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Abstract 

 

Ribonucleases are enzymes which perform the processing and degradation of all types of RNA, being 

critical for the tight post-transcriptional regulation of gene expression. Three homologues from the 

RNase II/RNB family of exoribonucleases are found in eukaryotes: Dis3, Dis3L1, and Dis3L2. The first 

two associate with the RNA exosome, while Dis3L2 participates in an alternative degradation pathway, 

depending on 3’-uridylation by terminal uridylyl transferases and poly(U) polymerases. The first 

insights on protein–RNA interactions were obtained analysing the mouse Dis3L2–oligo(U) structure, 

supporting the distinctive preference of Dis3L2 for uridylated substrates. To date, Dis3L2 has already 

been associated with cellular processes as relevant as RNA surveillance, cell proliferation and 

differentiation. Human DIS3L2 defects have been related to several cancers, alongside with Perlman 

Syndrome, a rare foetal overgrowth disorder, consequently increasing the risk for Wilms Tumour, a 

malignant kidney tumour commonly affecting children. Nevertheless, much remains unknown about the 

mechanism of action of Dis3L2 and its peculiar substrate preference.  

In this work, fission yeast was used as an eukaryotic microorganism model for studying a considerably 

important ribonuclease in human diseases. Our aim was the identification of particular amino acids 

potentially crucial for activity and substrate specificity of Schizosaccharomyces pombe Dis3L2 

(SpDis3L2), namely those involved in its preference for uridylated substrates. Thus, wild-type and point 

mutants of SpDis3L2 were overexpressed and purified. A thermal shift assay allowed the improvement 

of protein stability and enhanced full-length protein purification. Subsequently, the exoribonucleolytic 

activity of SpDis3L2 versions was analysed over different RNA substrates, using an inactive mutant as 

control. We uncovered that all tested mutants were active, with several of them differing from the wild-

type regarding their level of activity and their preference for uridylated substrates. Therefore, these 

results pave the way for the analysis of other protein versions with combinations of these point 

mutations. 

 

Keywords: RNA decay, RNase II/RNB family, Uridylation, Dis3L2, Schizosaccharomyces pombe, 

Exoribonucleolytic activity 
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Resumo 

 

As ribonucleases são enzimas responsáveis pelo processamento e degradação do RNA, sendo essenciais 

na regulação pós-transcricional da expressão génica. Em eucariotas, encontramos três homólogos das 

exorribonucleases da família RNase II/RNB: Dis3, Dis3L1 e Dis3L2. Os dois primeiros associam-se ao 

exossoma, enquanto a Dis3L2 participa numa via alternativa de degradação dependente da 3’-uridilação 

por uridilil transferases terminais e poli(U) polimerases. Atualmente, a Dis3L2 já foi associada a 

processos celulares pertinentes como o controlo de qualidade do RNA, e a proliferação e diferenciação 

celulares. Defeitos na DIS3L2 humana foram relacionados com vários cancros, bem como com a 

Síndrome de Perlman, uma doença rara de sobre-crescimento fetal que aumenta o risco para o Tumor 

de Wilms, um tumor renal geralmente encontrado em crianças. Contudo, ainda muito se desconhece do 

mecanismo de ação da Dis3L2 e da sua preferência distintiva por substratos uridilados.  

Usando a levedura de fissão como modelo de microrganismo eucariótico para estudar esta ribonuclease 

extremamente relevante para doenças humanas, este trabalho pretendeu identificar aminoácidos da 

Dis3L2 de Schizosaccharomyces pombe (SpDis3L2) potencialmente cruciais para a sua atividade, 

especificidade de substrato, e, em particular, pela preferência por substratos uridilados. Assim, a 

SpDis3L2 selvagem e respetivos mutantes pontuais foram sobrexpressos e purificados, após a 

otimização das condições de purificação para que favorecessem a purificação da proteína no seu estado 

íntegro. A atividade exorribonucleolítica das versões da SpDis3L2 foi analisada sobre diversos 

substratos de RNA, tendo-se revelado que, à exceção do mutante inativo usado como controlo, todos os 

mutantes testados eram ativos. Comparando com a proteína SpDis3L2 selvagem, houve mutantes para 

os quais se observaram diferenças relativamente ao seu nível de atividade e à preferência por substratos 

uridilados. Tomando estes resultados em consideração, este trabalho constitui o primeiro passo para que 

se possa, futuramente, analisar versões desta ribonuclease com combinações destas mutações pontuais. 

 

Palavras-Chave: Degradação do RNA, Família RNase II/RNB, Uridilação, Dis3L2, 

Schizosaccharomyces pombe, Atividade exorribonucleolítica 
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RISC    RNA-Induced Silencing Complex 

RNA    Ribonucleic Acid 

RNAi    RNA interference 

RNase    Ribonuclease 

RNB    RNase II catalytic domain 

rpm   revolutions per minute 

rRNA    ribosomal RNA 

Rrp44  Ribosomal RNA-processing protein 44 (or Exosome complex exonuclease 

RRP44; Synonym: Dis3) 

Rrp6  Ribosomal RNA-processing protein 6 (or Exosome complex exonuclease 

RRP6; Synonyms: EXOSC10, PM/Scl-100) 

RT    Room Temperature 

S. cerevisiae   Saccharomyces cerevisiae (budding yeast) 

S. pombe   Schizosaccharomyces pombe (fission yeast) 

S1    RNA-binding domain, which was initially identified in ribosomal protein S1 

ScDis3    Saccharomyces cerevisiae Dis3 (Synonym: Rrp44) 

SDS    Sodium Dodecyl Sulphate 

siRNA    small interfering RNA 

snoRNA   small nucleolar RNA 

snRNA   small nuclear RNA 

SOV    Suppressor Of Varicose (Synonym: AtDis3L2) 

SpDis3    Schizosaccharomyces pombe Dis3 

SpDis3L2   Schizosaccharomyces pombe Dis3L2 

ssRNA    single-stranded RNA 

T   Thymine (in the context of nucleotides) 

T. brucei   Trypanosoma brucei (trypanosome) 

TAIL-Seq   Tail Sequencing 

TB    Terrific Broth 

TBE    Tris-Borate-EDTA 

TBS    Tris-buffered saline 

TBS-T    Tris-buffered saline with 0.1% Tween 20 

TDMD    Target RNA-Directed miRNA Degradation 

TDS    TUT-DIS3L2 Surveillance (pathway) 

TEMED   Tetramethyl ethylenediamine 

TENT    Terminal RNA Nucleotidyl Transferase  

TENT2  Terminal RNA Nucleotidyl Transferase 2 (Synonyms: TUTase 2, HsGLD2, 

hGLD2, PAPD4) 
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TENT3A  Terminal RNA Nucleotidyl Transferase 3A (Synonyms: TUT4, TUTase 4, 

Hs3, PAPD3, ZCCCHC11) 

TENT3B  Terminal RNA Nucleotidyl Transferase 3B (Synonyms: TUT7, TUTase 7, 

Hs2, PAPD6, ZCCCHC6) 

Tm    Melting Temperature 

TRAMP   Trf4/Air2/Mtr4 Polyadenylation (complex) 

TrB    Transfer Buffer 

Trf4    Topoisomerase one-Related Function protein 4 

Trf5    Topoisomerase one-Related Function protein 5 

tRNA    transfer RNA 

TRUMP   Terminal RNA Uridylation-Mediated Processing (complex) 

TSA    Thermal Shift Assay 

TUT4, TUTase 4  Terminal Uridylyl Transferase 4 (Synonyms: Hs3, PAPD3, TENT3A, 

ZCCCHC11) 

TUT7, TUTase 7  Terminal Uridylyl Transferase 7 (Synonyms: Hs2, PAPD6, TENT3B, 

ZCCCHC6) 

TUTase   Terminal Uridylyl Transferase 

TUTase 2  Terminal Uridylyl Transferase 2 (Synonyms: TENT2, HsGLD2, hGLD2, 

PAPD4) 

U   Enzyme unit 

U    Uridine (in the context of nucleotides) 

UMP    Uridine Monophosphate 

U-tail    Uridine tail 

UTP    Uridine Triphosphate 

UTR    Untranslated Region 

UV    Ultraviolet 

V   Volt 

vol   Volume 

wt    wild-type (in the context of proteins) 

WT    Wilms' Tumour (in the context of human diseases) 

X. laevis   Xenopus laevis (African clawed frog) 

Xrn1    5’-3’ exoribonuclease 1 (Synonym: Pcm) 

Xrn2    5’-3’ exoribonuclease 2 (Synonym: Rat1) 

ZCCHC11  Zinc finger CCHC domain-containing protein 11 (Synonyms: TUT4, TUTase 

4, Hs3, PAPD3, TENT3A)  

ZCCHC6  Zinc finger CCHC-type containing 6 (Synonyms: TUT7, TUTase 7, Hs2, 

PAPD6, TENT3B) 
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1.1.  Ribonucleases and their relevance in cellular metabolism 

RNA is an extremely important molecule inside the cell, performing numerous functions. For 

example, messenger RNAs (mRNAs), transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs) are 

involved in protein synthesis (1), whereas non-coding RNAs (ncRNAs) can play a panoply of regulatory 

roles both at transcriptional and post-transcriptional levels (2). At any given moment, the amount of 

RNA present in the cell results from the balance between its synthesis and degradation, according to the 

cellular needs or the urge to adapt to some environmental change. Therefore, ribonucleases (RNases), 

the enzymes responsible for all RNA species’ processing and degradation, arise as remarkably relevant. 

They not only allow ribonucleotides recycling but also participate in several quality control mechanisms, 

namely by eliminating aberrant RNAs. There are two types of RNases in the cell: the endoribonucleases, 

which cleave the RNA molecules internally, and the exoribonucleases, that degrade the RNA starting 

on one of its extremities (3). 
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1.2. Eukaryotic mRNA Decay Pathways 

In eukaryotes, mature mRNAs usually present a 5’ 7-methyl guanosine cap (m7GpppG) and a          

3’ terminal poly(A) tail, with the latter being firstly produced by poly(A) polymerases (PAPs) and 

secondly protected from degradation by the attachment of Poly(A) Binding Proteins (PABPs) (4, 5). In 

the cytoplasm, these tails can be further extended by non-canonical PAPs (ncPAPs) which will increase 

the messenger stability and favour translation (6). Moreover, the 5’ and/or 3’ untranslated regions 

(5’UTR and 3’UTR, respectively) of the eukaryotic mRNAs frequently include specific sequences able 

to either stabilize or promote its decay via binding of certain RNA Binding Proteins (RBPs) or regulatory 

microRNAs (miRNAs) (7–10). Nonetheless, if these molecules are abnormal (e.g., possessing nonsense 

codons), they can undergo an endonucleolytic cleavage, with the resulting products being eventually 

degraded by other mechanisms (11, 12). Afterwards, when these cytoplasmic mRNAs are no longer 

needed, they can be destroyed through several parallel though partially redundant pathways (13–15), 

involving either endo or exoribonucleases (Figure 1.1.).  

The first step in these pathways is commonly the deadenylation or decapping of the transcripts. The 

deadenylation consists of the loss or shortening of the poly(A) tail carried out by deadenylases, which 

also causes the release of the PABPs and originates a mRNA with an unprotected 3’-end (16, 17). In 

turn, the decapping is triggered by the binding of the Lsm1-7/Pat1 complex (which works as a decapping 

activator, where the Pat1 protein recruits the Sm-like proteins Lsm1 to Lsm7) preferably to the                   

3’ extremity of deadenylated mRNAs, blocking the access of exoribonucleases to this RNA extremity 

(18, 19). Next, the Dcp-1/Dcp-2 complex (composed of decapping enzymes 1 and 2) promotes the 5’cap 

removal, leading to the exposure of the 5’-end of the transcript (20). After this first phase has ensued, 

there are two canonical RNA degradation pathways following opposite directions.  

On one hand, if the decapping occurs, that entails the decay to the 5’-3’ direction, whereby the                    

5’-3’ exoribonuclease 1 (Xrn1, also called Pacman, Pcm) is able to degrade completely the                                  

5’ monophosphate RNA starting on its 5’-end. This enzyme is the only known cytoplasmic 

exoribonuclease to act in this direction (13, 21–23). However, the 5PX superfamily to which Xrn1 

belongs also includes a 5’-3’ exoribonuclease 2 (Xrn2, also termed Rat1), which operates in the nucleus 

(13, 24).  

On the other hand, if the mRNA is just deadenylated, then the RNA exosome, a multiprotein 

complex, is capable of attaching to the mRNA 3’-end and degrade the molecule in the 3’-5’ direction 

(16, 25, 26). The eukaryotic RNA exosome is composed of a structural core, which is ring-shaped like 

the bacterial polynucleotide phosphorylase (PNPase) (27), encompassing nine subunits (Exo-9). PNPase 

has, amongst other functions, phosphorolytic activity and is able to processively degrade RNA 

molecules in the 3’-5’ direction (27). Unlike PNPase, the subunits found in the eukaryotic Exo-9 core 

have lost that ability (except in the case of plants (28)), serving as a channel for the passage of RNA 
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molecules (27). This Exo-9 core becomes responsible for coupling a tenth and, sometimes, an eleventh 

variable subunits, which are the ones responsible for the catalytic activity of the RNA exosome (29). 

Depending on the cellular location of this multiprotein complex, it presents distinct isoforms. It has 

already been found that the tenth subunit of the eukaryotic RNA exosome is usually the Rrp6 protein 

(also known as EXOCS10 or PM/Scl100 in humans). Rrp6 is a distributive exoribonuclease of the 

DEDD superfamily, which also includes the E. coli RNase D (24). Rrp6 is present in all human isoforms 

of the RNA exosome (30, 31), whereas it exists only in the nuclear isoform of yeast (32). Noteworthy, 

it is generally the only catalytic subunit of the RNA exosome in the nucleolus, where a ten-subunits 

isoform (Exo-10) is present. In contrast, an eleventh catalytic subunit is attached to Exo-10, forming an 

Exo-11 complex in the nucleoplasm or cytoplasm. This eleventh subunit might be the Defective in sister 

chromatid joining (Dis3, also known as Rrp44) exoribonuclease or the Dis3-Like exonuclease 1 (Dis3L1 

or Dis3L) (31, 33). Both of these proteins belong to the RNase II/RNB family and will later be discussed 

in further detail. In these scenarios where Dis3 belongs to the nucleoplasmic isoform, and Dis3L1 is 

included in the cytoplasmic isoform, Rrp6, which is still associated with the exosome, becomes a                 

non-essential subunit, since Dis3 and Dis3L1 are highly processive (3, 34) and become the main 

responsible for RNA hydrolysis. In any case, after the digestion by the RNA exosome, the 5’cap in the 

remaining fragment (usually smaller than 10 nucleotides) is eventually decomposed by the Decapping 

Scavenger (DcpS) enzyme. DcpS is a m7-specific pyrophosphatase, which ultimately generates a                   

7-methyl guanosine monophosphate (m7GMP) and a nucleoside diphosphate (NDP) (35–37).  

These were the most widely studied general processes of RNA decay. However, the discovery of 

Dis3-Like exonuclease 2 (Dis3L2), another member of the RNase II/RNB family, revealed a new 

alternative eukaryotic RNA decay pathway independent of deadenylation and decapping, but rather 

mediated by uridylation. This major finding took place almost simultaneously in fission yeast (38), 

mouse (39, 40), and humans (40, 41), and challenged all the previous assumptions on eukaryotic RNA 

degradation pathways. Thus, the mechanism of uridylation and the Dis3L2 ribonuclease involved in this 

RNA decay pathway uridylation-dependent will be next explored. 
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Figure 1.1. Overview of the main mRNA degradation pathways in eukaryotes. Mature cytoplasmic 

mRNAs are usually stabilised by a 5’cap and a long 3’ poly(A) tail, to which poly(A) binding proteins (PABPs) 

may bind, thus, protecting that extremity from degradation. When transcripts’ decay is triggered, distinct enzymes 

might intervene: endoribonucleases (EndoRNases), and/or exoribonucleases (ExoRNases). In the 5’-3’ direction, 

decapped mRNAs might be digested by Xrn1 in the cytoplasm or by Xrn2 in the nucleus. ‘ * ’ represents that, 

despite Xrn1 being able to unwind highly structured RNA molecules, some of them block Xrn1 progression.              

In the 3’-5’ direction, transcripts degradation might follow deadenylation (carried out by deadenylases) or 

uridylation (performed by terminal uridylyl transferases, TUTases, or poly(U) polymerases, PUPs). Deadenylated 

mRNAs can be readily degraded by the RNA exosome, which has distinct isoforms according to cellular 

localization, even though its nucleoplasmic isoform may also be present in the cytoplasm in smaller amounts (grey 

dashed line in the ‘nucleoplasm’ box). ‘ ? ’ means that there is still no evidence of Dis3L1 degrading secondary 

structures. Uridylated mRNAs recruit specifically the Dis3L2 enzyme (pathway highlighted in purple). Small 

capped degradation products are fully hydrolysed by DcpS enzyme. (Created with BioRender.com.) 

