A natural classification of ribonucleases

Introduction and classification approach

Ribonucleases (RNAses) cleave phosphodiester bonds in RNA and are essential both for non-specific RNA degradation and for numerous forms of RNA processing. Consequently, multiple forms of RNAses are present all cellular life forms. Most of the known RNAses are protein enzymes, but in several well-characterized RNAses, the catalytic moiety is an RNA molecule. Thus, RNAses are among the few enzymes that appear to still retain links to the postulated primeval RNA world, the ancient pre-cellular system of RNA replicators and catalysts. In this article we mainly concentrate on the protein RNAses although the protein components of the ribozyme RNAse P are discussed in some detail.  

The classification presented here is based on evolutionary relationships revealed through sequence and structure conservation, rather than functional properties although, on most occasions, this classification correlates well with the biochemical and catalytic properties of the proteins. The starting material for this analysis comprised the protein sequences of all the experimentally characterized RNAses that were identified through a survey of the relevant literature and retrieved from the Non-redundant (NR) protein database at the National Center for Biotechnology Information (NIH, Bethesda). Additionally proteins from several generic hydrolase superfamilies, such as the HD, DHH and metallo-beta lactamase (MBL) superfamilies, that are either known or predicted to have RNAse activity were also included in this classification. The prediction of RNAses among these generic hydrolases was based on specific similarity to characterized proteins with RNAse activity or fusions to specific RNA-binding domains such as S1, KH and N-OB. The catalytic RNAse domain  was identified in the sequences of the analyzed proteins on the basis of the available biochemical data, crystal structures and sequence analysis that often helped in separating the catalytic domain from accessory, typically RNA-binding domains. 

The catalytic domains of the RNAses were classified at the highest level in terms of their structural relationships. The general conventions of the SCOP database were adopted as a standard for this part of the classification. The catalytic domains were initially divided, on the basis of their predominant secondary structure, into all (, all (, (/( or (+( domains. Those families of nucleases whose catalytic domains shared the same structural core and folding pattern, which was typically determined through comparison to structurally characterized representatives, were unified as sharing the same fold. This structural comparison was followed by in-depth sequence analysis using the PSI-BLAST program for profile searches to identify the most inclusive groups that could be delineated on the basis of sequence conservation. These largest groups of domains that shared clearly identifiable sequence conservation patterns were defined as superfamilies. Several of the RNAse superfamilies additionally contain DNAses which were not considered in detail in the classification presented here. 

The proteins of each superfamily were collected using PSI-BLAST searches against the NR database followed by taxonomic filtering for specific taxa or lineages using the Taxfilt and Taxbreak scripts of the SEALS package. Within the superfamily there were different levels of the classification hierarchy depending on the number of clearly identifiable groups that could be defined. The definition of these groups was initially based on similarity based single linkage clustering using the BLASTCLUST program. These clusters defined using BLASTCLUST were used as nuclei to define robust groups (families or subfamilies) using specific criteria that may be considered shared derived characters for that particular group of proteins.  These included specific versions of a particular motif or fusions to particular domains. The clear cut phyletic patterns for example grouping of proteins from eukaryotes+archaea as against those bacteria in the similarity based clustering process was also used as a additional criterion in the definition of groups. The lowest level in the classification include groups of proteins that typically formed an ortholog group across various organisms or a set of recently duplicated paralogs from a single or few organisms. The individual ortholog groups are generally in line with such groups defined in the COG database. This database was also used to verify the phyletic patterns of the proteins, especially in the prokaryotes and obtain corrected or unannotated protein sequences from completely sequenced genomes.

Evolutionary classification of RNAses

Below we present the basic classification of RNAses followed by a brief discussion of the structural, functional and evolutionary aspects of the principal superfamilies. 

(/( nucleases

   Endonuclease fold

This fold contains the restriction Endonucleases, Archaeal Holliday junction resolvases, the lambda exonucleases and several related enzymes that act primarily on DNA. The fold includes only one RNAse superfamily

  
tRNA-splicing endonuclease superfamily

      Family 1: tRNA endonuclease subunit; the Sen2p/Sen34p family

sub-family 1: Archaeal group (archaea only)

      
sub-family 2:Sen34p group (eukaryotes)

      
sub-family 2:Sen2p group (plants and fungi only)

      Family 2: Sen54p family (eukaryote-specific)
 ------------------------------

   Ribonuclease H/3’-5’exonuclease fold

This very common fold, in addition to numerous nucleases, including the RuvC-like Holliday junction resolvases, is present in a variety of nucleotide-binding and hydrolyzing proteins of the actin-HSP70 class.

   Ribonuclease HI superfamily

      Family 1: Eukaryotic-type RNAse HI

Domain architecture: 1-2*Rnh-N+RNAseH (Rnh-N – distinct N-terminal domain

      Phyletic distribution: Eukaryotes + retroelements + some bacteria

      (Thermotoga,Bacillus halodurans)

      Family 2: Bacterial-type RNAse HI

Domain architecture: No Rnh-N domain

      Phyletic distribution: bacteria+ retroposons + one archaeon

(Halobacterium)

   Ribonuclease HII superfamily

      Family 1: Archaeo-eukaryotic-type RNAse HII

      Phyletic distribution: Eukaryotes + archaea

      Family 2: Bacterial-type RNAse HII

      Subfamily 1:Rnase HII with a TBP-like domain

Domain architecture:TBP+RNASEHII

      Phyletic distribution: some bacteria (Aquifex, 

Chlamydia, Gram-positive bacteria)

      Subfamily 1:classic bacterial RNAse HII

Domain architecture: RNAse HII domain only

      Phyletic distribution: almost all bacteria

   3’-5’exonuclease superfamily

      Family 1: RNAse T family

Includes numerous DNAses, for example, the epsilon subunit of bacterial DNA polymerase III, the proofreading exonuclease domain of bacterial DNA polymerase I and the exonuclease of the Werner syndrome helicase. Only the RNAses of this family are considered here.

      Phyletic distribution: Proteobacteria only. 

