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Abstract: Gemin5 is a RNA-binding protein (RBP) that was first identified as a peripheral
component of the survival of motor neurons (SMN) complex. This predominantly cytoplasmic
protein recognises the small nuclear RNAs (snRNAs) through its WD repeat domains, allowing
assembly of the SMN complex into small nuclear ribonucleoproteins (snRNPs). Additionally,
the amino-terminal end of the protein has been reported to possess cap-binding capacity
and to interact with the eukaryotic initiation factor 4E (elF4E). Gemin5 was also shown to
downregulate translation, to be a substrate of the picornavirus L protease and to interact with
viral internal ribosome entry site (IRES) elements via a bipartite non-canonical RNA-binding
site located at its carboxy-terminal end. These features link Gemin5 with translation control
events. Thus, beyond its role in snRNPs biogenesis, Gemin5 appears to be a multitasking protein
cooperating in various RNA-guided processes. In this review, we will summarise current
knowledge of Gemin5 functions. We will discuss the involvement of the protein on translation
control and propose a model to explain how the proteolysis fragments of this RBP in
picornavirus-infected cells could modulate protein synthesis.
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1. Introduction

Ribonucleic acid-binding proteins (RBPs) are important players of gene expression control in all
organisms, from Bacteria and Archaea to Eukarya. RBPs associate with nascent transcripts and are
subsequently involved in all aspects of the RNA life cycle. Indeed, these factors co-ordinately regulate
all steps of gene expression, from transcription, to RNA processing, export, localisation, translation
and stability [1,2].

RBPs are defined through their ability to interact with their RNA target, which may be sequence specific
or structure-dependent and occasionally sequence promiscuous. Often, RBPs interact with RNA, forming
large ribonucleoprotein particles (RNPs). The composition of the RNPs undergoes dynamic remodelling
during the cellular response to intra- and extra-cellular environment changes, leading to a reprogramming
of their functional properties [3,4].

The number of novel RBPs is growing due to the implementation of highly sensitive identification
methods. A large number of the proteins recently described as RBPs were previously shown to participate in
cell metabolism pathways and other cellular events, unrelated to RNA life span. This is an indication of
the multifunctionality of RBPs. Moreover, the diversity of activities performed by RBPs can also be
indicative of their property to link processes occurring in the nuclear and the cytoplasmic compartment
of the cell, as exemplified by RNA splicing factors, RNA transport and translation. In agreement with this,
many RBPs, such as heterogeneous nuclear ribonucleoproteins (hnRNPs), are shuttling factors [5-7].

RBPs often are multidomain proteins containing motifs endowed with the capacity to interact with
different targets, either proteins or nucleic acids (RNA and DNA). The interaction with the RNA partner
takes place through the RNA-binding domain (RBD) of these proteins. The most common classes of
canonical RBDs are the RNA recognition motif (RRM), the double-stranded RNA binding domain (dsRBD),
the K homology domain (KH), the Pumilio homology domain (PUM-HD) and the zinc fingers [8].
Briefly, the RRM spans about 90 amino acids distributed in two conserved motifs, RNP1 and RNP2,
organised in a four-strand antiparallel B-sheet backed by two a-helices. The dsSRBD spans about 65—70 amino
acids, folded into two a-helices packed against three-strand antiparallel B-sheets. The KH, which is about
70 amino acids, binds RNA through a cleft composed of two a-helices, a variable loop sequence,
a conserved GXXG motif and a B-strand. The PUM-HD consists of eight PUF (Pumilio and FBF) repeats
of a 36-amino acid motif. The entire domain forms a curved structure that interacts with RNA through
the concave side. Finally, zinc fingers are a large and diverse class of domains with the common property
of coordinating zinc. However, not all described RBPs harbour canonical RBDs, as noticed in the atlas
of mammalian RBPs [9,10]. The presence of non-canonical RNA-binding sites (RBSs) appears to be
a feature of many of the newly discovered RBPs.

Proteins performing the same function in organisms belonging to different kingdoms are evolutionary
conserved. This property applies to factors controlling basic aspects of cell proliferation, such as DNA
replication, RNA transcription, protein synthesis and RNA or protein turnover. Among other examples,
the minimal survival motor neuron (SMN) ribonucleoprotein assembly system, composed of SMN
protein and Gemin2, is conserved in all eukaryotic organisms with the exception of S. cerevisiae [11].
The increased complexity of the SMN complex takes place later in evolution. In mammals, the SMN
complex consists of the SMN protein, the Gemin proteins designated 2 to 8 and Unr-interacting protein
(Unrip) [12—14]. The SMN complex is responsible for the assembly of the seven-member (Sm) core
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proteins arranged in a heptameric B-D1-D2-F-E-G-D3 ring surrounding the snRNAs to generate uridine-rich
snRNPs [15], which are the essential components of the spliceosome [16,17]. Disruption of SMN
complex function can cause motor neuron disease [18]. Gemin5, the RBP of the SMN complex, is lacking
in C. elegans, but is retained in evolutionarily distant organisms, such as the soil amoeba D. discoideum
and the green alga O. tauri [11,19]. In fact, alignment of the amino acid sequence of Gemin5 shows that
the protein is highly conserved in mammals relative to the human sequence (82% identity in Mus musculus;
up to 99% in Pan troglodytes). Sequence conservation drops to 57% in Xenopus laevis, while the ortholog
of Gemin5 in Drosophila melanogaster only shares 22% identity with human (Figure 1A) [20,21].

A
Species Identity with Homo sapiens (%)
Pan troglodytes 99%
Bos taurus 88%
Canis lupus familiaris 88%
Mus musculus 82%
Xenopus laevis 57%
Drosophila melanogaster 22%
B
Gemin5 1297 1412
1 w T RBS1 | 1508
'"_...'_.'_,""" AP | resil
\ | \ 1383 |
13WD 'repeat Biparti{e RBS

Figure 1. (A) Percentage of the identity of the human Gemin5 amino acid sequence with
other species; (B) schematic representation of the functional domains of Gemin5. Red ovals
depict WD repeat domains, green rectangles RBS1 and blue rectangle RBS2. The 4E-binding
motifs are marked by orange letters and the position of W286 and F338 residues by black letters.