 

1.3. 3’ Uridylation in eukaryotes 

1.3.1. The mechanism of uridylation and how to escape it 

Polyadenylation is the most well-documented 3’-end modification, but other changes may also take 

place in the RNA with some frequency, namely guanylation, cytidylation, and uridylation (42). These 

processes were largely underestimated with the use of oligo(dT)-based methodologies undoubtedly 
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skewing the terminal modifications that could be found in the nucleic acids. The rise of exciting 

innovative technologies, such as the 3’-RACE (43, 44) and the TAIL-Seq (42, 45), shed a new light on 

the whole 3’-terminome. 

Some of the 3’-end modifications are executed by terminal RNA nucleotidyl transferases (TENTs), 

a subgroup of ncPAPs that belong to the DNA polymerase β-like nucleotidyl transferases superfamily, 

which is well-conserved in eukaryotes (46, 47). Although many of these enzymes perform 

polyadenylation in the most diverse scenarios (48–53), a subclass of them prefers uridine triphosphate 

(UTP) over adenosine triphosphate (ATP), thus uridylating their substrates (54). For example, in 

humans, only two of their eleven TENTs have already been reported to be involved in 3’ uridylation of 

cytoplasmic mRNAs: TUT4 (also called ZCCHC11 (6), TUTase 4 (55), Hs3 (56), PAPD3 or TENT3A) 

and TUT7 (also named ZCCHC6 (6), TUTase 7 (55), Hs2 (56), PAPD6, or TENT3B). Hereafter, the 

used human TUTases nomenclature will be the one established by Yashiro et al., 2018 (57) (which 

corresponds to the above-mentioned outside brackets).  

Therefore, 3’ uridylation is the process that comprises the addition of untemplated uridine 

monophosphate (UMP) residues to the 3’-end hydroxyl group of RNA molecules, thereupon being 

independent of the pre-existing sequence (6, 58–61). Hence, this post-transcriptional modification, 

which appears to be only present in eukaryotes, can be conducted by two types of TENTs: the terminal 

uridylyl transferases (TUTases) and the poly(U) polymerases (PUPs), which add, respectively, short 

[oligo(U)] or long [poly(U)] uridine tails (U-tails) to the RNA molecules (58, 60, 62). These enzymes 

intervene mainly in the cytoplasm (54, 55, 60), notwithstanding that they have also been described in 

other subcellular locations, specifically the nucleus (63) and mitochondria (53, 64–67). However, 

uridylation is yet to be described in chloroplasts (60).  

TUTases and PUPs can act on plenty of RNA types, such as mRNAs, tRNAs, rRNAs, miRNAs, 

small interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs), guide RNAs (gRNAs), small 

nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) (59). Nevertheless, the selectivity 

mechanisms of these targets are still largely unknown, and a further investigation of the structure of 

these proteins is required. In general, they exhibit a wide range of RNA substrates, albeit some of them 

display a higher specificity. The activity of TUTases may also vary according to the substrate in question 

and depending on if they are performing their function by themselves or as part of a larger complex. 

Although in fungi like Schizosaccharomyces pombe uridylation is independent of deadenylation 

(68), in plants and mammals uridylation may be favoured by the small size of the poly(A) tail of the 

transcripts (69, 70). In fact, TUT4 and TUT7 select for uridylation the cytoplasmic mRNAs with poly(A) 

tails shorter than 25 nucleotides (nt), while the PAPBs predominantly attached to the longer poly(A) 

tails protect those transcripts from being targeted by these TUTases (42, 69). A widely studied example 

of one of the major roles of TUTases in human cellular metabolism is the control of pre-let-7 mRNA 



6 
 

maturation/degradation, depending on its mono-/oligo-uridylation, respectively, by TUT4/7 (71, 72), 

which will be detailed below. The involvement of orthologue TUTases in this same pathway has already 

been uncovered in other organisms, such as Caenorhabditis elegans (73), Danio rerio (74), and Mus 

musculus (75).  

Unquestionably, template-independent uridylation arises as a ubiquitous process in the eukaryotic 

cell, being expected to be tightly regulated and to have a way of evading it. Therefore, the                              

2’-O-methylation, which resides in the addition of a methyl group to the 2’ hydroxyl group of the last 

ribose in the 3’-end of RNAs by methyltransferases, has surfaced as a mechanism of protection from 

uridylation that is evolutionarily conserved amongst eukaryotes. This 3’-terminal modification prevents 

others from occurring simultaneously. In its absence, specific classes of ncRNAs (such as miRNAs, 

piRNAs and siRNAs) appear destabilized by extended 3’ oligo-uridylation, resulting in their 3’-5’ 

exonucleolysis (59, 62).  

 

1.3.2. The implications of uridylation 

Considering this panoply of modifying enzymes and substrates implicated, many of which are still 

unknown, if vulnerable unmethylated RNAs are uridylated by TUTases or PUPs, what consequences 

might this modification entail? This issue is extensively reviewed in several recent papers, explaining 

the main factors involved (namely, TUTases and exoribonucleases) and the cellular processes affected, 

covering a broad range of eukaryotic organisms (57, 62, 70, 76–78). Remarkably, 3’ uridylation can 

either confer the target RNA molecules higher stability or, contrarily, mark them for the                          

Dis3L2-dependent degradation pathway. It is pertinent to emphasize that the TUTases participating in 

each of these contexts and the size of the U-tails produced are usually different. 

On the one side, uridylation is needed for the biogenesis of certain RNAs (79), can regulate 

translation efficiency (67), and might be possibly involved in the signalling for transport of micro- and 

other RNAs by extracellular vesicles (80). In addition, the most disparate, and sometimes unexpected, 

examples of uridylation-associated processes keep emerging from model organisms: the maturation of 

mitochondrial gRNAs and RNA editing, in Trypanosoma brucei (81); an antiviral response mechanism, 

in C. elegans (82); and the PABPs-dependent recovery of a specific size of oligo(A) tails in moderately 

deadenylated mRNAs, in Arabidopsis thaliana (83). 

On the other side, uridylation may promote degradation in the two opposite directions. In what 

concerns the uridylated RNA decay in the 5’-3’ direction, the U-tails can recruit the Lsm1-7 complex, 

consequently conducting to the targeted RNA decapping, and later digestion by Xrn1 (68, 69). 

Alternatively, these oligo(U) tails can directly induce the RNA decay in the 3’-5’ direction by Dis3L2. 

This last path receives specific designations in case of contributing to target RNA-directed miRNA 

degradation (TDMD) (84), or if it targets substrates that are structured aberrant/defective ncRNAs 
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(TUT–Dis3L2 surveillance pathway, TDS) (85, 86). Of note, Dis3L2 and other decay factors seem to 

be more sensitive to oligo- rather than to mono-uridylated RNAs (69).  

There are astonishing examples of uridylation-mediated decay that come from widely studied 

eukaryotes: the degradation of mature miRNAs and siRNAs, in Chlamydomonas reinhardtii (87); the 

programmed removal of maternal RNAs during embryogenesis, in Xenopus laevis, D. rerio and                     

M. musculus (45, 74); and histone mRNAs decay, in Homo sapiens (55, 70). A striking example worth 

mentioning is the repression of mirtron (a type of non-canonical miRNAs, derived from intronic regions 

of pre-mRNAs) expression, in Drosophila melanogaster (88). This insect possesses a cytoplasmic 

TRUMP (terminal RNA uridylation-mediated processing) complex consisting of the Tailor TUTase and 

the Dis3L2 exoribonuclease. The TRUMP complex associates with mirtron precursors, uridylate them, 

and impair their maturation by the endoribonuclease Dicer (89). It should also be noted that this complex 

sets a parallelism with the nuclear Trf4/Air2/Mtr4 polyadenylation complex (TRAMP complex, first 

described in Saccharomyces cerevisiae), which is another RNA surveillance pathway that helps the 

RNA exosome bind to its substrates and might also modulate its catalytic activity (49, 90).  

 

1.4. Dis3L2, the exoribonuclease with a crush on “U” 

It has become increasingly evident how uridylation is crucial in RNA processing and turnover, 

which is also demonstrated by the already mentioned conservation in eukaryotes. This is extended to 

the exoribonuclease that is specifically recruited to degrade the uridylated RNAs, Dis3L2 (38–41, 89, 

91, 92). 

 

1.4.1. Involvement in cellular processes 

Beyond all the examples that were given above, it is also worth highlighting other key cellular 

processes where the Dis3L2-dependent degradation pathway is essential. These include the Dis3L2 role 

in rRNA biogenesis (93), endoplasmic reticulum-associated mRNA translation (94), cell differentiation 

(39, 40, 95) and proliferation (96, 97), T cell activation (98) and spermatogenesis (99). It may also 

appear implicated in antagonistic phenomena such as mitosis (100, 101) and apoptosis (102–104). 

Furthermore, Dis3L2 even aids a quality control mechanism termed nonsense-mediated decay (NMD), 

which is triggered by the presence of premature translation-termination codons (PTCs) in mRNAs               

(44, 105).  

The example of cell differentiation is one of the most studied processes, reinforcing the opposite 

effects that uridylation can exert particularly on the Lin28–let-7 pathway, and their consequences in 

development [reviewed in (57, 62)]. The let-7 family of miRNAs is crucial, being well-conserved in 
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animals with bilateral symmetry, and is responsible for differentiation, silencing numerous human 

oncogenes and thus operating as tumour suppressor (106). There are two types of double-stranded let-7 

precursors (pre-let-7), which are classified according to the number of protruding nucleotides at their 

3’-end. Group I precursors [hereby referred to as pre-let-7(I)] have a 3’ overhang with 2 nt, while the 

ones from Group II [hereafter called pre-let-7(II)] have a 3’ overhang with 1 nt (47, 62).  

In general, pre-miRNAs have to be processed by Dicer to become part of functional RNA-induced 

silencing complexes (RISCs) (107), which assist the binding between mature miRNAs and their mRNA 

targets, resulting in either their degradation or translation inhibition (10). To bind the 3’-end extremity 

of pre-miRNAs, Dicer requires a 2 nt single-stranded region. Therefore, in somatic cells, pre-let-7(I) 

molecules are directly processed by Dicer. In opposition, pre-let-7(II) must be first mono-uridylated by 

TUT4/7 (or alternatively mono-adenylated by TENT2) for it to be processed. The resultant mature let-

7 will impair the expression of several pluripotency-related genes, further promoting cell differentiation 

(62, 108, 109). In stem cells, in order to perpetuate a proliferative undifferentiated state, diverse 

pluripotency factors are expressed, such as Lin28a and Lin28b. Lin28a/b are cytoplasmic RBPs 

responsible for the negative regulation of let-7 expression (75, 110). In this sense, Lin28a binds pre-let-

7(I)/(II) and promote their oligo-uridylation by TUT4/7 (72, 111). The addition of a longer U-tail 

prevents maturation by Dicer, and recruits Dis3L2 for pre-miRNA degradation (39, 40, 95, 109, 112).  

In summary, if human TUTases TUT4/7 mono-uridylate pre-let-7(II), then they are contributing to 

miRNA maturation by Dicer, whereas if the same TUTases form a complex with Lin28, they promote 

oligo-uridylation of pre-let-7(I)/(II), marking them for Dis3L2-dependent degradation (62, 113). It is 

evident that this Lin28–let-7 pathway has been gaining more relevance since this loss of tumour 

suppressor function of let-7, induced by Lin28 and mediated by Dis3L2, has been associated with human 

tumorigenesis. This is because the absence of mature let-7 miRNA elicits the expression of its targets, 

contributing to pluripotency, cell reprogramming and, eventually, cancer (62, 114). 

 

1.4.2. Intracellular localization of Dis3L2 

Dis3L2 has been previously described as being homogeneously distributed in the cytosol of 

different cell types (38–41). Nevertheless, Malecki and associates (38) showed that this enzyme could 

be additionally located in cytoplasmic foci contiguous to processing bodies (P-bodies). They also noted 

that, under glucose deprivation, Dis3L2 has total co-localization with P-bodies. This could be a cellular 

stress response mechanism, allowing faster degradation of uridylated transcripts.  

For a better understanding, P-bodies are eukaryotic cellular compartments deprived of membranes, 

whose presence is constitutive in some cell lines, and whose formation can also be induced by stress. 

They are aggregates of RNA molecules and proteins (115, 116), and their function is not yet totally 

clear, despite being established that they serve as a storage of mRNAs in a stable untranslational state. 
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They might also function as specific, though non-critical, sites of mRNA decay, since they have been 

shown to contain mRNA degradation intermediates, in combination with enzymes related to mRNA 

decapping and 5’-3’ RNA decay (117, 118). Conversely, recent investigations state that P-bodies 

sequestrate inactive enzymes, conferring the cell higher plasticity when answering to stress, and 

allowing for a rapid translation re-initiation as soon as environmental conditions become favourable 

(115, 116, 119). 

Importantly, the discovery that Dis3L2 can co-localize with P-bodies was the first evidence of a 

link between degradation in the 3'-5' direction and these compartments (38). Furthermore, TUT4 has 

already been identified in P-bodies (120). In response to human Dis3L2 (hDIS3L2) deletion, it was 

shown that the number of P-bodies increased, presumably by facing an accumulation of non-degraded 

untranslated mRNAs inside them (41). 

 

 

1.4.3. A peculiar homologue within the RNase II/RNB family 

1.4.3.1. A widespread family of 3’-5’ exoribonucleases 

As mentioned earlier, Dis3L2 belongs to the RNase II/RNB family, highly conserved both in 

prokaryotes and eukaryotes. All members of this family display a processive 3’-5’ exonucleolytic 

activity (121). 

In prokaryotes, the representative enzymes of the RNase II/RNB family are RNase II and RNase 

R, which are key players in RNA degradation and quality control (3). Importantly, RNase R has been 

associated with virulence in several Gram-negative bacteria, since it impacts growth, motility, 

competence, adaptation to cold, amongst other physiological processes (121, 122). In what concerns 

their catalytic properties, RNase II and RNase R differ in the size of the final degradation products, and 

in their ability to unwind and digest structured RNAs (123). While RNase II releases a 4 nt end-product 

(124, 125), stalling 5 to 7 nucleotides before RNA double-stranded regions (126), RNase R originates    

2 nt end-products, being capable of cleaving double-stranded molecules if they have at least a 5 nt  

single-stranded overhang on their 3’-end (127, 128). Besides functioning as a nuclease, RNase R also 

possesses helicase activity, not requiring to be associated with another enzyme that has such function to 

be able to degrade double-stranded RNAs (dsRNAs) (128–130). 

In turn, eukaryotes may express three different homologues of this family: Dis3 (or Rrp44), Dis3L1 

(or Dis3L), and Dis3L2, showing meaningful differences between them (see below). Whereas the 

presence of Dis3L1 is constrained to metazoans, the other two paralogs also appear in plants and some 

fungi. Therefore, the three homologues can be simultaneously found almost uniquely in vertebrates.  
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Considering that S. pombe has two RNase II-like enzymes (Dis3 and Dis3L2) (38), as well as six 

ncPAPs (6, 54), some of them with TUTase activity (like the caffeine-induced death suppressor protein 

1 (Cid1), an orthologue of human TUT4/7) (131), it is a suitable yeast model to study this 

uridylation/Dis3L2-mediated RNA decay pathway. Furthermore, fission yeast also shares other 

mechanisms of gene expression regulation with more complex eukaryotes, namely gene silencing by 

RNA interference (RNAi) (132). This strongly supports that the RNA metabolism of higher eukaryotes 

is closer to that of fission yeast (S. pombe) rather than that of budding yeast (S. cerevisiae). S. cerevisiae 

only possesses one homologue of the RNase II/RNB family (Rrp44/Dis3) (29), and seems to be the only 

eukaryotic model organism that lacks 3’ uridylation (38, 68, 133). Despite having two ncPAPs, Trf4 and 

Trf5, none of them has TUTase activity (6).  

 

 

1.4.3.2. The characteristic protein domain organization and the properties conferred 

to each homologue protein 

Notably, all members of the RNase II/RNB family have a comparable protein domain organization 

(Figure 1.2.). They are usually composed by two cold-shock domains (CSD1 and CSD2), a RNase II 

catalytic domain (RNB), and a S1 domain. The CSD1, CSD2 and S1 are considered            

oligosaccharide/ oligonucleotide binding fold (OB-fold) domains, which means they assist RNA binding 

(125). Meanwhile, as its name implies, the RNB domain is the one responsible for the 3’-5’ 

exonucleolytic decay of RNA molecules, being highly conserved (124). 

 

 

 

Figure 1.2. Protein domain organisation of enzymes from the RNase II/RNB family. Representation 

of protein domains present in representative members of the RNase II/RNB family: bacterial RNase II and RNase 

R, and eukaryotic Dis3 (or Rrp44), Dis3L1 (or Dis3L), and Dis3L2. While the PIN domain confers an additional 

endonucleolytic activity to Dis3, it is inactive in Dis3L1 (red cross on the domain). N: amino terminus. C: carboxyl 

terminus. Additional variable domains at N-term/C-term are not displayed. Dimensions are approximately in scale. 

