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Abstract:



Origins-of-life research requires searching for a plausible transition from simple chemicals to larger macromolecules that can both hold information and catalyze their own production. We have previously shown that some group I intron ribozymes possess the ability to help synthesize other ribozyme genotypes by recombination reactions in small networks in an autocatalytic fashion. By simplifying these recombination reactions, using fluorescent anisotropy, we quantified the thermodynamic binding strength between two nucleotides of two group I intron RNA fragments for all 16 possible genotype combinations. We provide evidence that the binding strength (KD) between the 3-nucleotide internal guide sequence (IGS) of one ribozyme and its complement in another is correlated to the catalytic ability of the ribozyme. This work demonstrates that one can begin to deconstruct the thermodynamic basis of information in prebiotic RNA systems.
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1. Introduction


A key problem in origins-of-life research is the advent of informational complexity. The “RNA world” hypothesis posits that the dual capacity of RNA molecules to store information and provide catalytic potential makes this molecule a good candidate for an early pre-life driving force [1]. However, under such a scenario there needs to be a mechanism for small abiotic RNA oligomers to grow in size and be subject to a primitive selective process. Previously, we have shown that fragments of the group I intron derived from the isoleucine tRNA from the purple bacterium Azoarcus can act as a general RNA recombinase [2]. This feature led to the discoveries that the ribozyme can self-assemble from its own fragments [3], that cooperative RNA networks could form from pools of variant fragments [4], and that a game-theoretic analysis can partially explain how 2- and 3-membered such networks can form and change composition over time [5]. It is unclear whether this specific type of information transfer was used in RNA world pre-life systems. However, several concepts relevant to the emergence of function from a pool of sequences can be studied with this model system, thereby probing key steps in the mergence of an RNA world.



The ability of recombinase ribozymes to exhibit such a variety of activity is due to only a 1- or 2-nucleotide (nt) change within the internal guide sequence (IGS) and/or its complementary “tag” sequences (Figure 1). Based on catalytic prowess, we were able to predict and engineer specific multi-interacting RNA population outcomes simply from the autocatalytic rate constants of these various IGS/tag sequences [5]. Despite the significance of this nucleotide-pair triplet, the underlying contribution of this interaction is not fully understood, and yet it is precisely this thermodynamic interaction that forms the basis for the intermolecular (and interpopulation) behavior described in previous studies [2,3,4,5]. Thus in this paper we will investigate more thoroughly a critical facet of this triplet interaction: the binding strength, or KD parameter.


Figure 1. The covalent self-assembly reaction by fragments of the Azoarcus group I intron ribozyme. (a) A schematic of the WXY (155 nt) + Z (45 nt) autocatalytic reaction, as first described in ref. [3]. The internal guide sequence (IGS) (red) of a WXYZ ribozyme (either in pieces or covalently contiguous) binds to the tag (orange) of a WXY fragment (blue) and catalyzes a recombination reaction with a Z fragment (green) to produce another WXYZ ribozyme, plus a free guanosine nucleotide. The reaction is autocatalytic; (b) A blowup of the IGS-tag interaction, where the middle nucleotides of the IGS (i.e., M) and of the tag (i.e., N) can be freely varied to all 16 possible combinations [5].



[image: Molecules 21 01293 g001]






During natural cellular self-splicing of the Azoarcus tRNAIle intron, the triplet IGS and tag recognition must be accurately selected from among many possible such nucleotide triplets. Failure to do so would result in insertions or deletions in the 5′ and 3’ splice sites of the tRNA precursor product. For group I introns in general, the two-step splicing reactions required to remove the intron and attach the exons utilize secondary interactions in the alignment of the G•U wobble splice site at the IGS-tag interface, as well as tertiary elements such as correct folding of the intron and positioning of an exogenous guanosine in the G-binding site [6,7,8,9]. The structural and sequence requirements of the IGS of group I introns has been studied in depth, particularly for the Tetrahymena ribozyme [10]. Analyses of the Azoarcus-ribozyme specific reaction show many similarities to that of the Tetrahymena ribozyme. Yet a focus on the 3-nt IGS of Azoarcus (compared to 6-nt in the Tetrahymena IGS) has revealed that the catalytic step is rate limiting in Azoarcus reaction [11] and that there is a greater amount of binding energy in the tertiary structure of the Azoarcus ribozyme, perhaps as compensation for the short length of the IGS [12]. These data underscore the critical nature of the thermodynamic contribution of each nucleotide pair in the IGS-tag interaction in this reaction. Moreover, it has been shown that the splicing of the Azoarcus tRNA is strongly dependent on the local secondary structure around the splice site [13], further underscoring the need to better understand the relationship between IGS sequence and binding flexibility.



The in vitro recombinase system, as in the canonical tRNA splicing reaction, would also need to utilize these secondary and tertiary elements to perform catalysis. The difference between the two situations revolves primarily around the condition that in vivo the ribozyme is performing an intramolecular reaction, where here, the recombinase performs an intermolecular reaction. Our mechanism primarily proceeds through a one-step process (Figure 1) [14], noticed first by Zaug et al. [7], and is optimal at higher temperatures (e.g., 48 °C) and magnesium concentrations (e.g., 100 mM) than those found in a living cell.