      Family 2:Oligoribonuclease family 

Highly conserved nucleases with a limited phyletic distribution, involved in degradation of oligoribonucleotides

      Phyletic distribution:Proteobacteria+Actinomycetes+Crown group 

eukaryotes

      Family 3:KapD family (predicted RNAses)
A small family of potential RNAses; two eukaryotic members of this family containing the DNA-binding SAP domain might be DNAses
Domain architecture: 3’-5’exo or SAP+3’-5’exo

      Phyletic distribution: Some bacteria (Bacillus, Pseudomonas, Vibrio, Deinococcus)+Crown-group eukaryotes (6 members in a small paralog expansion in C.elegans)

      Family 4:Rnh70p/Rex3/4p/PAN2 family

Large, eukaryote-specific family of nucleases with several subfamilies encompassing diverse activities. Involved in degradation of polyA tails in mRNAs; some have RNAseH activity

      Subfamily 1: Rex3/4 

RNAses involved in processing of  5S, 5.8S, U4, U5,RNAseP RNAs

Phyletic distribution:Crown group eukaryotes 

      Subfamily 2: Plant-specific, RRM-containing RNases 
Domain architecture: 3’-5’exo +1-3 RRM

      Phyletic distribution: plants only

      Subfamily 3: Rnh70p 

Eukaryotic RNAses with RNAse H activity

      Phyletic distribution: Crown group eukaryotes 

      Subfamily 4: PAN2 
RNAses involved in degradation of Poly A tails

Domain architecture:  WD40+UBC-hydrolase(inactive)+3’-5’exo 

      Phyletic distribution:Crown group eukaryotes 
      Family 4:RNAse D family

This family consists of diverse nucleases including DNAses such as the Werner’syndrome nuclease and DNA polymerase proofreading nucleases; Involved in rRNA processing, post-transcriptional gene silencing and other regulatory RNA processing events.

      Subfamily 1: Typical RNAse D 
Involved in rRNA and tRNA processing 

Domain architecture: 3’-5’exo+HRDC domain

Distribution: Several groups of bacteria (Proteobacteria, Cyanobacteria,  Actinomycetes) + Crown group eukaryotes

      Subfamily 2: Mut7-like predicted RNAses

Enzymes involved in post-transcriptional gene silencing.

Domain architecture : 3’-5’exo or 3’-5’exo +Mut7-C domain

      Phyletic distribution: Plants and animals only

      Subfamily 3: predicted RNAses typified by Drosophila CG6744

Domain architecture: 3’-5’ exo + C-terminal extenstion

      Phyletic distribution: Plants and animals only

      Subfamily 4: EGL-type RNAses (typified by Drosophila Egl)

Family of RNAses with potential role in regulatory RNA processing.

Domain architecture: 3’-5’ exo or membrane-anchoring domain + 3’-

5’ exo 

Phyletic distribution: Plants, animals and P.falciparum

      Family 5:Deadenylating nucleases

The characterized members of this family are involved in PolyA degradation 

      Subfamily 1: DAN (typified by vertebrate DAN enzyme)
      Phyletic distribution: Crown group eukaryotes, missing in 

S. cerevisiae 

Subfamily 2: Predicted RNAses containing a C-terminal CCCH RNA- binding domain


Domain architecture:3’-5’exo +CCCH

      Phyletic distribution: animals only

------------------------------

RNASE II Fold

   RNASE II Superfamily

      Family 1: Typical Rnase R/II 

Involved in mRNA degradation and rRNA processing

Domain architecture: S1/CS-like+Rnase II+S1

      Subfamily 1: Rnase R 

      Phyletic distribution: Bacteria+Halobacterium

      Subfamily 2: Rnase B 

      Phyletic distribution:Some Gamma-proteobacteria

      Family 2: Eukaryotic DIS3-like exosome subunits

Domain architecture: CR3+PIN+S1/CS-like+Rnase II+S1 

      Phyletic distribution:Crown group Eukaryotes

Family 3: Eukaryote-specific Rnase II-like proteins (typified by Drosophila CG16940)

Domain architecture: Contain disrupted N- and C-terminal S1-like OB-fold domains

      Distribution:Crown group Eukaryotes, missing in S. cerevisiae
      Family 4: Predicted bacterial Rnases (typified by Treponema 

TP0805) 

Domain architecture:Rnase II+S1 

      Distribution: Some bacteria(Treponema, Synechocystis, 

      Deinococcus, Neisseria)+ Arabidopsis
      Family 5: Sts5p-like fungal family


Domain architecture:
Possibly involved in U5 snRNA processing
      Distribution: Fungi

Unassociated members:11137520 - A human protein with a distinct domain architecture:Cys-rich domain+4*CCCH+Helicase+Rnase II+S1;

557724, S.cerevisiae DSS1

------------------------------

RNASE E/G fold

   RNASE E/G superfamily

      Family 1: Typical Rnase E/G 

Domain architecture: S1+Rnase E/G+2C-domain
      Subfamily 1:Rnase G

      Phyletic distribution: Bacteria

      Subfamily 1:Rnase E

      Phyletic distribution: Only proteobacteria
      Family 2:Archaeal-type Rnase E/G
Domain architecture:S1+Rnase E/G +CORNASE domain
      Phyletic distribution:Archaea

-------------------------------------------------------------------

Rnase PH fold

A compound fold containing a core S5-like domain with ab extra N-terminal (-hairpin, packed against another (+( unit. Enzymes of this family are involved in tRNA processing and also are subunits of the 3’->5’ processing complex, the exosome

   Rnase PH superfamily

      Family 1: polynucleotide phosphorylase

Domain architecture: 2*Rnase PH+KH+S1

      Phyletic distribution:Bacteria+Arabidopsis+Drosophila
      Family 2:RPR45 (Exosomal subunit)

Phyletic distribution: Archaea+Eukaryotes

      Family 3: Ski6p (Exosomal subunit)

      Phyletic distribution:Archaea+Eukaryotes

      Family 4:RPR46 (Exosomal subunit)

      Phyletic distribution:Eukaryotes

      Family 5:Bacterial Rnase PH 

      Phyletic distribution:Bacteria

      Unassociated superfamily members:

7503205 from C.elegans and 6320092,6321597 from S.cerevisiae

------------------------------

   Metallo-beta-lactamase fold 

   Metallo-beta-lactamase superfamily

This superfamily includes diverse hydrolases among which a single family appears to have Rnase activity. Some other members of this superfamily might be still uncharacterized nucleases

      Family 1: CSPF-SNM1 family

This family includes predicted DNAses typified by the eukaryotic SNM1 proteins. These are not considered here.