(From Costa SM, Saramago M, Matos RG, Arraiano CM, Viegas SC. 2022. How hydrolytic exoribonucleases 

impact human disease: Two sides of the same story. FEBS Open Bio, accepted) 
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Whilst this arrangement is shared by prokaryotic RNase II/R and eukaryotic Dis3L2 (95), Dis3 and 

Dis3L1 evidence two additional N-term domains, both related to the association of these proteins to the 

RNA exosome: the Cysteine-Rich with three cysteines (CR3), and the PilT N-terminus (PIN) domains 

(34, 134). This last domain stipulates a dual role: a structural function since it is required for interacting 

with the exosome, as previously denoted (section 1.2.); and an endonucleolytic activity, enabling the 

enzyme to cut circular and linear single-stranded RNAs (circRNAs and ssRNAs, respectively) in a  

Mn2+-dependent manner (135–137). This second feature relies on the presence of four essential residues 

that form the PIN active site (E97, D69, D177 and D146 in the human Dis3 homologue, hDIS3). So, 

while Dis3 (as part of the RNA exosome, mainly in the nucleoplasm) is able to cleave RNA molecules 

endonucleolytically, Dis3L1 (strictly belonging to the cytoplasmic isoform of the RNA exosome) does 

not, having an inactive PIN domain due to the absence of two of the four active site residues (E97 and 

D146 in hDIS3) (31).  

Once CR3 and PIN domains are missing in Dis3L2, this enzyme acts independently of the RNA 

exosome, emphasizing its participation in an alternative RNA decay pathway. This autonomy was 

confirmed in S. pombe by the lack of co-localization of Dis3L2 (in the cytoplasm) with nuclear 

components of the exosome (38). It was further corroborated by not occurring co-precipitation of 

Dis3L2 with the subunits of the nuclear RNA exosome, both in S. pombe (38) and in human cell lines 

(39, 40).  

It is also possible to distinguish the eukaryotic homologues according to their sequence 

conservation in their active site, within the RNB domain. This way, their amino acid signature might be 

DIDD (for Dis3 proteins), DVDD (if they are Dis3L1 enzymes), or DLDD (in the case of Dis3L2 

ribonucleases) (38). Moreover, the aspartic acids (D) contained in these signatures are also engaged in 

the four aspartic acids that are critical for exoribonuclease activity, including an aspartic acid six amino 

acids upstream from these three (38). 

In relation to their catalytic features, the homologues slightly differ in the size of the final 

degradation products they form: a minimum of 3 or 4 nt for Dis3 orthologues (budding yeast Rrp44 and 

hDIS3, respectively) (29, 31, 41); 4 nt for Dis3L1 orthologues (31); and 3 nt for Dis3L2 orthologues 

(38, 41).  

Although there is no evidence of the ability of Dis3L1 to disrupt dsRNAs, it has already been 

reported that Dis3 can degrade structured RNAs, as long as they bear a single-stranded 3’ overhang with 

at least 4 nt, which was corroborated both in the Dis3 orthologues from budding yeast and humans      

(29, 31, 34, 41). Surprisingly, studies based on Dis3L2 orthologues from S. pombe (SpDis3L2) and 

humans (hDIS3L2) demonstrated that these RNases just require 2 protruding nucleotides at the 3’-end 

of the structured RNAs in order to unwind them, and even manage to degrade them if they have blunt 

ends (38, 41). 
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1.4.4. The crystallographic structure of Dis3L2 and its preference for 

uridylated RNAs 

Having as a starting point the knowledge about the protein domains of Dis3L2, inferred from 

multiple sequence alignments of diverse homologues, it remained to be understood how these domains 

were relatively arranged, and how the substrates would interact with them, be recognized, and 

subsequently degraded by the enzyme.  

The resolution of the crystallographic structure of the mouse Dis3L2 (mDis3L2) in complex with 

a 14 nt oligo(U) (14U), by Faehnle and colleagues (95), revealed that the shape of the entrance channel 

for the RNA resembled a funnel (Figure 1.3.A and B), being overall akin to that found in E. coli RNase 

II, which is to be expected as both exoribonucleases have a similar protein domain organisation, albeit 

the CSD1 of Dis3L2 is slightly longer. Besides, it brought new insights into the structural interactions 

between the Dis3L2 enzyme and its RNA substrates (Figure 1.3.C). Using an endogenous substrate of 

the enzyme, pre-let-7 (whose critical importance was tackled above, in section 1.4.1.), they were able to 

test the preference in vitro of mDis3L2 for both the unmodified RNA and one with a 15U 3’ stretch 

(similar to the one added by TUT4/7 in vivo), proving that the enzyme was significantly more efficient 

degrading the uridylated pre-let-7, which was supported by a stronger binding affinity to it (95).  

This preference was supported by the fascinating finding of an extensive network of interactions 

between specific amino acid residues of mDis3L2 and the ribonucleotides of the 14U molecule trapped 

inside it, which allowed to establish a classification system with 3 zones of specificity for uridines:        

U-zones 1, 2 and 3 (Figure 1.3.C.). Accordingly, when the bound RNA was instead a ssRNA composed 

of just 15 adenosines (15A) or 15 cytosines (15C), many of those interactions were lost, rendering the 

binding affinity weaker (95). This was also in accordance with previous observations that poly(A) 

substrates had an inhibitory effect on the activity of the fission yeast orthologue, SpDis3L2 (38). 

 



13 
 

 



14 
 

Figure 1.3. Schematic representation of mouse Dis3L2 structure in complex with an oligo(U) 

substrate, with protein–RNA interactions identified. RNA substrate is shown in orange (when nucleotides 

are numbered, they go from 1, at the 5’-end, to 14, at the 3’end). Protein domains are colour-coded according to 

Figure 1.2. (A.) Cartoon showing the funnel-like architecture of the enzyme when bound to a RNA substrate. The 

purple dot indicates the active centre of mDis3L2. (B.) Diagram of secondary structures formed by each domain 

and the positioning of the RNA substrate inside the protein. Purple circle marks the active centre of mDis3L2. (C.) 

Overview of interactions between specific amino acids of mDis3L2 and the RNA substrate, where the dashed lines 

illustrate hydrogen bonds and/or ion pairs. Interactions are established with the side chain (full circle) or with the 

main chain (dashed semi-circles) of the amino acid residues indicated. Tiny blue stars are pointing conserved 

residues of the protein which interact with the backbone of the 14U RNA, while tiny red stars are flagging 

conserved residues between mDis3L2 and budding yeast Rrp44 in the active site of the RNB domain. The three 

zones uridine-specifics are noted. U-zone 1 encompasses the “mouth” of the funnel, with the S1 domain along 

with the CSD lobe (CSD1 and CDS2 closely associated), covering ribonucleotides U1 – U4 of the RNA substrate, 

and works as a walkthrough for the RNA to the second zone. U-zone 2, keeping the metaphor, is the “stem” of the 

funnel, which is a narrower space including ribonucleotides U5 – U8, and provides an interface between the other 

two larger zones. U-zone 3 comprises the “core” of the RNB domain, harbouring ribonucleotides U9 – U12. The 

last 3’-end ribonucleotides, U13 and U14, are accommodated in the active centre of the enzyme interacting with 

the Mg2+ cation. [Adapted from Faehnle et al., 2014 (95).] 

 

In an attempt to obtain a structure from the fission yeast orthologue, Lv and associates (138) 

reported the resolution of the structure of a N-terminal truncated version of SpDis3L2 (since full-length 

SpDis3L2 failed to crystalize) without any RNA substrate bound to it. Considering this fact, it was not 

entirely unforeseen that the conformation of this SpDis3L2 RNA-free was distinct from its mouse 

counterpart. SpDis3L2 displays an open conformation in which the CSD2 appears side by side with the 

RNB domain instead of being placed on the top together with CSD1 and S1 (138). This way, the authors 

suggested that the binding of the RNA substrate would induce a radical conformational change leading 

to a funnel-like arrangement equivalent to the one studied for mDis3L2 (138). The precise mechanism 

by which this change of configuration would occur remains elusive. 

 

1.4.5. Importance in human diseases 

In the last decade, these eukaryotic enzymes of the RNase II/RNB family have entered the spotlight 

due to their implication in human diseases [reviewed in (139)], although the involvement of DIS3 and 

DIS3L1 have already been more widely characterised. For example, Multiple Myeloma has been 

associated with specific mutations in hDIS3 (140) and the intracellular ratio between its two possible 

isoforms (141), while Cerebellar Medulloblastoma has been related to hDIS3L1 expression levels (142).  

Therewith, considering the diversity of processes in which Dis3L2 is engaged, it is conceivable that 

it may well be also a prominent contributing factor to the pathology of human diseases (Table 1.1.) 

[reviewed in (139, 143)]. 

The human DIS3L2 gene (hDIS3L2) is annotated to chromosome 2 (Chr 2) (144), has fourteen 

possible splicing variants (145), and five confirmed isoforms (146). The canonical isoform 1 possesses 

21 exons, resulting in 885 amino acids and a molecular weight of 99.3 kDa (147). Interestingly, when 
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consulting the platform of Human Protein Atlas (HPA, a project born in 2003 with the intention of 

mapping the whole human proteome relying on a wide range of omics approaches), it is possible to 

ascertain that the protein ‘DIS3 mitotic control homolog-like 2’ has detectable RNA expression in all 

analysed cell types, cell lines and tissues (including the brain). However, in what concerns protein 

expression, hDIS3L2 levels are more variable between tissues (148). 

Germline mutations in hDIS3L2 had already been associated with Perlman Syndrome (PRLMNS), 

a rare congenital overgrowth disease, with high neonatal mortality. Because it has an autosomal 

recessive inheritance, the PRLMNS only manifests itself if there is a biallelic abnormality in the gene 

that encodes for hDIS3L2 (100, 101, 143) (Table 1.1.). A few distinct heterozygous genomic variants 

were identified (100, 149, 150), although most cases appear to be related to homozygous deletion of 

exon 6 or 9 (100, 151). New-borns suffering from this syndrome usually have numerous foetal 

malformations, including altered facial features, neurological delays, organomegaly and renal 

abnormalities (100, 101, 143). The renal abnormalities may translate into nephroblastomatosis, a 

precursor of nephroblastoma, also known as Wilms' Tumour (WT) (152). This is a type of kidney cancer 

mainly found in children, namely in more than 60% of infants with PRLMNS who managed to survive 

beyond the neonatal period (100, 101, 153). There have already been some studies that examined 

sporadic Wilms’ tumours. In one of them, 30% of the Wilms’ tumours analysed had a partial or complete 

deletion of the hDIS3L2 gene (100). In another study, it was proposed that, when there was a deletion 

in one allele of Chr 2 in the region where the hDIS3L2 gene is located, the increased susceptibility to 

Wilms’ Tumour in such cases could be due to the reduced expression of miR-562 miRNA, at least 

partially (154). The miR-562 is encoded in intron 9 of hDIS3L2, and one of its functions is to negatively 

regulate the expression of EYA1 gene, which, in turn, is essential for proliferation in the early 

development of kidneys. As such, the downregulation of miR-562 would contribute to EYA1 

overexpression and, potentially, to tumorigenesis (154). A recent study has also shed light on some 

cellular pathways that might be affected by Dis3L2 to promote the overgrowth phenotype in both flies 

and humans (97). 

Still regarding the Perlman Syndrome, it is curious to notice that, for example, the deletion in exon 

6 resulted in a distinct subcellular expression pattern of hDIS3L2, with the enzyme being additionally 

found in the nucleus (100). A similar modification in subcellular localization was seen in patients with 

intranuclear inclusion body disease (INIBD). This is a neurodegenerative disease in which one of the 

hallmarks is the occurrence of nuclear inclusions in neurons and glial cells, which frequently contain 

proteins related to amyotrophic lateral sclerosis. In addition, these nuclear inclusions were found to 

retain the exoribonucleases XRN1 and hDIS3L2, which may therefore be responsible for their formation 

or degradation (114, 155).   

Moreover, it was also uncovered that patients with Marfan-Like Syndrome (MLS) display 

chromosomal translocations involving Chr 2 that usually result in partial deletion of the hDIS3L2 gene, 
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reducing its expression or abrogating the exonucleolytic activity of the enzyme (143, 156–158) (Table 

1.1.). It was shown that this hDIS3L2 truncation was possibly related to the overexpression of the             

C-type Natriuretic Peptide (CNP), encoded by the gene NPPC that regulates bone growth, subsequently 

leading to excessive bone growth and skeletal malformations, characteristics of this syndrome (158). 

Impressively, mutations in hDIS3L2 have so far been connected to various human cancers, namely 

colorectal cancer (159), anaplastic thyroid cancer (160) (Table 1.1.), hepatocellular carcinoma (161), 

and testicular germ cell tumour (162). However, it is intriguing that, when looking back at HPA, 

hDIS3L2 expression was detected in all cancers tested, having presented weak to moderate cytoplasmic 

staining in the immunohistochemical data from most of them. In particular, in thyroid, liver and 

colorectal cancers, more than 90% of the studied patients had high/medium hDIS3L2 expression. In fact, 

hDIS3L2 higher expression has been proposed as a marker for adverse prognostic in liver cancer. By 

contrast, testis cancer was, in most cases, not stained in the presence of an anti-hDIS3L2 antibody (148).  

Nonetheless, there is still a paucity of studies about the overall contribution of Dis3L2 to the 

progression of cancers. It is still controversial, as it seems to either encourage some or suppress the 

manifestation of others, varying considerably contingent on the type of cancer in question (114). 
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Table 1.1. Genomic variants in hDIS3L2 associated with human diseases.   

 Disease 

in study 
Alleles Type Region 

Nomenclature 

Impact on hDIS3L2  Source 
Transcript, c.* 

Polymorphism 

(dbSNP, NCBI) 

Predicted effect 

(Protein, p.**) 

PRLMNS 

  Homozygous 
Frameshift 
Deletion 

e6 
c.367-41553_ 
602+40962del 

n.a.     p.Val123Glufs*136 
     Loss of CDS2, RNB, S1  

(truncated protein with 258 aa) 

   (100) 

  Homozygous 
In-frame 
Deletion 

e9 c.951-?_1124+?del n.a.     p.Gln318_Arg375del 
     Loss of RNB, and  

miR-562 binding region 

  Heterozygous 

In-frame 
Deletion 

e19 
c.2394+5G > A  

(in i19 ª) 
n.a.     p.Glu764_Asn798del      Partial loss of RNB, S1 

Mutation i c.2289+37G > A -            Not expressed     Not expressed 

  Heterozygous 

In-frame 
Deletion 

e9 c.951-?_1124+?del -     p.Gln318_Arg375del 
     Loss of RNB, and 

miR-562 binding region 

Missense 
Mutation 

e13 c.1466G > A rs387907116     p.Cys489Tyr NV.PS (1)      Single amino acid substitution in RNB 
(maintain 885 aa) 

  Homozygous 
In-frame 
Deletion 

e9 m.i. n.a.     p.Gln318_Arg375del 
     Loss of RNB, and 

miR-562 binding region 
   (151) 

  Heterozygous 

Mutation i5 ª c.367-2A > G -     p.Val123Leufs*154 
     PTC after 32 aa, losing CSD1,  

   CSD2, RNB, S1 
   (149) 

Mutation e12 c.1328T > A -     p.Met443Lys NV.PS (2) 
      Preserve CSD1, CSD2, S1, and RBN  
      with single aa substitution (885 aa) 

   OFCs 

    and  

  CTEV 

  Heterozygous 

Missense 
Mutation 

e8 c.878C > A rs187563594          p.Pro293His        Likely deleterious and damaging 

   (150) 
Missense 
Mutation 

e13 c.1570G > A rs201308521          p.Glu524Lys        Likely deleterious and damaging 

    n.a.           n.a. 

Missense 
Mutation 

e2 
c.34C > A  

or c.34C > T 
rs723044          p.Pro12Ser NV-U        Maintain 885 aa 

UniProt 
   (146) 

Missense 
Mutation 

e13 
c.1447C > G 

or c.1447C > T 
rs186865544     p.Arg483Gly NV-U.WT        Maintain 885 aa 

Missense 
Mutation 

e14 c.1727G > A rs200386096     p.Arg576His NV-U.WT        Maintain 885 aa 

   MLS   Heterozygous 
Deletion  Chr 2 

2q37.1q37.3  
deletion of 4,5 Mb 

n.a.                  m.i. 
     Predicted breakpoint at intron 6 of  

     hDIS3L2, eliminating a 3’-end portion 
        of hDIS3L2 along with 45 genes 

   (158) 

m.i. m.i. m.i. m.i.                  m.i.        m.i. 