Understanding the in vivo versus the in vitro designed ribozyme reaction allows us to consider the factors that could impart differential activity among genotypes. Given that only a 1- to 2-nucleotide mutation is performed at the IGS/tag locations (sites that are not known as tertiary structural elements; see ref. [15]), it is thought that the foundation for activity diversity lies within the secondary structural element of the IGS and tag recognition. In this work, we systematically varied the middle nucleotides of both the IGS and tag triplets, and measured the binding strengths of duplexes in a model system. We then correlated the resulting values to the known catalytic self-assembly rates in an attempt to dissect the contribution of single nucleotide pairs to the dynamics of prebiotic RNA network formation.




2. Results


2.1. Experimental Design


2.1.1. Fluorescence Anisotropy


To investigate the thermodynamics of IGS-tag binding in the Azoarcus RNA covalent self-assembly reaction, we designed a model system in which RNA-RNA interactions could be detected by fluorescence anisotropy (FA) (Figure 2). We sought to isolate the IGS-tag binding interactions in a system in which the catalytic step cannot proceed, thus taking a different strategy from a standard kinetic approach. A direct binding assay, such as that provided by FA, is needed for the quantitation of the IGS-tag interaction. The WXY + Z ➜ WXYZ recombination reaction initiated by this triplet base-pair is autocatalytic and produces a continual increase in concentration of the ribozyme. While kinetic data can produce autocatalytic rate constants as described by von Kiedrowski [16,17], dissociation constants are not extractable as in a classic Michaelis-Menten analysis.


Figure 2. Fluorescence anisotropy ligand and receptor design. (a) Design of the surrogate WXY-Z ligand. The “WXY fragment” (blue) contains the tag (orange) and a 3′ deoxythymidine on the 3′ end prevents catalytic reaction. The “N” nucleotide represents an A, C, G, or C nucleotide. The Z fragment (green) contains the 3’ fluorescent label 6-FAM (6-carboxyfluorescein). The ligand molecular weight is approximately 11 kDa with a Tm = 90 °C; (b) Schematic of the surrogate WXY-Z ligand binding to the WXYZ recombinase ribozyme (receptor) at the IGS (red) and tag (orange) interface. A binding interaction also occurs between the G on the 5’ side of the “Z fragment” and the G-binding site on the ribozyme (indicated by dotted lines). The IGS “M” can represent any of the four nucleotides. The molecular mass of the Azoarcus recombinase ribozyme is approximately 64 kDa; see ref. [21] for complete sequence.
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Fluorescence anisotropy is able to measure binding interactions by observing changes in the apparent size of a fluorescently labeled molecule. When a small fluorescent molecule is excited with plane-polarized light, the emitted light is depolarized due to rapid tumbling in solution during its fluorescence lifetime. However if a large molecule binds the small molecule, the rotation of the small molecule is slowed and the emitted light remains polarized [18]. The bound and free states of the small molecule are characterized by a polarization or anisotropy value and the strength of the binding interaction can ultimately be determined.



An additional complication could have been that the P1 helix, the helix that is formed by the IGS-tag nucleotide pairs in group I introns, can exist in both a docked and an undocked conformation, at least as shown in the Tetrahymena ribozyme [19]. This phenomenon, even if also true for the Azoarcus ribozyme, should not alter the within-helix thermodynamics as measured by FA because this technique will produce an average of KD values across all conformational states.




2.1.2. Model System


We designed an Azoarcus group I intron self-assembly system (Figure 2) to mimic the ca. 155 nucleotide (nt) WXY and 45 nt Z fragments that are normally recombined by the fully formed 200 nt ribozyme (Figure 1). Here, we were able to systematically vary the middle nucleotide of the IGS and the middle nucleotide of the tag. We chose this nucleotide pair for two reasons. First, the 5′ nucleotide of the IGS is conserved as a G, and the 3′ nucleotide of its complement (the tag) is conserved as a U for normal group I intron splicing, such that a G•U wobble pair immediately prior to the splice site is a strong requisite [20]. Thus we opted not to vary this base pair. Second, our previous studies [4] had focused on the ability of variations in the middle nucleotide of the triplet to affect RNA cooperative network formation, and thus we opted to focus again on this base pair (M•N; Figure 1), saving investigations of the third option for a later study.



The reaction junction where WXY is covalently catalyzed to Z was designed in the form of a duplex where interaction dynamics are affected as little as possible (Figure 2). The WXY-Z surrogate duplex is much smaller than the reaction substrate in order to provide a polarization difference, however the sequence of nucleotides in the binding region are the same as in the WXY and Z junction. This junction is followed by a stem where C and G nucleotides were selectively added to maintain the stability of the duplex molecule at reaction conditions and the fluorophore 6-FAM (6-carboxyfluorescein) was added to the 5′ end of the Z fragment. Finally, in the modified system the 3′ end of the tag sequence (U of CNU) was intentionally 3′ dehydroxylated to ensure that there was no nucleophile, and therefore trans-esterification was not possible. With this modified scheme, the binding strength between the middle nucleotides of the internal guide sequence and tag could be determined for all 16 possible pairwise combinations.





2.2. Catalytic Abilities of the 16 Genotypes


The abilities of all 16 GMGWXYCNU genotypes to self assemble into WXYZ ribozymes when provided with equimolar Z were measured previously [5]. These data were aquired in 100 mM MgCl2 at pH 7.5 and 48 °C, and were reported as autocatalytic rate constants, which is a non-Michaelis-Menten measure of the dynamics of the recombination reaction at very early time points [16,21]. These values are reproduced in Table 1, alongside the ΔG˚ values for IGS-tag triplet binding (in isolation, not in the context of the entire ribozyme-duplex) as predicted by the Turner rules [22].



