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Abstract

:

To gain a new insight into the role of proteins in the origin of life on Earth, we present the Janus Challenge: identify an intrinsically disordered protein (IDP), naturally occurring or synthetic, that has catalytic activity. For example, such a catalytic IDP may perform condensation reactions to catalyze a peptide bond or a phosphodiester bond formation utilizing natural/un-natural amino acids or nucleotides, respectively. The IDP may also have autocatalytic, de novo synthesis, or self-replicative activity. Meeting this challenge may not only shed new light and provide an alternative to the RNA world hypothesis, but it may also serve as an impetus for technological advances with important biomedical applications.
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1. Presentation of the Janus Challenge


There are two fundamental questions in nature: What is life and how did it originate on the Earth? Although theories abound [1], including an extraterrestrial origin (panspermia) [2], questions regarding the origin and evolution of life remain rather elusive. Nonetheless, from an evolutionary perspective, it is generally accepted that RNA was the first biomolecule (the RNA-world hypothesis) [3]. The discovery that some RNAs have catalytic activity, coupled with the fact that RNA can store and replicate genetic information, bolstered this hypothesis. This idea also provided a conceptual framework for the existence of a prebiotic form that preceded the Last Universal Common Ancestor (LUCA), which had DNA as the genetic material, and from which all organisms now living on Earth that have a common descent. Finally, the discovery of reverse transcriptase and the enunciation of the central dogma of molecular biology where “DNA makes RNA and RNA makes protein” [4], further strengthened this concept. As a result, the role of proteins in the origin and evolution of life was relegated to the wayside. However, more recently, with renewed interest in the Foldamer hypothesis, proposed by Ken Dill, which accounts for how random chains could grow more informational and become autocatalytic (i.e., increasing their own concentrations), the role of proteins in evolution has once again come to the fore [5].



It is important to acknowledge that extensive fundamental molecular and biological evolution had to take place between the prebiotic origin of life and the LUCA. Tibor Gánti’s chemoton—an abstract model of the fundamental unit of life as a membrane-embedded autocatalytic subsystem comprising metabolism and replication process—represents one of the stages of prebiotic form [6]. Considering the evolutionary innovations and the origin of order between the pre-chemoton/chemoton and the LUCA from a self-organizing perspective, it is probable that short and unstructured peptides inclusive of unnatural amino acids, which are the prototypes of today’s intrinsically disordered proteins (IDPs), formed important constituents of the evolvable interacting networks. The circumspection of the prototypic IDPs and other biomolecules, including primitive ribonucleoproteins that formed interacting networks, into discrete units using membranous structures, could have led to the emergence of a chemoton-like unit, ultimately giving rise to the LUCA. However, empirical evidence demonstrating (a) the emergence of short IDPs using a template-independent synthesis mechanism to grow more informational and (b) the capability of IDPs to possess catalytic activity (including autocatalysis), is currently lacking.



We therefore present the Janus Challenge, which strives to identify an IDP, naturally occurring or synthetic, that has catalytic activity. For example, such a catalytic IDP can perform condensation reactions to catalyze a peptide or phosphodiester bond formation, utilizing natural/un-natural amino acids or nucleotides, respectively. The IDP may also have autocatalytic, de novo synthesis, or self-replicative activity. While there is no upper limit on the length of the IDP, it should be at least 30 amino acids long and >90% disordered, as determined experimentally.



