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Abstract

:

Around 2 × 103–2.5 × 103 million years ago, a unicellular organism with radically novel features, ancestor of all eukaryotes, dwelt the earth. This organism, commonly referred as the last eukaryotic common ancestor, contained in its proteome the same functionally capable ubiquitin molecule that all eukaryotic species contain today. The fact that ubiquitin protein has virtually not changed during all eukaryotic evolution contrasts with the high expansion of the ubiquitin system, constituted by hundreds of enzymes, ubiquitin-interacting proteins, protein complexes, and cofactors. Interestingly, the simplest genetic arrangement encoding a fully-equipped ubiquitin signaling system is constituted by five genes organized in an operon-like cluster, and is found in archaea. How did ubiquitin achieve the status of central element in eukaryotic physiology? We analyze here the features of the ubiquitin molecule and the network that it conforms, and propose notions to explain the complexity of the ubiquitin signaling system in eukaryotic cells.
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1. Extreme Conservation of Ubiquitin


Ubiquitin is a post-translational protein modifier described during the 1980s as a cofactor of a proteolytic system, today known as the Ubiquitin Proteasome System (UPS) [1]. Evidence of the involvement of ubiquitin in cell functions has increased in the last decades and now it is widely accepted that ubiquitin is one of the central elements of eukaryotic cell physiology. Ubiquitin regulates multiple pivotal cellular processes, such as proteasomal-dependent protein degradation, endocytosis, autophagy, cell cycle, DNA stability, traffic, metabolic pathways, transcription, and translation [2]. The causes of the high conservation between ubiquitin gene products among distant eukaryotic species, as compared to other conserved proteins, are still unclear. As discussed below, most likely, the properties of ubiquitin were positively selected and fixed in early stages of evolution of an eukaryotic ancestor [3]. Moreover, the structure of ubiquitin genes, organized in tandems and in multiple loci, facilitated a strong concerted evolution [4,5].



The ubiquitin signaling system is mediated by an enzymatic cascade that modifies substrate proteins with ubiquitin, process known as ubiquitination. This process is catalysed by the sequential activity of ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligating (E3) enzymes. Protein ubiquitination generates a complex signaling code in modified proteins, which includes the formation of distinct types of ubiquitin polymers, covalently conjugated to the substrate (polyubiquitination), or the formation of ubiquitin-protein conjugates with one single ubiquitin molecule (monoubiquitination). Ubiquitinated substrates will be subsequently targeted into distinct pathways depending on the type of ubiquitin tag they carry [2,6].



For many years the paradigm that prevailed was that ubiquitin signaling system was only found in eukaryotes. However, recent works showing that bacteria and archaea contain ubiquitin and ubiquitin-like systems with the capacity to generate protein conjugates draw a new map of ubiquitin signaling evolution. First, it was shown that the existence of prokaryotic sulphur-carrier proteins, MoaD and ThiS, were involved in molybdenum cofactor and thiamin biosynthesis, respectively. MoaD and ThiS are structurally related to ubiquitin, sharing a beta-grasp folding and a glycine-glycine C-terminal end, and activated by a mechanism similar to ubiquitin activation (Figure 1) [3,7,8,9]. Nonetheless, in MoaD and ThiS pathways, sulphur-containing factors are the final product, whereas, in eukaryotic ubiquitin and ubiquitin-like systems, sulphur-conjugation is an intermediary step in the formation of a final suplhur-free protein-protein conjugate.
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Figure 1. Schematic representation of ubiquitin evolution from an ancestral beta-grasp fold gene. (A) Beta-grasp fold is found in multiple protein families in prokaryotes and eukaryotes. Arrows show functional diversification at the levels of: beta-grasp fold ancestor, sulphur transfer precursor and ubiquitin-type families, and boxes contain groups of proteins, as reported in (3). (B) An evolutionary tree including branches of main groups is shown, and the origin of eukaryotes is hypothetically linked to the origin of ubiquitin. 
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Later, the description of SAMPs, ubiquitin-like protein modifiers, in the archaea Haloferax volcanii, showed unequivocally that protein conjugation by ubiquitin-like proteins is not exclusive to eukaryotes [10]. SAMP conjugation does not appear to require E2 and E3 conjugating factors, being the E1 enzyme competent for sampylation. Interestingly, mutants showing decreased proteasome activity in H. volcanii accumulate SAMP conjugates, indicating that SAMPs may play a role in proteasome-dependent degradation [10]. H. volcanii, and most archaea species, encode only one E1-like protein. This E1-like factor has to act, at least in H. volcanii, as a multifunctional activator for distinct ubiquitin-like proteins, playing roles in sampylation and in sulphur mobilization. Thus, a very interesting scenario from the evolutionary and mechanistic points of view is defined, in which ubiquitin-like signaling systems are at the crossroads between sulphur mobilization and protein conjugation. Although a multifunctional system was first found in H. volcanii, it could exist in other archaea species and it shows analogies with the Urm1 system of protein conjugation and sulphur transfer in eukaryotes [11,12]. The yeast protein Urm1, similar to ThiS and MoaD, acts both as a sulphur carrier in a tRNA modification pathway and as a protein modifier, and is considered a possible evolutionary link between prokaryotic sulphur carrier and eukaryotic ubiquitin-like protein [11,13].