Table 1. Catalytic and duplex binding data for all 16 WXY genotypes.







	
Genotype a

	
Self-Assembly Rates (ka) d

	
ΔG˚48

	
KD (μM) from FA Data Herein f






	
C•G

	
0.0415

	
–0.89 e

	
10.8




	
A•U

	
0.0319

	
0.97

	
12.2




	
U•A b

	
0.0197

	
0.77

	
3.73




	
G•C

	
0.0125

	
–1.4

	
1.54 × 103




	
G•U

	
0.0091

	
3.5

	
1.89 × 102




	
A•C

	
0.0069

	
5.5

	
7.62




	
U•G

	
0.0049

	
2.6

	
56.7




	
U•C

	
0.0038

	
5.5

	
4.54 × 102




	
U•U

	
0.0022

	
5.4

	
51.8




	
C•A

	
0.0020

	
4.8

	
39.9




	
C•C

	
0.0016

	
5.5

	
2.62 × 104




	
G•G

	
0.0006

	
2.8

	
1.31 × 104




	
G•A

	
0.0005

	
5.7

	
2.38 × 104




	
A•A

	
0.0004

	
4.9

	
42.4




	
C•U

	
0.0004

	
5.3

	
2.16 × 103




	
A•G

	
0.0001

	
4.0

	
4.79 × 103




	
G•C c

	
ND

	
ND

	
63.6








a Abbreviation contains just M and N nucleotides. b Denotes the wild-type combination found in vivo. c Data acquired in 5 mM MgCl2. d Autocatalytic rate constants, in units of min−1, from ref. [5]. e Predicted using the Turner rules for the 5′GMG3′–5′CNU3′ triplet in isolation, units of kcal/mol. f Values in italics obtained from WXY genotypes with M = G were excluded from correlation analysis (see Discussion).









2.3. FA Measurements of the 16 Genotypes


A summary of the KD values as measured by the FA experiments is given in the rightmost column of Table 1. The raw FA binding curves from which these data were derived are given in Appendix A, Figure A1, Figure A2, Figure A3 and Figure A4.


Figure A1. Raw anisotropy data for IGS-tag combinations where the middle nucleotide of the IGS is adenosine. All of these plots show effective saturation in polarization as RNA concentration increases.
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Figure A2. Raw anisotropy data for IGS-tag combinations where the middle nucleotide of the IGS is C. All of these plots show a saturation in polarization as RNA concentration increases.
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Figure A3. Raw anisotropy data for IGS-tag combinations where the middle nucleotide of the IGS is U. All of these plots show a saturation in polarization as RNA concentration increases.
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Figure A4. Raw anisotropy data for IGS-tag combinations where the middle nucleotide of the IGS is G. None of these plots show a saturation in polarization as RNA concentration increases, indicating an RNA-RNA aggregation phenomenon for ribozymes with the GGG IGS (see text).
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2.3.1. Curve Fitting


These plots reflect the increase in polarization as concentration of ribozyme of a particular genotype increases. Ideally, a leveling-off should be seen in which polarization ceases to increase significantly while concentration is still being increased. This leveling-off would indicate a saturation of the duplex, meaning that every duplex molecule is bound to a ribozyme by the IGS-tag binding interaction. Visual examination of Figure A1, Figure A2, Figure A3 and Figure A4 reveals that an asymptote is not reached in some cases, especially for the weaker IGS-tag combinations such as A•G. For poor interactions, this is not unexpected as these results are extrapolated using the binding model formula described in the Materials and Methods (q.v.). To observe an apparent leveling off in such cases one would need to utilize RNA concentrations >100 μM, which is not experimentally viable. Naturally, the error in such cases will be greater than when leveling off occurs below 50 μM. However, in the pool of Watson-Crick pairs and moderately good binders, an asymptote is reached as expected and the correlation follows, and the trends discussed below would hold even in consideration of such error.



Specifically, for genotypes in which the middle nucleotide of the IGS (i.e., M) was A, C, or U, the aniosotropy values (polarization values) approached saturation as the concentration of the ribozyme increased, as expected. However, for ribozymes in which M = G, no saturation was observed, despite attempts to increase ribozyme concentrations well beyond 20 μM, up to 80 μM, which was the highest concentration that could be achieved. We hypothesized that this result was an artifact of RNA multiplexing at high Mg2+ concentrations as a consequence of GGG in the IGS forming G-dependent complexes. This was confirmed by native gel electrophoresis (infra vida).




2.3.2. Trends


In general, the Watson-Crick pairs displayed the tightest binding (lowest KD values) along with the A•C pair, which is known to be isosteric with the Watson-Crick pairs [23]. Interestingly, the in vivo triplet that forms the isoleucine anticodon, CAU, displays only the fourth strongest catatlytic ability yet has the strongest binding, providing our first hint that triplet binding strength alone cannot be the determinant of the specificity of this interaction. As expected, the non-Watson-Crick pairs show substantially lower binding affinities, the best of these being about 3-fold weaker than the weakest of the strongest six pairs.