      Subfamily 1:Eukaryotic CPSF-type RNase

      Phyletic distribution:Archaea+Eukaryotes+ some bacteria 

(Synechocystis, Pseudomonas, Deinococcus, Vibrio)

      Subfamily 2:Archaea specific CPSF-type enzymes

Domain architecture:KH+ MBL

      Phyletic distribution:Archaea

      Subfamily 3:eukaryote-specific, inactive CPSF proteins

The metal-binding active site disrupted is disrupted in these proteins, but they function as subunits of the active RNAses

Phyletic distribution:Eukaryotes

      Subfamily 4:Prokaryotic CPSF-like enzymes

Phyletic distribution: Many bacteria + several archaea (Pyrococcus, Methanothermobacter, Halobacterium, Methanococcus) + Arabidopsis

------------------------------

Barnase fold

   Barnase superfamily

   Secreted RNAses of bacteria and fungi; distinct catalytic triad, 

   E-R-H

      Family 1: Bacterial barnase 
Phyletic distribution: Scattered among bacteria (Deinococcus, 

Xylella, some Bacillus species, actinomycetes)

      Family 2: Fungal barnase 

      Phyletic distribution: Scattered in fungi(Ustilago, Aspergillus)

------------------------------

RNAse A fold

   RNAse A superfamily (pancreatic RNAse)

 Secreted nucleases with disulfide bonds, catalytic triad HKH
 Phyletic distribution: Only vertebrates

------------------------------

Helix-Grip fold

   START domain superfamily

A widespread superfamily of diverse small-molecule-binding and metabolic enzymes and regulatory proteins.

      Family 1: Birch allergen family

Only a few members of this family have been reported to possess RNAse activity.

      Phyletic distribution:Plants

------------------------------

(+( nucleases

   DHH fold 

   DHH superfamily

This superfamily consists of diverse hydrolases including DNAses, potential RNAses and phosphoesterases. Only families with clear evidence of RNAse activity are considered here

      Family 1: Predicted archaeal nucleases

      Domain architecture: DNAJ-ZnF+S1+N-OB+DHH

      Phyletic distribution:Archaea

      Family 2:PolyA polymerase-associated nucleases

      Domain architecture:PolyA-Pol+2*CBS+DHH

Phyletic distribution: Scattered in bacteria (Synechocystis,Aquifex,Thermotoga)

------------------------------

RNAse T2 Fold

   RNAse T2 Superfamily

Secreted RNAses involved in RNA degradation and self-incompatibility in plants; active site with two conserved histidines

      Family 1: RNAse T2 

Phyletic distribution: Crown group eukaryotes + some proteobacteria (E.coli and H.influenzae)

------------------------------

KEM1/RAT1 fold

   KEM1/RAT1 superfamily

5'->3'nucleases involved in cytoplasmic RNA degradation and 25S rRNA processing; some members of this family may also have DNAse activity.

      Family 1: RAT1p family

      Phyletic distribution: Crown group eukaryotes

      Family 2: KEM1p family

      Phyletic distribution: S.cerevisiae and S.pombe 

      Unassociated superfamily member: 7494394 from Plasmodium 

      falciparum

-------------------------------------------------------------------

All (-helical nucleases

   RNAse III fold

   RNAse III superfamily

      Family 1: Typical RNAse III

Involved in processing of RNAs containing extensive double-stranded regions (mainly rRNAs and some mRNAs)

      Subfamily 1: RNASEIII of bacteria and eukaryotes

      Domain architecture: RNAse III+DSRBD 

      Phyletic distribution: bacteria+Eukaryotes+several Large DNA 

viruses

      Subfamily 2: Animal-specific RNAse III

Domain architecture: N-extension+2*RNASEIII+DSRBD 

      Phyletic distribution: Animals only

Subfamily 3: Yeast-specific RNAse III 

Called “Mitochondrial ribosomal protein L15” in sequence 

databases 

Domain architectures: RNAseIII domain only, no DSRBD

      Phyletic distribution: S.cerevisiae and S.pombe only

      Family 2: CAF family

Potentially involved in post-transcriptional gene silencing

      Domain architecture: RNA-helicase+PAZ+2*RNASEIII+DSRBD

      Phyletic distribution: Crown group eukaryotes, missing in 

S.cerevisiae 

      Family 3: YLPD family, RNASE III family typified by C.elegans 

      F02A9.4B 

      Domain architecture: RNAse III+DSRBD

      Phyletic distribution: Crown group eukaryotes

      Family 4: Predicted RNAses distantly related to RNAse III 

Phyletic distribution: Bacillus, Thermotoga, Synechocystis, 

Arabidopsis

------------------------------

HD-phosphoesterase fold

   HD-superfamily 

This superfamily consists of diverse phosphoesterases and phosphatases including the cyclic nucleotide phosphodiesterases; most of the members are poorly studied. Only those families for which RNAse activity could be confidently predicted are included.