An additional striking discovery concerns another archaeal species, Caldiarchaeum subterraneum. The genome of C. subterraneum was sequenced and the existence of a full set of ubiquitin signaling factors was found: one single-copy ubiquitin gene, one ubiquitin activating enzyme (E1), one ubiquitin conjugating enzyme (E2), one RING-type ubiquitin-protein ligase (E3), and one deubiquitinating enzyme related to the proteasome subunit Rpn11 (described below) [14]. Interestingly, these five genes are organized in an operon-like cluster, representing the most simplified genetic arrangement encoding a eukaryote-like ubiquitin signaling system (Figure 2) [14]. Several phylo-genetically diverse bacteria (of the phyla Actinobacteria, Planctomycetes, and Acidobacteria) also carry related operons [15]. Overall, these uncharacterized ubiquitylation operons are sporadically dispersed in bacteria and archaea, and are often missing in close relatives. Further research will be required to determine whether the operon-like topology is a good model for an ancestral pre-eukaryotic UPS [16]. To date, it is the strongest evidence of a functionally organized UPS in a non-eukaryotic species.
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Figure 2. Hypothetical evolution of the Ubiquitin-Proteasome System from an operon-like cluster. (A) Schematic representation of an operon-like cluster, based on C. subterraneum (11), in which the minimal representation of the factors required for ubiquitin-signaling is found in this type of genetic arrangement. (B) Representation of an expanded UPS, as found in eukaryotes, which includes groups of factors involved in UPS and their interactions. Central arrows indicate distinct behaviors in UPS evolution: while ubiquitin was conserved, the rest of ubiquitin signaling genes underwent an expansive process. (C) Percentage of ubiquitin and UPS related genes (including ubiquitin-like related factors) with respect to all annotated open reading frames in the genomes of: C. subterraneum (as a hypothetical model of eukaryote ancestor), the protist N. gruberi, the yeast S. cerevisiae and H. sapiens. A dramatic increase in the abundance of UPS genes is observed in eukaryotes. 
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It is worth noting that the operon organization found in archaea is not found in eukaryotic species, which always show a higher number and a spread out distribution of ubiquitin signaling system genes. In eukaryotes, ubiquitin is redundantly expressed in genomes, encoded as a fused protein by at least three loci: a polymeric head-to-tail concatamer of multiple (approximately from 4 to 15) ubiquitin open reading frames and two fusions with L40 and S27 ribosomal proteins [4,17,18]. The enzymes involved in ubiquitin signaling also define consistent E1 < E2 < E3 pyramidal networks, and are widely distributed in eukaryotic genomes. For example, the amoebo-flagellate Naegleria gruberi, that belongs to the protist clade heterolobosea, emerged from other eukaryotic lineages over 103 million years ago, contains more than 100 ubiquitin signaling system genes [19], including multiple E2s and E3s, and most of ubiquitin related enzymatic families and factors found in higher eukaryotes. The same can be concluded when analyzing the composition of genomes from other protists, fungi, plants, and animals. Therefore, in an ancestral pre-eukaryotic cell, a single-copy ubiquitin gene and ubiquitin signaling genes, perhaps from an operon-like cluster, underwent several duplication and recombination events that generated redundancy in ubiquitin genes and the multiplicity of ubiquitin signaling genes (Figure 2).




2. Which are the Functional Features of Ubiquitin that Eukaryotes have Preserved so Strictly?


Despite ubiquitin gene redundancy, no drift is observed, and eukaryotic genomes keep identical copies of the ubiquitin gene. The coexistence of nearly identical redundant ubiquitin coding sequences within eukaryotic species fits in a model of strong concerted evolution [4,5]. Concerted evolution prevents, by homologous recombination, the incorporation of mutations in highly conserved genes, which show redundant copies in genomes. This mechanism blocks the divergence of paralog genes, which show higher conservation than with the ortholog genes from different species. Ubiquitin genes fit this model with the caveat of the ubiquitin-S27 fusion, which shows a pattern of divergence in several groups [18]. Comparison of genomes from different eukaryotic groups also shows extreme low divergence in ubiquitin protein sequence, even when highly distant species are compared, and shows virtually no variations when sequences within ‘crown’ groups are compared (Figure 3). Therefore, ubiquitin did not acquire major novel features during eukaryote radiation. Ergo, ubiquitin characteristics were likely selected in a previous period.



Structurally, ubiquitin belongs to the superfamily of beta-grasp folded proteins, consistent in four or five beta strands forming an anti-parallel sheet and one alpha helix region (Figure 1). A common feature of the beta-grasp fold is the adjacent and parallel orientation of the N- and C-terminally located strands, crossed by the helical group, defining the center of the molecule. This structural pattern of ubiquitin is stabilized by hydrophobic interactions (conserved in all the members of the beta-grasp folded proteins), providing a compact architecture, highly resistant to proteolytic processing, stable to temperature and pH changes [20,21].



From the functional point of view, eukaryiotic ubiquitin mainly preserves two basic features: non-covalent recognition of surfaces and covalent attachment to a protein substrate. Remarkably, multiple protein domains have converged in evolution to bind the same regions of ubiquitin, and different enzymatic families have evolved to accommodate ubiquitin surfaces in their active sites in order to catalyze ubiquitin conjugation or deconjugation reactions [9,22]. Ubiquitin conjugation is achieved by means of a protein-protein ligation reaction, in which the donor is the C-terminal end of ubiquitin, which shows a conserved glycine-glycine motif, and the acceptor is generally the amino group of a lysine residue of the protein substrate. The covalent bond established in the reaction of ubiquitination, described below, is an iso-peptide bond. The combination of recognition of surfaces by non-covalent interaction and protein modification define a network in which ubiquitin is the central node, and indeed, the full ubiquitin signaling system is based on that.
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Figure 3. Strict conservation of functional traits of ubiquitin through evolution. Multiple alignment of eukaryotic ubiquitin protein sequences is shown. Proteins are grouped by eukaryotic kingdoms. On the top of the alignment, amino acids composing ubiquitin interactive surfaces (isoleucine 44 and aspartate 58 patches) are shown in blue and violet, respectively. The first aligned sequence, from H. sapiens, contains in bold the N-terminal methionine, the seven lysine residues and the glycine-glycine C-terminal motif involved in ubiquitin conjugation. At the bottom, Clustal similarity symbols are included. Within the alignment, positions that show no variation are shown in black. Amino acid variations are highlighted in colors. 
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3. Ubiquitin-Interacting Universe