Several observations inspired us to put out the Janus Challenge. First, given the vast phase space, even with limited rotational freedom of the dihedral angles, sporadic natural creation of a protein with a unique 3D structure is virtually improbable. Perhaps, it may have been easier for Nature to evolve a short helical peptide to perform catalytic activities with relatively high efficiency than randomly creating IDPs with poor catalytic capabilities. Given the natural propensity of helices for many of the amino acids, this may have been a possibility in the ancient world. However, as has been inferred, many of these amino acids, especially the non-polar aromatic ones, arrived much later during evolution than did the polar amino acids that characterize IDPs; in fact, the Miller–Urey experiment yielded only about half of the modern amino acids [7,8], suggesting that the genetic code evolved from a simpler form that encoded fewer amino acids [9], likely paralleled by the invention of biosynthetic pathways for new and chemically more complex amino acids [10]. Therefore, the temporal order of addition for the amino acids was proposed to be as follows: G/A, V/D, P, S, E/L, T, R, N, K, Q, I, C, H, F, M, Y, and W [11,12,13], rendering the latter possibility quite untenable. Nonetheless, with current advances in computational and experimental techniques, the possibility of identifying or designing a catalytic IDP seems realizable. Second, there are several examples of de novo and non-ribosomal synthesis of peptides that are biologically active, especially in the microbial world [14,15,16]. Third, there is precedence for polynucleotide chain elongation that is template-independent. For example, polyadenylation of messenger RNAs (mRNAs) at the 3′ end by poly(A) polymerase [17,18] and template-independent RNA synthesis by Qβ replicase [19,20]. Fourth, prion proteins can auto-replicate or propagate their functional or pathological state from one molecule to another. Fifth, the molten globule states of some enzymes have activity [21,22,23,24,25,26,27]. Finally, IDPs can interact with each other with picomolar affinities while fully retaining their structural disorder, long-range flexibility, and highly dynamic character [28].



The Romans considered Janus as the God of the beginning, transition, duality, and ending. He is usually depicted as having two faces, since he can look into the future and in the past. IDPs very likely, preceded the origin of life itself, transitioned to highly ordered proteins and, continued to exuberate as evolution progressed and more complex forms of life arose on the Earth. Furthermore, due to their chaotic conformational dynamics, they neither converge to a steady-state ensemble nor diverge to infinity. Thus, in many ways, the IDPs are an embodiment of the order/disorder duality in Nature, hence the Janus metaphor.



We trust that meeting this challenge will not only shed new light on the origin of life theory and even provide an alternative to the RNA world hypothesis, but may also serve as an impetus for technological advances. Lastly, such a breakthrough could have potential applications in biotechnology and medicine. As a reward, we offer to publish the paper in the journal, Biomolecules, free of charge.




2. Sciforum Discussion Group


In order to support the Janus Challenge and improve the communication within the IDP community, we have opened the discussion group, “Intrinsically Disordered Proteins and the Janus Challenge”, which is publicly available at the Sciforum site: https://sciforum.net/discussiongroup/display/IDPs_and_the_janus_challenge.



Therewith, we aim to set in motion a debate in which every scientist can share their interesting ideas and points of views regarding the science behind the Janus Challenge.




3. Selection Criteria of the Award


The award of the Janus Challenge consists in a fee waiver to publish the manuscript reporting results that meet this challenge in the journal, Biomolecules. The award will be given to the first article identifying an IDP (naturally occurring or synthetic) that has catalytic activity, only if this article is submitted to and published after successful peer review and processing in the journal, Biomolecules.



In order to be eligible for the award, the candidate’s work must comply with the following terms:

	
The work needs to meet the standards to be considered as an original research article. Other types of papers (e.g., short communications, commentaries, hypothesis, etc.) will be excluded from the selection process.



	
The article needs to be submitted to Biomolecules using the online submission system. The authors will have to include a cover letter indicating that their work aims to be considered for the Janus Challenge Award. A pre-submission may be sent to the Biomolecules Editorial Office or to the corresponding authors of this Editorial.



	
The paper will be submitted to peer-review, which will meet the requirements established by the journal Biomolecules.



	
The ‘first position’ will be defined on the basis of the submission date of the manuscript reporting the aforementioned results to the journal Biomolecules. If the manuscript is not accepted for publication or is withdrawn, the position ‘first’ will remain available for future submission.