Numbers indicate amino acid positions.
2. Cellular Processes that Depend on Gemin5 Function

Gemin5 is an abundant protein, predominantly distributed in the cell cytoplasm, as shown by
immunofluorescence microscopy and subcellular fractionation studies [22]. Co-localisation of Gemin5
with the SMN complex in nuclear gems, but not in Cajal bodies, has been detected within the nucleus [23].
In addition, the protein Gemin5 localises in stress granules within the cytoplasm in response to arsenite
treatment and heat shock [24]. These differences in the cellular distribution of the protein are indicative
of either a capacity to perform distinct functions or act as a vehicle of its target RNA shuttling to different

cell compartments.
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Gemin5 was described as a peripheral RBP of the SMN complex [22]. The protein recognises and
delivers the small nuclear RNAs (snRNAs) to the SMN complex, allowing the assembly of the small
nuclear ribonucleoproteins (snRNPs) [25]. In the fly fruit, Gemin5/Rigor mortis is one of the SMN
complex proteins, together with Gemin2 and Gemin3. Subcellular distribution of the SMN complex proteins
is colocalised in the cytosolic granule U bodies, containing uridine-rich small nuclear ribonucleoproteins
(U snRNPs). In Drosophila germline cells, U bodies associate with P bodies. U snRNPs play a key role in
pre-mRNA processing in the nucleus [26]. Gemin5/Rigor mortis protein has also an important function
in development; its loss is lethal at the larva stage [20,21].

Beyond its role in the snRNPs assembly, Gemin5 has been shown to participate in the alternative
splicing process and in tumour cell motility. The MDA-MB-435 tumour cell line modified to maintain
the metastatic property (C-100) or to supress it (H1-177) was used to analyse the global mRNA splicing
profile [27,28]. This study showed a differential splicing profile between cell lines, which was dependent
on Gemin5. Overexpression of Gemin5 in C-100 recovered the splicing profile observed in HI-177 and
decreased the motility of the cells. In contrast, reduction of Gemin5 levels in H1-177 cells by siRNA
interference induced an increased motility of the cells.

More recently, it has been shown that Gemin5 can bind with two genetically distant viral internal
ribosome entry site (IRES) elements and that this factor downregulates translation [29,30]. Finally,
presumably unrelated to its RNA-interacting capacity, Gemin5 has been reported to be a scaffold protein,
playing a role in the assembly process of the complex containing apoptosis signal-regulating kinase 1
(ASK1), stress-activated protein kinase 1 (SEK1) and c-Jun NH2-terminal kinase 1 (JNK1) proteins,
which are involved in H202 and tumour necrosis factor-o (TNFa) driven apoptosis [31].

3. The Role of GeminS5 in the Biogenesis of snRNPs

The stepwise pathway leading to snRNP biogenesis takes place in the cytosol. Briefly, Gemin5
interacts with snRNA precursors (pre-snRNA), and the resulting complex is added to the SMN complex,
which assembles the snRNP [32]. There are five snRNPs with different sequences, each of them derived
from a single pre-snRNA [33]. Subsequently, snRNPs are transported from the cytosol to the nucleus,
within which they participate in the splicing process.

Gemin5 can interact directly with the SMN protein and several Sm core proteins, although this
interaction does not determine the stability of the SMN complex [12,34]. Gemin5 cooperates with the SMN
complex to assemble the Sm core proteins during snRNPs biogenesis [22,25] in a transitory manner, possibly
explaining why earlier studies failed to identify Gemin5 in the SMN interactome [35]. Decreased Gemin5
levels by RNA interference results in a reduction of both the capacity of the SMN complex to bind
snRNAs and the ability to assemble Sm cores on snRNAs [25,34], indicating that GeminS5 plays a crucial
role in the snRNPs biogenesis.

Gemin5 is a 170-kDa protein with distinct functional domains (Figure 1B). A 13WD repeat domain is
placed at the amino terminal end, whereas a bipartite non-canonical RNA binding site (RBS1 and RBS2)
is located at the carboxyl end of the protein [22,30]. The region of the protein involved in the interaction
with snRNAs has been mapped to the 13 WD repeat domain. Specifically, the fifth WD repeat domain
is responsible for the interaction, as shown by RNA-mediated radical probing and mass spectrometry [36].
Additionally, the structural integrity of this domain is crucial to establish the interaction. Mutational analysis
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has shown that the W286 residue is important for this interaction. In vertebrates, this residue is conserved
within Gemin5 orthologs, although it is not generally conserved at this position in the other WD repeat
domains. Currently, it is not known whether the residue W286 interacts directly with the pre-snRNA or if it
is important to generate an appropriate structural platform for the binding with the snRNAs [36]. Nonetheless,
this particular residue may be an adaptation for the specialised function of pre-snRNAs binding.

A snRNP code snRNP code

-
o0,

Sm site £
m7G A(U)s G m7G
pre-snRNA pre-U4atac
B
Sm site
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Ué-snRNA U7-snRNA
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Figure 2. Schematic representation of the Gemin5 RNA targets. (A) The RNA target model
represents U1, U2, U3, Ul1, U12 and U5 pre-snRNAs (left) and pre-U4atac snRNA (right).
A yellow box depicts the canonical Sm site. The dotted line represents the RNA region that
is removed in the mature form of snRNAs. A blue oval represents the Gemin5 binding site.
(B) Schematic representation of U6 and U7-snRNAs, which are not targets of Gemin5.
A black box represents the non-canonical Sm site. (C) Schematic representation of the
binding sites of Gemin5 on domains 4 and 5 of the foot-and-mouth disease virus (FMDV)
IRES (blue ovals).