The nature of ubiquitin recognition is divers and very complex, including distinct well-characterized interactive regions in ubiquitin surface. Remarkably, one ubiquitin region, the isoleucine 44 (Ile44) patch (Figure 3), centralizes most of the interactions with ubiquitin binding domains [22]. This surface binds more than a dozen of structurally and evolutionarily distinct types of ubiquitin-binding domains, distributed in hundreds of coding sequences in eukaryotic genomes, and involved in multiple cellular processes, such as DNA stability, endocytosis, transcriptional control, proteasome regulation, cell cycle progression, to give a short list [22,23]. This evidence illustrates the strong commitment of a single ubiquitin surface to eukaryotic cell physiology. Interestingly, domains binding the Ile44 patch have reached this condition by convergent evolution and they are found in distinct structural contexts. For example, three ubiquitin-binding domains, the ubiquitin interacting motif (UIM), the inverted UIM (IUIM or MIU), and the ubiquitin-binding zinc finger (UBZ) use one single alpha-helix to accommodate ubiquitin [24,25,26]. The ubiquitin-associated domain (UBA) and the coupling of ubiquitin conjugation to the endoplasmic reticulum degradation domain (CUE) bind ubiquitin by means of two discontinuous alpha-helices [27,28]. Ubiquitin conjugating enzymes (UBCs) and UBC variants, such as the ubiquitin E2 variants (UEV), use beta-sheets, and the GRAM-like ubiquitin-binding in EAP45 domain (GLUE) interacts with ubiquitin using residues from multiple structural motifs: one PH domain, two beta-strands, one alpha-helix and a loop [29]. The plekstrin homology receptor for ubiquitin (PRU) found in Rpn13 proteasomal subunit also utilizes a PH domain and three loops to interact with ubiquitin [30]. The ubiquitin binding region of NEDD4 HECT ubiquitin ligase interacts with ubiquitin by means of a tripod involving three distinct loops [23,31]. Two additional surfaces of ubiquitin, the Asp58-centered region [25,32], and the C-terminal surface [33], recognize additional ubiquitin binding domains, such as the ZnF domain of RAB5 guanine nucleotide exchange factor (RABEX5) and the ZnF domain of Isopeptidase T, respectively.



Which is the basis for the high interactive capacity of ubiquitin surfaces? Combined structural and dynamics studies suggest that ubiquitin surface exhibits a fine balance between rigidity and plasticity [34,35]. Structural ensemble of multiple ubiquitin structures, refined against residual dipolar couplings (RDCs), support a model in which molecular recognition dynamics of ubiquitin is based on conformational selection instead of induced fit [34]. Thus, the capacity of ubiquitin to bind partners with high affinity and specificity could be explained by flexible surfaces centered around rigid hotspots [34]. Mobility of flexible side-chains with a liquid-like behavior of both exposed and unexposed amino acid residues, suggest also a high capacity to contact partners [35]. Lange and collaborators found that Ile44 and the neighbor His68 are rigid, whereas the rest of side-chains within the interacting region, such as Leu8 and Val70, show high flexibility. Moreover, the Asp58 binding region also appears to be as rigid as Ile44. Therefore, ubiquitin structure has integrated folding and surface properties to optimize interface definition. This interactive capacity of ubiquitin could be one of the pillars of the asymmetric complexity of the UPS, which built a highly extended interactome relying on a single molecule.




4. Diversity of Ubiquitin-Based Enzymology


Ubiquitin also conserves all features required for covalent auto-modification or modification of other proteins: the C-terminal tail motif, formed by the glycine-glycine doublet, and the chain forming residues, namely, the N-terminal methionine and lysines at positions 6, 11, 27, 29, 33, 48, and 63 [36], which are present in all eukaryotes (Figure 3). When conjugated, ubiquitin generates a complex input of functional information to modified proteins, which has been defined by some authors as the ubiquitin ‘code’ [22,37]. Conjugation of one single ubiquitin moiety, known as monoubiquitination, triggers protein interactions, localization and modulates protein activity, becoming a mechanism of signal transduction. Polyubiquitination in Lys48 and Lys11 targets proteins to the proteasome. N-terminal and Lys63 polyubiquitination is involved in lysosome targeting, DNA repair and activation of the Nf-kB signaling pathway. Finally, polyubiquitination in lysines 6, 27, 29, and 33 is not so well understood, with putative roles in protein degradation and DNA repair.



The process of modification involves an enzymatic cascade that includes E1, E2, and E3 enzymes. Again, these enzymes belong to structurally and evolutionarily distinct protein families that share the ability to promote ubiquitin-based enzymology. E1 enzymes belong to the superfamily of ubiquitin-like activating enzymes, which adopt a Rossmann fold [38]. Initially, C-terminal glycine ubiquitin is activated by E1, forming a ubiquitin-AMP adduct that remains bound to the enzyme. The active site cysteine residue of the E1 attacks the C-terminus of ubiquitin, producing a thioester intermediate, which attaches ubiquitin to E1. Activated ubiquitin is transferred to the cysteine active site of an E2, preserving the thioester bond and mediating the interaction with the E3, which promotes the formation of an isopeptide bond between ubiquitin C-terminus and the epsilon-amino group of a lysine residue of the modified protein. Canonically, E3 factors recognize protein substrates by binding to specific motifs or surfaces of the protein substrate. Two types of E3 enzyme approach ubiquitin ligation differently. HECT ligases contain a cysteine active site similar to the one of E2 and, during catalysis, activated ubiquitin moieties are transferred to their E3 active sites. Alternatively, RING ligases adapt E2-ubiquitin intermediates, which will ultimately promote ligation.