	
The IDP or the protein containing intrinsically disordered regions with catalytic activity should have been obtained experimentally, either isolated or synthetized. Theoretical but not experimentally confirmed proteins are not eligible for the award.



	
The ‘active site’ (region where the substrate bind and undergo the chemical reaction) of such a primordial protein must be disordered or must have a transient ‘structure’ at the best.








The Academic Editors and the Editorial Office of the journal Biomolecules reserve the right to determine if a manuscript is suitable for the award.







Author Contributions


Conceptualization, P.K. and V.N.U.; Writing: Review and Editing, P.K. and V.N.U.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kulkarni, P.; Uversky, V.N. Intrinsically disordered proteins: The dark horse of the dark proteome. Proteomics 2018, 18, e1800061. [Google Scholar] [CrossRef] [PubMed]

	



Hoyle, F.; Wickramasinghe, C.; Watkins, J. Viruses from Space and Related Matters; University College Cardiff Press: Cardiff, UK; Dover, NH, USA, 1986; 118p. [Google Scholar]

	



Gesteland, R.F.; Cech, T.R.; Atkins, J.F.E. The RNA World, 2nd ed.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 1999; 709p. [Google Scholar]

	



Crick, F. Central dogma of molecular biology. Nature 1970, 227, 561–563. [Google Scholar] [CrossRef] [PubMed]

	



Guseva, E.; Zuckermann, R.N.; Dill, K.A. Foldamer hypothesis for the growth and sequence differentiation of prebiotic polymers. Proc. Natl. Acad. Sci. USA 2017, 114, E7460–E7468. [Google Scholar] [CrossRef] [PubMed]

	



Ganti, T. Chemoton Theory: Theory of Living System; Kluwer Academic/Plenum Publishers: New York, NY, USA, 2003. [Google Scholar]

	



Miller, S.L. A production of amino acids under possible primitive earth conditions. Science 1953, 117, 528–529. [Google Scholar] [CrossRef] [PubMed]

	



Miller, S.L.; Urey, H.C. Organic compound synthesis on the primitive earth. Science 1959, 130, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Crick, F.H. The origin of the genetic code. J. Mol. Biol. 1968, 38, 367–379. [Google Scholar] [CrossRef]

	



Wong, J.T. A co-evolution theory of the genetic code. Proc. Natl. Acad. Sci. USA 1975, 72, 1909–1912. [Google Scholar] [CrossRef] [PubMed]

	



Trifonov, E.N. Consensus temporal order of amino acids and evolution of the triplet code. Gene 2000, 261, 139–151. [Google Scholar] [CrossRef]

	



Uversky, V.N. A decade and a half of protein intrinsic disorder: Biology still waits for physics. Protein Sci. 2013, 22, 693–724. [Google Scholar] [CrossRef] [PubMed]

	



Di Mauro, E.; Dunker, A.K.; Trifonov, E.N. Disorder to order, nonlife to life: In the beginning there was a mistake. In Genesis—In the Beginning: Precursors of Life, Chemical Models and Early Biological Evolution; Seekbach, J., Ed.; Springer Science + Business Media: Dordrecht, The Netherlands; Heidelberg, Germany; New York, NY, USA; London, UK, 2012; pp. 415–435. [Google Scholar]

	



Payne, J.A.; Schoppet, M.; Hansen, M.H.; Cryle, M.J. Diversity of nature’s assembly lines—Recent discoveries in non-ribosomal peptide synthesis. Mol. Biosyst. 2016, 13, 9–22. [Google Scholar] [CrossRef] [PubMed]

	



Rui, Z.; Zhang, W. Engineering biosynthesis of non-ribosomal peptides and polyketides by directed evolution. Curr. Top. Med. Chem. 2016, 16, 1755–1762. [Google Scholar] [CrossRef] [PubMed]

	



