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Ribosomal proteins are fundamental components of the ribosomes in all living cells. The ribosomal protein uS5

(Rps2) is a stable component of the small ribosomal subunit within all three domains of life. In addition to its

interactions with proximal ribosomal proteins and rRNA inside the ribosome, uS5 has a surprisingly complex

network of evolutionarily conserved non-ribosome-associated proteins.

uS5  dedicated chaperone  PDCD2  PDCD2L

1. Introduction

Despite the expanding number of roles played by noncoding RNAs, proteins remain key actors involved in nearly

every operation required for cellular life, from proliferation to differentiation, internal organization, intercellular

communication, and cell death. In order to set in motion the synthesis of new proteins, the information encoded by

genes as messenger RNAs (mRNAs) is decoded into polymers of amino acids by a highly complex cellular

machine, the ribosome, in a process known as translation. The ribosome is one of the most important

ribonucleoprotein complexes in the cell, as demonstrated by its essential role in protein synthesis, its highly

conserved nature, and its dominating abundance in most cell types. In fact, the fundamental structure and function

of the ribosome were highly conserved throughout the evolution from bacteria to humans .

The 80S ribosome is a large RNA–protein complex with a molecular mass of 4.3 megadalton in humans  and is

composed of two independent subunits: the 40S (or small) and 60S (or large) ribosomal subunits. The 40S

ribosomal subunit consists of 33 different ribosomal proteins (RPs) and a single ribosomal RNA (rRNA), the 1869-

nt-long 18S rRNA, whereas the 60S ribosomal subunit contains 47 RPs and three different RNA molecules: the 5S

(121-nt), 5.8S (157-nt), and 28S (5070-nt) rRNAs . While the 40S subunit contains the decoding center that

monitors the complementarity of mRNA and tRNA during translation, the peptidyl-transferase center and the exit

tunnel, in which the nascent polypeptide emerges out the ribosome, are at the heart of the 60S ribosomal subunit

.

The synthesis of new ribosomes is one of the most energy demanding and complex processes occurring in

eukaryotic cells. In addition to the four rRNAs and 80 RPs, ribosome biogenesis involves the coordinated action of

the three cellular RNA polymerases, several hundred ribosome biogenesis factors (RBFs), as well as about 200

small nucleolar RNAs (snoRNAs) . Ribosome synthesis begins in the nucleolus, where nascent rRNA is

transcribed by RNA polymerase I (RNAPI) and assembled co-transcriptionally into a 90S pre-ribosomal particle via

the spatio-temporal recruitment of several RPs, RBFs, and snoRNPs. Following endonucleolytic cleavage of the
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primary transcript between 18S and 5.8S rRNAs sequences, pre-40S and pre-60S particles will subsequently

follow distinct maturation pathways. Whereas this endonucleolytic cleavage step mainly occurs co-transcriptionally

in budding yeast , the extent to which this internal cleavage step is co-transcriptional in mammalian cells remains

unclear. RNAPIII transcribes the fourth rRNA, the 5S rRNA, which joins the pre-60S particle in the nucleolus as

part of the 5S RNP complex . After transiting through the nucleoplasm, pre-40S and pre-60S particles are

independently exported to the cytoplasm where they will be further processed to ultimately become competent for

translation .

While the main role of the 80 RPs is to assist in the folding of the four rRNA molecules into a three-dimensional

structure required for the precise interaction of mRNA codons with tRNA anticodons, the coordinated incorporation

of RPs into their corresponding pre-ribosomal particle is critical for the stepwise assembly of mature ribosomal

subunits. Specifically, functional studies in yeast and human cells show that deficiency of most RPs affects specific

steps of pre-rRNA processing associated with pre-90S, pre-40S, and/or pre-60S maturation, which usually

coincides with the timing of RP incorporation into pre-ribosomes . Accordingly, most genes that code for

RPs are essential for cellular proliferation and viability as well as for embryonic development in multi-cellular

organisms .

2. Structural Features of Eukaryotic uS5 and Role in
Translation

Human uS5 is a 293-amino-acids-long protein with a molecular mass of approximately 31 kDa that shows

cytoplasmic expression in most tissues . Analyses of actively translating ribosomes by cryo-electron microscopy

(cryo-EM)  reveal that uS5 is located on the solvent-exposed side of the 40S ribosomal subunit (Figure 1A).