Ubiquitination constitutes a chemically stable protein modification, which may be only removed by the action of proteases specialized in isopeptide processing. These isopeptidases or deubiquitinating enzymes (DUBs) perform a nucleophylic attack to the carbonyl group of the isopeptide bond. Two types of DUBs have been described: cysteine and zinc active site enzymes. DUBs with cystein active contain a catalytic triad, in which an aspartic acid polarizes a histidine residue, which deprotonates the cystein. This mechanism is found in four families of DUBs: ubiquitin C-terminal hydrolases (UCHs), ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs) and Josephins (MJDs). In zinc active sites of DUBs, the zinc atom is attached to two histidine residues and one aspartate residue, and one polarized water molecule coordinates the forth link to the metallic atom, similarly to other metalloenzymes. These types of active sites are found in JAB1/MPN/MOV34 (JAMMs) DUB enzymes. Interestingly, the simplest ubiquitin system found in archaea contains a representative of the JAMM family, a form with high homology with the proteasomal DUB Rpn11 [14], involved in protein degradation and ubiquitin recycling [39,40].



Diversification of ubiquitin-based enzymatic families in eukaryote evolution certifies the complexity of the system. The most striking expansion is found in ubiquitin-protein ligases, the largest enzymatic group within the UPS. For example, the human genome contains more than 600 RING-ligase family related genes and 28 HECT-ligase family genes, while less than 100 DUBs [41,42,43]. If the archaeal operon organization is used as a reference, the RING would be the oldest gene family. Interestingly, RING ubiquitin-ligases do not contain an enzymatic active site. RING E3 factors coordinate the interaction of an E2~ubiquitin enzyme and the protein substrate, by placing them in proximity and in a productive manner. Based on the number of representatives, RING ligases have been very successful, and, indeed, RING domains are part of monomeric, dimeric and multimeric factors that promote ubiquitin-protein ligation in hundreds of substrates. On the other hand, HECT ligases, which contain a cysteine active site, would be acquired later by early eukaryotes. The protist N. gruberi has 12 HECT annotated genes, and animals and plants contain multiple non-monophyletic HECT gene groups [44,45], showing the wide distribution of these types of enzyme, as well.




5. Concluding Remarks


The adaptations that involved the origin of the eukaryotic life are main aspects of biology still under debate. The ubiquitin and ubiquitin-like signaling systems are a complex interactive and enzymatic network, representing approximately from 1% (N. gruberi, and other protists) to 4% (H. Sapiens) of all ORFs annotated in genomes, that relies on ubiquitin sequence stability (Figure 2). This represents a tremendous level of negative selection on ubiquitin genes, and this selection is acting on ubiquitin since the origin of eukaryotes. Remarkably, ubiquitin, which has virtually not changed in more than 2 × 103 million years, has performed during this period distinct biological functions in heterogeneous and changing cellular environments. A likely scenario is that a massive gain-of-function of ubiquitin-dependent processes in early steps of eukaryote ancestor evolution caused the commitment of ubiquitin in multiple essential cellular roles and the extreme conservation of ubiquitin sequence along eukaryotic evolution (Figure 4). In parallel, ubiquitin-based enzymology, ubiquitin-interacting surfaces, and in general, ubiquitin-related proteins underwent a marked expansion. Therefore, even though ubiquitin has been an immobile factor of eukaryotic system, it has become a source of molecular diversity and elaborated signaling. This anisotropic evolution has had huge impact in eukaryotic physiology, since ubiquitin, far from being confined to a reduced number of functions, is imbedded in almost all cellular processes in eukaryotes.
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Figure 4. Hypothesis of a massive gain of function of ubiquitin in early eukaryotes. A schematic representation of the hypothetical behavior of ubiquitin evolutionary rate and ubiquitin physiological roles during time is shown. Ubiquitin evolved from ancestral forms of beta-grasp folded proteins (see also Figure 1), and its evolutionary rate decreased to a minimum, coincident with the origin of eukaryotes. Concomitantly, ubiquitin physiological roles increased massively, which resulted in a dramatic increase of ubiquitin signaling related genes in eukaryotic genomes. 






Figure 4. Hypothesis of a massive gain of function of ubiquitin in early eukaryotes. A schematic representation of the hypothetical behavior of ubiquitin evolutionary rate and ubiquitin physiological roles during time is shown. Ubiquitin evolved from ancestral forms of beta-grasp folded proteins (see also Figure 1), and its evolutionary rate decreased to a minimum, coincident with the origin of eukaryotes. Concomitantly, ubiquitin physiological roles increased massively, which resulted in a dramatic increase of ubiquitin signaling related genes in eukaryotic genomes.



[image: Cells 03 00690 g004]









Acknowledgments


We thank Andreas Wagner and Ben Lehner for reading the manuscript and ideas. We acknowledge BFU2009-06985 and BFU2012-35716 national grants from the MINECO, and the Juan de la Cierva MINECO program for funding the work.




Author contributions


BC planned and wrote the manuscript. AZ contributed to writing and generating figures. MI contributed in one figure and text.




Conflict of Interest


The authors declare no conflict of interest.