The identification of the Gemin5-snRNA intermediate was shown after induction of cell stress by
arsenite in Hela cells. In this case, Gemin5 binds snRNA independently of the SMN complex and without
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a requirement for ATP. In contrast, ATP hydrolysis is required in the process of snRNP assembly [24].
Gemin5 recognises a specific structural feature present in the pre-snRNA, designated the snRNP code,
which includes the Sm site [A(U)s.cG] and at least one stem-loop (SL) located at the 3' end of the Sm
site (Figure 2A). Pre-snRNAs U1, U2, U3, U4, U4-atac, U11, U12 and U15 contain this feature. All of these
RNAs have been identified as interacting with Gemin5 by high throughput sequencing [32]. The mature
form of snRNAs interacts with Gemin5 in RNA-binding assays, with the exception of U4-atac. This is
presumably due to the lack of the 3' SL in the mature U4-atac snRNA. Other examples of snRNAs that
do not interact with Gemin5 are U6 and U7 snRNAs (Figure 2B). U6 snRNA lacks the snRNP code [37].
U7 snRNA contains a non-canonical Sm site (AUUUGUCUAG), and it is involved in histone RNA
processing, but not in snRNPs biogenesis [38]. Thus, the sequence of the Sm site and the presence of the
3' SL in snRNAs are crucial for their recognition by Gemin5.

In summary, Gemin5 is a RNA binding protein that uses its fifth WD repeat domain to interact with
snRNAs in order to trigger the assembly of snRNPs by the SMN complex. Hence, the 13WD repeat domain
of Gemin5 performs a defined function in snRNPs biogenesis.

4. Gemin5 Crosstalks with the Translation Machinery

Currently, several independent observations link Gemin5 with translation control events. First, Gemin5
has been described to interact with the eukaryotic initiation factor 4E (eIF4E) [39]. Furthermore, Gemin5
and elF4E co-localise in cytoplasmic P-bodies in human osteosarcoma U20S cells. It is interesting to
note that the P-bodies are associated with transition from active translation to mRNA degradation [40].
Second, it has been reported that Gemin5 displays cap-binding capacity [41]. Third, Gemin5 interacts
directly with specific domains of the foot-and-mouth disease virus (FMDV) and hepatitis C virus (HCV)
IRES elements and acts as a downregulator factor of both cap-dependent and IRES-driven translation [29].

4.1. Gemin5 Implications on Cap-Dependent Translation Initiation

The vast majority of Gemin5 is outside of the SMN complex [24], suggesting that, beyond its role in
the SMN complex, the protein may participate in other cellular events.

Quantitative proteomic analysis of the human cap-binding complex led to the identification of
Gemin5 as a novel elF4E-binding partner [39]. Gemin5 harbours a 4E-binding motif (Y XXXXL®),
present in a number of elF4E-interacting factors, including eIF4GI, eIF4GII and elF4E-BP proteins [42].
Gemin5 has two putative el[F4E-binding motifs, LKLPFLK and YEAVELL (Figure 1B). The first one
is localised between the fourth and the fifth WD repeat domain (residues 265-271), while the second
one occurs within residues 992—997. Mutational analysis of these motifs showed that a direct interaction
of Gemin5 with elF4E required the integrity of these motifs [39]. Since both elF4E and Gemin5 are
RBPs, it could not be discarded that RNA bridges participate in this complex.

As mentioned above, Gemin5 has cap-binding capacity. The cap-recognition motif resides in the 13WD
repeat domain according to cap-affinity chromatography of C-terminal and N-terminal truncated proteins [41].
Since elF4E is the protein that recognises the cap structure, it could be argued that the identification of
Gemin5 in the cap-affinity chromatography is due to its eI[F4E-binding capacity [39]. However, Gemin5
was crosslinked to radiolabeled cap-structure after UV irradiation [41], suggesting a direct cap-binding
capacity independent of e[F4E. Currently, the three-dimensional structure of Gemin5 remains elusive.
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Notably, it has been suggested that the interaction with the cap requires a complete structural organisation of
the 13WD repeat domain [41]. Moreover, modelling of Gemin5’s 13WD repeat domain using the protein
homology/analogy recognition engine (PHYRE) algorithm combined with site-directed mutagenesis
pointed at two aromatic amino acids, W286 and F338 (Figure 1B), located in the fifth and sixth WD
repeats, as the putative cap-interacting residues. The relevance of these residues was confirmed by mutational
analysis. Replacement of F338 by alanine reduces the binding, and substitution of W286 by alanine
abolishes the cap-binding capacity of the protein [41]. Hence, these aromatic amino acids and a strict
structural requirement of the 13WD repeat are key features to establish the Gemin5-cap interaction.

The ability of Gemin5 to interact with both eIF4E and the cap structure suggests that Gemin5 may
interfere with the recruitment of the elF4F complex to mRNAs. This hypothesis may explain the
downregulatory effect of the protein in cap-dependent translation initiation. Further studies will be necessary
to elucidate the mechanism underlying the role of Gemin5 in cap-dependent translation control.

4.2. Gemin5 Role on IRES-Dependent Translation Initiation

Two independent approaches, riboproteomic analysis and immunoprecipitation of photocrosslinked
factors, showed that Gemin5 interacts with the IRES elements of two RNA viruses, FMDV and HCV [29].
The interaction of Gemin5 with the picornavirus FMDV IRES element was subsequently studied in
further detail. Functional analysis involving the expression of Gemin5 in cell-free systems showed that
increasing amounts of protein inhibited IRES-dependent expression in a bicistronic mRNA. Moreover,
Gemin5 depletion in BHK-21 and HEK293 cell lines by either shRNA or siRNA showed a downregulatory
role of the protein in IRES-dependent translation [29]. Interestingly, the IRES downregulatory effect was
mapped to the most C-terminal region of the protein, containing the RBS2 domain (Figure 1B) [30]. The
capacity of Gemin5 to out-compete polypyrimidine tract binding protein (PTB) from its binding site [43,44],
a protein enhancing IRES-dependent translation initiation, could explain its function as a downregulatory
factor of the IRES-dependent translation initiation [45].