   ATC           m.i. 
Missense 
Mutation 

e9 c.1082G > T -          p.Trp361Leu 
      Likely tolerated, damaging  

        or disease causing 
   (160)  

 (Continues on the next page) 
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Table 1.1. (continued) 
____________________________________________________________________________________________________________________________________________ 
PRLMNS: Perlman Syndrome; WT: Wilms Tumour; OFCs: orofacial clefts; CTEV: congenital talipes equinovarus (or clubfoot) – constitutes a rare possible manifestation 

of PRLMNS, despite the remaining common symptoms of PRLMNS were not described in the patient of the referred study; MLS: Marfan-Like Syndrome; ATC: Anaplastic 

thyroid cancer; Region: Genomic region affected – might be a chromosome (Chr), or a particular exon (e) or intron (i) of the hDIS3L2 protein; n.a.: not applicable;                       

m.i.: missing information (not mentioned on the original source); aa: amino acids 

ª     splice-site mutation;  

*    in case of a known mutation, the denotation “c. nº A > B” means that, in the coding DNA reference sequence, the nucleotide A in position nº was replaced by nucleotide B; 

**  in case of a known single amino acid substitution, the denotation “p. A nº B” means that, on protein-level, the reference amino acid A in position nº was modified to an amino 

acid B; 
NV.PS natural variant of the protein in Perlman Syndrome (manually annotated in UniProt); 

(1)  p.Cys489Tyr (C489Y) assigned as pathogenic variant (ClinVar Accession Allele A: RCV000024121.3), being a substitution in a conserved residue, including in                

S.  pombe, D. melanogaster, A. thaliana, and M. musculus; 
(2)  p.Met443Lys (M443K) has unknown pathological significance, although possessing this mutation in at least one of the alleles enables long-term survival (due to 

retention of partial exonucleolytic activity); 
NV natural variant of the protein (manually annotated in UniProt), apart from the two NV.PS; 

-U       NV with unknown clinical implication in PRLMNS; 
-U.WT  NV with potential association with the pathogenicity of PRLMNS (still uncertain); was found in a patient with WT. 
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1.5. Objective of this Thesis  

From all the aforementioned considerations, it is clear how Dis3L2 is an exoribonuclease extremely 

relevant for fundamental cellular functions, further contributing to the pathology of a variety of human 

diseases. It is equally evident that the fission yeast can represent an excellent microbial model in the 

study of RNA metabolism and decay in higher eukaryotes. 

Although the enzyme has already been studied in a wide range of organisms (38–41, 89, 91, 92),   

it remains to be understood what impact it has on many cellular functions, as it has a vast range of 

targets, as well as what its precise mechanism of action is. 

Therefore, this work aims to biochemically characterize the Dis3L2 of Schizosaccharomyces 

pombe (SpDis3L2), specifically by elucidating the role that some specific amino acids have upon the 

activity and specificity of the enzyme. In particular, we intend to identify residues potentially implicated 

in SpDis3L2 preference for uridylated substrates, which distinguishes this RNase from its counterparts. 

To do so, we overexpressed and purified several mutant proteins of fission yeast Dis3L2 (with 

single amino acid substitutions), whose exonucleolytic activity was later examined over different RNA 

substrates. 
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2. Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All culture media, solutions and gels prepared are described in Table S.2.1. (Supplementary Materials 

section). 

 

2.1. Protein sequence alignment 

A multiple sequence alignment was constructed using the T-Coffee Server (available at 

http://tcoffee.crg.cat/apps/tcoffee/do:regular), and the amino acid sequences of ten eukaryotic 

homologues of the RNase II/RNB family: Saccharomyces cerevisiae Dis3, also named Rrp44 (ScDis3, 

NP_014621.1); Schizosaccharomyces pombe Dis3 (SpDis3, NP_596653.1); Schizosaccharomyces 

pombe Dis3L2 (SpDis3L2, NP_594510.1); Caenorhabditis elegans Dis3L2 (CeDis3L2, NP_498160.2); 

Drosophila melanogaster Dis3L2 (DmDis3L2, NP_728490.1); Arabidopsis thaliana Dis3L2, also 

designated SOV (AtDis3L2, NP_177891.1); Mus musculus Dis3L2 (MmDis3L2, NP_705758.1); Homo 

sapiens Dis3 (HsDis3, NP_055768.3); Homo sapiens Dis3L1 (HsDis3L1, NP_001137160.1); Homo 

sapiens Dis3L2 (HsDis3L2, NP_689596.4). The final figure was built using the BoxShade v3.2.1. 

Server (available at https://embnet.vital-it.ch/software/BOX_form.html). 

http://tcoffee.crg.cat/apps/tcoffee/do:regular
https://embnet.vital-it.ch/software/BOX_form.html
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2.2. Protein Overexpression 

The plasmids containing the wild-type (wt) and mutant SpDis3L2 genes (Table 2.1.) were 

previously transformed in BL21 (DE3) CodonPlus – RIL E. coli strain (Stratagene). 

 

Table 2.1. List of plasmids used in the experimental work. 

(Continues on the next page) 

Plasmid Relevant characteristics Marker Source 

pDis3L2 
Inducible expression vector, encoding wild-type SpDis3L2  

gene with a N-terminal His-SUMO tag 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-A208E 
pDis3L2 expressing a mutant SpDis3L2, where alanine (A)  

at position 208 was substituted by a glutamic acid (E) 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-F209A 
pDis3L2 expressing a mutant SpDis3L2, where phenylalanine 

(F) at position 209 was substituted by an alanine (A) 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-D217P 
pDis3L2 expressing a mutant SpDis3L2, where aspartic acid  

(D) at position 217 was substituted by a proline (P) 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-L371R 
pDis3L2 expressing a mutant SpDis3L2, where leucine (L)  

at position 371 was substituted by an arginine (R)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-L390F 
pDis3L2 expressing a mutant SpDis3L2, where leucine (L)  

at position 390 was substituted by a phenylalanine (F)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-T456G 
pDis3L2 expressing a mutant SpDis3L2, where threonine (T)  

at position 456 was substituted by a glycine (G)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-A457C 
pDis3L2 expressing a mutant SpDis3L2, where alanine (A)  

at position 457 was substituted by a cysteine (C)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-R458T 
pDis3L2 expressing a mutant SpDis3L2, where arginine (R)  

at position 458 was substituted by a threonine (T) 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-L460I 
pDis3L2 expressing a mutant SpDis3L2, where leucine (L)  

at position 460 was substituted by an isoleucine (I)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-L460V 
pDis3L2 expressing a mutant SpDis3L2, where leucine (L)  

at position 460 was substituted by a valine (V)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-D461N 
pDis3L2 expressing a mutant SpDis3L2, where aspartic acid  

(D) at position 461 was substituted by an asparagine (N)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-P512D 
pDis3L2 expressing a mutant SpDis3L2, where proline (P)  

at position 512 was substituted by an aspartic acid (D) 
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-C560Y 
pDis3L2 expressing a mutant SpDis3L2, where cysteine (C)  

at position 560 was substituted by a tyrosine (Y)  
AmpR 

Rute Matos 

(CMA lab) 
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Table 2.1. (continued) 

AmpR: marker of resistance to ampicillin (the bla gene is encoded in the plasmid); CMA lab: Control of Gene 

Expression Laboratory, headed by professor Cecília Maria Arraiano (CMA) at ITQB NOVA. 

 

 

For each E. coli strain of BL21 (DE3) CodonPlus – RIL harbouring each plasmid described in 

Table 2.1., a pre-inoculum (PI) was prepared in 50 ml Luria-Bertani Broth (LB) medium supplemented 

with 100 μg/ml ampicillin (Amp100) and 50 μg/ml chloramphenicol (Cam50), and incubated at             

180 rpm, 37 ºC, overnight. In the next day, the culture was diluted in 1 L of Terrific Broth (TB) medium 

supplemented with Amp100 and Cam50, and grown at 150 rpm, 30 ºC to an OD600 of 0.5-0.8. Protein 

expression was then induced by the addition of 0.5 mM IPTG, and cells were incubated at 150 rpm,      

16 ºC, overnight. 

Cells were harvested by centrifugation at 5000 rpm, 15 ºC, for 10 minutes. Cellular pellets were 

stored at -80 ºC. 

 

 

2.3. Cell lysis 

The cellular pellets (acquired in the above section 2.2.) were resuspended in 20-25 ml Buffer C.  

Cell suspensions were lysed using a French® Press (Thermo Electron) at 1000 psi in the presence of        

1 mM PMSF. Following lysis, 125 U of Benzonase® Nuclease 250 U/μl (Sigma-Aldrich) was added to 

the lysates to degrade all nucleic acids in solution. They were subsequently centrifuged at 15000 rpm,   

4 ºC for 1 h to be clarified.  

 

Plasmid Relevant characteristics Marker Source 

pDis3L2-A801C 
pDis3L2 expressing a mutant SpDis3L2, where alanine (A)  

at position 801 was substituted by a cysteine (C)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-C804I 
pDis3L2 expressing a mutant SpDis3L2, where cysteine (C)  

at position 804 was substituted by an isoleucine (I)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-K808H 
pDis3L2 expressing a mutant SpDis3L2, where lysine (K)  

at position 808 was substituted by a histidine (H)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-R865L 
pDis3L2 expressing a mutant SpDis3L2, where arginine (R)  

at position 865 was substituted by a leucine (L)  
AmpR 

Rute Matos 

(CMA lab) 

pDis3L2-R865T 
pDis3L2 expressing a mutant SpDis3L2, where arginine (R)  

at position 865 was substituted by a threonine (T)  
AmpR 

Rute Matos 

(CMA lab) 
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2.4. Protein Purification 

The sample of pure RNase II protein from E. coli (EcRNase II) used as a control in some activity 

assays was kindly given by Vanessa Costa (CMA lab). The protein was stored in Buffer C (EcRNase II) 

with 50% (v/v) glycerol. Subsequent dilutions were made using the same Buffer C (EcRNase II) – see 

Table S.2.1. for detailed composition. 

The wt and mutant variants of SpDis3L2 were purified using two chromatography techniques. Each 

protein was purified at least two times. 

 

2.4.1. Affinity Chromatography 

The cleared lysates (obtained in section 2.3.) were subjected to an immobilized metal affinity 

chromatography (IMAC), using HisTrapTM HP 1 ml columns (Cytiva) and the ÄKTA™ start (Cytiva) 

system. Columns were washed with 5 volumes of water and equilibrated with 5 volumes of Buffer A. 

After loading the sample, Buffer A continued to pass through the column until the UV absorbance 

stabilized, whereupon proteins were eluted after a linear gradient of Buffer B (from 25 mM to 500 mM 

of imidazole). 

Small volume aliquots were taken and analysed by SDS-PAGE to monitor whether the full-length 

proteins of interest were present. Each sample, containing 5x Loading Buffer – Proteins, was boiled for 

10 minutes, and subsequently loaded into a NovexTM WedgeWellTM 8-16% Tris-Glycine Protein Gel 

(Invitrogen). NZYColour Protein Marker II (NZYTech) was used as a molecular weight marker, and 

electrophoresis was conducted at 100-200 V in SDS-PAGE Running Buffer 1x. Thereafter, the gel was 

stained with BlueSafe (NZYTech), and the result was digitalized using the ImageLab v4.1. software 

implemented on the Gel DocTM EZ Imager (Bio-Rad) system. 

Afterwards, all fractions of each sample were gathered and concentrated in VivaspinTM 6, 100 kDa 

MWCO columns (Cytiva) by centrifugation, at 4 ºC until the volume was lower than 500 μl. The sample 

was then centrifuged at 14000 rpm, 4 ºC for 20 minutes to remove any eventual precipitated proteins 

and salts before proceeding to the next purification step. 

 

2.4.2. Size Exclusion Chromatography (Gel Filtration) 

Concentrated samples were submitted to a size exclusion chromatography (also termed gel 

filtration), to improve protein purity. An ÄKTA Purifier 10 UPC (Cytiva) system was used with a 

Superdex™ 200 Increase 10/300 GL column (Cytiva), which was washed with 2 volumes of water and 

equilibrated with 2 volumes of Buffer C. The protein samples were injected, and UNICORN software 
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(Cytiva) was used to control the run and record the rise in UV absorbance that corresponded to the 

elution of the proteins. Protein samples were collected in 500 μl fractions.  

An SDS-PAGE analysis was performed, in the same way as previously described (section 2.4.1.), 

to select the purer fractions to concentrate afterwards. Henceforth, the chosen fractions were pooled 

together and concentrated by centrifugation at 4 ºC, using VivaspinTM 6, 100 kDa MWCO columns 

(Cytiva). 

Lastly, 50% (v/v) glycerol was added to the concentrated protein samples. Protein concentration 

was determined using the Bradford Method (163), and they were stored at -20 ºC. 

 

 

2.5. Thermal Shift Assay 

Prior to the purification of all the SpDis3L2 variants, a Thermal Shift Assay (TSA) was performed 

with the wt protein purified with Buffers A1, B1 and C1 according to the procedures described above 

(section 2.4.), without the final step of 50% (v/v) glycerol addition. Protein sample was stored at 4 ºC. 

To optimize the TSA, a prior [Protein] vs. [Dye] assay was performed. The purpose of this test was 

to identify the best concentrations of dye (SYPRO Orange, Protein Thermal ShiftTM Dye kit, Thermo 

Scientific) and purified protein to use in the TSA to reach its full potential. Protein concentration was 

measured using NanoDrop™ 2000 Spectrophotometer (Thermo Scientific) and 20 μl reactions were 

prepared according to Table S.2.2.  

The qTOWER³ G touch (230 V) (Analytik Jena) system was used to denature the samples, allowing 

a temperature gradient ranging from 20 ºC to 95 ºC, 1 ºC/min, and fluorescence reading. The optimal 

concentration of dye and protein to use in the following TSAs were chosen through the analysis of the 

melting curves and the melting temperatures (Tms) on qPCRsoft v4.0 software (Analytik Jena). 

Thereafter, 1x dye and 0.05 mg/ml of the wt SpDis3L2 protein (1 μg protein added to the 20 μl final 

reaction) were used in the TSAs. 

TSA reactions (Tables S.2.3. and S.2.4.) were adapted from the composition of the reactions used 

in the commercial Durham pH and salt screenings (Molecular Dimensions), being added to each 

reaction: 10 μl screen reagent, 5 μl dye (SYPRO Orange), and 5 μl purified wt SpDis3L2 protein. Sample 

denaturation and melting curves analysis were conducted as described for the previous                     

[Protein] vs. [Dye] assay. 
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2.6. Western Blot 

Samples containing 1-2 μg of the purified proteins were mixed with 5x Loading Buffer – Proteins, 

boiled for 10 minutes, and resolved in a NovexTM WedgeWellTM 4-12% Tris-Glycine Protein Gel 

(Invitrogen). 

A PVDF membrane (Cytiva) was activated by immersion in 100% (v/v) methanol, washed with    

di-distilled water (ddH2O) and immersed during 15 minutes in transfer buffer 1x (TrB 1x, whose 

composition is in Table S.2.1.). 

The western blot “sandwich” was assembled in a way all components should be embedded in        

TrB 1x, as follows: one sponge, three filter papers, the protein gel, the activated PVDF membrane,      

three filter papers and a sponge. This “sandwich” was placed inside the transfer tank, full of TrB 1x, and  

the transfer was carried out at 30 V, for 18 h, at 4 ºC, with continuous agitation of the buffer.  

After transfer, the protein gel was stained with BlueSafe (NZYTech) to ensure that the transfer had 

occurred. All steps mentioned hereafter were performed at room temperature (RT). The PVDF 

membrane was blocked with 5% (w/v) non-fat milk in TBS-T 1x for 1 h, which was followed by a 

washing step of 15 minutes with TBS-T 1x. Thereafter, the membrane was incubated with primary 

antibody solution (Anti–His-tag diluted 1:5000 in TBS-T 1x) for 2 h, with gentle agitation, after which 

it was washed 3 times for 5 minutes with TBS-T 1x. This was followed by the incubation with the 

secondary antibody solution (Anti-IgG rat diluted 1:10000 in TBS-T 1x) for 1 h, and the washing 

procedure was then repeated. Afterwards, the chemiluminescent signal in the PVDF membrane was 

detected using the Western Lightning® Plus-ECL kit (PerkinElmer) and the ChemiDocTM XRS+       

(Bio-Rad) system.  

Relative quantification of full-length SpDis3L2 protein was performed using the ImageLabTM
  v5.0 

software (Bio-Rad).  

 

2.7. Radioactive labelling of RNA substrates 

RNA molecules used as substrates for the activity assays in the course of this work are presented 

in Table 2.2. Substrates were radioactively labelled at their 5’-end using [32P]-γ-ATP and the                     

T4 Polynucleotide Kinase (PNK, Ambion) enzyme.  

Reactions were prepared with 10 μM RNA oligomer, 1x PNK Buffer A, 2 μl [32P]-γ-ATP, 5 U PNK 

(Ambion) in a final volume of 15 μl, and incubated at 37 ºC, for 1 h. Enzyme inactivation was made at 

80 ºC, for 5 minutes. Finally, the volume of the sample was adjusted to 25 μl with water, and illustraTM 

MicroSpinTM G-25 columns (Cytiva) were used, according to the manufacturers’ instructions, to remove 

the unincorporated ribonucleotides.  
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Table 2.2. Nucleotide sequences of the RNA molecules used as substrates in the activity assays. 

Substrate Sequence 

Adh 
1 5’-GUU UUG UAU AGA AAU CAA UG-3’ 

Adh4U 5’-GUU UUG UAU AGA AAU CAA UGU UUU-3’ 

Adh16U 5’-GUU UUG UAU AGA AAU CAA UGU UUU UUU UUU UUU UUU-3’ 

asAdh 
2 5’-CAU UGA UUU CUA UAC AAA AC-3’ 

Poly(U) 5’-UUU UUU UUU UUU UUU UUU UUU UUU UUU UUU-3’ 

Loop 
3 5’-GAG GCC UUU CGA GGC CUU GCU UUU UUU UUU UUU U-3’ 

       1 sequence at the 3’-end of adh1 (alcohol dehydrogenase) mRNA (38); 2 antisense RNA complementary to 

Adh; 3 pre-let-7 miRNA mimic (Leemor Joshua-Tor laboratory) (164). 