      Family 1: predicted RNAses containing KH domain 

Domain architecture: KH+HD 

      Phyletic distribution: bacteria only

      Family 2: predicted RNAses associated with nucleotidyl 

      Transferases

Domain architecture: NTase+HD

      Phyletic distribution: bacteria only

      Family 3: predicted RNAses with N-OB domain      

      Domain architecture: N-OB+NTase+HD
      Phyletic distribution: Gram-positive bacteria only

      Family 4: predicted RNAses 

      Phyletic distribution: archaea + eukaryotes

-------------------------------------------------------------------

All (-strand nucleases

   OB-fold proteins

This fold largely includes non-catalytic, nucleic-acid-binding domains;

only one supefamily consists of RNAses

   Thermonuclase superfamily

Non-specific nucleases with no specific affinities for particular nucleic acids

      Family 1: typical thermonucleases

Phyletic distribution: bacteria+archaea+plants+S.cerevisiae+S.pombe

      Family 2:Predicted RNase (typified by B. subtilis YchR)

      Domain architecture: N-OB+Thermo+Phosphatase

      Phyletic distribution: Bacillus only

      Family 3:The eukaryotic 100KD coactivators

Domain architecture: 4*Thermo+Tudor; may be 

      inactive

Phyletic distribution: eukaryotic crown group (Animals+plants+fungi)

-------------------------------------------------------------------

The main groups of RNAses

RNAse activity has been independently derived in protein domains of all the basic secondary structure types. In line with what has been observed in the rest of the enzyme universe, the RNAses are most frequently derived in the (/( and (+( classes of proteins. The former class includes domains that are mainly comprised of (-( units following in succession, whereas the latter class includes proteins with isolated ( and ( elements. These types of structures are likely to combine the flexibility of (-helices with the rigidity offered by the (-sheets and thus act as better scaffolds for catalytic activities. Nevertheless, there are a few families of predominantly ( helical and ( strand containing nucleases.

(/( RNAses

The Endonuclease fold 

The endonuclease fold includes a large number of DNAses such as restriction endonucleases, archaeal Holliday junction resolvases, the RecB-like DNA repair nucleases, Vsr-like nucleases and the lambda-type exonucleases [Aravind, 2000 #1611]. These nucleases have a characteristic set of charged residues in a (-hairpin that coordinates a divalent cation required for catalysis. Despite this wealth of DNAses, there is a single superfamily of RNAses that have this fold, namely the tRNA-splicing endonucleases that are responsible for the generation of the mature tRNA from its precursor in eukaryotes and archaea through two cleavages at the 3’ and 5’ ends [Li, 2000 #1763; Abelson, 1998 #1764]. These proteins function as a tetrameric complexes with two catalytic sites [Trotta, 1997 #1765]. In some archaea, such as Methanococcus, the enzyme is a tetramer of a single subunit with a core  endonuclease domain. The enzyme from Archaeoglobus, Halobacterium, and Thermoplasma is a dimer, with each monomer containing an N-terminal inactive and a C-terminal active endonuclease domain. In Aeropyrum, the inactive and active versions of the nuclease domain are separately encoded in distinct proteins which probably form a heterodimer that, in turn, further dimerizes. Comparative analysis of eukaryotic endonuclease subunits suggests an early triplication, with the three paralogs typified by the yeast proteins Sen2p, Sen34p and Sen54p. However, Sen34p is retained only in the fungal and plant lineages and apparently has been lost in animals. Sen2p and Sen34p have been shown to be active [Trotta, 1997 #1765], whereas Sen54p appears to be inactive and analogous to the archaeal inactive versions of this nuclease.

The RNAseH-3’-5’ exonuclease fold

This fold contains a vast assemblage of proteins most of which have nucleotide- hydrolyzing or nuclease activities including HSP70-like molecular chaperones, actin, sugar kinases, bacterial Holliday junction resolvases and a variety of nucleases [Bork, 1992 #305][Aravind, 1999 #1024; Aravind, 2000 #1611]. This suggests that polyphosphate/phosphoester bond cleavage activity has been inherited from the common ancestor of all proteins that have this fold. This is supported by the presence of a conserved acidic residue at the end of the first strand present in these domains. Nevertheless, the sequence-structure affinities for the members of this fold suggest that the nuclease activity, and in particular, the RNAse activity have evolved independently on several occasions within this fold. 

The RNAse HI and RNAse HII superfamilies. The RNAse H and and RNAse HII superfamilies share all their active site residues and also the specific features of the angle and packing of the C-terminal helix against the central sheet [Lai, 2000 #1766] [Goedken, 2000 #1767] and thus can be inferred to have shared more recent common ancestor than other members of this fold. It is most likely that this common ancestor was already a RNAse. RNAse HII is typically present in just a single copy in practically all the genomes of organisms sequenced to date, with the archaeal proteins being closer to the eukaryotic forms, to the exclusion of bacteria. This phyletic pattern suggests that this enzyme was inherited vertically from the common ancestor of all extant life forms (Last Universal Common Ancestor, or LUCA). Within the framework of the hypothesis that LUCA probably possessed a RNA genome with a DNA replication intermediate [Wintersberger, 1987 #1768][Leipe, 1999 #1398], the conservation of an ancestral RNAse HII that, in LUCA, could catalyze processing of RNA-DNA duplexes is not surprising. A distinct version of RNAse HII is present in Chlamydiae, Aquifex and Gram-positive bacteria, in addition to the regular RNAse HII. This version contains a conserved N-terminal domain that is predicted to adopt a TATA-binding protein(TBP)-like fold [Nikolov, 1994 #1770][Kosa, 1997 #1769] on the basis of sequence similarity and sequence-structure threading (LA, unpublished observations). This is the first homolog of the TBP domain detected in proteins other than archaeal and eukaryotic TBPs.  The TBP-like domain probably plays a role in nucleic acid recognition by this form of  RNAse HII.

The RNase HI superfamily is present bacteria and eukaryotes. In addition,  it is widespread in many retroelements where it processes the DNA-RNA duplexes [Kanaya, 1995 #1771]. The only archaeon that encodes RNAse HI is Halobacterium that appears to have recently acquired it from bacteria through horizontal gene transfer. The eukaryotic RNAse HI contains a distinct N-terminal RNA-binding domain (RNH-N) that has the same fold as ribosomal protein L9 [Evans, 1999 #1772] and is present as a stand-alone version in Caulimoviruses [Mushegian, 1994 #1773] and in a Borrelia protein. B. halodurans and Thermotoga appear to have acquired this form of RNase HI from eukaryotes.