Excluding the four duplexes in which M = G, we correlated the remaining 12 KD values with the autocatalytic self-assembly rate constants obtained previously [5]. In order to quantitatively determine whether there is a statistically significant correlation between the experimental rate constants and equilibrium constants of the genotype combinations, we performed a two-tailed Spearman’s rank-order correlation test. A significant positive association between the ka and the KD values was detected, with a p value of 0.0057. However, the absolute value of the correlation coefficient for the numerical values of these two parameters, when regressed against each other, is only 0.74. While this value is indeed signficant for the rank orders, it does indicate that triplet binding strength is only one component of catalytic efficacy for ribozyme self-assembly. This suggestion is borne out by the predicted ΔG˚ (48 °C) values for the triplet–triplet base pairs in isolation (Table 1). Here, only the strongest two Watson-Crick pairs (C•G and G•C) in the middle position of the IGS-tag triplet would be predicted to be stable at 48 °C in 100 mM MgCl2 should these trinucleotides be considered alone in solution. The other two Watson-Crick pairs (U•A and A•U), plus the wobble pair U•G should be the next most stable, as expected, followed by every other pair. Yet some of the “poor” catalysts, particularly G•G and A•G (the slowest catalyst), also give ΔG˚ values of the same general order as the U•G pair. This suggests some idiosyncratic trends in the contribution of binding to catalysis, while preserving the general result that Watson-Crick pairs have the strongest binding contribution, followed by U•G, followed by all the others. Three main binding-strength categories can be visualized in a plot of log KD vs. ka (Figure 3).


Figure 3. Plot of log (measured binding strength) as a function of autocatalytic rate constant. The untransformed values of these two parameters are only weakly negatively correlated (r2 = 0.74) but the rank orders are significant (p = 0.0057; Spearman’s rank-order correlation test). Visually, three discrete bins of IGS-tag binding strength can be observed.
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2.4. Native Gel Electrophoresis


To test our suspicion that excessive complexation of WXY RNA genotypes with M = G is preventing a leveling off of polarization at high concentrations, we ran all four WXY RNA genotypes on a native polyacrylamide gel (one with no urea denaturant and with 5 mM MgCl2 in the running buffer). Significant aggregation can be seen with the GGG genotype; the percentage of slow-migrating RNA species for the GGG, GAG, GCG, and GUG RNAs is 37%, 13%, 15%, and 10%, respectively (Figure 4a). And while the aggregation does not depend on the presence of the duplex, it does become exacerbated as the concentration of the GGG WXY RNA increases (Figure 4b). Thus the WXY RNA fragment with the GGG IGS does tend to nonspecifically aggregate with itself at higher concentrations, perhaps as a consequence of G-quadruplex formation. Accordingly we deemed that this genotype was not suitable for FA experiments, which require measurements of RNA behavior at high concentrations. However RNA self-assembly experiments, performed at lower RNA concentrations in the 0.1–2.0 μM range [4,5], would not be affected. We also decreased the concentration of MgCl2 to 5 mM, and this does appear to reduce the aggregation phenomenon, as would be expected. While, these conditions are not those under which the self-assembly experiments were reported [5], they would tend to minimize polyG interactions.


Figure 4. Native-gel electrophoresis of WXYZ RNA genotypes. (a) All four GMG WYXZ RNA genotypes run at either 5 μM or 10 μM concentrations, with or without the complementary duplex RNA present. The upper bands, indicated by bracket, denote excessive multi-RNA complex formation by the GGG genotype. The lower band, indicated by arrow, denotes the dominant (non-aggregated) RNA species; (b) The GGG WXYZ genotype run in a range of concentrations ranging from 7–373 μM; the gel loading order was chosen to juxtapose maximum and minimum concentrations. The presence of the duplex RNA does not appear to affect aggregation, but the RNA concentration does. All concentrations are given in units of micromolar.
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3. Discussion


Here we have demonstrated a significant contribution of triplet nucleotide binding strength to the catalytic rates of ribozyme self-assembly in the Azoarcus RNA recombination system. All possible genotype combinations between a group I intron with the IGS = GMG and a duplex with the tag = CNU were observed using fluorescence anisotropy to determine the equilibrium constants of dissociation (KD). A modified reaction was designed to mimic the recombination reactions of the Azoarcus group I intron, where the intron molecule can assemble itself from four fragments using recombination reactions in an autocatalytic fashion such that an assembled ribozyme can catalyze more recombination reactions. The experimentally determined equilibrium constants were found to be weakly but significantly correlated to the rate constants for each respective genotype combination by Spearman’s rank order correlation test.



This research has provided evidence for the hypothesis that there is a correlation between genotype combination and catalytic activity with the thermodynamic strength of the bond. It was shown that in general, canonical Watson-Crick combinations exhibit a lower KD than intermediate combinations, which in turn exhibit a lower KD values than the catalytically slowest genotype combinations. We can conclude that, while there is a significant correlation between the predicted rate constants of the recombination reaction and the dissociation constants of the modified reaction, several discrepancies in the correlation allude to higher-order molecular interactions occurring. Long-range tertiary interactions in the ribozyme that reshape the local environment of the IGS are the most likely source of this complexity [12,15,24].