The FMDYV IRES consists of five structural RNA domains (1-2, 3, 4 and 5) [46]. Domain 2 contains
a conserved pyrimidine tract that provides the PTB binding site [47]. Domain 3 is a self-folding cruciform
structure that contains evolutionarily conserved motifs, essential for IRES activity [48—50]. Domain 4
provides the binding site for eI[F4G [51,52]. Finally, domain 5 located at the 3' end of the IRES element,
consists of a hairpin of nine base pairs, followed by a single-stranded region that contains a conserved
polypyrimidine tract [53]. This relatively small domain 5 provides the binding-site for elF4B and
PTB [54,55] and other RBPs, including Gemin5 [56]. It is noteworthy that Gemin5 interacts specifically
with the hairpin of domain 5 (Figure 2C) in immunoprecipitation assays of photocrosslinked complexes,
but not with the single-stranded region of this domain. The interaction with the IRES element allows
sequence flexibility [45], unlike what happens in the Gemin5-snRNA interaction [25]. Additionally,
selective 2'-hydroxyl acylation analysed by primer extension (SHAPE) footprints using purified protein
indicated that GeminS5 protects a few residues of domain 4, the spacer region between domains 4 and 5 and
the hairpin of d5 (Figure 2C) [45]. Hence, the Gemin5-IRES interaction seems to have a specific structural
requirement. The property to recognise double-stranded RNA is shared with other RBPs, such as human
Staufenl (Staul) [57-59], the Xenopus homologue of human TAR-RNA binding protein (TRBP)
(xIrbpa) [60], TRBP [61] or microprocessor complex subunit DGCRS [62,63].
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Dissection of the Gemin5 protein into various fragments has shown that the C-terminal region of
Gemin5 has RNA binding capacity [30,45]. It is noteworthy that the C-terminal region of the protein is
sufficient to bind with the IRES element. The region harbours a non-canonical bipartite RNA-binding
site (RBS) (Figure 1B). Both sites, designated RBS1 and RBS2, have the capacity to interact with
domain 5 of the IRES, although the RBS1 displays higher RNA-binding affinity than RBS2. Structural
analysis of the RBS1 polypeptide, which spans residues 1297 to 1412, by NMR has shown that this
region is largely unstructured [30], but it may contain three short helical regions (Figure 3). The presence of
this unstructured region may confer flexibility to the Gemin5 protein. This characteristic may represent
an advantage for Gemin5 by which the protein can select the best conformation among the ensemble of the
protein structures to recognise different ligands.
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Figure 3. Multiple sequence alignment of Gemin5 sequences spanning the C-terminal region
of the protein. Polypeptide RBS1 spans residues 1297 to 1412, while RBS2 spans residues
1383 to 1508. Green or blue cylinders depict the helical region of RBS1 or RBS2, respectively.
The amino acids conserved in RBS1 or RBS2 in mammals are depicted by green or blue letters,
respectively. Pink or red letters depict amino acids conserved in the Xenopus sequence in
RBS1 or RBS2, respectively.
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Currently, there is no experimental evidence of the structure of the RBS2 region (residues 1383 to
1508). Prediction models for the C-terminal portion of the protein have shown that RBS2 comprises four
helices (H1-4). Interestingly, the helix H2 is enriched in leucine, and the helix H3 is a glutamine-rich
sequence [30] (Figure 3). Proteins with leucine-rich and, particularly, glutamine-rich motifs can mediate
protein-RNA interactions, as reported for Leucine-rich PPR motif-containing protein (LRPRPC) [64]
and TIA 1 cytotoxic granule-associated RNA binding protein [65]. Multiple sequence alignment of
Gemin5 sequences from various organism spanning both RBS1 and RBS2 regions shows that helical regions
present in the RBSs are conserved in mammals (Figure 3). Thus, it is tempting to suggest that these features
may explain the capacity of Gemin5 to interact with the IRES elements. With the exception of the FMDV
IRES, there is no information regarding the capacity of this protein to modulate internal initiation of
translation driven by other IRES elements. It is expected that future studies aimed at addressing this
question will expand the knowledge of the functions of this protein in gene expression control.

5. Processing of GeminS5 in Virus-Infected Cells

Picornaviruses induce a shutdown of cap-dependent translation in infected cells [66]. Cleavage of
host factors, many of them RBPs, by viral-encoded proteases profoundly alters several processes critical
for cell viability, including transcription, nucleo-cytoplasmic transport, RNA granules composition and
global protein synthesis [67]. However, translation of picornavirus RNA is resistant to cap-dependent
inhibition [68,69]. Picornavirus and other positive-strand RNA viruses subvert the host translational
machinery to promote translation of the viral genome using a cap-independent mechanism [70,71]. These
viruses highjack the translation machinery and evade translation inhibition, taking advantage of IRES
elements. These RNAs recruit the 40S ribosomal subunit internally by a process guided jointly by RNA
structural motifs, a subset of elFs and a number of RBPs [72,73].

Given that one of the factors proteolysed in picornavirus-infected cells was the RNA helicase of the
SMN complex, Gemin3 [74,75], the stability of Gemin5, another RBP component of this complex, was
analysed in cells infected with several picornaviruses. Interestingly, neither cells infected with HCV nor
with two different picornaviruses (encephalomyocarditis virus (EMCV) or swine vesicular disease virus
(SVDV)) modified the integrity of the protein during the infection, as revealed by Western blot [76].
Instead, Gemin5 was proteolysed in FMDV-infected cells, giving rise to at least two cleavage products,
p85 and p57 (Figure 4A). These data suggested that the protease involved in this event was not the 3C
protease, which is encoded in the genome of all picornaviruses [77]. In agreement with this, it has been
found that the L protease (LP"°) of FMDYV recognises two sequences, RKAR and TKRL, within Gemin5
(Figure 4A). These sequences contain basic-rich residues, as shown for other LP™ substrates [78].
Interestingly, recognition of these sequences is in agreement with the proteolytic products observed
during infection [76]. The putative cleavage product (p21) resulting from the TKRL recognition motif
has not been detected in infected cells, likely because the cleavage product is not stable (Figure 4A).
Further studies indicated that coexpression of LP™ and the peptide G5/1078-1438-FLAG containing the
RAGHR sequence in transfected cells yielded a p25 proteolytic product. The lack of this cleavage
product in double and triple mutants of this motif generated by substitution of basic residues to glutamic
acid (RAGHR to RAGEE and EAGEE) demonstrated that LP™ is the protease recognising this motif.
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Figure 4. (A) Schematic representation of Gemin5 cleavage products observed during viral
infection. N-ter and C-ter indicates amino-terminal and carboxi-terminal regions, respectively.
The sequences recognised by LP°, RKAR, RAGHR and TKRL are indicated. ++++ depicts
the higher stability of p57, compared to p85; +++ indicates undetected in infected cells.
(B) Hypothetical model of the role of Gemin5 in IRES-dependent translation. (1) and (2)
represent two alternative mechanisms possibly occurring in infected cells. Y (blue oval)
indicates an unknown cellular factor possibly interacting with the proteolytic products.
The capacity to regulate translation is indicated by on/off and the intensity of the IRES
interaction by +, ++ or +++.