 

 

2.8. Activity Assays 

2.8.1. Preparation of double-stranded RNA substrates 

To obtain duplex structures, the RNA substrates were treated in two different ways.  

In the case of dsAdh, the labelled Adh16U was annealed with the complementary unlabelled asAdh 

in a 1:10 molar ratio (8.3 nM Adh16U to 83.3 nM asAdh). The two RNAs were first diluted together in 

20 mM Tris-HCl pH 7.5 and water was added to final volume. The mix was denatured at 80 ºC for            

5 minutes, and incubated for at least 45 minutes at RT to promote the annealing of the two molecules. 

This reaction was kept on ice until the moment of its addition to the activity assays’ reactions. 

In the case of Loop, the RNA was first diluted in 20 mM Tris-HCl pH 7.5 (or pH 8.0 for reactions 

with EcRNase II) and, to reach the final volume, it was added 5x Reaction Buffer (SpDis3L2 or 

EcRNase II, in accordance with the reactions concerned) diluted 1:100 in water. The sample was 

denatured at 80 ºC for 5 minutes, and incubated for at least 2 h at RT to guarantee the folding of the 

RNA. 

In an attempt to confirm the formation of the secondary structures, the migration of both substrates 

was analysed in a 20% polyacrylamide (PAA) non-denaturing gel at 200 V, 4 ºC, in TBE 1x buffer.    

The gel was exposed on a phosphor screen, and the radioactive signal was detected in a phosphor imager 

FLA-5100 (FUJIFILM) using the Image Reader FLA500 v.1 associated software (FUJIFILM). 
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2.8.2. Enzymatic reactions 

Enzymatic reactions containing 8.3 or 83.3 nM of RNA substrate(s) and 1x Reaction Buffer were 

started by the addition of the enzyme at distinct concentrations (30, 40, 50 or 100 nM, which is indicated 

in the respective figure legend). The reactions were incubated at 30 ºC (for assays with SpDis3L2) or at 

37 ºC (for assays with EcRNase II) for 45 or 60 minutes, based on whether the substrates were ssRNA 

or dsRNA molecules, respectively. Control reactions were run in parallel in the same conditions, but 

without adding the enzyme to the reaction.  

Aliquots were withdrawn at different time points (specified in the respective figures) and a 

formamide-containing dye supplemented with 10 mM EDTA (STOP solution, Table S.2.1.) was added 

to the sample to stop the reaction. 

Reaction products were denatured at 100 ºC, for 5 minutes, and resolved in a 20% PAA denaturing 

gel (of medium- or high-resolution, at 400 or 1800 V, respectively), in TBE 1x buffer. The gel was 

exposed on a phosphor screen at least 2 h or overnight, and results were obtained as above mentioned 

(section 2.8.1.). 

When needed, the substrate consumption was quantified using ImageQuant TL software (Cytiva). 
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3. Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1. SpDis3L2 protein variants studied 

3.1.1. Alignment of Dis3L2 homologues 

In order to assess the influence of specific amino acid residues in the catalytic function performed 

by S. pombe Dis3L2 (SpDis3L2), they had to be individually modified. A multiple sequence alignment 

(Figure 3.1. and Figure S.3.1.) was constructed using the T-Coffee Server (available at 

http://tcoffee.crg.cat/apps/tcoffee/do:regular), submitting the sequences of diverse eukaryotic 

homologues of the RNase II/RNB family, being either Dis3, Dis3L1 or Dis3L2 proteins.  

The modified residues were chosen across all protein domains, according to three criteria: (i) being 

conserved in Dis3L2 proteins but not in Dis3 nor Dis3L1; (ii) the corresponding residues in the mDis3L2 

orthologue appear to interact with the oligo(U) substrate in the published RNA-bound structure (Figure 

1.3., section 1.4.4.); (iii) the residues have already been detected as mutated in the hDIS3L2 orthologue, 

in a context of disease (Table 1.1., section 1.4.5.).  

http://tcoffee.crg.cat/apps/tcoffee/do:regular
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Figure 3.1. Sequence alignment of several eukaryotic homologues from the RNase II/RNB family 

of exoribonucleases. Multiple sequence alignment was built using the T-Coffee and the amino acid sequences 

of ten homologues of the RNase II/RNB family: HsDis3L2 (Homo sapiens Dis3L2, NP_689596.4); MmDis3L2 

(Mus musculus Dis3L2, NP_705758.1); CeDis3L2 (Caenorhabditis elegans Dis3L2, NP_498160.2); AtDis3L2 

(Arabidopsis thaliana Dis3L2, also designated SOV, NP_177891.1); SpDis3L2 (Schizosaccharomyces pombe 

Dis3L2, NP_594510.1); DmDis3L2 (Drosophila melanogaster Dis3L2, NP_728490.1); SpDis3 

(Schizosaccharomyces pombe Dis3, NP_596653.1); ScDis3 (Saccharomyces cerevisiae Dis3, also named Rrp44, 

NP_014621.1); HsDis3 (Homo sapiens Dis3, NP_055768.3); HsDis3L1 (Homo sapiens Dis3L1, 

NP_001137160.1). The alignment is partially presented, highlighting with different colours the residues mutated 

in the SpDis3L2 protein variants studied in this work. Complete alignment is in Figure S.3.1. The coloured boxes 

under the alignment indicate in which protein domain each region is located, and are colour-coded following 

Figure 1.2. (section 1.4.2.2.) and Figure 1.3. (section 1.4.4.); respective domain designations are inside each box. 

The two green boxes over the aligned sequences are pinpointing the four aspartic acid residues (D) of the active 

site of the enzymes, which are conserved in the RNB domain, and thus essential for its exonucleolytic function. 

The second green box includes the key residue that distinguishes the amino acid signature of the three paralogues: 

DLDD for Dis3L2 orthologues, DIDD in Dis3 proteins, and DVDD in Dis3L1 enzymes. 
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The residues in study are highly conserved and most of them exclusively found in Dis3L2 

orthologues (namely L371, L390, T456, A457, R458, L460, P512, C560, A801, C804, K808 and R865), 

which may indicate they are relevant for Dis3L2 peculiarity, especially in what concerns its substrate 

preference. In the mDis3L2-14U structure, the corresponding residues to R458, K808 and R865 in            

S. pombe (thus R386, R741 and R792 in M. musculus) were demonstrated to interact with the backbone 

of the RNA substrate (95). Moreover, the substitution C489Y in the hDIS3L2, corresponding to C560Y 

in SpDis3L2, was found in a patient with Perlman Syndrome (100).  

In particular, the substitution D461N was used as a control protein for the upcoming assays. The 

D461 residue is one of the four highly conserved aspartic acids of the catalytic centre of SpDis23L2 and 

was shown to be essential for the exoribonucleolytic activity (38). The role of this amino acid                       

is conserved among other enzymes from the RNase II/RNB family (29, 33, 38, 39, 41, 128, 165, 166). 

It was already proven that it is necessary for catalysis, since its substitution, despite not undermining the 

RNA-binding capability of the RNase, completely supresses the exonuclease activity. 

In this work one of the substitutions studied was D217P. A different substitution of this amino acid, 

D217A, had already been studied in SpDis3L2 (138). In a D461N background, the D217A variant 

revealed a decline in RNA-binding affinity, which also supported the role of the CSD1 domain, in which 

this residue is located, when engaging with the RNA substrates (138). Here, we studied the effect of the 

D217P substitution in a wild-type background and we expect that the aromatic ring pertaining to proline 

(P), and absent in alanine (A), could impact protein structure or the interaction with RNA in a different 

manner. 

 

3.1.2. Optimization of protein purification conditions 

Given that the purification of full-length SpDis3L2 is quite difficult, because the protein is very  

unstable and tends to degrade during the purification process, an optimization of the protein purification 

conditions was conducted. For that purpose, two Thermal Shift Assays (TSAs) were performed using 

the wt SpDis3L2 protein. Thus, we sought to find the conditions in which the stability of the protein was 

being maximised, hoping that the same would apply to the remaining variants, not losing awareness of 

the fact that the point mutations could also confer stability or instability to the different protein versions. 

This thermostability would be translated in a higher melting temperature (Tm) of the proteins, which was 

calculated through the analysis of the resultant melting curves.  

Thus, wt SpDis3L2 protein was purified with a buffer containing 20 mM Tris-HCl pH 8.0 and      

500 mM NaCl (A1, B1, and C1 buffers specified in Table S.2.1.). The first TSA tested the 

thermostability of the protein over different pH or salt conditions, using commercial solutions from 

Durham screenings (tested reagents are indicated in Table S.2.3.; Tms obtained are in Table S.3.1.).      

The conditions in which the protein presented higher Tm were identified and, through further analysis of 
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the melting curves in each case (data not shown), we selected for subsequent use two buffers of different 

pH (100 mM MOPS pH 7.6, and 100 mM HEPES pH 8.0 – positions A12 and B3, respectively, in 

Tables S.2.3. and S.3.1.), and four salt-containing solutions (200 mM KCl, 5 mM MgCl2, 400 mM 

NaCl, and 400 mM NH4Cl – positions C10, C12, D5 and D11, respectively, in Tables S.2.3. and S.3.1.). 

Each one of the buffers was combined with one or two salts, resulting in several different solutions 

(Table S.2.4.), which were used for the second TSA, aiming to find the mixture that would greatly 

promote the thermostability of the proteins. Considering the Tms obtained for the proteins in this second 

TSA (Table S.3.2.) and the melting curves in each condition (data not shown), the solution which seemed 

most suitable, and which was henceforth used as a purification buffer for the wt and all SpDis3L2 

variants, was 100 mM MOPS pH 7.6 + 200 mM KCl (position B2 in Tables S.2.4. and S.3.2.). 

 

3.1.3. Purification and Quantification of the Proteins 

All genes coding for the desired protein versions of SpDis3L2 were previously cloned with a            

N-terminal His-SUMO tag in a plasmid under the control of the T7 promoter. All proteins were 

overexpressed in BL21 (DE3) CodonPlus – RIL E. coli strain. This strain possesses a chromosomic 

copy of the T7 RNA Polymerase under the control of lacUV5 promoter, as well as the lacI gene. It also 

has an additional plasmid (pRIL) that confers resistance to chloramphenicol (CamR) and carries extra 

copies of three tRNA genes (argU, ileY, and leuW). Those tRNA genes allow the expression of rare 

codons in E. coli that are frequent in eukaryotic proteins, thus releasing the expression of the proteins 

of interest from possible constraints due to codon usage (167). 

Protein purification comprised two steps relying on different purification methods to improve the 

yield of full-length SpDis3L2 obtained at the end. First, all recombinant His-tagged protein variants 

were purified by affinity chromatography, using HisTrap columns. The collected fractions were 

concentrated and then a size exclusion chromatography was performed, using a Superdex 200 Increase 

10/300 GL column, suited for improving the purity of the purification of proteins with molecular weights 

between 10 and 600 kDa, therefore including full-length recombinant SpDis3L2 enzyme versions, with 

approximately 116 kDa. By analysing the peaks of the chromatograms obtained, as well as the             

SDS-PAGE gels of the collected fractions, we could conclude that full-length SpDis3L2 was eluted 

mainly between the 10 and 12 ml after sample injection in the system.  

Representative results of the wt SpDis3L2 purification are displayed in Figure 3.2. The remaining 

results regarding the mutant variants purified, which were further used in the activity assays, are shown 

in the Supplementary Material section (Figure S.3.2. – Figure S.3.10.). 
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Figure 3.2. Representative results of the wt SpDis3L2 protein purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions 

during this 1st purification step. (B.) Top panel – Chromatogram obtained in the size exclusion chromatography 

step. Bottom panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the 

Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to       

full-length SpDis3L2. 
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From all the set of mutant versions of SpDis3L2 expressed, only four of them we were not able to 

obtain pure protein. These four mutants were D217P, L390F, R458T, and L460V. They were 

successfully purified by affinity chromatography but degraded after this first purification step. This may 

be due to the distinct biochemical properties of the amino acids that have been replaced. In fact, such 

point mutations cause changes in size, charge or contribute to the pH in a different manner. That might 

disturb the conformation of the full-length protein, destabilizing its structure, and subsequently leading 

to its degradation. Alternatively, it could also happen that proteins precipitated, in particular during the 

concentration step prior to the gel filtration.  

To obviate these issues, we could try some strategies. For instance, we could perform the two 

purification steps on the same day, instead of performing them on successive days as it has been done 

so far. Also, the concentration of the samples before gel filtration could be reduced, for instance by 

keeping twice the sample volume and doing that second purification step twice. Another possibility 

would be to choose a fraction corresponding to the UV peak observed in the elution profile of the protein 

in the first purification step, and use it, without concentrating it, for the gel filtration. Finally, the addition 

of L-Glutamic acid and L-Arginine to the protein purification buffer could also be considered, as it has 

been reported that the combination of these two amino acids in solution enhances protein stability and 

solubility (168, 169). 

 

Following protein purification, the concentration of each protein was determined by the Bradford 

Method (163). Given that each purified protein had a different degree of contamination by smaller 

degraded proteins, this type of measurement would not be an equally good approximation to the actual 

concentration of the full-length protein in the sample. For that reason, a subsequent Western Blot was 

carried out to correct the effective concentration of the full-length protein in solution, as exemplified in 

Figure 3.3.B. According to the concentrations determined by Bradford method, the same amount of each 

protein was applied in the gel for the western blot analysis. We then performed a relative quantification 

of the concentration of the band corresponding to the full-length protein, obtained in the previously 

mentioned western blot, and estimated the correction that needed to be done for the initial concentration 

of the protein in each case. A repetition of the western blot was performed with the corrected volumes 

to confirm the accuracy of this correction. It was observed that the concentration of the full-length 

proteins had become more similar, as illustrated in Figure 3.3.C. 
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Figure 3.3. Representative SDS-PAGE and Western Blot analyses of recombinant SpDis3L2 

protein variants. SpDis3L2 versions are identified on top of respective lanes. ‘M’ indicates the lanes with the 

molecular marker (NZYColour Protein Marker II, NZYTech), and corresponding band sizes are denoted next to 

them (in kDa). Arrows are pointing the bands corresponding to full-length SpDis3L2. (A.) 1.5 μg of proteins 

(according to the quantification by the Bradford Method) were loaded in a Novex WedgeWell 4-12% Tris-Glycine 

Protein Gel, which was stained with BlueSafe (NZYTech). (B.) 1.5 μg of proteins (according to the quantification 

by the Bradford Method) were loaded in a Novex WedgeWell 4-12% Tris-Glycine Protein Gel and a western blot 

was performed. The chemiluminescent signal detected in the PVDF membrane is presented. (C.) Protein 

concentrations were corrected based on the relative quantification of the bands corresponding to the full-length 

proteins (pointed with an arrow) in the PVDF membrane shown in B. Then, 1.0 μg of proteins (according to the 

corrected protein concentrations) was loaded in a Novex WedgeWell 4-12% Tris-Glycine Protein Gel and a 

western blot was performed. The chemiluminescent signal detected in the PVDF membrane is presented. 

 

 

3.2. Exoribonucleolytic Activity Assays 

To investigate whether the single amino acid modifications in the enzyme could affect the way it 

degrades its target RNA molecules, we analysed the exoribonucleolytic activity of each of the SpDis3L2 

mutant variants on diverse synthetic substrates (either single- or double-stranded RNAs), and compared 

it with the regular activity of the wt protein. 

Five types of activity assays were performed, whereby reaction times and enzyme concentrations 

were optimised, depending on the RNA substrates used in each case (whose sequences are presented in 

Table 2.2., section 2.7.): (i) a ssRNA – poly(U); (ii) two ssRNA substrates simultaneously – Adh and 

Adh4U; (iii) three ssRNA substrates simultaneously – Adh, Adh4U and Adh16U; (iv) a double-stranded 

RNA – dsAdh, formed by hybridization of two ssRNA substrates (Adh16U and asAdh), leaving a 16 nt 

3’ single-stranded overhang; (v) a structured RNA with a double-stranded region – dsLoop, originated 

by folding of a ssRNA substrate (Loop), leaving a 16 nt 3’ single-stranded overhang. These RNA 

substrates were radioactively labelled at their 5’-ends to allow the monitoring of the reaction products, 

since the activity in study was 3’-5’ exonucleolytic. Results are described and discussed in the next       

sub-sections. 
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3.2.1. Activity Assays with poly(U) substrate 

3.2.1.1. Determination of the end-product of the Dis3L2 enzyme 

First, a single poly(U) substrate was used to assess if the enzyme versions were active and able to 

degrade efficiently an uridine-based substrate.  

It had already been demonstrated that Dis3L2 is capable of degrading the RNA molecules to a final 

size of 3 nucleotides (38, 41). So, to confirm the activity of the wild-type protein, similar activity assays 

were performed with the poly(U) substrate, and either the purified wt SpDis3L2 or the RNase II from 

E. coli (EcRNase II). This last enzyme was used as a size marker, since it has been established that the 

smallest product it produces has 4 nt (124, 125). A 20% PAA denaturing gel of high-resolution was 

performed to disclose the size of the reaction products at the nucleotide level (Figure 3.4.). 