Specifically, in the context of the mature 40S ribosomal subunit, uS5 is physically connected with ribosomal

proteins eS21, uS2, uS8, uS4, and uS3. Residues of uS5 also interact with the 18S rRNA via a double-stranded

RNA-binding-like domain (Figure 1B, magenta; PROSITE entry PS50881) and the conserved S5 C-terminal

domain (Figure 1B, orange; PROSITE entry PS00585). Like many other ribosomal proteins, uS5 adopts a globular

structure that is associated with disordered N- and C-terminal extensions  (Figure 1B). More precisely, the first

56 and last 14 amino acids of uS5 were not modeled from the cryo-EM analysis of active ribosomes  and show

very low structural confidence scores as predicted by AlphaFold , consistent with disordered regions (Figure

1B). Notably, both N- and C-terminal extensions are unique to eukaryotic uS5 and absent in the E. coli homolog

(Figure 1C). As shown in Figure 1D, the eukaryotic-specific N-terminal extension of uS5 is rich in arginine and

glycine residues. Arginine-glycine (RG)-rich motifs have been associated with mediating interactions with RNA and

protein as well as contributing to nuclear localization . Interestingly, several arginine residues in the N-terminal

RG-rich extension of uS5 are targeted by asymmetric dimethylation (see section on PRMT3), a uS5 post-

translational modification that appears to be evolutionarily conserved . Finally, human uS5 would include

an unconventional nuclear localization signal (NLS), between lysine-159 and threonine-232, which would allow uS5

to be transported to the nucleus by various import receptors .
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Figure 1. Structural characteristics of the 40S ribosomal protein uS5. (A) Cryo-EM structure of the actively

translating 40 ribosomal subunit (PDB entry 5AJ0), left, and rotated 90 degrees, right. uS5 is shown in cyan, while

the other 40S ribosomal proteins are colored in grey. The 18S rRNA is shown in orange. (B) Superposition of the

tertiary structures of uS5 extracted from the active 40S ribosomal subunit (PDB entry 5AJ0; dark blue, magenta,

and orange colors) and predicted by AlphaFold (pale blue). Note that the uS5 structure from the 40S subunit (PDB

5AJ0) represents only amino acids D57 to T278. The double-stranded RNA-binding-like domain and the conserved

S5 C-terminal domain are shown in pink and orange, respectively, while the N- and C-terminal extensions are only

seen in the AlphaFold model (pale blue). (C) Superposition of the AlphaFold tertiary structures of uS5 from E. coli

(lime, P0A7W1), S. cerevisiae (magenta, P25443), and human (cyan, P15880) showing eukaryotic-specific N- and

C-terminal extensions. (D) Motifs and functional domains of uS5 are shown. Numbers indicate the amino acid

positions of each domain. Alignment and shading were generated using ClustalW and Boxshade software.

Sequences are from Homo sapiens (H.s.), Drosophila melanogaster (D.m.), Caenorhabditis elegans (C.e.).

Arabidopsis thaliana (A.t.), Saccharomyces cerevisiae (S.c.), and Schizosaccharomyces pombe (S.p.). The

FXXXFG and FG motifs are boxed in red.

uS5 has been shown to be important for translation fidelity in E. coli, especially for a conserved glycine at position

28 . E. coli uS5, together with uS3 and uS4, form part of the tunnel through which mRNA enters the

small subunit of the ribosome to reach the interface between the two subunits . While uS3 and uS4 act as RNA

helicases, uS5 orients the incoming mRNA for proper codon reading in the ribosome A site . In eukaryotes,

based on cryo-EM structures of the yeast pre-initiation complex following AUG recognition , recent findings

using Saccharomyces cerevisiae also support a role for eukaryotic uS5 in translation fidelity, especially at the level

of translational initiation . Accordingly, substitutions of uS5 residues identified as proximal to mRNA nucleotides

8 to 13 downstream of the AUG start codon  were shown to enhance translation initiation at suboptimal start
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codons , suggesting that uS5–mRNA contacts may contribute to the stability and thermodynamics of the

eukaryotic preinitiation complex. Recent studies in mammals also support the role of uS5 in translation fidelity, as a

substitution of alanine-226 for a tyrosine in uS5 leads to increased mistranslation in human cells  and muscle

atrophy in mice .