Tajbakhsh, M.; Karimi, A.; Fallah, F.; Akhavan, M.M. Overview of ribosomal and non-ribosomal antimicrobial peptides produced by gram positive bacteria. Cell. Mol. Biol. (Noisy-le-Grand) 2017, 63, 20–32. [Google Scholar] [CrossRef] [PubMed]

	



Edmonds, M. A history of poly a sequences: From formation to factors to function. Prog. Nucleic Acid. Res. Mol. Biol. 2002, 71, 285–389. [Google Scholar] [PubMed]

	



Takeshita, D.; Yamashita, S.; Tomita, K. Mechanism for template-independent terminal adenylation activity of qbeta replicase. Structure 2012, 20, 1661–1669. [Google Scholar] [CrossRef] [PubMed]

	



Blumenthal, T.; Carmichael, G.G. RNA replication: Function and structure of qbeta-replicase. Annu. Rev. Biochem. 1979, 48, 525–548. [Google Scholar] [CrossRef] [PubMed]

	



Takeshita, D.; Tomita, K. Molecular basis for RNA polymerization by qbeta replicase. Nat. Struct. Mol. Biol. 2012, 19, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Schulenburg, C.; Hilvert, D. Protein conformational disorder and enzyme catalysis. Top. Curr. Chem. 2013, 337, 41–67. [Google Scholar] [PubMed]

	



Protasova, N.; Kireeva, M.L.; Murzina, N.V.; Murzin, A.G.; Uversky, V.N.; Gryaznova, O.I.; Gudkov, A.T. Circularly permuted dihydrofolate reductase of E. coli has functional activity and a destabilized tertiary structure. Protein Eng. 1994, 7, 1373–1377. [Google Scholar] [CrossRef] [PubMed]

	



Uversky, V.N.; Kutyshenko, V.P.; Protasova, N.; Rogov, V.V.; Vassilenko, K.S.; Gudkov, A.T. Circularly permuted dihydrofolate reductase possesses all the properties of the molten globule state, but can resume functional tertiary structure by interaction with its ligands. Protein Sci. 1996, 5, 1844–1851. [Google Scholar] [CrossRef] [PubMed]

	



Pervushin, K.; Vamvaca, K.; Vogeli, B.; Hilvert, D. Structure and dynamics of a molten globular enzyme. Nat. Struct. Mol. Biol. 2007, 14, 1202–1206. [Google Scholar] [CrossRef] [PubMed]

	



Woycechowsky, K.J.; Choutko, A.; Vamvaca, K.; Hilvert, D. Relative tolerance of an enzymatic molten globule and its thermostable counterpart to point mutation. Biochemistry 2008, 47, 13489–13496. [Google Scholar] [CrossRef] [PubMed]

	



Zambelli, B.; Cremades, N.; Neyroz, P.; Turano, P.; Uversky, V.N.; Ciurli, S. Insights in the (un)structural organization of bacillus pasteurii ureg, an intrinsically disordered GTPase enzyme. Mol. Biosyst. 2012, 8, 220–228. [Google Scholar] [PubMed]

	



Palombo, M.; Bonucci, A.; Etienne, E.; Ciurli, S.; Uversky, V.N.; Guigliarelli, B.; Belle, V.; Mileo, E.; Zambelli, B. The relationship between folding and activity in UreG, an intrinsically disordered enzyme. Sci. Rep. 2017, 7, 5977. [Google Scholar] [CrossRef] [PubMed]

	



Borgia, A.; Borgia, M.B.; Bugge, K.; Kissling, V.M.; Heidarsson, P.O.; Fernandes, C.B.; Sottini, A.; Soranno, A.; Buholzer, K.J.; Nettels, D.; et al. Extreme disorder in an ultrahigh-affinity protein complex. Nature 2018, 555, 61–66. [Google Scholar] [CrossRef] [PubMed]







© 2018 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 (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  biomolecules-08-00179


  
    		
      biomolecules-08-00179
    


  




  





media/file0.png