The p85 product results from the cleavage at the RKAR sequence [76] and includes both RBS1 and
RBS2. Cleavage of p85 at the TKRL sequence yields p57, a fragment that includes RBS1, but not RBS2.
Both p85 and p57 interact with the IRES element in UV-crosslink assays (Figure 4B) [30]. A peptide
encompassing amino acids 1297-1412, containing only the RBS1 region, has been shown to interact with
domain 5, as well.
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Overexpression of the p85 product produces a moderate upregulatory effect of IRES-dependent
translation [30]. A similar result has been shown with the C-ter polypeptide, containing RBS1 and RBS2
regions (Figure 4B). In contrast, overexpression of the pS7 product, which contains RBS1, but not RBS2,
has no effect on the efficiency of the IRES-dependent translation; nor does overexpression of RBSI
polypeptide affect the efficiency of IRES-driven translation. This result suggests that RBS2 is crucial to
downregulate IRES-dependent translation. In fact, overexpression of the RBS2 polypeptide downregulates
IRES-driven translation in vitro and in living cells, confirming that RBS2 is the region responsible
for the downregulatory effect of the protein [30].

To explain the role of Gemin5 in IRES-dependent translation in infected cells, we propose the following
hypothesis (Figure 4B). The full-length form of Gemin5 interacts with the IRES element through its bipartite
RBS (RBS1 and RBS2), conferring a maximum binding capacity and downregulating IRES-dependent
translation. Proteolysis of Gemin5 in FMDV-infected cells by LP™ renders the p85 fragment. This polypeptide,
which does not contain the amino-terminal region of the protein, could undergo a local conformational
change within the RBS1 domain, resulting in a different crosstalk between the RBS1 and RBS2 moieties.
We propose that the local structural rearrangement of the RBSs present in C-ter could be responsible for
a moderate upregulation effect of IRES-dependent translation initiation, as observed in p85.

The structural rearrangement of the RBS1 may take place in two different manners. One, the lack of
the N-terminal region, may originate a local refolding of the RBS1 domain due its intrinsically unstructured
flexibility [30]. Two, following proteolysis, the RBS1 domain may interact with an unknown factor “Y”
(protein, RNA or cofactor). The factor “Y” may induce a local conformational change within the RBS1
domain. As the infection advances, proteolysis of p85 gives rise to p57 and an unstable fragment of about
21 kDa (Figure 4A). The p57 fragment is stable in infected cells and does not affect IRES-dependent
translation in transfected cells, possibly due to the lack of RBS2. In contrast, the C-terminal fragment
p21, which is a negative regulator of IRES activity [30], was undetected in infected cells. In summary,
the protein Gemin5 is processed into various polypeptides in infected cells with the characteristic that
only stimulators or innocuous fragments for IRES-dependent translation are stable.

6. Conclusions

In this review, we have discussed recent advances in the understanding of the functions of Gemin5.
This protein performs a key role, not only in the biogenesis of snRNPs, but also in alternative splicing,
stress response and translation control. The distinct roles of Gemin5 are related to its capacity to recognise
different RNA targets, the snRNAs (by means of the snRNP code), the cap residue (m7 GpppN) of
mRNAs or a specific domain within the FMDV IRES element (a short hairpin surrounded by C-, U- or
A-rich sequences). According to the identification of the domain of the protein involved in the recognition
of the different RNA motifs, the N-terminal region participates in snRNAs recognition, while the most
C-terminal region determines not only the interaction with the FMDV IRES, but also harbours the
capacity to downregulate translation. Interestingly, the region of the protein containing the repressor domain
is not stable in infected cells, indicating that viruses have developed mechanisms to subvert host factors and
benefit the viral replication cycle.

Most RNA-binding proteins bear conserved motifs, known as the RBDs. However, neither the N-terminal
region nor the C-terminal region of Gemin5 harbours a canonical RBD. The fifth WD repeat domain
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has been demonstrated to be involved in the recognition of the snRNP code, as well as in the recognition
of the cap. In contrast, a bipartite non-canonical RNA binding domain within the C-terminal region is
responsible for the interaction with the IRES element and, moreover, for the negative effect on internal
initiation. This non-canonical motif, however, appears to have an intrinsically disorganised structure, which
can confer flexibility to the protein and, thus, the possibility to select different conformations depending
on the function exerted by the protein. To date, the network of RNAs and proteins interacting with this
region of Gemin5 is unknown. Future studies aimed at disclosing these networks will undoubtedly reveal
new unanticipated roles of Gemin5 in other cellular processes.

Acknowledgments

The authors acknowledge Anne Elizabeth Willis for generous support and valuable comments and
Patricia Muller for critical reading of the manuscript. David Pifieiro is supported by Biotechnology and
Biological Sciences Research Council (BBSRC) Grant BB/M006700/1. Work at Encarna Martinez-Salas’s
laboratory was supported by Grants CSD2009-00080, BFU2011-25437 from Ministerio de Economia y
Competitividad (MINECO) and by an institutional grant from Fundacién Ramén Areces.

Author Contributions

David Pifieiro wrote the article with comments from Encarna Martinez-Salas, Javier Fernandez-Chamorro
and Rosario Francisco-Velilla.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Muller-McNicoll, M.; Neugebauer, K.M. How cells get the message: Dynamic assembly and function
of mRNA-protein complexes. Nat. Rev. Genet. 2013, 14, 275-287.

2. Glisovic, T.; Bachorik, J.L.; Yong, J.; Dreyfuss, G. RNA-binding proteins and post-transcriptional
gene regulation. FEBS Lett. 2008, 582, 1977-1986.

3. Holcik, M.; Sonenberg, N. Translational control in stress and apoptosis. Nat. Rev. Mol. Cell Biol.
2005, 6, 318-327.

4. Castello, A.; Fischer, B.; Hentze, M.W.; Preiss, T. RNA-binding proteins in mendelian disease.
Trends Genet. 2013, 29, 318-327.