3. uS5 Is an Essential Protein Required for 40s Ribosomal
Subunit Production

Whereas most yeast RPs are encoded by duplicated paralogous genes, uS5 is one of the few RPs encoded by a

single gene in both budding and fission yeast. uS5 is an essential gene in budding yeast as its deletion in S.

cerevisiae yields inviable spores . Accordingly, uS5 expression is required for ribosome biogenesis. A conditional

mutant strain of uS5 in S. cerevisiae results in the accumulation of 20S rRNA precursors; yet, it also shows a

reduction in newly made 20S pre-rRNA molecules in the cytoplasm, suggesting a role for uS5 in the export of pre-

40S particles . As for budding yeast, uS5 is also essential for cell viability in fission yeast, and knockdown of uS5

results in the complete inhibition of 40S ribosomal subunit production . Notably, Schizosaccharomyces pombe

cells depleted of uS5 showed only a small fraction of pre-rRNA matured into 20S precursors, suggesting that a

large fraction of pre-40S is actively turned-over in the absence of uS5 . In Drosophila, uS5 was identified as the

allele associated with the “string of pearl (sop)” recessive female sterile mutants . The sop allele is associated

with reduced uS5 mRNA levels, oogenesis and early development defects, larval lethality, and a Minute-like

phenotype . The Minute syndrome in Drosophila—which includes delayed development, low fertility and viability,

and decreased body size—is thought to arise as a consequence of suboptimal protein synthesis that results from

reduced levels of cellular ribosomes . In mammals, most of the knowledge about uS5 comes from studies

performed on immortalized cell lines. Consistent with findings in yeast and Drosophila, uS5 is an essential gene in

most tested human cancer cell lines , thereby making uS5 a potentially interesting target for cancer

vulnerabilities . Biochemical and structural data obtained from human cells indicate that uS5 is incorporated at

late stages of pre-40S particle assembly prior to nuclear export . Accordingly, knockdown of uS5 in human

cell lines results in the accumulation of 21S pre-rRNA, suggesting the uncoupling of cleavage at sites A0–1 in the

5′ external transcribed spacer sequence , as well as increase detection of 18S-E precursors in the nucleus,

consistent with delayed nuclear export of pre-40S particles .

Collectively, the current data support a conserved role for uS5 in the late stages of 40S ribosomal subunits

assembly. Consistent with this conclusion, recent cryo-EM analyses of pre-40S intermediates isolated prior to

nuclear export suggest that uS5 is incorporated into nucleoplasmic pre-40S particles . Interestingly, although

data generally support that the ribosome assembly process is largely conserved between yeast and human cells

, recent results suggest that uS5 may incorporate pre-40S particles at different time points between yeast and

humans . Specifically, S. cerevisiae uS5 was detected in pre-40S particles before the incorporation of uS2 and

eS21, whereas, in human cells, the timing of uS5 incorporation coincided with the insertion of uS2 and eS21,

suggesting that uS2–uS5–eS21 are incorporated as a cluster in humans .

A Multifaceted Network of uS5-Associated Proteins
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The identification of evolutionarily conserved uS5-associated proteins has been the focus of several studies in the

past two decades. Such studies have provided new insights into the processes and mechanisms that promote uS5

expression and incorporation into ribosomes, as well as possible yet-to-be-defined extra-ribosomal functions.

4. PDCD2 and PDCD2L: uS5-Associated Paralogs That Take
Part in Human Ribosome Assembly

During the process of establishing that the uS5–PRMT3 complex, which was originally identified in fission yeast

, is conserved in humans, a set of novel and highly specific PRMT3 interactors were identified in addition to uS5,

including strong enrichments of the PDCD2 and PDCD2-like (PDCD2L) proteins . Biochemical assays further

demonstrated that uS5 bridges the association between PRMT3 and PDCD2/PDCD2L, as depletion of uS5 totally

prevented the copurification of PRMT3 and PDCD2/PDCD2L . PDCD2 and PDCD2L are paralogous genes

conserved through evolution, with homologs from bacteria to animals but not in archaebacteria. Based on

sequence analysis, PDCD2 is thought to have arisen from the duplication of the PDCD2L gene prior to the

divergence of animals, fungi, and plants from a common ancestor . Homologs of human PDCD2 and PDCD2L

paralogs are also found in mice (Pdcd2 and Pdcd2l), in Drosophila (Zfrp8 and Trus), and in fission yeast (Trs401

and Trs402); however, a single homolog is found in budding yeast (Tsr4). As shown in Figure 2A, PDCD2 and