The 3’-5’ exonuclease superfamily. This is one of the largest superfamilies of dedicated nucleases that includes closely related DNAses and RNAses [Moser, 1997 #1774], suggesting that these proteins have often shifted their catalytic identity in course of evolution. This superfamily clearly is an ancient one inherited from LUCA. However, almost all RNAse families in this superfamily are present only in eukaryotes and bacteria, but not in archaea, which suggest a later origin, in some cases accompanied by horizontal gene transfer. We briefly discuss the diverse families of this superfamily emphasizing some new observations.

The RNAse T family is seen thus far only in Proteobacteria where is initiates the 3’ exonucleolytic degradation of tRNA [Li, 1998 #1776]. Interestingly, RNAse T is closely related to the 3’-5’ DNAse domain (corresponding to epsilon subunit in E.coli) of Gram-positive DNA polymerase III [Koonin, 1993 #1775]. This suggests that this gene has been relatively recently acquired by Proteobacteria via horizontal transfer from the Gram-positive lineage followed by exaptation for the RNAse function. Oligoribonuclease that plays an important role in the degradation of small RNA fragments also has a restricted distribution, predominantly proteobacteria and the eukaryotes [Koonin, 1997 #1777][Zhang, 1998 #1778]. The oligoribonuclease gene probably has been acquired horizontally by eukaryotes at an early stage of their evolution, most likely from the ancestor of mitochondria. The KapD family of predicted RNases has a comparable distribution, with a sporadic presence in few unrelated bacteria and a high degree of conservation throughout the eukaryotic crown group. C. elegans alone shows multiple paralogous proteins of this family resulting from what appears to be recent, lineage-specific proliferation.

Rnh70p/Rex3/4p/PAN2 family is a large family of RNAses that so far have been found only in the eukaryotes, with several distinct subfamilies. The Rex3/4p subfamily is involved in the processing of several small RNAs and is highly conserved throughout eukaryotes [van Hoof, 2000 #1779]. The Rnh70p subfamily shows the same pattern of conservation, but its exact function remains unknown. One of the subfamilies of this family is seen only in plants where the RNAse domain is fused to one to three RNA-binding RRM domains. This subfamily could potentially have a role in post-transcriptional regulation through degradation of specific RNAs bound by the RRM domain. The Pan2 subfamily that is conserved in the eukaryotic crown group has been implicated in the degradation of PolyA tails of mRNAs which contributes to the regulation of mRNA stability [Boeck, 1996 #1780]. This RNAse has an unusual domain architecture, with an N-terminal WD40-like beta-propeller domain, followed by an inactive Ubiquitin C-terminal hydrolase domain. This may suggest an ancient connection between the RNA and protein degradation systems.

The RNAse D family also includes certain DNAses such as bacterial DNA polymerase I and the Werner syndrome protein exonuclease domains [Mushegian, 1997 #52][Moser, 1997 #1774][Huang, 1998 #1781]. Some distinct subfamilies of this group, including the typical RNAse D, contain a C-terminal HRDC domain shared with the RecQ subfamily of DNA helicases [Morozov, 1997 #636]. The other notable subfamily of this family includes Mut-7 protein from C. elegans that has been implicated in post-transcription gene silencing [Grishok, 2000 #1782; Ketting, 1999 #1783] and its homologs. The RNAses of this subfamily are so far seen only in plants and animals. The C.elegans and Arabidopsis members of this subfamily share a conserved C-terminal module (Mut7-C) that occurs as a stand-alone protein in most archaea and some bacteria such as Streptomyces and Thermotoga. This module has a bipartite structure with a C-terminal Zn-ribbon and an N-terminal (/( domain resembling the receiver domain of the 2-component systems, with a conserved aspartate at the end of the first strand (LA, unpublished observations). The Mut7-C module could be a distinct nucleic-acid-binding domain of these nucleases. Another highly conserved subfamily of the RNAse D family is the Egl subfamily typified by the Egalitarian protein of Drosophila that is a part of a mRNA-binding complex required for ocoyte specification [Deng, 2001 #1784; Mach, 1997 #1785]. The conservation of this subfamily throughout eukaryotes suggests that it is part of an ancient RNA processing complex that is likely to participate in regulatory processing of specific mRNAs. The animal versions have a long N-terminal extension with transmembrane regions that anchor it to the endoplasmic reticulum membrane.

Deadenylating nuclease family is a specific family of 3’-5’ nucleases seen only in eukaryotes and distantly related to other members of the superfamily. The vertebrate members of this family have been shown to possess 3’-5’ Poly A degradation activity [Dehlin, 2000 #1786; Korner, 1998 #1787]. A distinct, animal-specific subfamily of this family is characterized by a C-terminal fusion to a CCCH RNA-binding domain.

The RNAse II fold

The RNAse II fold that so far includes only its namesake superfamily that has not been structurally characterized. However, secondary structure prediction for the catalytic domain of these enzymes suggests a unique (/( fold. The active site of this family has not been described in detail. Sequence comparisons suggest that they are likely to be defined by conserved motifs present in the N and C termini of this domain. The N-terminal motif contains a conserved DD dyad followed by a universally present histidine. The C-terminal motif contains two conserved basic residues typically as a RR dyad. The N-terminal histidine is likely to be the principle catalytic residue for this superfamily with the other conserved C-terminal motif likely to participate in substrate interaction. The Members of this superfamily are seen mainly in eukaryotes and bacteria. Distinct families can be identified on the basis of the domain architectures of these proteins. The classic Rnase II/R family has an OB fold domain of the S1-like/Cold Shock domain family at the N-terminus and a S1 domain at the C-terminus of the nuclease domain. The RNASE R subfamily is seen in most of the bacteria and also the archaeon Halobacterium into which it has been recently transferred from a bacterial source. The RNASE B subfamily is attested only the gamma proteobacteria and has arisen via a recent duplication and divergence from the pan-bacterial family. Another distinct family of RNASE IIs typified by Treponema TP0805 are seen in a restricted group of bacteria  bacteria with a single member in Arabidopsis. These lack the N-terminal S1-like/Cold Shock domain.