Our data underscore the ability of single nucleotide pairs, and in fact single hydrogen-bonding moieties in such pairs, to influence the rates of ribozyme self-assembly in small networks. While the canonical Watson-Crick pairs in the middle position of the IGS-tag triplet dominate both in terms of catalysis and binding, other pairs such as G•U, U•G, and perhaps even G•G have the potential to exert a significant influence on how coalitions of RNA molecules form. Thus the patterns of RNA-RNA group interactions that we quantified previously—such as cooperation, selfishness, dominance, and counter-dominance—ultimately can have a chemical basis at the level of single bonds in aqueous solution. While our data indicate that binding is in fact a substantial factor in these dynamics, other factors such as tertiary interactions and RNA-RNA aggregation can also influence network dynamics. Although three nucleotide pairs provide only 6 or 7 hydrogen bonds, each of which contributing only about 1.9 kcal/mol to duplex stabilization, alteration of single such bonds can provide usable information to nascent evolving systems. It is even conceivable that three is somewhat of a minimal evolving unit in terms of prebiotic nucleic acids, given that within the context of three nucleotide pairs, single hydrogen bond alterations can be detected in an evolutionary context. This thermodynamic “sweet-spot” could even have been the causal determinant in the ultimate selection of three-nucleotide codons.




4. Materials and Methods


Short RNA molecules, including those in the duplexes, were purchased from Tri-Link (San Diego, CA, USA). Longer RNAs, i.e., the WXYZ ribozymes, were prepared by run-off transcription of DNA templates as described previously [3]. All chemicals were purchased in the highest purity grade possible from Sigma (St. Louis, MO, USA).



To create the duplexes, the WXY and Z surrogate RNAs were annealed by heating the fragments in solution together to 90 °C, and then allowing them to cool to 20 °C over the course of several hours. All FA experiments were performed at 48 °C. The reaction buffer used in these FA experiments was made from a 5× reaction buffer stock made of 500 mM MgCl2 and 150 mM EPPS at pH 7.5, and was diluted to 1× as needed for experiments. These reaction conditions were chosen to match the conditions under which the in vitro self-assembly recombination reactions were observed [3,5]. Fluorescence anisotropy experiments were performed on a PerkinElmer L5 SS Fluorescence Spectrometer (Waltham, MA, USA) using FL Win Lab, with the temperature maintained by a PE Temperature Programmer. For each run, 150 μL 1× reaction buffer was dispensed into cuvette, allowed to heat, and 1 μL duplex was added. Ribozyme (WXYZ) was then added in 1–2 μL increments, with at least four polarization values recorded for each addition, the average of which is used for graphing results. Binding plots were made with Kaleidagraph software (v4.5.2, Synergy, Reading, PA, USA).



From the determined average polarization value (P), for each 1–2 μL addition of ribozyme, the anisotropy value (A) can be determined from the formula A = (2P)/(3 − P). The anisotropy value is plotted against ribozyme concentration to generate binding plots, using the formula y = m1 + (m2 − m1) × (m3 × M0/(1 + m3 × M0)); where m1 = anisotropy value when the concentration of ribozyme is zero, m2 = estimated maximum anisotropy, m3 is an estimate of what the KA will be for the particular genotype combination, and M0 is the total ribozyme concentration. The KD values were obtained by 1/KA. Figure A1, Figure A2, Figure A3 and Figure A4 show binding plot curves for all 16 genotype combinations, plus a G•C experiment with reduced (5 mM) MgCl2 reaction buffer.



Gel electrophoresis was performed using 8% polyacrylamide in 25 cm in a vertical electrophoresis apparatus (CBS Scientific, San Diego, CA, USA). Native gels were run with a reaction buffer containing a 20-fold reduction in MgCl2 concentration compared to the FA experiments (5 mM), to observe whether this reduction would reduce or stop aggregation. Gels were run for 4 h at 48 °C and RNA was visualized after staining in SyberGreen II RNA stain (Invitrogen) by a Typhoon Trio + phosphorimager (GE Healthcare, Schenectady, NY, USA), and bands were quantified using Image Quant software (v3, GE Healthcare).







Acknowledgments


We thank David Draper for suggesting the fluorescence anisotropy methodology and Arthur Glasfeld and John Perona for the use of fluorescence spectrophotometers. We acknowledge funding from NASA Exobiology grant NNX14-AK21G to N.L.




Author Contributions


J.A.M.Y. and N.L. conceived and designed the experiments; L.E.S. performed the experiments; L.E.S. and J.A.M.Y. analyzed the data; L.E.S., J.A.M.Y., and N.L. wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A












References


	1. 
Joyce, G.F. The antiquity of RNA-based evolution. Nature 2002, 418, 214–221. [Google Scholar] [CrossRef] [PubMed]

	2. 
Riley, C.A.; Lehman, N. Generalized RNA-directed recombination of RNA. Chem. Biol. 2003, 10, 1233–1243. [Google Scholar] [CrossRef] [PubMed]

	3. 
Hayden, E.J.; Lehman, N. Self-assembly of a group I intron from inactive oligonucleotide fragments. Chem. Biol. 2006, 13, 909–918. [Google Scholar] [CrossRef] [PubMed]

	4. 
Vaidya, N.; Manapat, M.L.; Chen, I.A.; Xulvi-Brunet, R.; Hayden, E.J.; Lehman, N. Spontaneous network formation among cooperative RNA replicators. Nature 2012, 491, 72–77. [Google Scholar] [CrossRef] [PubMed]