PDCD2L (34% identical; 52% similar) belong to a family of proteins containing N- and C-terminal TYPP (Tsr4,

YwqG, PDCD2L, PDCD2) domains , each consisting of GGxP and Cx C-like motifs as well as a highly

conserved glutamine (Q) residue (see Figure 2A). In PDCD2, the N- and C-terminal TYPP motifs are interrupted

by the insertion of a MYND-type zinc finger, which was shown to be involved in transcriptional repression via

protein–protein interactions . On the other hand, PDCD2L lacks the MYND zinc finger but contains a leucine-

rich nuclear export sequence (NES) that enables PDCD2L to exit the nucleus in a CRM1-dependent manner 

(Figure 2A). While the MYND domain is conserved in Drosophila Zfrp8 (Figure 2B), it is not found in the S.

cerevisiae homolog of PDCD2 (Tsr4). The C-terminal TYPP domain also appears to be degenerated in yeast Tsr4

(Figure 2B, note lack of Cx C motif), resulting in a predicted structure that is markedly different from other

PDCD2 homologs (Figure 2C). The functional role of the TYPP domain has not been well studied, though it is

thought to facilitate chaperoning activity and protein–protein interactions . Indeed, substitutions that modify key

residues conserved in the TYPP domain of PDCD2 completely abolish the association between PDCD2 and uS5 in

human cells .
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Figure 2. Sequence and structural analysis of PDCD2 and PDCD2L paralogs. (A) Amino acid sequence alignment

of human PDCD2 and PDCD2L. Both proteins harbor N- and C-terminal TYPP domains (highlighted in red and

blue, respectively) with conserved GxxP, Cx C, and Q residues highlighted with circles. Whereas PDCD2

contains a MYND zinc finger domain (in magenta with critical cysteine and histidine residues indicated by circles

marked above), PDCD2L harbors a leucine-rich NES consensus sequence (green), Φx Φx ΦxΦ, where Φ

represents large hydrophobic residues (indicated by green circles marked underneath). (B) S. cerevisiae Tsr4 lacks

the MYND zinc finger domain and its C-terminal TYPP domain is degenerated. (C) AlphaFold structures for human

PDCD2 (Q16342), human PDCD2L (Q9BRP1), yeast Tsr4 (P25040), and Drosophila Zfrp8 (Q9W1A3). Red: N-

terminal TYPP domain; Blue: C-terminal TYPP domain; Magenta: MYND domain.

5. PDCD2 Is a Conserved Dedicated Chaperone for uS5

The PDCD2 gene was originally identified in a screen for mRNAs upregulated upon apoptosis in rat cells .

However, subsequent experiments failed to support a correlation between PDCD2 mRNA expression and

apoptosis . Since then, PDCD2 has been associated with the pathogenesis of several disorders, including

cancer , Parkinson’s disease , and fragile X syndrome . Along with its potential role in

diseases, PDCD2 is also implicated in development. In mice, PDCD2 is essential for stem cell viability and
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proliferation, and its absence leads to early embryonic lethality . Although the aforementioned studies establish

a clear role for PDCD2 in the development of human disorders as well as during embryonic development, the

molecular function of PDCD2 had remained largely elusive until recently. Indeed, a set of elegant studies in

budding yeast and human cell lines both support the conclusion that Tsr4/PDCD2 functions as an evolutionarily

conserved chaperone dedicated for uS5 .

Previous work had already suggested the involvement of the yeast homolog of PDCD2/PDCD2L in ribosome

biogenesis. Specifically, a screen for candidate genes involved in ribosome biogenesis identified TSR4 (Twenty S

rRNA accumulation 4) as a gene required for 40S ribosomal subunit production . A few years later, it was

reported that Zfrp8 (Tsr4/PDCD2/PDCD2L homolog in Drosophila) depletion results in reduced cytoplasmic level of

three RPs, including uS5 . Consistent with these observations, PDCD2 copurifies with uS5 in both yeast and

human cells and show binding via two-hybrid assays , suggesting a direct interaction between PDCD2 and

uS5 that is evolutionarily conserved. Although the structure of the uS5–PDCD2 complex remains to be determined

experimentally, researchers used AlphaFold-Multimer  to generate models of the human uS5–PDCD2 complex.