References


	



Ciechanover, A.; Elias, S.; Heller, H.; Ferber, S.; Hershko, A. Characterization of the heat-stable polypeptide of the ATP-dependent proteolytic system from reticulocytes. J. Biol. Chem. 1980, 255, 7525–7528. [Google Scholar]

	



Finley, D. Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu. Rev. Biochem. 2009, 78, 477–513. [Google Scholar] [CrossRef]

	



Burroughs, A.M.; Balaji, S.; Iyer, L.M.; Aravind, L. Small but versatile: The extraordinary functional and structural diversity of the beta-grasp fold. Biol. Direct. 2007, 2, 18. [Google Scholar] [CrossRef]

	



Sharp, P.M.; Li, W.H. Ubiquitin genes as a paradigm of concerted evolution of tandem repeats. J. Mol. Evol. 1987, 25, 58–64. [Google Scholar] [CrossRef]

	



Nei, M.; Rogozin, I.B.; Piontkivska, H. Purifying selection and birth-and-death evolution in the ubiquitin gene family. Proc. Natl. Acad. Sci. USA 2000, 97, 10866–10871. [Google Scholar] [CrossRef]

	



Varshavsky, A. The ubiquitin system, an immense realm. Annu. Rev. Biochem. 2012, 81, 167–176. [Google Scholar] [CrossRef]

	



Lake, M.W.; Wuebbens, M.M.; Rajagopalan, K.V.; Schindelin, H. Mechanism of ubiquitin activation revealed by the structure of a bacterial MoeB-MoaD complex. Nature 2001, 414, 325–329. [Google Scholar] [CrossRef]

	



Kessler, D. Enzymatic activation of sulfur for incorporation into biomolecules in prokaryotes. FEMS Microbiol. Rev. 2006, 30, 825–840. [Google Scholar] [CrossRef]

	



Hochstrasser, M. Origin and function of ubiquitin-like proteins. Nature 2009, 458, 422–429. [Google Scholar] [CrossRef]

	



Humbard, M.A.; Miranda, H.V.; Lim, J.M.; Krause, D.J.; Pritz, J.R.; Zhou, G.; Chen, S.; Wells, L.; Maupin-Furlow, J.A. Ubiquitin-like small archaeal modifier proteins (SAMPs) in Haloferax volcanii. Nature 2010, 463, 54–60. [Google Scholar] [CrossRef]

	



Wang, F.; Liu, M.; Qiu, R.; Ji, C. The dual role of ubiquitin-like protein Urm1 as a protein modifier and sulfur carrier. Protein Cell 2011, 2, 612–619. [Google Scholar] [CrossRef]

	



Eichler, J.; Maupin-Furlow, J. Post-translation modification in Archaea: Lessons from Haloferax volcanii and other haloarchaea. FEMS Microbiol. Rev. 2013, 37, 583–606. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, J.; Wang, L.; Zhou, J.; Huang, H.; Wu, J.; Zhong, Y.; Shi, Y. Solution structure of Urm1 and its implications for the origin of protein modifiers. Proc. Natl. Acad. Sci. USA 2006, 103, 11625–11630. [Google Scholar]

	



Nunoura, T.; Takaki, Y.; Kakuta, J.; Nishi, S.; Sugahara, J.; Kazama, H.; Chee, G.J.; Hattori, M.; Kanai, A.; Atomi, H.; et al. Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group. Nucl. Acid. Res. 2011, 39, 3204–3223. [Google Scholar] [CrossRef]

	



Burroughs, A.M.; Iyer, L.M.; Aravind, L. Functional diversification of the RING finger and other binuclear treble clef domains in prokaryotes and the early evolution of the ubiquitin system. Mol. Biosyst. 2011, 7, 2261–2277. [Google Scholar] [CrossRef]

	



Maupin-Furlow, J. Proteasomes and protein conjugation across domains of life. Nat. Rev. Microbiol. 2012, 10, 100–111. [Google Scholar]

	



Finley, D.; Bartel, B.; Varshavsky, A. The tails of ubiquitin precursors are ribosomal proteins whose fusion to ubiquitin facilitates ribosome biogenesis. Nature 1989, 338, 394–401. [Google Scholar] [CrossRef]

	



Catic, A.; Ploegh, H.L. Ubiquitin-conserved protein or selfish gene? Trends Biochem. Sci. 2005, 30, 600–604. [Google Scholar] [CrossRef]

	



Fritz-Laylin, L.K.; Prochnik, S.E.; Ginger, M.L.; Dacks, J.B.; Carpenter, M.L.; Field, M.C.; Kuo, A.; Paredez, A.; Chapman, J.; Pham, J.; et al. The genome of Naegleria gruberi illuminates early eukaryotic versatility. Cell 2010, 140, 631–642. [Google Scholar] [CrossRef]

	



Lenkinski, R.E.; Chen, D.M.; Glickson, J.D.; Goldstein, G. Nuclear magnetic resonance studies of the denaturation of ubiquitin. Biochim. Biophys. Acta 1977, 494, 126–130. [Google Scholar] [CrossRef]

	



Ibarra-Molero, B.; Loladze, V.V.; Makhatadze, G.I.; Sanchez-Ruiz, J.M. Thermal versus guanidine-induced unfolding of ubiquitin. An analysis in terms of the contributions from charge-charge interactions to protein stability. Biochemistry 1999, 38, 8138–8149. [Google Scholar] [CrossRef]

	



Husnjak, K.; Dikic, I. Ubiquitin-binding proteins: Decoders of ubiquitin-mediated cellular functions. Annu. Rev. Biochem. 2012, 81, 291–322. [Google Scholar] [CrossRef]

	



Maspero, E.; Mari, S.; Valentini, E.; Musacchio, A.; Fish, A.; Pasqualato, S.; Polo, S. Structure of the HECT: Ubiquitin complex and its role in ubiquitin chain elongation. EMBO Rep. 2011, 12, 342–349. [Google Scholar] [CrossRef]

	