	5. 
Yeates, J.A.; Hilbe, C.; Zwick, M.; Nowak, M.A.; Lehman, N. Dynamics of prebiotic RNA reproduction illuminated by chemical game theory. Proc. Natl. Acad. Sci. USA 2016, 113, 5030–5035. [Google Scholar] [CrossRef] [PubMed]

	6. 
Herschlag, D.; Cech, T.R. Catalysis of RNA cleavage by the Tetrahymena thermophila ribozyme. 1. Kinetic description of the reaction of an RNA substrate complementary to the active site. Biochemistry 1990, 29, 10159–10171. [Google Scholar] [CrossRef] [PubMed]

	7. 
Zaug, A.J.; McEvoy, M.M.; Cech, T.R. Self-splicing of the group I intron from Anabaena pre-tRNA: Requirement for base-pairing of the exons in the anticodon stem. Biochemistry 1993, 32, 7946–7953. [Google Scholar] [CrossRef] [PubMed]

	8. 
Guo, F.; Gooding, A.R.; Cech, T.R. Structure of the Tetrahymena ribozyme: Base triple sandwich and metal ion at the active site. Mol. Cell 2004, 16, 351–362. [Google Scholar] [CrossRef] [PubMed]

	9. 
Adams, P.L.; Stahley, M.R.; Kosek, A.B.; Wang, J.; Strobel, S.A. Crystal structure of a self-splicing group I intron with both exons. Nature 2004, 430, 45–50. [Google Scholar] [CrossRef] [PubMed]

	10. 
Karbstein, K.; Lee, J.; Herschlag, D. Probing the role of a secondary structure element at the 5’- and 3′-splice sites in group I intron self-splicing: The Tetrahymena L-16 ScaI ribozyme reveals a new role of the G.U pair in self-splicing. Biochemistry 2007, 46, 4861–4875. [Google Scholar] [CrossRef] [PubMed]

	11. 
Kuo, L.Y.; Davidson, L.A.; Pico, S. Characterization of the Azoarcus ribozyme: tight binding to guanosine and substrate by an unusually small group I ribozyme. Biochim. Biophys. Acta 1999, 1489, 281–292. [Google Scholar] [CrossRef]

	12. 
Gleitsman, K.R.; Herschlag, D.H. A kinetic and thermodynamic framework for the Azoarcus group I ribozyme reaction. RNA 2014, 20, 1732–1746. [Google Scholar] [CrossRef] [PubMed]

	13. 
Dolan, G.F.; Müller, U.F. Trans-splicing with the group I intron ribozyme from Azoarcus. RNA 2014, 20, 202–213. [Google Scholar] [CrossRef] [PubMed]

	14. 
Draper, W.E.; Hayden, E.J.; Lehman, N. Mechanisms of covalent self-assembly of the Azoarcus ribozyme from four fragment oligonucleotides. Nucleic Acids Res. 2008, 36, 520–531. [Google Scholar] [CrossRef] [PubMed]

	15. 
Denesyuk, N.A.; Thirumalai, D. How do metal ions direct ribozyme folding? Nat. Chem. 2015, 7, 793–801. [Google Scholar] [CrossRef] [PubMed]

	16. 
Von Kiedrowski, G. A self-replicating hexadeoxynucleotide. Angew. Chem. Int. Ed. Engl. 1986, 25, 932–935. [Google Scholar] [CrossRef]

	17. 
Sievers, D.; von Kiedrowski, G. Self-replication of complementary nucleotide-based oligomers. Nature 1994, 369, 221–224. [Google Scholar] [CrossRef] [PubMed]

	18. 
Perrin, F. Polarisation de la lumière de fluorescence: Vie moyenne des molécules dans l’etat excite. J. Phys. Radium 1926, 7, 390–401. [Google Scholar] [CrossRef]

	19. 
Narlikar, G.J.; Herschlag, D.H. Isolation of a local tertiary folding transition in the context of a globally folded RNA. Nat. Struct. Mol. Biol. 1996, 3, 701–710. [Google Scholar] [CrossRef]

	20. 
Michel, F.; Westhof, E. Modelling of the three-dimensional architecture of group I catalytic introns based on comparative sequence analysis. J. Mol. Biol. 1990, 216, 585–610. [Google Scholar] [CrossRef]

	21. 
Hayden, E.J.; von Kiedrowski, G.; Lehman, N. Systems chemistry on ribozyme self-construction: Evidence for anabolic autocatalysis in a recombination network. Angew. Chem. Int. Ed. Engl. 2008, 47, 8424–8428. [Google Scholar] [CrossRef] [PubMed]

	22. 
Turner, D.H.; Mathews, D.H. NNDB: The nearest neighbor parameter database for predicting stability of nucleic acid secondary structure. Nucleic Acids Res. 2010, 38, D280–D282. [Google Scholar] [CrossRef] [PubMed]

	23. 
Leontis, N.B.; Stombaugh, J.; Westhof, E. The non-Watson-Crick base pairs and their associated isostericity matrices. Nucleic Acids Res. 2002, 30, 3497–3531. [Google Scholar] [CrossRef] [PubMed]

	24. 
Rangan, P.; Masquida, B.; Westhof, E.; Woodson, S.A. Assembly of core helices and rapid tertiary folding of a small bacterial group I ribozyme. Proc. Natl. Acad. Sci. USA 2003, 100, 1574–1579. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Samples of the RNA species in this study are available from the authors.



