5. Howard, J.M.; Sanford, J.R. The rnaissance family: Sr proteins as multifaceted regulators of gene
expression. Wiley Interdiscip. Rev. RNA 20185, 6, 93—110.

6. Colombrita, C.; Silani, V.; Ratti, A. ELAV proteins along evolution: Back to the nucleus? Mol. Cell.
Neurosci. 2013, 56, 447-455.

7.  Gerstberger, S.; Hafner, M.; Tuschl, T. A census of human RNA-binding proteins. Nat. Rev. Genet.
2014, 15, 829-845.

8. Cook, K.B.; Hughes, T.R.; Morris, Q.D. High-throughput characterization of protein-RNA interactions.
Brief. Funct. Genomics 2015, 14, 74—89.



Biomolecules 2015, 5 540

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Castello, A.; Fischer, B.; Eichelbaum, K.; Horos, R.; Beckmann, B.M.; Strein, C.; Davey, N.E.;
Humphreys, D.T.; Preiss, T.; Steinmetz, L.M.; et al. Insights into RNA biology from an atlas of
mammalian mRNA-binding proteins. Cell 2012, 149, 1393-1406.

Baltz, A.G.; Munschauer, M.; Schwanhausser, B.; Vasile, A.; Murakawa, Y.; Schueler, M.; Youngs, N.;
Penfold-Brown, D.; Drew, K.; Milek, M.; et al. The mRNA-bound proteome and its global
occupancy profile on protein-coding transcripts. Mol. Cell 2012, 46, 674—690.

Cauchi, R.J. SMN and Gemins: “We are family” Or are we?: Insights into the partnership between
Gemins and the spinal muscular atrophy disease protein SMN. BioEssays 2010, 32, 1077-1089.
Otter, S.; Grimmler, M.; Neuenkirchen, N.; Chari, A.; Sickmann, A.; Fischer, U. A comprehensive
interaction map of the human survival of motor neuron (SMN) complex. J. Biol. Chem. 2007, 282,
5825-5833.

Battle, D.J.; Kasim, M.; Yong, J.; Lotti, F.; Lau, C.K.; Mouaikel, J.; Zhang, Z.; Han, K.; Wan, L.;
Dreyfuss, G. The SMN complex: An assembly machine for RNPs. Cold Spring Harb. Symp. Quant.
Biol. 2006, 71, 313-320.

Grimmler, M.; Otter, S.; Peter, C.; Muller, F.; Chari, A.; Fischer, U. Unrip, a factor implicated in
cap-independent translation, associates with the cytosolic SMN complex and influences its intracellular
localization. Hum. Mol. Genet. 2005, 14, 3099-3111.

Pellizzoni, L.; Yong, J.; Dreyfuss, G. Essential role for the SMN complex in the specificity of
snRNP assembly. Science 2002, 298, 1775-1779.

Nilsen, T.W. The spliceosome: The most complex macromolecular machine in the cell? BioEssays
2003, 25, 1147-1149.

Will, C.L.; Luhrmann, R. Spliceosomal usnRNP biogenesis, structure and function. Curr. Opin. Cell
Biol. 2001, /3, 290-301.

Li, D.K,; Tisdale, S.; Lotti, F.; Pellizzoni, L. SMN control of RNP assembly: From post-transcriptional
gene regulation to motor neuron disease. Semin. Cell Dev. Biol. 2014, 32, 22-29.

Kroiss, M.; Schultz, J.; Wiesner, J.; Chari, A.; Sickmann, A.; Fischer, U. Evolution of an RNP assembly
system: A minimal SMN complex facilitates formation of usnRNPs in Drosophila melanogaster.
Proc. Natl. Acad. Sci. USA 2008, 105, 10045-10050.

Gates, J.; Lam, G.; Ortiz, J.A.; Losson, R.; Thummel, C.S. Rigor mortis encodes a novel nuclear
receptor interacting protein required for ecdysone signaling during Drosophila larval development.
Development 2004, 131, 25-36.

Borg, R.; Cauchi, R.J. The Gemin associates of survival motor neuron are required for motor
function in Drosophila. PLOS ONE 2013, 8, e83878.

Gubitz, A.K.; Mourelatos, Z.; Abel, L.; Rappsilber, J.; Mann, M.; Dreyfuss, G. Gemin5, a novel
WD repeat protein component of the SMN complex that binds Sm proteins. J. Biol. Chem. 2002,
277,5631-5636.

Hao le, T.; Fuller, H.R.; Lam le, T.; Le, T.T.; Burghes, A.H.; Morris, G.E. Absence of Gemin5 from
SMN complexes in nuclear Cajal bodies. BMC Cell Biol. 2007, 8, 28.

Battle, D.J.; Kasim, M.; Wang, J.; Dreyfuss, G. SMN-independent subunits of the SMN complex.
Identification of a small nuclear ribonucleoprotein assembly intermediate. J. Biol. Chem. 2007, 282,
27953-27959.



Biomolecules 2015, 5 541

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Battle, D.J.; Lau, C.K.; Wan, L.; Deng, H.; Lotti, F.; Dreyfuss, G. The Gemin5 protein of the SMN
complex identifies sSnRNAs. Mol. Cell 2006, 23, 273-279.

Cauchi, R.J.; Sanchez-Pulido, L.; Liu, J.L.. Drosophila SMN complex proteins Gemin2, Gemin3,
and Gemin5 are components of U bodies. Exp. Cell Res. 2010, 316, 2354-2364.

Lee, J.H.; Horak, C.E.; Khanna, C.; Meng, Z.; Yu, L.R.; Veenstra, T.D.; Steeg, P.S. Alterations in
Gemin5 expression contribute to alternative mRNA splicing patterns and tumor cell motility. Cancer
Res. 2008, 68, 639—644.

Lee, J.H.; Marshall, J.C.; Steeg, P.S.; Horak, C.E. Altered gene and protein expression by Nm23-H1 in
metastasis suppression. Mol. Cell. Biochem. 2009, 329, 141-148.

Pacheco, A.; Lopez de Quinto, S.; Ramajo, J.; Fernandez, N.; Martinez-Salas, E. A novel role for
Gemin5 in mRNA translation. Nucleic Acids Res. 2009, 37, 582-590.