The Dis3-like family and the CG16940-like families are eukaryote specific RNASE II families. The former is distinguished by the distinct accretion of N-terminal 3 Cysteine domain and a PIN domain to the basic core shared with the classic Rnase II/R family. The STS5p family is seen only in the fungi thus far and may be involved in the processing of U5 snRNAs. Another member of this superfamily not particularly closely related to any of the distinct families is typified by the human protein dJ697K14.6 that shows domain accretion characteristic of the vertebrates. It has a cysteine rich domain followed by a 4 CCCH RNA binding domains, a RNA helicase domain, the RNAse II domain and finally the C-terminal S1 domain. The RNA helicase domain belongs specifically to the eukaryotic NAM7 like family implicated in nonsense mediated mRNA degradation. This suggests that the some of the RNAses in this superfamily from the eukaryotes could interact functionally with these helicases in RNA degradation.

(/( RNAses: RNASE E/G Fold

Secondary structure prediction revealed that the RNAse E/G superfamily catalytic domain adopts an (/( structure that is likely to define a distinct (/( fold. Interestingly this superfamily is restricted to the prokaryotes with one distinct family seen in archaea and the bacteria respectively. The active site of these enzymes has not been characterized. A comparison of the conserved polar residues between the most divergent members of this family suggest that a N-terminal acidic residues typically a glutamate and another glutamate at the extreme C-terminus could form the potential active site of this superfamily. The bacterial family has a distinct domain architecture with a S1 superfamily OB fold domain and another distinct conserved domain with 2 Cysteines respectively at the N- and C- termini of the nuclease domain. The bacterial family contains two subfamilies, namely RNASE G that is found in practically all the bacterial lineages characterized to date and RNAse E that is restricted only to the proteobacteria. The former family is implicated in the 5’ processing of 16S RNA while the latter has been shown to be necessary for the generation of 5S RNA from its precursor and in the general degradation of mRNA. 

The archaeal family is extremely divergent from the bacterial forms and has a distinct architecture with a N-terminal S1 domain and a conserved C-terminal domain (the Cornase domain) that occurs as a standalone protein in several archaea, bacteria and the early branching eukaryote Leishmania. The Cornase domain could not be unified with any protein with a known fold, though it is predicted to form a globular (/( domain of about 100 residues. However, it contains a very characteristic motif with 2 conserved aspartates in a Dx3D signature in a loop between a helix and a strand, followed by another motif 14-20 residues downstream centered around a conserved D. This pattern is suggestive of metal coordinating sites seen in hydrolytic enzymes and may define a second uncharacterized nuclease domain. Alternatively it could define a novel RNA binding domain.

(+( RNAses: RNASE PH fold

The RNASE PH superfamily defines the peculiar RNASE PH fold which is a compound fold comprised of two distinct sub-structures. The N-terminal sub-domain is clearly derived from the S5 fold that is also seen in other RNA metabolism and translation related contexts such as bacterial RNASE P protein component and the Elongation factor G domain IV. To this basic core of the (3-(-(-( seen in the S5 fold a N-terminal extension of a Beta hairpin has been added. This sub-domain is sandwiched against another subdomain with a (2-(-(2-(2 structure with the ( sheet of this sub domain packing against the two ( helices of the first subdomain. Based on the sequence conservation between the most divergent members of this family were able to predict the potential active site of these enzymes as being associated with the practically universal aspartate at the end of the final strand in the second subdomain of the RNASEPH domain. The highly conserved residues from the extreme N-terminus of the prior to the first strand in subdomain 1 (associated with a signature RXD) are in spatial proximity to this aspartate and are likely to be important components of the active site. Thus it appears that the RNASE PH fold has evolved through elaboration of a basic S5 like RNA binding fold into a catalytic domain through extension of a sheet and addition of a subdomain. The members of this family are involved in 3’ processing of RNAs in all the 3 domains of life.

The polynucleotide phosphorylase is one of the principal families of this superfamily that is seen largely only in the bacteria though eukaryotes such as Drosophila and Arabidopsis show members of this family that have clearly been acquired through horizontal transfers. This family is characterized by the duplication of the RNASEPH domain and fusion to C-terminal KH and S1 RNA binding domains. The duplication of the RNASEPH domain results in a quasi-threefold symmetry in these proteins with only the C-terminal RNASE PH domain possessing nuclease activity. The bacteria have an additional family of Solo RNASEPH proteins- classic bacterial RNASE PH proteins. The RPR45p and Ski6p families are shared by the eukaryotes and archaea and form the ancient nuclease subunits of exosome. The eukaryotes have additionally possess a specific family of exosomal RNASEPH- the RPR46 family that appears to have emerged through duplication of one of the above archaeo-eukaryotic families. There are multiple members of the Ski6p family in C.elegans one of which shows a fusion to a domain found immediately C-terminal to the helicase module in the RecQ subfamily of helicases. This may suggest a functional interaction of the members of this family with a RecQ like helicase. The recent discovery of a RecQ like helicase in post-transcriptional gene silencing suggests that some of these nucleases may cooperate with these helicases in such a process.

(+( RNAses: The metallo-beta-lactamase fold.

The metallo-(-lactamases are a large family of zinc dependent hydrolases with a characteristic metal binding signature typically of the form HXHXDH. Of this superfamily there is one family of proteins that includes CPSF-I that is involved in the endonucleolytic cleavage of the mRNAs for the addition of the polyA tail. This family additionally contains the DNA repair enzyme SNM1 suggesting that the entire family could be involved in nucleic acid processing functions. Of the CPSF like enzymes there are 4 subfamilies. The largest of these comprise of classic CPSF orthologs that are shared by archaea and eukaryotes and also seen in certain bacteria. The bacteria have their own wide spread CPSF subfamily that is also represented in several archaea and Arabidopsis. The eukaryotes possess a specific family of inactive CPSF paralogs that are known to form subunits of the CPSF protein complex and possibly serve in protein-protein interactions. The archaea possess a distinct CPSF subfamily in which the metallo-(-lactamase domain is fused to a N-terminal KH domain. In theory there could be other families of the MBL fold that could be nucleases, however there is no direct or circumstantial evidence to predict such activity in any of these proteins.