 

 

Figure 3.4. Exoribonucleolytic activity of E. coli RNase II and S. pombe Dis3L2 over poly(U) RNA 

substrate. 8.3 nM of poly(U) substrate was incubated either with 40 nM EcRNase II for 30 minutes at 37 ºC, or 

with 30 nM wt SpDis3L2 for 45 minutes at 30 ºC. Control reactions (Ctrl) were incubated for the same time 

without any enzyme. Samples were taken and reaction was stopped at the time-points indicated above each gel 

lane. RNA substrates and degradation products were separated through migration in a 7 M urea/20% PAA 

denaturing gel. The size of the molecules is depicted in line with the corresponding bands alongside the gel. 
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The results show that the substrate was being consumed in the presence of each of the enzymes. 

Thus, both RNases were active and presented the expected 3’-5’ processive exoribonucleolytic activity, 

characteristic of the RNase II/RNB family to which they belong (124, 170). It was also possible to notice 

the accumulation of specific reaction products along time, with the smallest of the anticipated size in the 

two cases: 4 nt for EcRNase II, and 3 nt for wt SpDis3L2, in accordance with previous studies (38, 124).  

Both EcRNase II and SpDis3L2 also presented products with up to 2 nt bigger than the final 

product, albeit in smaller quantities. When the substrate becomes smaller, it is known that these proteins 

start to present a distributive activity rather than processive (170). As RNA fragments are smaller, there 

are multiple cycles of release and re-association between the RNA and the enzyme (the so-called 

distributive activity), instead of the RNA degradation proceeding in a single event until the size of the 

final product is attained (processive activity).  

 

 

3.2.1.2. Exoribonucleolytic activity of SpDis3L2 variants 

Using again the poly(U) as a substrate, activity assays were carried out for all the protein versions 

(Figure 3.5.). The activity of all SpDis3L2 mutant variants was analysed by comparing it to the one 

exhibited by the wt protein. 

As expected, D461N mutant did not show any catalytic activity (Figure 3.5.). This version was also 

used as control to the purification procedure, confirming that there were no contaminants in our samples. 

Because the same purification procedure was followed for all versions of the enzyme, this implies that 

the activity observed in the assays with all remaining SpDis3L2 variants is specific of each one of them.   

All the other mutated versions of SpDis3L2 were active and able to degrade the poly(U) RNA. By 

looking at the gels, it is possible to see the full-size substrate disappearing, whereby the small specific 

reaction products accumulate over time. When focusing on the fraction of substrate left intact at the end 

of the total reaction time, the P512D and C560Y mutants appeared to be marginally less active. 

As previously discussed, SpDis3L2 releases a mixture of 3, 4 and 5 nt products (Figure 3.4., section 

3.2.1.1.). All the active mutant versions presented a similar degradation pattern when compared to the 

wt. However, while a second level of products larger than 3 nt was evident for most of the SpDis3L2 

variants, it was much more subtle for P512D which appeared to be capable of being processive until the 

end, reaching directly the 3 nt. In contrast, the A457C mutant seemed to even accumulate a third level 

of small decay products, which could be a consequence of decreased processivity/higher distributivity 

of this enzyme version. 
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Figure 3.5. Exoribonucleolytic activity of SpDis3L2 wild-type and mutants on poly(U) RNA 

substrate. 8.3 nM of poly(U) substrate was incubated with 50 nM of each SpDis3L2 variant (named on the top) 

for 45 minutes at 30 ºC. Control reactions (Ctrl) were incubated for the same time without any enzyme. Samples 

were taken and reaction was stopped at the time-points indicated above each gel lane. RNA substrates and 

degradation products were separated through migration in a 7 M urea/20% PAA denaturing gel. The size of the 

molecules is depicted in line with the corresponding bands alongside the gel. The assay was performed one time 

(for D461N, C560Y, R865L, R865T and K808H) or two times (for wt, T456G, A457C, L460I and P512D) with 

proteins from independent purifications. 

 

3.2.2. Activity assays with a mix of two ssRNA substrates (Adh and Adh4U) 

To investigate whether the original residues in the modified positions have a prominent role in the 

preference of SpDis3L2 for uridylated substrates, which is one of the most remarkable singularities of 

Dis3L2 protein, we carried out activity assays with two different ssRNA present at the same time.  
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For this purpose, we used the mRNA sequence of the adh1 gene from S. pombe, which encodes for 

an alcohol dehydrogenase (herein referred to as Adh) (38). This transcript has previously been reported 

to be a target of SpDis3L2. As a matter of fact, when the enzyme was first characterised in fission yeast, 

in strains with a lsm1Δdis3l2Δ background, the basal levels of Adh were significantly altered, and it was 

validated by Northern Blot that they were increased. By 3' RACE analysis it was further seen in these 

strains that most of these mRNAs were shortened and uridylated (38).  

The assays presented in Figure 3.6. show the exoribonucleolytic activity of each SpDis3L2 version 

over an equimolar mix of Adh and Adh4U, with the second RNA corresponding to the Adh sequence 

with four extra uridines at its 3’-end. 
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Figure 3.6. Exoribonucleolytic activity of SpDis3L2 wild-type and mutants on two different 

ssRNAs, illustrating their substrate preference. 8.3 nM of Adh and Adh4U were simultaneously incubated 

for 45 minutes at 30 ºC with different concentrations of each SpDis3L2 variant (named on the top): 40 nM (A.), 

50 nM (B.), or 30 nM (C.). Control reactions (Ctrl) were incubated for the same time without any enzyme. Samples 

were taken and reaction was stopped at the time-points indicated above each gel lane. RNA substrates and 

degradation products were separated through migration in a 7 M urea/20% PAA denaturing gel. The size of the 

molecules is depicted in line with the corresponding bands alongside the gel. The assay was performed one time 

(for D461N, C560Y, R865L, R865T and K808H), two times (for T456G, A457C, L460I and P512D) or three 

times (for wt SpDis3L2) with proteins from independent purifications. 

 

When these two ssRNAs were present at the same time in the reaction, it was possible to disclose 

the preference of the wt protein for the uridylated substrate, since Adh4U was degraded faster than Adh. 

In Figure 3.6.A. it is even visible that the wt enzyme started to consume the Adh RNA just after Adh4U 

had become scarce (after 30 minutes of reaction). The D461N mutant, as anticipated, had no catalytic 

activity. For the other mutants in study, the majority of them continued to exhibit the same aptitude, 

except for the C560Y mutant which appeared to degrade more rapidly the Adh instead of the Adh4U. 

This subtle inversion of preference needs to be further confirmed. For that we should repeat the protein 

purification and the activity assays in order to replicate these results. Also, the fact that the intensity of 

the radioactive signals of the two substrates were more disparate in the last gel (Figure 3.6.C.) may also 

difficult the interpretation, not allowing as much confidence in this visual qualitative comparison as in 

the gels above.  

Curiously, some of the mutants seemed to have increased specificity towards the uridylated 

substrates, inasmuch they consumed less the Adh substrate than the wt protein which was serving as 

reference. Such observation was more noticeable for the A457C and L460I mutants. However, this 

specificity was not reproducible between assays with the A457C mutant, whereby it would still need to 

be confirmed. These modifications are found in relative proximity of the active centre, in the RNB 
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domain. The A457C mutant gains a polar amino acid and the possibility to establish additional disulfide 

bonds with other sulfur-containing amino acids of the protein. In turn, despite L460I being a substitution 

between amino acids with similar properties, the introduced amino acid corresponds to the one found in 

the equivalent position in the Dis3 paralogues. Considering this, we would expect that the catalytic 

activity could be impaired, instead of observing an increased preference for uridylated substrates.            

To help explaining this result, we could model this alteration in the protein. 

 

3.2.3. Activity assays with a mix of three ssRNA substrates (Adh, Adh4U and 

Adh16U) 

To further comprehend if the enzymes’ preference for uridylated substrates would differ according 

to the U-tail size, an assay with three ssRNA substrates was performed (Figure 3.7.). In this reaction, 

besides Adh and Adh4U, we also added Adh16U, which corresponds to the Adh sequence with                 

16 additional uridines attached to its 3’-end. 

If the enzymes kept their substrate predilection, it would be reasonable to suspect that they would 

predominantly hydrolyse both substrates with U-tails, and later the non-uridylated form of that RNA. 

We only used the wt protein and four other SpDis3L2 mutants (A457C, L460I, P512D and K808H) 

since this was meant to be an exploratory assay. Also, to guarantee the results reliability and proteins 

integrity, we only tested the proteins that had been most recently purified at the time of the assay.  

 

      

Figure 3.7. Exoribonucleolytic activity of SpDis3L2 wild-type and mutants on three ssRNA,  

demonstrating their preference for uridylated RNA substrates. 8.3 nM of Adh, Adh4U and Adh16U 

were simultaneously incubated with 100 nM of each SpDis3L2 variant (named on the top) for 45 minutes at             

30 ºC. Control reactions (Ctrl) were incubated for the same time without any enzyme. Samples were taken and 

reaction was stopped at the time-points indicated above each gel lane. RNA substrates and degradation products 

were separated through migration in a 7 M urea/20% PAA denaturing gel. The size of the molecules is depicted 

in line with the corresponding bands alongside the gel. This assay was performed twice. 
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When comparing the degradation of the three ssRNA substrates by a certain protein variant, we 

should keep in mind that the radioactive signal of Adh16U in the images was slightly weaker when 

compared to the one of both Adh and Adh4U (see the lane corresponding to 0 min, Control in Figure 

3.7. for comparison). It is perceivable that all analysed SpDis3L2 mutants preferred the uridylated 

substrates over the non-uridylated one, which resembled the behaviour seen in the previous assays with 

Adh and Adh4U (Figure 3.6., section 3.2.2.). Particularly for the L460I mutant, it is visible that                   

it is more specific towards uridylated RNA molecules, which supports the above results. In this assay, 

it is more evident the A457C mutant was less active than the wt protein (Figure 3.7.).  

To clarify our conclusions, we performed a quantitative analysis, by determining the disappearance 

of each substrate along time (Figure 3.8.). 

These results further support the preference of all the tested enzymes for uridylated substrates. 

Moreover, Adh4U and Adh16U were degraded in a similar rate (Figure 3.8.), confirming that SpDis3L2 

prefers uridylated substrates, and also showing that the size of the U-tail is not important. Comparing 

the activity of the different enzyme versions, we confirmed that the A457C mutant was indeed the least 

active. It retains the preference for uridylated substrates although the same is not strongly demarked.  

It is also of note that, for the A457C mutant, the reaction velocity was practically held throughout 

the reaction, while for the wt and T456G, L460I, P512D and K808H mutants, the reaction velocity was 

higher in the first 5 to 15 minutes. This observation was made previously, whereby the degradation 

efficiency of SpDis3L2 was shown to decrease over time of the assay due to progressive loss of catalytic 

activity at 30 °C (38).  

Regarding the L460I and K808H mutants, it is interesting to note a reduced appetence for               

non-uridylated substrates. That was demonstrated by an initial velocity of degradation that is 

considerably lower in the case of Adh (grey dashed line in the plots in Figure 3.8.), when comparing 

these mutants with the wt SpDis3L2. A bigger distance between the line corresponding to the 

degradation of Adh substrate and the ones of Adh4U and Adh16U was also seen in the plot (wt, L460I 

and K808H in Figure 3.8.). These observations corroborate our previous results.  
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Figure 3.8. Quantification of the exoribonucleolytic activity of SpDis3L2 wild-type and mutants. 
Graphics represent the amount of remaining RNA at the time points indicated, for each of the three substrates 

(relative to the triple ssRNA substrate activity assays shown in Figure 3.7.). The amount of remaining RNA was 

quantified using ImageQuant and expressed as a percentage relative to the initial amount of substrate. 

 

 

3.2.4. Activity assays with substrates forming double-stranded structures 

In the cell, Dis3L2 targets a multiplicity of RNA classes, including highly structured ncRNAs and 

other aberrant transcripts that usually present a stable double-stranded structure near the oligo(U) tail 

(85, 86, 89, 171), as it is the case of let-7 precursors (pre-let-7) (172).  
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When comparing to its eukaryotic counterparts of the RNase II/RNB family, Dis3L2 is the 

exoribonuclease that has the best performance in hydrolysing RNAs with double-stranded regions, only 

requiring a protruding 3’-end with at least 2 nt (38). However, it has also been seen to succeed in 

degrading dsRNAs with blunt ends, although to a much smaller extent than if they had single-stranded 

tails (41). 

To understand if the SpDis3L2 mutants conserved this degradation capacity, activity assays were 

carried out with two different structured substrates, and for all SpDis3L2 enzyme versions apart from 

D461N. The D461N mutant was not used in these cases since we had already confirmed in the previous 

assays that it was always inactive, behaving as expected, and there was no need to further test its absence 

of activity.  

The first structured RNA substrate to be used was dsAdh, which has a perfect double-stranded 

structure. dsAdh was obtained through the hybridization of labelled Adh16U with unlabelled asAdh 

(that has a fully complementary sequence to Adh), having, therefore, a 3’ overhang with 16 uridines               

(-16U) (Figure 3.9.A.).  

To assure that, in the reaction mixtures, the dsAdh would be completely hybridized in the 

conditions used, we analysed this substrate in a 20% PAA non-denaturing gel, using the Adh16U 

molecule as a control (Figure 3.9.B.). 

 

 

Figure 3.9. Formation of the dsAdh RNA substrate. (A.) Representation of the dsAdh substrate, originated 

by hybridization of Adh16U (labelled; represented in white) and asAdh (the complementary molecule to Adh, 

unlabelled; represented in grey). (B.) Non-denaturing 20% PAA gel of Adh16U (ssRNA) and dsAdh (dsRNA). 

 

The results showed that in the dsAdh lane only one band was visible, and its migration was delayed 

compared to that of the control single-stranded Adh16U (Figure 3.9.B.). This confirmed that the RNA 

in that sample was in a double-stranded conformation and we could proceed with the assays (Figure 

3.10.).  
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Figure 3.10. Exoribonucleolytic activity of SpDis3L2 wild-type and mutants on dsAdh RNA 

substrate. 8.3 nM of labelled Adh16U was hybridized with 83.3 nM of complementary unlabelled asAdh (to 

obtain the pretended 1:10 molar ratio between the two ssRNA substrates) to form dsAdh, which possesses a -16U 

3’ overhang. The dsAdh substrate was incubated with 100 nM of each SpDis3L2 variant (identified on the top) for 

60 minutes at 30 ºC. Control reactions (Ctrl) were incubated for the same time without any enzyme. Samples were 

taken and reaction was stopped at the time-points indicated above each gel lane. RNA substrates and degradation 

products were separated through migration in a 7 M urea/20% PAA denaturing gel of medium (A.) or high (B.) 

resolution. The size of the molecules is depicted in line with the corresponding bands alongside the gel. In the gel 

presented in B., ‘M’ indicates the lane with a sample from an activity assay with the wt SpDis3L2 protein and a 

mix of two ssRNA (Adh and Adh4U), which was used as a size marker. ‘ * ’ marks a range of intermediate products 

of dsRNA degradation. The assay was performed one time (for A457C, P512D, K808H, T456G, C560Y, R865L 

and R865T) or two times (for wt and L460I) with proteins from independent purifications. 
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Our results confirmed that SpDis3L2 was able to degrade structured substrates, releasing a final 

degradation product of 3 nt, as expected (Figure 3.10.). All the variants analysed continued to be able 

of degrading the dsAdh similarly to the wild-type. While the K808H mutant appeared to be slightly 

more active than the wt protein, the A457C mutant was considerably less active than the wt, which is 

consistent with the previous findings (Figure 3.7., section 3.2.3.) The P512D mutant also seemed less 

active than the wt, but in a minor extent.  

It is also possible to observe the presence of intermediate products (denoted with ‘ * ’ in Figure 

3.10.). These intermediate products migrate close to the Adh4U (24 nt, as it can be seen in Figure 

3.10.B.), which means that the protein slows down as the double-stranded zone approaches the entrance 

of the RNA pathway channel to the inside of the enzyme.  

 

In this work we also used a second structured RNA substrate, hereafter designated as Loop, that 

mimics a secondary structure found in a particular let-7 precursor, pre-let-7g. The Loop ssRNA has a 

total of 34 nt, having the potential to form a double-stranded substrate with a stem-loop and                            

a 3’ overhang of 16 nt (-GC14U) (Figure 3.11.A.).  

This RNA molecule was designed and is currently used in the laboratory headed by Leemor  

Joshua-Tor to study the mechanism of degradation of structured RNAs by the human DIS3L2. In a 

recent article of Meze et al. (164), using this substrate (referred there as hairpinA-GCU14) and other 

shortened and adapted versions of this RNA, it was unveiled that the binding of dsRNA substrates to 

hDIS3L2 elicits a drastic change in the conformation of the enzyme, leading to the repositioning of 

CSD1 and CSD2.  

Regarding the present work, to confirm the formation of the intended secondary structure, both the 

folded (after folding reaction) and unfolded Loop RNA substrates were run in a 20% PAA                           

non-denaturing gel (Figure 3.11.). 
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Figure 3.11. Folding of Loop RNA substrate. (A.) Schematic representation of the Loop substrate. This 

model was adapted from the predictions obtained using the RNAfold Web Server (software RNAfold v2.4.18., 

available at http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) and UNAFold Web Server (software 

mfold v3.6., available at http://www.unafold.org/mfold/applications/rna-folding-form-v2.php).                                   