© 2016 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


  molecules-21-01293


  
    		
      molecules-21-01293
    


  




  





media/file8.jpg
ramaindor ot
W ragmant
5

()






media/file11.png
Recombinase (receptor) bound to ligand

WXY-Z surrogate ligand

3’

Z-fragment ,
9 CGCGGGCGGCGUUACEE 5 ¥ ST
HEREREREERER 5 CN,,T

WXY-fragment GGCGCLCECCECACN,, T3 —GM &

WXYZ ribozyme

(a) (b)





media/file6.jpg





media/file1.png
Anisampy

Ansnropy

[—=—c]

Al
| v=mimz-mIrima-moit-ma:..
[l valua Errar
.12l m1 0.035768 | 0.0037755
B m2 0.37262 01841
[ m3 noz3ssd|  oo1sEas
09 Chizg]  0.00045579 A e
( Cl 09816 m {g.r
o
01 =
£
o
0.09 i
r
Jl
0.08 5
CID
0.07 i
!
0.08 ‘,2’
/ D
0.05
0.04 ’7/0
-8 0 1 10 15
[WXTZ] UM
—
Al
0.085
o o
(&
-
.02 o __..F’"T:\.HJ
g
o r__l__,.-""-ru'-
0.075 %
// -
0.07 ,-"f(;
c}/ y =mi=m-miFim3Miiiem3. ||
/ Yalue Ermor ||
0.065 7 m1 D.063864 | 0.0023020 ||
m2 0098984 | 0016829 ||
m3 0.081782 0075728 ||
0.08 . Chizq|  0.00011806 hA ||
R 0 BG7I5 |
I
0055 i | i |
-2 0 2 4 i g 10 12 14
[WIFI] M

Anksolropy

Anisotropy

Aac
017
(] DE
041 o O d_ﬂ-f_ﬂ_l:;
. _— o
o —5 1o P
e ao
0.1 j/fﬁ
' [
0.09 #‘F
[P/E.
o I ¥ = mA=m2-m 1 (M3 M1 +m3"
’ Yalug Errar
i 0045145 D.ODE1E23
. 2 042818 | 0.00E2354
' m3 013122 0.035667
Chisg 0000808 )
0.08 R 0.85028 m
Hfb
0.05
B 0 i0 15 20 2h 30 3R
[WXYZ] UM
—
L
0.06
[ ]
.c.‘,:?
0.0sa L
o ,ﬂ"f
-~
0.058 y el o
pak
0.054 e
9.""
-
0082 e
¥ = M+m2-m1 M3 W1 +ma*
o Value Emor
0.05 mi 0.048752| 0.0040082
,f" mz 38379 513.02
ma 0.00020204| 0033497
0042 Chisg 3122080 HA
o R 0.91708 HA
-2 0 4 i} o 10 12 14





media/file16.png





media/file13.png
log K,

5.00 -
450 -
.C-C

4.00 :
3.50 t‘m

50 10 0 weak
3.00 -
250 -

2.00
A-A

1.50

1.00

0.50

0.00
0 0.005 0.01 0015 002 0025 003 0035 004 0045

k_ (min™)





media/file10.jpg
WXY-Z surrogate ligand Fimcombinaes (rscaptor) bord to ligand
e -
WXY-fragment /| GGCGCGSSCEEAN, 73

(a)






media/file7.png
Ani=atrapy

Anisoropy

=]

GA
0.18 ¥ = P+ - mT ) mdR Hmas.
Walus Ermror o
mi 0.063709 | 0.0039433 ay
0.18 e 32277 1763 ,ﬂ'/
m3 42067a5| 0.0022065 .
01 |[_Chsa] oDooosaLrT M o
' R 0.97ad1 a7
/ﬁ :
L)
0.42 =
.f'i o
) yd
[n] I/?u
nfﬂ
0.08 ,9’; B
0.0%
0.04
20 20 40 &0 &0
WY Z] UM
=
el
0.13 o
?').-"
0.12
2 7
o o
0.1 ;“H
A
O
o1 4
d
0.09 5
. ¥ = +HmE-m 1 m3IM T +=ma3s. .
; valug Ermar
0.0a 7 m1 006a422]  0.0024286
d m2 0.3308 1672
o m3 | 00052738 0012418
.07 Chi=qg L0285 HA
R 0.97821 ME
0.05 i i |
5 5 10 15 20

WEYZ] UM

Aanisatropy

Ansnropy

[—=—¢]

GC
0.25
¥ = i@ P N -3t
alue Errar
m1 0052869 [  0.0022847 o
0z mz 36741 43471 F
m3a | 000064958 | 000081839 o
Chisg|  0.0003033 m 4T
R 088747 M /{aéh
0.15 o
;V'BF ’
0.1 ™
q,;&f
0.05 :
a
20 o 20 40 a0
[WXYZ] UM
—
{rir]
0.12
¥ = mi+={m2-m 1 (m3 M 1+=m3"... -
Walug Ermar
a1 m1 0.04171| 00030456 o
m2 £0.707 12288
01 mi| 76259e-5| 0.018515 et
cnisg| 0.0007348 m d
rR|  owsees A E;/
0.09 :
d,-" o
0.08 ey
/ o o
0.07 / o
u]
]
0.06 o
th;:-
0.05 “‘}?ﬂ
s
0.04
-5 i B 10 15

WHYZ]uM






media/file12.jpg
log K,

001

002 0025

k, (min-")

003 0035

004 0045





media/file9.png
!