(+( RNAses: The barnase fold

The barnase fold typified by the barnase superfamily is comprised of two known families of secreted RNAses respectively from bacteria and fungi. These proteins have a simple disulfide bond stabilized core with 4 strands with an active site formed by a catalytic triad of E, R and H residues. Their restricted distribution like other secreted proteins suggests that they evolved rather recently as an adaptation for the utilization of environmental ribonucleotides.

(+( RNAses: The RNASE A fold.

This is another family of secreted nucleases with a very limited phyletic presence- only the vertebrates. The entire fold is stabilized by disulfide bonds and the active site of these proteins involves a triad of H, K and H. These proteins appear to be a recent derivation in the vertebrate lineage in relation to pathogen response and environmental ribonucleotide degradation.

(+( RNAses: Helix-Grip fold.

A small number of proteins with the START domain superfamily of the Helix-Grip fold appear to possess ribonuclease activity. All these proteins are from the Birch allergen family of START domains that are only known from the plants: The Ribonucleases 1and 2 from Ginseng and their orthologs. These START domains are also know to bind other ligands such as cytokinin that is more in line with the ligand binding activities described for the START superfamily. The START domain contains a large ligand binding channel that could potentially serve as the active site for these proteins. These proteins are known to be induced in response to pathogens in plant tissues and could serve as part of a pathogen- RNA degrading mechanism. It remains to be seen as to how many other members of the Birch allergen family of START domains possess this RNAse activity. 

(+( RNAses: The DHH fold

The DHH superfamily of hydrolases is defined by a characteristic DHH signature and contains several metal dependent hydrolases with phosphatase and nuclease activities. The domain is predicted to adopt a bipartite (+( fold with the metal chelating sites located in the N-terminal part. The best characterized members of this fold are the RecJ a 5’-3’ exonuclease involved in DNA repair and the eukaryotic PPX an exo-polyphosphatase. Two families of DHH are predicted to possess RNAse activity on the basis of the domain fusions displayed by them. The first of these is found only in the archaea and have a striking architecture with a N-terminal Zinc finger of the DNAJ variety, followed by two RNA binding OB fold domains one of the S1 superfamily and one of the N-OB superfamily. These could perform an archaea specific 5’-3’ RNA degradation function. Another DHH family with potential RNASe function is suggested by the fusion of the DHH domain to a N-terminal Poly A polymerase and CBS domains. These could be bifunctional proteins that may either degrade or lengthen polyA tails of mRNAs. While other DHH superfamily proteins could also be DNASes or RNASEs there were no specific features that could help differentiating them as such.

(+( RNAses: The RNASE T2 fold.

The RNASE T2 superfamily is seen in all the crown group eukaryotes and in some gamma proteobacteria like E.coli and Haemophilus suggesting a recent horizontal transfer from the eukaryotes into the bacterial lineage. All these nucleases are secreted and contain a core stabilized by disulfide bonds and an active site with two histidines. In most eukaryotes they are likely to be utilized in degradation of extracellular polyribonucleotides for acquisition of phosphate or bases. In plants they have undergone multiple duplications and appear to be utilized in other roles such as pathogen response and pollen self incompatibility.

(+( RNAses: KEM1/RAT1 fold

The KEM1/RAT1 superfamily is defined by a large composite module that is conserved in at least the crown group eukaryotes. More divergent versions are seen in the earlier branching forms like Leishmania and P.falciparum. The members of this superfamily share a very large region of homology and high degree sequence conservation with several polar residues that makes prediction of the active site difficult through sequence analysis. Comparisons with the plasmodial form suggests that it may like in the N-terminal part of the module. The module is likely to adopt multiple distinct folding sub-structures of an (+( variety. The characterized members of this family function both in the nuclease and cytoplasm in mRNA turnover and the terminal 5’ cleavages required for 23S rRNA maturation. There are two families of within this superfamily, namely the RAT1p like family with in one or more versions in all crown group eukaryotes and the KEM1p family that is restricted to the yeasts.

All (-helical RNAses: The RNAse III fold

The RNAse III superfamily has no representative with an experimentally determined structure, however they are confidently predicted to adopt an all (-fold. The experimentally characterized members of this superfamily act on double stranded RNA and are involved in processing both rRNAs and mRNAs. The most widespread family of these proteins are the classic RNAseIII proteins. One subfamily of this family is seen in eukaryotes and bacteria and has a single RNASE III domain fused to a C-terminal double stranded RNA binding domain. Another subfamily is restricted to the animals and contains 2 RNAseIII domains fused to a DSRBD domain.There is also a yeast specific family of these proteins that contain no DSRBD and have been claimed to be mitochondrial Ribosomal proteins. 

The CAF family of RNASEIII proteins, typified by the plant protein carpel factory, is found only in the eukaryotes and is possibly involved in PTGS. These proteins contain 2 C-terminal RNAseIII domains fused to a DSRBD domain preceded by a RNA Helicase and PAZ domain. The PAZ domain is additionally found in proteins of the argonaute family that are implicated in PTGS. The YLPD family is another of eukaryote specific RNASE III proteins while Bacillus yazC defines a family proteins very distantly related to the classic RNASEIIIs and may define a novel group of RNASEIII fold nucleases.

