understand
the distribution of these RP PTMs within different
tissues, during different physiological states, or during
the course of embryonic development. It has been
recently shown that translation of the mammalian
genome is intricately controlled in space and time [87].
The approaches outlined here to identify RP PTMs and
to characterize their functional consequences are likely to
reveal the potential dynamics of how ribosome modifications may directly influence protein expression within
cells and developing organisms.
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Investigator.
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