Wang, Q.; Young, P.; Walters, K.J. Structure of S5a bound to monoubiquitin provides a model for polyubiquitin recognition. J. Mol. Biol. 2005, 348, 727–739. [Google Scholar] [CrossRef]

	



Penengo, L.; Mapelli, M.; Murachelli, A.G.; Confalonieri, S.; Magri, L.; Musacchio, A.; di Fiore, P.P.; Polo, S.; Schneider, T.R. Crystal structure of the ubiquitin binding domains of rabex-5 reveals two modes of interaction with ubiquitin. Cell 2006, 124, 1183–1195. [Google Scholar] [CrossRef]

	



Bomar, M.G.; Pai, M.T.; Tzeng, S.R.; Li, S.S.; Zhou, P. Structure of the ubiquitin-binding zinc finger domain of human DNA Y-polymerase eta. EMBO Rep. 2007, 8, 247–251. [Google Scholar] [CrossRef]

	



Kang, R.S.; Daniels, C.M.; Francis, S.A.; Shih, S.C.; Salerno, W.J.; Hicke, L.; Radhakrishnan, I. Solution structure of a CUE-ubiquitin complex reveals a conserved mode of ubiquitin binding. Cell 2003, 113, 621–630. [Google Scholar] [CrossRef]

	



Kang, Y.; Vossler, R.A.; Diaz-Martinez, L.A.; Winter, N.S.; Clarke, D.J.; Walters, K.J. UBL/UBA ubiquitin receptor proteins bind a common tetraubiquitin chain. J. Mol. Biol. 2006, 356, 1027–1035. [Google Scholar] [CrossRef]

	



Teo, H.; Gill, D.J.; Sun, J.; Perisic, O.; Veprintsev, D.B.; Vallis, Y.; Emr, S.D.; Williams, R.L. ESCRT-I core and ESCRT-II GLUE domain structures reveal role for GLUE in linking to ESCRT-I and membranes. Cell 2006, 125, 99–111. [Google Scholar] [CrossRef]

	



Husnjak, K.; Elsasser, S.; Zhang, N.; Chen, X.; Randles, L.; Shi, Y.; Hofmann, K.; Walters, K.J.; Finley, D.; Dikic, I. Proteasome subunit Rpn13 is a novel ubiquitin receptor. Nature 2008, 453, 481–488. [Google Scholar]

	



Kim, H.C.; Steffen, A.M.; Oldham, M.L.; Chen, J.; Huibregtse, J.M. Structure and function of a HECT domain ubiquitin-binding site. EMBO Rep. 2011, 12, 334–341. [Google Scholar] [CrossRef]

	



Lee, S.; Tsai, Y.C.; Mattera, R.; Smith, W.J.; Kostelansky, M.S.; Weissman, A.M.; Bonifacino, J.S.; Hurley, J.H. Structural basis for ubiquitin recognition and autoubiquitination by Rabex-5. Nat. Struct. Mol. Biol. 2006, 13, 264–271. [Google Scholar] [CrossRef]

	



Reyes-Turcu, F.E.; Horton, J.R.; Mullally, J.E.; Heroux, A.; Cheng, X.; Wilkinson, K.D. The ubiquitin binding domain ZnF UBP recognizes the C-terminal diglycine motif of unanchored ubiquitin. Cell 2006, 124, 1197–1208. [Google Scholar] [CrossRef]

	



Lange, O.F.; Lakomek, N.A.; Fares, C.; Schroder, G.F.; Walter, K.F.; Becker, S.; Meiler, J.; Grubmuller, H.; Griesinger, C.; de Groot, B.L. Recognition dynamics up to microseconds revealed from an RDC-derived ubiquitin ensemble in solution. Science 2008, 320, 1471–1475. [Google Scholar] [CrossRef]

	



Lindorff-Larsen, K.; Best, R.B.; Depristo, M.A.; Dobson, C.M.; Vendruscolo, M. Simultaneous determination of protein structure and dynamics. Nature 2005, 433, 128–132. [Google Scholar] [CrossRef]

	



Xu, P.; Duong, D.M.; Seyfried, N.T.; Cheng, D.; Xie, Y.; Robert, J.; Rush, J.; Hochstrasser, M.; Finley, D.; Peng, J. Quantitative proteomics reveals the function of unconventional ubiquitin chains in proteasomal degradation. Cell 2009, 137, 133–145. [Google Scholar] [CrossRef]

	



Ye, Y.; Rape, M. Building ubiquitin chains: E2 enzymes at work. Nat. Rev. Mol. Cell. Biol. 2009, 10, 755–764. [Google Scholar]

	



Burroughs, A.M.; Iyer, L.M.; Aravind, L. Natural history of the E1-like superfamily: Implication for adenylation, sulfur transfer, and ubiquitin conjugation. Proteins 2009, 75, 895–910. [Google Scholar] [CrossRef]

	



Verma, R.; Aravind, L.; Oania, R.; McDonald, W.H.; Yates, J.R.; Koonin, E.V.; Deshaies, R.J. Role of Rpn11 metalloprotease in deubiquitination and degradation by the 26S proteasome. Science 2002, 298, 611–615. [Google Scholar]

	



Yao, T.; Cohen, R.E. A cryptic protease couples deubiquitination and degradation by the proteasome. Nature 2002, 419, 403–407. [Google Scholar]

	



Rotin, D.; Kumar, S. Physiological functions of the HECT family of ubiquitin ligases. Nat. Rev. Mol. Cell. Biol. 2009, 10, 398–409. [Google Scholar] [CrossRef]

	



Sowa, M.E.; Bennett, E.J.; Gygi, S.P.; Harper, J.W. Defining the human deubiquitinating enzyme interaction landscape. Cell 2009, 138, 389–403. [Google Scholar] [CrossRef]

	