Figure 3A shows the best confident relaxed structure with the highest predicted Local Distance Difference Test

(pLDDT). Alternative predicted models showed highly similar pLDDT values, indicating uniformity among the

predicted structures. Whereas the overall globular structure of uS5 remained largely unchanged in the context of

the uS5–PDCD2 heterodimer relative to the uS5 monomer, residues 20–50 in the N-terminal disordered region of

uS5 exhibited an increased confidence score and a considerably reduced predicted position error in the uS5–

PDCD2 complex compared to the same region in the uS5 monomer (Figure 3B). In contrast, the C-terminal region

of uS5 (aa 273–293) appears to be more disordered in the context of the uS5–PDCD2 complex relative to the uS5

monomer (Figure 3B). Interestingly, the disordered N-terminal extension of uS5 (see Figure 1B) is predicted to

fold into a hydrophobic pocket located in the N-terminal half of human PDCD2 (Figure 3C). Notably, two

phenylalanine residues of human uS5 (Phe25 and Phe29) are buried inside hydrophobic core regions of PDCD2

(Figure 3D). Consistent with this model, an FXXXFG motif can be found in the N-terminal extension of uS5 from

humans, fruit flies, nematodes, and plants, whereas a single phenylalanine-glycine (FG motif) is found in uS5 from

budding and fission yeasts (see Figure 1D). Although this remains a predicted model, the rearrangement of the

uS5 unstructured N-terminal extension into a relatively stable structure in the context of the uS5–PDCD2

heterodimer is consistent with data in yeast showing that the first 42 amino acids of uS5 appear sufficient for

interaction with S. cerevisiae Tsr4 . The minimal PDCD2 interaction domain of uS5 in metazoans remains to

be determined. The AlphaFold-Multimer prediction of the human uS5–PDCD2 complex also suggests the insertion

of the uS5 dsRBD into a C-shaped opening formed by amino acids 204 to 239 of PDCD2 (Figure 3A,E), which is

likely to stabilize the heterodimer.
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Figure 3. Predicted model of the human uS5–PDCD2 complex. (A) AlphaFold-Multimer prediction of the human

uS5 (cyan)–PDCD2 (orange) complex, left, and rotated 180 degrees, right. (B) AlphaFold-predicted aligned error

plot for the uS5 monomer (left) and uS5–PDCD2 complex (right), highlighting residues 20–50 of uS5 confidently

predicted to interact with PDCD2 and residues 273–293 that show reduced predicted position error. (C) Surface

representation of PDCD2 lipophilicity with ribbon-like structure of uS5 (green), left, and rotated 90 degrees, right.

Residues 20–50 of uS5 are colored in magenta. (D) Phe25 and Phe29 residues of human uS5 are predicted to be

embedded in hydrophobic core regions of PDCD2. (E) Surface representation of the uS5 (cyan)–PDCD2 (orange)

complex, left, and rotated 180 degrees, right. A C-shaped region of PDCD2 (aa 204–239) wraps around the S5

dsRBD of uS5.

Studies in both yeast and human cells indicate that Tsr4/PDCD2 recognizes uS5 co-translationally and that

Tsr4/PDCD2 is required for the accumulation of newly synthesized uS5 . Consistent with the view that

Tsr4/PDCD2 recognizes nascent uS5 is the fact that the N-terminal disordered region of uS5 is required for the

formation of a stable Tsr4–uS5 complex in yeast , which is also suggested by the prediction of the human

PDCD2–uS5 complex shown in Figure 3. The underlying mechanism of the specific co-translational recruitment

remains unclear, however. It is possible that PDCD2/Tsr4 might have some degree of affinity for the uS5 mRNA,

and thus, that the recruitment is initiated prior to uS5 translation initiation. The loss of function of PDCD2/Tsr4

phenocopies that of uS5 deficiency: reduced 40S production; 20S and 21S pre-rRNA accumulation in yeast and

humans, respectively; and reduced incorporation of uS5 into pre-40S particles . These findings, the co-

translational binding of PDCD2 to nascent uS5, and the lack of identification of ribosome assembly factors in the

interaction network PDCD2 support a conserved role of PDCD2 as a dedicated chaperone to uS5 .
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