(B.) Non-denaturing 20% PAA gel of both folded and unfolded forms of Loop substrate. 

 

With this substrate, there was no visible delay in the gel migration of the RNA molecule after the 

folding. This was not surprising considering that it would be occurring an intramolecular folding, instead 

of a hybridization between two molecules as it happens for dsAdh, whose double-stranded form would 

have, consequently, a higher molecular weight.  

Furthermore, to monitor if the folding treatment was being efficient, we carried out a control 

activity assay with EcRNase II. It is known that EcRNase II is sensible to double-stranded structures, 

stalling 5 to 7 nt before the double-stranded region (126).  

As regards the control with EcRNase II (Figure S.3.11.), a fraction of the degradation products 

released were around 24 nt. This is likely to correspond to the 5-7 nt range before the double strand start, 

where RNase II would predictably be blocked. However, we can also see the formation of smaller 

degradation products, which were not predicted to appear if the RNA was completely folded. Therefore, 

we can say that the folding of this RNA molecule was partially efficient (Figure S.3.11. and Figure 

3.12.). 

 

  

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://www.unafold.org/mfold/applications/rna-folding-form-v2.php
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Figure 3.12. Exoribonucleolytic activity of SpDis3L2 wild-type and mutants on dsLoop RNA 

substrate. 8.3 nM of Loop ssRNA was submitted to a folding treatment to form dsLoop, which possesses a                

stem-loop and a -GC14U 3’ overhang. The dsLoop substrate was incubated with 100 nM of each SpDis3L2 variant 

(named on the top) for 60 minutes at 30 ºC. Control reactions (Ctrl) were incubated for the same time without any 

enzyme. Samples were taken and reaction was stopped at the time-points indicated above each gel lane. RNA 

substrates and degradation products were separated through migration in a 7 M urea/20% PAA denaturing gel of 

medium (A.) or high (B.) resolution. The size of the molecules is depicted in line with the corresponding bands 

alongside the gel. In the gel presented in B., ‘M’ indicates the lane with a sample from an activity assay with the 

wt SpDis3L2 protein and a mix of two ssRNA (Adh and Adh4U), which was used as a size marker. ‘ * ’ marks a 

range of intermediate products of dsRNA degradation. The assay was performed one time (for A457C, P512D, 

K808H, T456G, C560Y, R865L and R865T) or two times (for wt and L460I) with proteins from independent 

purifications. 
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In terms of the different versions of SpDis3L2, they all appeared to be active and degrade the 

substrate to the expected size of 3 nt (Figure 3.12.). The K808H mutant was shown to be the most active, 

as observed in assays with other substrates, while the A457C mutant remained remarkably the least 

active. In addition, the P512D mutant was slightly less active, as well as C560Y and R865T which 

curiously were found to digest dsAdh well, although they seemed somewhat less active on dsLoop than 

the wt protein. Consistent with the dsAdh assays, there was a modest accumulation of intermediate 

products (denoted with ‘ * ’ in Figure 3.12.) around 20 nt of size. These products would either arise 

because of the enzyme slowing down as it moves closer to the double-stranded region, or they may 

reflect the increasing unwinding difficulty of the double strand itself, considering that this substrate has 

4 consecutive GC pairs (Figure 3.11.). GC pairs are stronger interactions, since the two nucleotides 

establish between them an additional hydrogen bond in comparison to AU or other non-canonical pairs 

such as GU. 

 

3.2.5. General conclusions  

All the enzyme versions of SpDis3L2 that we were able to successfully purify (wt, T456G, A457C, 

L460I, D461N, P512D, C560Y, K808H, R865L and R865T), apart from the inactive D461N mutant 

that served as a control, were active, and generated 3 nt end-products. However, when poly(U) was used 

as a substrate, it became quite evident that an accumulation of larger size products occurred. Although 

the reason for this phenomenon is still concealed, the most logical explanation relies on the distributivity 

of the enzyme towards small fragments. 

When evaluating the preference for the uridylated RNA molecules, most of them demonstrated the 

same preference when compared to the wild-type. It is interesting to note that the apparent absence of a 

changing preference according with the size of the U-tails actually makes sense when thinking about the 

diversity of possible biological RNA substrates of the enzyme within the eukaryotic cell.                                    

In physiological conditions, the adh1 mRNAs, that were found in S. pombe to be uridylated, carried up 

to 7 uridines (38). If other substrates are taken into account, the tails are often longer. Other studies have 

seen that, for example GADD45A transcripts with premature STOP codons (or PTCs), targeted for 

degradation by Dis3L2, might possess untemplated tails with up to 15 uridines (44), while, for the more 

scrutinized case of pre-let-7, it was found that TUT4 is able to add 10 to 30 non-templated uridines to 

this miRNA precursor (72). 

The ability of Dis3L2 to degrade structured RNAs is essential for the performance of its cellular 

functions (85, 86, 89, 171). Our results show that all the proteins were able to degrade structured RNA 

molecules. However, they slow down when approaching the double-stranded region, having some 

difficulties in overcoming its beginning, but then managing to prosecute with the decay of these 

substrates.  
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Therefore, it became clear that a single amino acid substitution may produce a significant 

difference. Even if they are in the same position, different amino acid modifications might impact 

differently the stability and the overall exoribonucleolytic activity of a protein. That was observed for 

L460I/L460V and R865L/R865T mutants.  

On the one hand, for the L460I and L460V mutants, while we managed to purify the former to a 

good amount and degree of purity, the second could not be purified. Since valine (V) has a shorter main 

chain than isoleucine (I), it might be the case that the leucine (L) is responsible for establishing an 

interaction with another amino acid. In this situation, I would be able to complement this interaction, 

while V becomes insufficient and destabilises the protein. Regarding the L460I mutant, we observed 

that it had a higher specificity towards uridylated RNA substrates. We might hypothesise that the amino 

acid change is altering the orchestration of the remaining amino acids in the active centre, or even 

elsewhere in the protein, in a way that, against our expectations, the overall network of interactions 

along the RNA pathway within the enzyme would favour binding to uridines, thereby increasing the 

enzyme's preference for uridylated substrates. Further work is still necessary to completely understand 

this phenomenon. 

On the other hand, for the R865L and R865T mutants, while the R865L substitution did not produce 

significant changes in activity, the R865T mutant was less active. This last result could be expected 

since the residue R865 in S. pombe and the corresponding R792 in M. musculus are located in                            

S1 domain and are predicted to integrate a β-strand. Also, it has been described that, in mouse, this 

residue associates with the backbone of a the 14U RNA (95, 138). Therefore, we can postulate that 

SpDis3L2 R865 is likely to be important in binding the RNA substrates. Thus, modifying the amino 

acid in this position could affect the protein structure near the top of the RNA entry channel to the 

enzyme. To further investigate this possibility, we would have to perform binding assays 

(electrophoretic mobility shift assays, EMSAs), which was not possible due to lack of time derived from 

the constraints caused by the current COVID-19 pandemic. 

Moreover, other mutants also revealed a certain degree of activity impairment, namely A457C, 

P512D and C560Y. In particular for the C560Y mutant, it appeared to prefer the non-uridylated RNA, 

albeit not in a significant way. By being a modification found in patients with PRLMNS, we can 

speculate that, in the context of disease, this preference not so marked, or even inverted, could translate 

in pathology. It could be related with a lower degradation efficiency of Dis3L2 over its targets, which 

would then accumulate, or a change of specificity towards other RNAs that would not be supposed to 

occur. 

Finally, in what concerns all mutated versions of SpDis3L2 that we managed to purify,                                    

it is noteworthy that some of them were not in sufficient concentration to be further used in the activity 

assays or, otherwise, the results of the activity assays performed with those mutants were inconclusive, 
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revealing non-specific degradation. It was the case of A208E, F209A, L371R, A801C and C804I 

mutants. Possible explanations rely on protein precipitation, or high amount of small, degraded proteins 

after purification. 
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4.  Final Remarks and Future Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It has become clear how RNases are extremely relevant in cellular metabolism, participating in the 

processing, degradation, and surveillance of all types of RNA. Likewise, it has also been shown how              

3' uridylation is a modification widely encountered in eukaryotes, with enzymes dedicated to the 

addition of these U-tails to RNAs (the TUTases or PUPs), and an enzyme that preferentially binds and 

degrades them (the Dis3L2). Even though there are several TUTases/PUPs that can play redundant roles, 

it seems that Dis3L2 represents a bottleneck in this alternative RNA decay pathway (131). Moreover, 

hDIS3L2 has already been associated with several overgrowth-related human diseases, such as Perlman 

Syndrome, Wilms' Tumour and Marfan-like Syndrome (143), reinforcing the importance of the study 

of this enzyme. 

The contribution of the RNase II/RNB family member RNase R to bacterial virulence has been 

well documented (122, 173–175), and given that ribonucleases of families other than RNase II/RNB 

have been associated with the virulence of some pathogenic fungi (176–178), one could wonder whether 

there is a possible implication of eukaryotic enzymes of the RNase II/RNB family, in particular Dis3L2, 

in the virulence of some parasites or fungi. The protein BLAST (BLASTp) of NCBI database was used 
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to search for homologues of Dis3L2, providing, as query, the amino acid sequence of the full-length 

Dis3L2 protein from S. pombe (SpDis3L2). From the resulting sequences producing significant 

alignments, the only proteins characterised unequivocally as Dis3L2 isoforms appeared only for                      

X. laevis, M. musculus and numerous species of fish, whereas around half of the entries were 

‘hypothetical’ or ‘RNB-domain-containing’ proteins assigned to fungi. Among those, some species are 

considered pathogenic for humans (179) and have already been detected as causing infection: 

Basidiobolus meristosporus (180), Rhizopus microsporus (including R. microsporus (181, 182), and               

R. microsporus var. azygosporus (183, 184)) and Rhizopus arrhizus (including R. arrhizus var. delemar, 

and R. arrhizus var. arrhizus, being the last one previously classified as Rhizopus oryzae) (185–187). 

Curiously, when searching for the amino acid signature of the catalytic centre of Dis3L2 proteins 

(DLDD, further explained in the next section, 1.4.2.2.) in those putative proteins from pathogenic fungi, 

it was found in all of them. These observations evidence that, presumably, these could be Dis3L2-like 

enzymes that exist in those organisms but have not yet been studied and, therefore, are not yet annotated 

in their genomes, rather than being absent as it might have been rashly thought at first. This is 

unsurprising given the enormous importance of uridylation/Dis3L2-mediated RNA decay and the high 

conservation of the enzyme in eukaryotes. Thus, there could be a link between the Dis3L2 enzyme and 

pathogenicity that has not yet started to be explored. 

Furthermore, it was recently unravelled that S. cerevisiae Ssd1 homologues, a type of RNase II 

pseudonucleases that lost their catalytic activity during evolution, are descendants of active Dis3L2 

proteins (188, 189). Besides retaining RNA-binding capacity, Ssd1 homologues were found to be 

relevant for the virulence of diverse fungal pathogens, particularly Candida albicans (190), Aspergillus 

fumigatus (191), and Cryptococcus neoformans (188).  

 

In this work we used S. pombe as a microorganism model for the study of Dis3L2, a peculiar 

enzyme from the RNase II/RNB family that prefers uridylated RNA molecules. We managed to express 

SpDis3L2 mutant variants with single amino acid substitutions, we optimized their purification 

conditions, purified several of them to a good degree of purity, and evened out their concentrations by 

a western blot procedure. However, we were unable to purify some of the SpDis3L2 versions. 

Expression might be part of the problem since we are trying to overexpress an eukaryotic relatively long 

protein in E. coli bacteria. It should be investigated ways to overcome expression and purification issues, 

namely to mitigate protein degradation during the purification protocol. A possibility would be to use a 

distinct method in one of the proteins’ purification steps, namely Ion Exchange or Q-Resource. 

We tested the exoribonucleolytic activity of the SpDis3L2 variants over different single- and 

double-stranded RNA substrates (section 3.2.), observing that the D461N mutant was inactive as 

expected, and the remaining tested protein variants were active.  
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Different substitutions of single amino acids of SpDis3L2 had different effects on the protein 

purification yield, and then on its stability, activity, and preference for uridylated RNAs. That may come 

as a consequence of possible alterations in the structure of the protein, which might compromise some 

secondary structure (such as α-helixes or β-strands) or influence the overall folding of the enzyme, 

revealing the potential role of the original residues in those positions in the enzyme's activity and 

substrate specificity. It is noteworthy that the L460I and K808H mutants displayed higher specificity 

towards uridylated substrates, whereas this preference seemed to be abrogated to some extent in the 

C560Y mutant. This is even more curious since SpDis3L2 L460 is near the active site of the enzyme, 

the residue corresponding to SpDis3L2 K808 in mDis3L2 was previously reported to interact with an 

U14 substrate (95), and the substitution C560Y was found in the corresponding position in hDIS3L2 in 

patients with Perlman Syndrome (100). 

Another striking example that reveals the preponderant role that point mutations can have on the 

activity of this enzyme, potentially making it more or less active, is that of residue R74 in mDis3L2, 

which corresponds to R200 in SpDis3L2. By changing this amino acid to an A in mDis3L2 (mutant 

R74A) it leads to a dramatic decrease in the in vitro specific activity of the enzyme on a 15U substrate 

(95). Conversely, this same modification in SpDis3L2 (mutant R200A) was previously studied by 

collaborators of the CMA lab and consistently resulted in increased activity (data not published). 

Additionally, it was seen that a significant part of the residues that were identified as being involved in 

interactions with the 14U substrate in the mDis3L2-U14 structure, are not conserved in all orthologues 

of Dis3L2, namely in fission yeast. This may highlight that the residues implicated in binding to RNA 

substrates in SpDis3L2 may not be the same as in mDis3L2, pointing to the fact that possibly the RNA 

recognition and binding mechanism of SpDis3L2 is different from its mouse counterpart. These findings 

underscore the importance of the current work. 

Given the complex network of interactions that is established between the enzyme and its 

substrates, it is not unexpected that these point mutations have only a limited impact on the enzyme, and 

therefore they may not be sufficient to cause a significant change in activity or specificity. In mDis3L2 

it has already been shown that two mutations that affected the enzyme's activity in the same sense when 

separately (both decreasing the activity of mDis3L2 on a 15U RNA), if they were present simultaneously 

there was a cumulative effect (95). Accordingly, the results we have now achieved for SpDis3L2 create 

the conditions for not only systematically evaluate a variety of new mutants with single amino acid 

substitutions, but also combinations of those substitutions in order to reach more interesting/outstanding 

conclusions. Thus, this work unveils a path of opportunities to go further into the world of SpDis3L2 

amino acids contribution to the enzyme overall function. 

Furthermore, it would be interesting to explore if differences in the mutated versions of SpDis3L2 

activity over certain RNA substrates rely on eventual modifications in RNA-binding affinity. Hence, 
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EMSAs could be conducted with the wild-type protein and those enzyme variants (namely C560Y,          

as it was mentioned above, in section 3.2.5.) and the RNA substrates in question.  

To conclude, it would be surely fascinating to “look closer into the cell” and analyse the cellular 

localization of mutant SpDis3L2 proteins by employing fluorescence microscopy. 
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6. Supplementary Material 

  

Table S.2.1. Culture Media, Solutions and Gels used in the experimental work. 