Li, W.; Bengtson, M.H.; Ulbrich, A.; Matsuda, A.; Reddy, V.A.; Orth, A.; Chanda, S.K.; Batalov, S.; Joazeiro, C.A. Genome-wide and functional annotation of human E3 ubiquitin ligases identifies MULAN, a mitochondrial E3 that regulates the organelle’s dynamics and signaling. PLoS One 2008, 3, e1487. [Google Scholar] [CrossRef]

	



Marin, I. Animal HECT ubiquitin ligases: Evolution and functional implications. BMC Evol. Biol. 2010, 10, 56. [Google Scholar] [CrossRef]

	



Marin, I. Evolution of plant HECT ubiquitin ligases. PLoS One 2013, 8, e68536. [Google Scholar] [CrossRef][Green Version]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Animalia

Fungi

Plantae

Protista

H. sapiens
Caenorhabditis
Geodia
Nematostella

Saccharomyces
Neurospora
Encephalitozoon

Arabidopsis
Chlamydomonas
Pyropia

Entamoeba
Polysphondylium
Dictyostelium
Physarum

Monosiga
Trichomonas
Giardia
Monocercamonoides
Naegleria
Trypanoscma
Leishmania
Bigelowiella
Phytophthora
Thalassiosira
Phaeodactylum
Paramecium
Plasmodium
Theileria
Cryptosporidium

== |44 patch
== D58 patch

7-12 20 4249 5154555760 69-73

MOIFVKTLTGKTI TLEVERSDTIENVKAKI QDKEG] PPDQORLI FAGKDLEDGRTLSDYN 1QKESTLHIVLRLRGG
MQIFVKTLTGKTI TLEVEASDTIENVKAKIQDKEGI PPDQQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVEASDTIENVKAKIQDKEGI PPDQQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVEPSDTIENVKAKIQDKEGI PPDQQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MQIFVKTLTGKTI TLEVESSDTIDNVKSKIQDKEGT PPDQQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVESSDTIDNVKQKIQDKEGT PPDQQRLI FAGKQLEDGRTLS DYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVEPSDSIENVKAKIQDKEGT PPDQORLI FAGKQLEDGRTLSDYNTQKESTLHLVLRLRGG

MQIFVKTLTGKTI TLEVESSDTIDNVKAKIQDKEGI PPDQQRLI FAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVESSDTIENVKAKIQDKEGI PPDQQRLI FAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLEVESSDTIDNVKSKIQDKEGI PPDOQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MQIFVKTLTGKTITLEVEPNDSIDATKAKIQEKEGT PPDQQRLIFAGKQLEEGKTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVEGSDTIENVKAKIQDKEGI PPDQORLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVEGS DNIENVKAKIQDKEGT PPDQORLI FAGKQLEDGRTLSDYNIQKES TLHLVLRLRGG
MQIFVKTLTGKTI TLEVESSDTIESVKTKIQDKEGI PPDQORLI FAGKOLEDGRTLSDYNIQKES TLHLVLRLRGG
MQIFVKTLTGKTI TLEVEPSDSIENVKAKIQDKEGI PPDQORLI FAGKQLEDGRTLSDYNIQKES TLHLVLRLRGG
MQIFVKTLTGKHI TLEVEPTDRI EDVKAKIQDKEGI PPDQORLI FAGKQLEDGNTLQDYS IQKDSTLHLVLRLRGG
MQIFVKTLTGKVTLEVEPTDTINNIKAKIQDKEGI PPDQORLI FSGKQLEDNRTLQDYS IQKDATLHLVLRLRGG
MQIFVKTLTGKTITLEVENADTIESVKQKIQDKEGT PPDOQRLIFAGKQLEDGRTLQDYNIQKFATLHLVLRLRGG
MOIFVKTLTGKTI TLEVESNDTIENVKSKIQDKEGI PPDQORLI FAGKOLEDGRTLS DYNIQKES TLHLVLRLRGG
MOIFVKTLTGKTIALEVEASDTIENVKAKIQDKEGI PPDQORLI FAGKQLEEGRTLADYNIQKES TLHLVLRLRGG
MQIFVKTLTGKTIALEVEPS DTIENVKAKIQDKEGI PPDQORLI FAGKQLEEGRTLSDYNIQKES TLHLVLRLRGG
MQIFVKTLTGKTITLDVDSSDTINTVEQKIQDKEGT PPDQQRLIFAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MQTFVKTLTGKTI TLDVEPSDSIDNVKQKQDKEGT PPDQQRLI FAGKQLEDGRTLS DYNTQKESTLHLVLRLRGG
MOIFVKTLTGKTI TLDVEPS DTIDNVKTK IQDKEGT PPDQORLI FAGKQLEDGRTLSDYNIQKES TLHLVLRLRGG
MQTFVKTLTGKTITLDVERSDTIDNVKTKIQDKEGT PPDOQRLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTI TLDVEPS DTIDAVKAKIQDKEG I PPDQORLI FAGKQLEDGRTLSDYNIQKES TLHLVLRLRGG
MQIFVKTLTGKTI TLDVESSDTIENVKAKIQDKEGI PPDQORLI FAGKQLEDGRTLSDYNIQKES TLHLVLRLRGG
MQTFVKTLTGKTI TLEVEPSDTIENVKAKI QDKEGI PPDQORLI FAGKQLEDGRTLS DYNTQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGI PPDQORLI FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG





nav.xhtml


  cells-03-00690


  
    		
      cells-03-00690
    


  