Fernandez-Chamortro, J.; Pineiro, D.; Gordon, J.M.; Ramajo, J.; Francisco-Velilla, R.; Macias, M.J.;
Martinez-Salas, E. Identification of novel non-canonical RNA-binding sites in Gemin5 involved in
internal initiation of translation. Nucleic Acids Res. 2014, 42, 5742-5754.

Kim, E.K.; Noh, K.T.; Yoon, J.H.; Cho, J.H.; Yoon, K.W.; Dreyfuss, G.; Choi, E.J. Positive
regulation of ASKI1-mediated c-Jun NH»-terminal kinase signaling pathway by the WD-repeat
protein Gemin5. Cell Death Differ. 2007, 14, 1518—1528.

Yong, J.; Kasim, M.; Bachorik, J.L.; Wan, L.; Dreyfuss, G. Gemin5 delivers snRNA precursors to
the SMN complex for snRNP biogenesis. Mol. Cell 2010, 38, 551-562.

Shefer, K.; Sperling, J.; Sperling, R. The supraspliceosome—A multi-task machine for regulated
pre-mRNA processing in the cell nucleus. Computat. Struct. Biotechnol. J. 2014, 11, 113—-122.
Shpargel, K.B.; Matera, A.G. Gemin proteins are required for efficient assembly of Sm-class
ribonucleoproteins. Proc. Natl. Acad. Sci. USA 2005, 102, 17372—-17377.

Fuller, H.R.; Man, N.T.; Lam le, T.; Thanh le, T.; Keough, R.A.; Asperger, A.; Gonda, T.J.; Morris, G.E.
The SMN interactome includes Myb-binding protein 1a. J. Proteome Res. 2010, 9, 556-563.

Lau, C.K.; Bachorik, J.L.; Dreyfuss, G. Gemin5-snRNA interaction reveals an RNA binding
function for WD repeat domains. Nat. Struct. Mol. Biol. 2009, 16, 486—491.

Golembe, T.J.; Yong, J.; Dreyfuss, G. Specific sequence features, recognized by the SMN complex,
identify snRNAs and determine their fate as snRNPs. Mol. Cell. Biol. 2005, 25, 10989—11004.
Schumperli, D.; Pillai, R.S. The special Sm core structure of the U7 snRNP: Far-reaching significance
of a small nuclear ribonucleoprotein. Cell. Mol. Life Sci. 2004, 61, 2560-2570.

Fierro-Monti, I.; Mohammed, S.; Matthiesen, R.; Santoro, R.; Burns, J.S.; Williams, D.J.; Proud, C.G.;
Kassem, M.; Jensen, O.N.; Roepstorft, P. Quantitative proteomics identifies Gemin$5, a scaffolding
protein involved in ribonucleoprotein assembly, as a novel partner for eukaryotic initiation factor 4E.
J. Proteome Res. 2006, 5, 1367-1378.

Kedersha, N.; Ivanov, P.; Anderson, P. Stress granules and cell signaling: More than just a passing
phase? Trends Biochem. Sci. 2013, 38, 494-506.

Bradrick, S.S.; Gromeier, M. Identification of Gemin5 as a novel 7-methylguanosine cap-binding
protein. PLOS ONE 2009, 4, ¢7030.



Biomolecules 2015, 5 542

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Richter, J.D.; Sonenberg, N. Regulation of cap-dependent translation by e[F4E inhibitory proteins.
Nature 2005, 433, 477-480.

Kolupaeva, V.G.; Hellen, C.U.; Shatsky, [.N. Structural analysis of the interaction of the pyrimidine
tract-binding protein with the internal ribosomal entry site of encephalomyocarditis virus and
foot-and-mouth disease virus RNAs. RNA 1996, 2, 1199-1212.

Yu, Y.; Abaeva, I.S.; Marintchev, A.; Pestova, T.V.; Hellen, C.U. Common conformational changes
induced in type 2 picornavirus IRESs by cognate trans-acting factors. Nucleic Acids Res. 2011, 39,
4851-4865.

Pineiro, D.; Fernandez, N.; Ramajo, J.; Martinez-Salas, E. Gemin5 promotes IRES interaction and
translation control through its C-terminal region. Nucleic Acids Res. 2013, 41, 1017-1028.
Martinez-Salas, E.; Francisco-Velilla, R.; Fernandez-Chamorro, J.; Lozano, G.; Diaz-Toledano, R.
Picornavirus IRES elements: RNA structure and host protein interactions. Virus Res. 2015, doi:10.1016/
j-virusres.2015.01.012.

Luz, N.; Beck, E. Interaction of a cellular 57-kilodalton protein with the internal translation initiation
site of foot-and-mouth disease virus. J. Virol. 1991, 65, 6486—6494.

Fernandez, N.; Fernandez-Miragall, O.; Ramajo, J.; Garcia-Sacristan, A.; Bellora, N.; Eyras, E.;
Briones, C.; Martinez-Salas, E. Structural basis for the biological relevance of the invariant apical
stem in IRES-mediated translation. Nucleic Acids Res. 2011, 39, 8572—-8585.

Jung, S.; Schlick, T. Candidate RNA structures for domain 3 of the foot-and-mouth-disease virus
internal ribosome entry site. Nucleic Acids Res. 2013, 41, 1483-1495.

Fernandez, N.; Buddrus, L.; Pineiro, D.; Martinez-Salas, E. Evolutionary conserved motifs constrain
the RNA structure organization of picornavirus IRES. FEBS Lett. 2013, 587, 1353—1358.

Lopez de Quinto, S.; Martinez-Salas, E. Interaction of the e[F4G initiation factor with the aphthovirus
IRES is essential for internal translation initiation in vivo. RNA 2000, 6, 1380—-1392.

Bassili, G.; Tzima, E.; Song, Y.; Saleh, L.; Ochs, K.; Niepmann, M. Sequence and secondary structure
requirements in a highly conserved element for foot-and-mouth disease virus internal ribosome
entry site activity and elF4G binding. J. Gen. Virol. 2004, 85, 2555-2565.