CULTURE MEDIA 

Luria-Bertani Broth (LB) Terrific Broth (TB) 

           10 g    Bacto Tryptone 

             5 g    Bacto Yeast Extract 

           10 g    NaCl 

   ddH2O to 1000 ml 

   Adjust to pH 7.0 

   Autoclave 

            50.8 g    Terrific Broth (Grisp) 

     0.4% (v/v)    Glycerol 

   ddH2O to 1000 ml 

   Autoclave 

SOLUTIONS FOR GENERAL USE 

100 mg/ml Ampicillin (Amp) 50 mg/ml Chloramphenicol (Cam) 

   2.000 g Ampicillin 

   MQ H2O to 20 ml 

   Sterilization by filtration (0,22 μm filter) 

   Aliquot and store at -20 ºC 

   0.500 g Chloramphenicol 

   10 ml Ethanol 100% (v/v) 

   Aliquot and store at -20 ºC 

Tris-Borate-EDTA 10x (TBE 10x) 5x Loading Buffer – Proteins 

      121.1 g    Tris base 

        61.8 g    Boric acid 

          7.4 g    Na2EDTA 

                      MQ H2O to 1000 ml 

     10% (w/v)    SDS 

          10 mM    β-mercaptoethanol 

      20% (v/v)    Glycerol 

            0.2 M    Tris-HCI pH 6.8 

  0.05% (w/v)    Bromophenol Blue  

            0.3 M    DTT in H2O 

SDS-PAGE Running Buffer 10x  

           30 g    Tris base 

         144 g    Glycine 

           10 g    SDS 

                      ddH2O to 1000 ml 

 

PROTEIN PURIFICATION BUFFERS (SpDis3L2) 

Initial Buffer A (A1) Initial Buffer B (B1) 

       20 mM    Tris-HCl pH 8.0 

     500 mM    NaCl 

       20 mM    Imidazole 

                       MQ H2O to final volume 

          20 mM    Tris-HCl pH 8.0 

        500 mM    NaCl 

        500 mM    Imidazole 

                          MQ H2O to final volume 

Initial Buffer C (C1) Optimised Buffer A (A2) 

       20 mM    Tris-HCl pH 8.0 

     500 mM    NaCl 

                       MQ H2O to final volume 

        100 mM    MOPS pH 7.6 

        200 mM    KCl 

          20 mM    Imidazole 

                          MQ H2O to final volume 

(Continues on the next page) 
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Table S.2.1. (continued) 

Optimised Buffer B (B2) Optimised Buffer C (C2) 

        100 mM    MOPS pH 7.6 

        200 mM    KCl 

        500 mM    Imidazole 

                         MQ H2O to final volume 

        100 mM    MOPS pH 7.6 

        200 mM    KCl 

                          MQ H2O to final volume 

WESTERN BLOT SOLUTIONS 

Transfer Buffer 10x (TrB 10x) Transfer Buffer 1x (TrB 1x) 

               15 g    Tris base 

               72 g    Boric acid 

              7.4 g    Na2EDTA 

                          MQ H2O to 500 ml 

                  1x    TrB 10x           

      20% (v/v)    Methanol  

                          ddH2O to 1000 ml 

Tris-buffered saline 10x (TBS 10x) TBS 1x with 0.1% Tween 20 (TBS-T 1x) 

               24 g    Tris base     (200 mM) 

               88 g    NaCl           (1500 mM) 

   Dissolve in 900 ml MQ H2O 

   Adjust pH to 7.6 with 12 N HCl 

   MQ H2O to 1000 ml 

100 ml    TBS 10x  (20 mM Tris, 150 mM NaCl) 

    1 ml    Tween 20 (0.1% (v/v)) 

               ddH2O to 1000 ml 

SOLUTIONS FOR ASSAYS WITH RNA SUBSTRATES AND RNASES 

Buffer C (EcRNase II)  

          10 mM    Tris-HCl pH 8.0 

          50 mM    KCl 

 

Storage Buffer (EcRNase II) Storage Buffer (SpDis3L2) 

              1 vol    Buffer C (EcRNase II) 

              1 vol    Glycerol 100% (v/v) 

              1 vol    Buffer C2 (SpDis3L2) 

              1 vol    Glycerol 100% (v/v) 

5x Reaction Buffer (EcRNase II) 5x Reaction Buffer (Dis3L2) 

        500 mM    KCl 

        100 mM    MgCl2 

        100 mM    Tris-HCl pH 8.0 

            5 mM    DTT  

                          Sigma H2O to final volume 

        125 mM    NaCl 

          25 mM    MgCl2 

          50 mM    Tris-HCl pH 7.5 

            1 mM    DTT 

                          Sigma H2O to final volume 

5x Loading Buffer – PAA gels STOP solution 

      98% (v/v)    Deionised Formamide 

0.025% (w/v)    Xylene Cyanole 

0.025% (w/v)    Bromophenol Blue 

          10 mM    EDTA pH 8.0 
 

   5x Loading Buffer – PAA gels 

   supplemented with 0.5 mg/ml total yeast RNA 

 

(Continues on the next page) 
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Table S.2.1. (continued) 

POLYACRYLAMIDE (PAA) GELS 

20% PAA denaturing gel      20% PAA non-denaturing/native gel 

For a medium- vs. high-resolution gel: 

           21 g           29,4 g    Urea                  (7 M) 

           5 ml              7 ml    TBE 10x           (1x) 

         25 ml            35 ml    PAA 40% 19:1 (20%) 

Add MQ H2O to: 

         50 ml            70 ml 

To polymerize, add: 

        400 μl           300 μl    APS 10% (w/v) 

          40 μl             50 μl    TEMED 

         For a medium-resolution gel: 

 

             5 ml    TBE 10x                    (1x) 

           25 ml    PAA 40% (w/v) 19:1 (20% (w/v)) 

         Add MQ H2O to: 

           50 ml 

         To polymerize, add: 

          400 μl    APS 10% (w/v) 

            40 μl    TEMED 
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Table S.2.2. Reactions prepared for the [Protein] vs. [Dye] Assay. Volumes of each solution added 

to the reaction samples (final volume of 20 μl) are indicated in μl. 

  [Protein] 

[Dye]      Solution to add: 1 μg 3 μg 5 μg 

1x 

     Protein Buffer  

     SYPRO Orange 

     Protein 

18 

1 

1 

16 

1 

3 

14 

1 

5 

3x 

     Protein Buffer  

     SYPRO Orange 

     Protein 

16 

3 

1 

14 

3 

3 

12 

3 

5 

5x 

     Protein Buffer  

     SYPRO Orange 

     Protein 

14 

5 

1 

12 

5 

3 

10 

5 

5 
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Table S.2.3. Matrix of tested conditions in the first TSA with the wt SpDis3L2 protein. Chosen conditions were adapted from Durham pH and salt screenings 

(Molecular Dimensions). Reactions were prepared in PCR tubes placed in a 96-well plate with 10 μl screen reagent (condition indicated in the matrix), 5 μl dye 

(SYPRO Orange), and 5 μl purified wt SpDis3L2 protein. 

 

  1 2 3 4 5 6 7 8 9 10 11 12 

A water water 
4.0 M  

urea 

100 mM 

bisTRIS  

pH 6.1 

100 mM 

bisTRIS  

pH 6.6 

100 mM 

bisTRIS  

pH 7.1 

100 mM 

phosphate  

pH 6.3 

100 mM 

phosphate  

pH 6.8 

100 mM 

phosphate  

pH 7.3 

100 mM 

MOPS  

pH 6.6 

100 mM 

MOPS  

pH 7.1 

100 mM 

MOPS  

pH 7.6 

B 

100 mM 

HEPES  

pH 7.0 

100 mM 

HEPES  

pH 7.5 

100 mM 

HEPES  

pH 8.0 

100 mM 

TRIS  

pH 7.7 

100 mM 

TRIS  

pH 8.2 

100 mM 

TRIS  

pH 8.7 

100 mM  

boric acid  

pH 8.6 

100 mM  

boric acid  

pH 9.1 

100 mM  

boric acid  

pH 9.6 

100 mM 

glycine 

pH 9.2 

100 mM 

glycine 

pH 9.7 

100 mM 

glycine 

pH 10.2 

C 
500 mM  

Na3 citrate 

200 mM  

Na3 citrate 

1.5 M 

(NH4)2SO4 

1.0 M 

(NH4)2SO4 

800 mM 

(NH4)2SO4 

600 mM 

(NH4)2SO4 

400 mM 

(NH4)2SO4 

200 mM 

(NH4)2SO4 

500 mM  

KCl 

200 mM  

KCl 

400 mM 

MgCl2 

5 mM 

MgCl2 

D 
1.5 M  

NaCl 

1.0 M  

NaCl 

800 mM  

NaCl 

600 mM  

NaCl 

400 mM  

NaCl 

200 mM  

NaCl 

1.5 M  

NH4Cl 

1.0 M  

NH4Cl 

800 mM  

NH4Cl 

600 mM 

NH4Cl 

400 mM 

NH4Cl 

200 mM 

NH4Cl 

E 
1.0 M 

MgSO4 

800 mM  

MgSO4 

600 mM 

MgSO4 

400 mM 

MgSO4 

200 mM 

MgSO4 

5 mM 

MnCl2 

0.5 mM 

MnCl2 

5 mM  

DTT 

5 mM  

β-mercapto-

etanol 
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Table S.2.4. Matrix of tested conditions in the second TSA with the wt SpDis3L2 protein. pH and salt conditions were chosen according the results obtained 

in the first TSA, whereas individual buffers or salt concentrations (1st TSA) were combined together in single reactions (2nd TSA) in multiple ways. Reactions 

were prepared in PCR tubes placed in a 96-well plate with 10 μl screen reagent (condition indicated in the matrix), 5 μl dye (SYPRO Orange), and 5 μl purified 

wt SpDis3L2 protein. 

 1 2 3 

A water 100 mM MOPS pH 7.6 100 mM HEPES pH 8.0 

B 200 mM KCl 
100 mM MOPS pH 7.6  

+ 200 mM KCl 

100 mM HEPES pH 8.0  

+ 200 mM KCl 

C   

100 mM MOPS pH 7.6  

+ 200 mM KCl  

+ 5 mM MgCl2  

100 mM HEPES pH 8.0  

+ 200 mM KCl  

+ 5 mM MgCl2 

D 400 mM NaCl 
100 mM MOPS pH 7.6  

+ 400 mM NaCl 

100 mM HEPES pH 8.0  

+ 400 mM NaCl 

E   

100 mM MOPS pH 7.6  

+ 400 mM NaCl  

+ 5 mM MgCl2 

100 mM HEPES pH 8.0  

+ 400 mM NaCl  

+ 5 mM MgCl2 

F 400 mM NH4Cl 
100 mM MOPS pH 7.6  

+ 400 mM NH4Cl 

100 mM HEPES pH 8.0  

+ 400 mM NH4Cl 

G 5 mM MgCl2 

100 mM MOPS pH 7.6  

+ 400 mM NH4Cl  

+ 5 mM MgCl2 

100 mM HEPES pH 8.0  

+ 400 mM NH4Cl  

+ 5 mM MgCl2 
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Table S.3.1. Midpoint temperatures of the unfolding transition for the wt SpDis3L2 protein in the 

presence of different buffers (1st TSA). Reactions were prepared with solutions according Table S.2.3., 

and subjected to a temperature gradient from 20 ºC to 95 ºC, 1 ºC/min. Numeric values represent the 

melting temperatures (Tms) in degrees Celsius (ºC) calculated automatically by the qPCRsoft touch 

software, implemented in the qTOWER³ G touch equipment (Analytik Jena).  

 1 2 3 4 5 6 7 8 9 10 11 12 

A 66.3 65.7 67.1 65.7 67.8 86.1 78.4 68.0 63.7 65.2 63.9 69.9 

B m.i. 90.6 67.2 67.5 79.4 79.7 64.4 62.9 67.9 77.3 66.9 72.6 

C 82.6 91.0 91.3 83.9 81.9 73.6 71.7 80.7 67.6 68.6 82.1 80.9 

D 76.7 65.1 88.0 67.3 78.3 74.0 88.5 79.4 82.9 70.6 86.1 69.0 

E 87.5 86.8 66.4 64.6 64.9 64.9 71.4 68.8 80.8    

       m.i.: missing information (data was not collected). 

 

 

 

  



76 
 

Table S.3.2. Midpoint temperatures of the unfolding transition for the wt SpDis3L2 protein in the 

presence of different buffers (2nd TSA). Reactions were prepared with solutions according Table 

S.2.4., and subjected to a temperature gradient from 20 ºC to 95 ºC, 1 ºC/min. Numeric values represent 

the melting temperatures (Tms) in degrees Celsius (ºC) calculated automatically by the qPCRsoft touch 

software, implemented in the qTOWER³ G touch equipment (Analytik Jena). 

 1 2 3 

A 70,9 65,8 74,7 

B 64,9 65,8 65,9 

C  64,5 86 

D 89,9 77,1 70 

E  90,6 86,8 

F 73 73,1 69,6 

G 84 85 90,9 
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Figure S.3.1. Full-length sequence alignment of several eukaryotic homologues from the RNase 

II/RNB family of exoribonucleases, highlighting mutated residues. Multiple sequence alignment was 

built using the default T-Coffee and the amino acid sequences of ten homologues of the RNase II/RNB family: 

HsDis3L2 (Homo sapiens Dis3L2, NP_689596.4); MmDis3L2 (Mus musculus Dis3L2, NP_705758.1); CeDis3L2 

(Caenorhabditis elegans Dis3L2, NP_498160.2); AtDis3L2 (Arabidopsis thaliana Dis3L2, also designated SOV, 

NP_177891.1); SpDis3L2 (Schizosaccharomyces pombe Dis3L2, NP_594510.1); DmDis3L2 (Drosophila 

melanogaster Dis3L2, NP_728490.1); SpDis3 (Schizosaccharomyces pombe Dis3, NP_596653.1); ScDis3 

(Saccharomyces cerevisiae Dis3, also named Rrp44, NP_014621.1); HsDis3 (Homo sapiens Dis3, NP_055768.3); 

HsDis3L1 (Homo sapiens Dis3L1, NP_001137160.1). This final figure was constructed using BoxShade v3.2.1, 

where darker highlights on the residues indicate higher amino acid conservation in each position. The coloured 

boxes under the alignment indicate in which protein domain each region is located [colour-coded as in Figures 

1.2. (section 1.4.2.2.) and 1.3. (section 1.4.4.)]; respective domain designations are inside each box. The positions 

outlined in red were modified in SpDis3L2, and the respective substitution is referred above each one of them. 

The two dark green boxes in the RNB domain are pinpointing the four aspartic acid residues (D) of the active site 

of the enzymes, which are conserved in the RNB domain, and thus essential for its exonucleolytic function.           

The second dark green box encompasses the key residue that distinguishes the amino acid signature of the three 

paralogues: DLDD for Dis3L2 orthologues, DIDD in Dis3 proteins, and DVDD in Dis3L1 enzymes. That position 

is outlined in light green and was also modified in SpDis3L2 to obtain the inactive mutant (D461N). 
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Figure S.3.2. Representative results of the T456G mutant purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions 

during this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography 

step. Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the 

Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to                

full-length SpDis3L2. 
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Figure S.3.3. Representative results of the A457C mutant purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions 

during this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography 

step. Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the 

Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to                 

full-length SpDis3L2. 
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Figure S.3.4. Representative results of the L460I mutant purification. (A.) Left panel – Protein elution 

profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions during 

this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography step. 

Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the Novex 

WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to                 

full-length SpDis3L2. 
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Figure S.3.5. Representative results of the D461N mutant purification. (A.) Protein elution profile in 

the affinity chromatography purification step. (B.) Top panel – Chromatogram obtained in the size exclusion 

chromatography step. Bottom panel – SDS-PAGE with collected fractions during this 2nd purification step. 

Samples loaded in the Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective 

lanes according to the chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein 

Marker II, NZYTech), and corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the 

bands corresponding to full-length SpDis3L2.  
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Figure S.3.6. Representative results of the P512D mutant purification. (A.) Left panel – Protein elution 

profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions during 

this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography step. 

Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the Novex 

WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to                

full-length SpDis3L2. 
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Figure S.3.7. Representative results of the C560Y mutant purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions 

during this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography 

step. Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the 

Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to                

full-length SpDis3L2. 

 

 

 

  



90 
 

 
Figure S.3.8. Representative results of the K808H mutant purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with a concentrated 

sample (cons.) obtained from the collected fractions in this 1st purification step. (B.) Top panel – Chromatogram 

obtained in the size exclusion chromatography step. Bottom panel – SDS-PAGE with collected fractions during 

this 2nd purification step. Samples loaded in the Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered 

on the top of respective lanes according to the chromatograms. ‘M’ indicates the lane with the molecular marker 

(NZYColour Protein Marker II, NZYTech), and corresponding band sizes are denoted next to them (in kDa). 

Arrows are pointing the bands corresponding to full-length SpDis3L2.  
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Figure S.3.9. Representative results of the R865L mutant purification. (A.) Left panel – Protein elution 

profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions during 

this 1st purification step. (B.) Top panel – Chromatogram obtained in the size exclusion chromatography step. 

Bottom panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the Novex 

WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to               

full-length SpDis3L2.  
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Figure S.3.10. Representative results of the R865T mutant purification. (A.) Left panel – Protein 

elution profile in the affinity chromatography purification step. Right panel – SDS-PAGE with collected fractions 

during this 1st purification step. (B.) Left panel – Chromatogram obtained in the size exclusion chromatography 

step. Right panel – SDS-PAGE with collected fractions during this 2nd purification step. Samples loaded in the 

Novex WedgeWell 8-16% Tris-Glycine Protein Gels are numbered on the top of respective lanes according to the 

chromatograms. ‘M’ indicates the lane with the molecular marker (NZYColour Protein Marker II, NZYTech), and 

corresponding band sizes are denoted next to them (in kDa). Arrows are pointing the bands corresponding to               

full-length SpDis3L2. 
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Figure S.3.11. Exoribonucleolytic activity of EcRNase II on dsLoop RNA substrate. This activity 

assay was a control on the effectiveness of the treatment given to the substrate to obtain its secondary structure. 

8.3 nM of Loop ssRNA was submitted to a folding treatment to form dsLoop, which possesses a stem-loop and            

a -GC14U 3’ overhang. The dsLoop substrate was incubated with 50 nM EcRNase II for 60 minutes at 37 ºC. 

Control reactions (Ctrl) were incubated for the same time without any enzyme. Samples were taken and reaction 

was stopped at the time-points indicated above each gel lane. RNA substrates and degradation products were 

separated through migration in a 7 M urea/20% PAA denaturing gel. The size of the molecules is depicted in line 

with the corresponding bands alongside the gel. ‘M’ indicates the lane with a sample from an activity assay with 

the wt SpDis3L2 protein and a mix of two ssRNA (Adh and Adh4U), which was used as a size marker. 
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