All (-helical RNAses: The HD fold

The HD superfamily of hydrolases possess diverse phosphoesterase activties and was predicted to have an all (-helical fold. Recent solution of the cNMP phosphodiesterase crystal structure revealed that the HD fold is indeed novel all ( fold with two chelated metal atoms. The nucleases within this family have not been experimentally characterized and could only be predicted on the basis of specific features such as domain fusions. One family found in the bacteria possessed a KH N-terminal to the HD that suggesting that they were RNAses. Similarly a group of HD hydrolases thus far seen only in Gram positive bacteria with a N-terminal N-OB domain. Other HD domains found fused to the CCA adding nucleotidyltransferase at the C-terminus analogous to the fusions of the PolyA polymerases with the DHH domain and could function as nucleases that degrade RNAs.

All (-strand RNAses: The OB fold nucleases

A single superfamily of OB fold proteins, the thermonuclease superfamily, contains proteins with nuclease activity. In these proteins the active site is situated right within the OB fold domain, suggesting that they have been exapted for nuclease function from an ancestral nucleic acid binding OB fold domain. These proteins are general nucleases that in addition to degrading RNA also degrade DNA. The classic thermonucleases are found in bacteria, archaea, yeasts and plants. In Bacillus a special family is found that is in the form of a multidomain protein with N-OB and calcineurin like phosphatase domains N and C terminal to the Thermonuclease domain. The eukaryotes possess a distinct family with four thermonuclease domains and a C-terminal Tudor domain. These proteins have been shown act as transcriptional coactivators but there is no evidence, as yet, for RNASE activity in any of these proteins.

The protein components of RNASE P.

RNASE P is a ribozyme involved in tRNA processing in both eukaryotes and prokaryotes. While the RNASEP RNA possesses the catalytic activity it occurs combined to proteins in both eukaryotes and prokaryotes. The bacterial version of the RNASE P protein has non equivalents in the eukaryotes and contains a S5 fold domain that most probably binds the ribozyme. The archaeal and Eukaryotic RNASE P is a more complex ribonucleoprotein with several protein subunits. At least 4 of the subunits namely those typified by Rrp1p, Rrp2p, Pop4p and Pop5p were present in the common ancestor of the archaea and the eukaryotes and possibly define the core subunits of the RNASEP ribonucleoprotein. Beyond this core there appears to be addition of a eukaryote specific layer of protein proteins including those like POP1 that is a large protein seen in all eukaryotes and P38 that is a RNASEP subunit with a RNA binding domain of the pelota superfamily that is found only in animals and plants. There are a few RNASEP subunits identified in yeast like POP3, POP6, POP7, and POP8 for which homologs are undetectable in other eukaryotes. These may either be very peripheral lineage specific components of the system or may represent very fast evolving proteins.

Functional systems and evolutionary history of RNAses.

The diverse RNASE families noted above participate in diverse polynucleotide degradation processes in various cellular compartments. Some of these are organized into larger functional units that may form a concerted RNA degradation while other functions completely independently. The most prominent of these complexes noted to date is the exosome complex. A rudimentary version of this existed even in the common ancestor of eukaryotes and archaea consisted of nucleases of the RNASE PH family and several other RNA binding proteins. Recent operon prediction analysis in the archaea suggests that the exosome probably functions in conjunction with the proteasome and may also be associated with another nucleolytic complex- RNASEP. In the eukaryotes many new subunits were added to the exosome complex through both duplication of ancestral subunits as well as through acquisition of bacterial type nucleases from their endosymbiont organelles. These subunits included RNASes of the RNASE II fold that are largely missing in the archaea. The PIN domain, a predicted RNA binding domain, is found in some of these proteins (DIS3 family). It has recently been proposed to be a nuclease however this is not very likely given its low sequence conservation, domain architecture patterns and wide differences in per genome copy number all of which are very atypical of RNASES. The fusion of the RNASE II family nuclease to a helicase of the NAM7 family suggests that such RNA helicases may be a part of the degradation complex.

Another complex in the eukaryotes is formed by the CPSF involved in mRNA cleavage for polyadenylation. This family is nearly universal suggesting that a cleavage of mRNAs was an ancestral feature in all life forms. The non –catalytic subunits of the CPSF complex are only seen in the eukaryotes suggesting that the complex emerged as consequence of the complex regulatory process associated with the eukaryotic poly A tails. The recent genetic analysis of the PTGS system suggests that it is likely to be mediated by proteins that form a complex containing characteristic RNAses. These complexes are likely to contain additionally a RNA Dependent RNA polymerase, a RecQ like helicase and an argonaute like protein with a Piwi and a Paz domain. The Mut-7 family of nucleases has been identified as one of the potential candidate nucleases of this complex. Based on domain fusions and phyletic patterns we predict that the CAF family of RNASEIII and some RNASE PH proteins of SKI6p family are also like to interact with this system. Similarly our phyletic profile analysis also suggests an interaction of the PTGS RNA degradation system with the poly A degradation system mediated by the DAN family of nucleases.

Some of the RNA processing nucleases such as RNASE PH, the CPSF MBL hydrolases and RNASE HII represent some of the most ancient enzymes that were already present in the last common ancestor of all life forms. However, the majority of other nucleases are present only in any two or a single domain of life. This suggests a secondary elaboration of more specific RNA degradation systems. The large number of nucleases shared by bacteria and eukarya suggest a widespread take over of the bacterial enzymes by the eukaryotes from their bacteria endosymbionts. Correspondingly the archaea show a relative paucity of enzymes of most superfamilies. This may mean that some of the archaeal ribonucleases remain as yet uncovered. There are many potential candidates from the HD, DHH and MBL superfamilies of hydrolases though none other than those describe above can be currently pinpointed as being RNASes. Biochemical genomics of these hydrolase families may yield promising results in these directions.

The eukaryotes, particularly the multicellular forms show a proliferation of nucleases from different families. Some of these additionally show the characteristic increase in architectural complexity as is typical of eukaryotes. The 3’-5’ exonuclease family in particular shows a great diversity of forms in the eukaryotes suggesting the emergence of new post-transcriptional regulatory systems. The secreted disulfide bonded RNAses follow other secreted proteins in showing limited phyletic patterns and have most probably been repeatedly invented in the terminal branches of life new superfamilies of these may also be as yet unidentified. 