Lozano, G.; Fernandez, N.; Martinez-Salas, E. Magnesium-dependent folding of a picornavirus
IRES element modulates RNA conformation and elF4G interaction. FEBS J. 2014, 281, 3685-3700.
Lopez de Quinto, S.; Lafuente, E.; Martinez-Salas, E. IRES interaction with translation initiation
factors: Functional characterization of novel RNA contacts with elF3, elF4B, and elF4GII. RNA
2001, 7, 1213-1226.

Rust, R.C.; Ochs, K.; Meyer, K.; Beck, E.; Niepmann, M. Interaction of eukaryotic initiation factor
elF4B with the internal ribosome entry site of foot-and-mouth disease virus is independent of the
polypyrimidine tract-binding protein. J. Virol. 1999, 73, 6111-6113.

Pacheco, A.; Reigadas, S.; Martinez-Salas, E. Riboproteomic analysis of polypeptides interacting
with the internal ribosome-entry site element of foot-and-mouth disease viral RNA. Proteomics
2008, 8, 4782—-4790.

Wickham, L.; Duchaine, T.; Luo, M.; Nabi, I.R.; DesGroseillers, L. Mammalian staufen is a
double-stranded-RNA- and tubulin-binding protein which localizes to the rough endoplasmic reticulum.
Mol. Cell. Biol. 1999, 19, 2220-2230.



Biomolecules 2015, 5 543

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

Ricci, E.P.; Kucukural, A.; Cenik, C.; Mercier, B.C.; Singh, G.; Heyer, E.E.; Ashar-Patel, A.; Peng, L.;
Moore, M.J. Staufenl senses overall transcript secondary structure to regulate translation. Nat. Struct.
Mol. Biol. 2014, 21, 26-35.

De Lucas, S.; Oliveros, J.C.; Chagoyen, M.; Ortin, J. Functional signature for the recognition of
specific target mRNAs by human staufenl protein. Nucleic Acids Res. 2014, 42, 4516—4526.
Eckmann, C.R.; Jantsch, M.F. Xlrbpa, a double-stranded RNA-binding protein associated with
ribosomes and heterogeneous nuclear RNPs. J. Cell Biol. 1997, 138, 239-253.

Gatignol, A.; Buckler, C.; Jeang, K.T. Relatedness of an RNA-binding motif in human immunodeficiency
virus type 1 TAR RNA-binding protein TRBP to human P1/dsI kinase and Drosophila staufen. Mol.
Cell. Biol 1993, 13, 2193-2202.

Han, J.; Lee, Y.; Yeom, K.H.; Nam, J.W.; Heo, I.; Rhee, J.K.; Sohn, S.Y.; Cho, Y.; Zhang, B.T.;
Kim, V.N. Molecular basis for the recognition of primary micrornas by the Drosha-DGCRS8 complex.
Cell 2006, 125, 887-901.

Heras, S.R.; Macias, S.; Plass, M.; Fernandez, N.; Cano, D.; Eyras, E.; Garcia-Perez, J.L.; Caceres, J.F.
The microprocessor controls the activity of mammalian retrotransposons. Nat. Struct. Mol. Biol. 2013,
20, 1173-118]1.

Mili, S.; Pinol-Roma, S. Lrp130, a pentatricopeptide motif protein with a noncanonical RNA-binding
domain, is bound iz vivo to mitochondrial and nuclear RNAs. Mo!l. Cell. Biol. 2003, 23, 4972-4982.
Dember, L.M.; Kim, N.D.; Liu, K.Q.; Anderson, P. Individual RNA recognition motifs of TIA-1
and TIAR have different RNA binding specificities. J. Biol. Chem. 1996, 271, 2783-2788.

Chase, A.J.; Semler, B.L. Viral subversion of host functions for picornavirus translation and RNA
replication. Future Virol. 2012, 7, 179—-191.

Walsh, D.; Mathews, M.B.; Mohr, . Tinkering with translation: Protein synthesis in virus-infected cells.
Cold Spring Harb. Perspect. Biol. 2013, doi:10.1101/cshperspect.a012351.

Martinez-Salas, E.; Pacheco, A.; Serrano, P.; Fernandez, N. New insights into internal ribosome
entry site elements relevant for viral gene expression. J. Gen. Virol. 2008, 89, 611-626.

Lloyd, R.E. Translational control by viral proteinases. Virus Res. 2006, 119, 76—88.

Sonenberg, N.; Hinnebusch, A.G. Regulation of translation initiation in eukaryotes: Mechanisms
and biological targets. Cell 2009, 136, 731-745.

Balvay, L.; Soto Rifo, R.; Ricci, E.P.; Decimo, D.; Ohlmann, T. Structural and functional diversity
of viral IRESes. Biochim. Biophys. Acta 2009, 1789, 542-557.

Martinez-Salas, E. The impact of RNA structure on picornavirus IRES activity. Trends Microbiol.
2008, /6, 230-237.

Lopez-Lastra, M.; Ramdohr, P.; Letelier, A.; Vallejos, M.; Vera-Otarola, J.; Valiente-Echeverria, F.
Translation initiation of viral mRNAs. Rev. Med. Virol. 2010, 20, 177-195.

Almstead, L.L.; Sarnow, P. Inhibition of U snRNP assembly by a virus-encoded proteinase. Genes Dev.
2007, 21, 1086-1097.

Cauchi, R.J.; Davies, K.E.; Liu, J.L. A motor function for the dead-box RNA helicase, Gemin3, in
Drosophila. PLOS Genet. 2008, 4, ¢1000265.

Pineiro, D.; Ramajo, J.; Bradrick, S.S.; Martinez-Salas, E. Gemin5 proteolysis reveals a novel motif
to identify 1 protease targets. Nucleic Acids Res. 2012, 40, 4942—-4953.



Biomolecules 2015, 5 544

77. Seipelt, J.; Guarne, A.; Bergmann, E.; James, M.; Sommergruber, W.; Fita, I.; Skern, T. The structures
of picornaviral proteinases. Virus Res. 1999, 62, 159—168.

78. Steinberger, J.; Grishkovskaya, I.; Cencic, R.; Juliano, L.; Juliano, M.A.; Skern, T. Foot-and-mouth
disease virus leader proteinase: Structural insights into the mechanism of intermolecular cleavage.
Virology 2014, 468—470, 397-408.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