  





media/file1.png
S0X, Ngo1,
Transcobalamin,
2Fe-25 Fermmedoxin,

TGS, 54
A IF3-N, A-E RNA pol,
MoaD, ThiS, Urm1,
prokaryotic Ub-like
Eukaryotic Ub-like (~60 families):
SUMO, Nedd8, ISG-15, ATGS,
ATG12, Ubl-like domains. ..
' A
B-grasp fold
Evoiution of a ,
ubiquitin precursor ~ Protein sequence
and properties
Eukaryota - rung! EUKARYOTA
B common Plants
ancestor
Protists
Universal | BACTERIA
nwﬁ? 2 |
ancesior ARCHEA

~2%x100-25x103
M Years





media/file2.png
A B
Eukaryote ancestor Eukaryotes

CONSERVATION
Operon-like organization

DUB Ub E2  E1 E3

{Er——>

RELATED
PROTEINS

EXPANSION
(o
Abundance over all genome Abundance over all genome
C. subterraneum (=0.03% of all ORFs) N. gruberi (=1% of all ORFs)

S. cerevisiae (<3% of all ORFs)
H. sapiens (=4% of all ORFs)






media/file7.png
MASSIVE

GAIN OF
FUNCTION
UBIQUITIN
EVOLUTIONA
RATE

\

UBIQUITIN
PHYSIOLOGICAL
ROLES

TIME

ORIGIN
EUKARYOTES

-5URFACES RECOGNIZED BY UBIQUITIN
—-UBIQUITIN-BASED ENZYMOLOGY
-UBIQUITIN S5UBSTRATES






media/file5.png
Animalia
Fungi‘

Plantae‘

Protista

H. sapiens
Caenorhabditis
Geodia
Nematostella

Saccharomyces
Neurospora
Encephalitozoon

Arabidopsis
Chlamydomonas
Pyropia

Entamoeba
Polysphondylium
Dictyostelium
Physarum
Monosiga
Trichomonas
Giardia
Monocercomonoides
Naegleria
Trypanosoma
Leishmania
Bigelowiella
Phytophthora
Thalassiosira
Phaeodactylum
Paramecium
Plasmodium
Theileria
Cryptosporidium

= |44 patch
== D58 patch

7-12 20 42-49 51 54-55 57-60
- —

69-73
- — —

M) IFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKOLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEASDTIENVEKAKIQDKEGIPPDOQORLIFAGKQLEDGRTLSDYNIQKESTLHIVLRLRGG
MOIFVKTLTGKTITLEVEASDTIENVKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MOIFVKTLTGKTITLEVESSDTIDNVESKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHIVLRLRGG
MOIFVKTLTGKTITLEVESSDTIDNVKQKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEPSDSIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MOIFVKTLTGKTITLEVESSDTIDNVEAKIQDKEGIPPDOQRILIFAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVESSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MOIFVKTLTGKTITLEVEPNDSIDAIKAKIQEKEGIPPDQQRLIFAGKQLEEGKTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEGSDTIENVEKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEGSDNIENVEAKIQDKEGIPPDOQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVESSDTIESVKTKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEPSDSIENVKAKIQDKEGIPPDOORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKHI TLEVEPTDRIEDVEAKIQDKEGIPPDOQORLIFAGKQLED@TLQDY SIQKDSTLHLVLRLRGG
MOIFVKTLTGKTVTLEVEPTDTINNIKAKIQDKEGIPPDQORLIFSGKQLEDNRTLQDY STQKDATLHILVLRLRGG
MOIFVKTLTGKTITLEVENADTIESVKQKIQDKEGIPPDQQRLIFAGKQLEDGRTLQDYNIQKEATLHLVLRLRGG
MOIFVKTLTGKTITLEVESNDTIENVKSKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTIALEVEASDTIENVEAKIQDKEGIPPDOQRLIFAGKQLEEGRTLADYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTIALEVEPSDTIENVKAKIQDKEGIPPDQOQRLIFAGKQLEEGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLDVDSSDTINTVKQKIQDKEGIPPDQOQRLIFAGKQLEDGRTLADYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLDVEPSDSIDNVEQKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLDVEPSDTIDNVKTKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLDVEPSDTIDNVKTKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITIDVEPSDTIDAVKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLDVESSDTIENVKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDOORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

hk ok ok ok ok okdk ok ok k ::‘k :‘k: * *: :‘k ***:*************:*****:'_** * % .***::***********





media/file3.png
A B
Eukaryote ancestor Eukaryotes

CONSERVATION

/

Operon-like organization
DUB Ub EZ E1 E3

(E———>

DIVERGENCE,

PROTEINS

EXPANSION
C
Abundance over all genome Abundance over all genome
C. subterraneum (=0.03% of all ORFs) N. gruberi (=1% of all ORFs)

S. cerevisiae (=3% of all ORFs)
H. sapiens (=4% of all ORFs)





media/file0.png
Universal
SRTLSRY

Sulphur-
transfer

precursor
Evolution of a

ubiquitin precursor

protein sequence
and properties

Eukaryota ~
common
ancestor

SOX, Ngo1,
Transcobalamin,
2Fe-2S Fermedoxin,
TGS, 54

IF3-N, A-E RNA pol,

MoaD, This, Urm1,
prokaryotic Ub-like

Eukaryotic Ub-like (~60 families)
SUMO, Nedds, ISG-15, ATG8,
ATG12, UbHlike domains...

f@ UBIQUITIN

Animal
Fungi
Plants
Protists

EUKARYOTA

BACTERIA

ARCHEA

~2x10°-25x10°
M Years






media/file6.png
MASSIVE

UBIQUITIN
EVOLUTIONAI

RATE N

UBIQUITIN -SURFACES RECOGNIZED BY UBIQUITIN

PHYSIOLOGICAL€— —UBIQUITIN-BASED ENZYMOLOGY
ROLES —UBIQUITIN SUBSTRATES

TIME

ORICIN
EUKARYOTES