< - ACHUm
) TRSUILICUIFUSUYL——EWwM ot
< YPYUde—<—uYovjlkuuIvx3 <UDUDVW LR RL) PUV Lo cue
H_IGU_C_HC.A _AC \ 2 <
V< < U 9 G « . —_
(¢~
N’

o
2 - -
sossyou T wuTa
YtE T U
Z LI § cuu-ﬂcﬁccaﬁﬁﬂ
— -
’ -
oL D3 -
v < X
9 < T, ,% < - = w
vPuuyeves Tuu® Teveeyadew  easevveu®s
= =23
cc_.iﬁ_ﬁc.ﬁ_ < uaﬁcﬂ.ﬁcqccq.ﬁﬁcc.ﬂﬂﬁc CGECGCC





media/file14.jpg
GGG GAG GCG GUG

[ANALS 51010 5 510 105 5 1010 5 5 1010 (uM)

+{ll ul.llll“"

duplexi— + =+ -+ -4 -+ =k -+ -+

(a)

GGG

[RNAY: 13 7 37313 7373 (uM)

=
- -!

(b)

duplex:






media/file5.png
Ansolropy

Anisoropy

¥ = A +{m2-m 1 mIM0i 1 +ma3e..
Yalug Ermar
01 m1 0045024 0.0027188
ma 0090855 0003027
m3 026813 0.068591
104 Chizq| 00002215 MA,
= 0.94048 M
LT
o 9
0.08 P
ﬁ?r“‘;.
007 @ =
: Yo
0.08
0.05 f
&
0.04
-5 ] 5 0 15 20
WXYZ] UM
—
g
0.07 .
¥ = mI+m2-mIPim3I* Mg 1+m3”...
Value Error
mi 005231 0.00095156
mz 0119 0.055136
0o ma 0.010322 0022073 D
7l Chieg| 278285 I
R 095522 M|
o -"'Jl'-"
A
oo
0.065 s
o B
Ao
[ |
0.08 /n
&
'
s
0.055
5 0 1 10 15
[WXTZ] UM

Aninropy

0.095

0.02

0.035

0.08

0avs

0.07

0.065

0.05

0035

0065

0.04

0.055

.05

0.045

1 = mi+{ma-m1 *{m3* WO 1+m3* ve
Valus Ermor
mi 0.0a1294 a.0014955
(4 099509 58317
ma3 QOn2enza 0014351 q.i"
chisg EA1462-6 Ha O
1= ngaigis Hé || o .’P‘
r
.
-
'y
Fa
rlﬂ
I.-..;ﬂ
Feo”
o
i
5./"
a
i
Py
Ty
-h ) 10 15 20
A
——8
UG
o
0o
& r,.f"'f
-~ [
B
o
o O
o .-r"'ﬁ o
"
s o
v
E,.l' |
A /G*
I ¥= mi+m2-m1 P imI* W1 +m3s_.
oo walue Emor
£ md 0047083 0.o0oRdEn2
ma 0OBZTSa 0.020285
fd’f’ ma 0017632 0.011915
Zhisqg T 44138-5 A
a E 084661 P&
| | | 1 |
B 0 L 10 15 20 2h a0 35

(WY Z] UM






media/file15.png
GGG GAG GCG GUG GGG

[RNAI:5 5 1010 5 510105 51010 5 5 1010 (pM)
L‘JhF’

. “iin“li“!!“

duplex:-= + - + — + - + — + - + — + - + duplex: - - - + + +

(a) (b)

_,..__. [RNAI: 13 7 37313 7 373 (pM)






media/file3.png
Anlsoimopy

Ansotropy

0.14

0.0a

.08

.04

0.2

0.11

09

0.04

0.na

0.07

0.06

=1

¥ = MA+mM2-mA1 F{mI M1 +m3"

Value

Emor

mi

0.048438

Q.0033 122

m2

022254

0. Ol 27

m3

0.025072

0.010264

Chiag

0.000:25368

R

0. 28457

=

MA ﬁ/d,g
M4

D\l'n

‘JF-.IH-
o

cu

L Il L
¥ = i+ mrNome |

Value

Emo |

mi

0050807

00024721 ||

ma2

21.813

37601 ||

m3

E7117e.5

0.011502 ||

Chisg

0.00046402

& ||

F 093511

W& ||

[n]
*ﬁy/
I.r‘

-5 0

5 10 15

[WHTYI] UM

Anlsaimpy

Ansnropy

oz

0.18

o1

0.08

.07

0.065

0.0

0.065

0.05

00435

cc
1 7= mimZ-mFimIWoN1+mat.. ||
Yalue Emor ||
1 0.079334| 00072863 || .
B mz 39.078 34802 ||
m3 | 3815885 001484 | “
Chisg| 00023582 Haff 1 9o 1,
u R 092223 N || iy
11 Frrf
ff
/ oo b
7 ale
n ﬁ
a :u/n‘}’/c:u
.
e
g
-5 ] 5 10 15 20 2% 30
TWHYZ] uM
—
cG
i | nﬂnu
n oo i85
|
a . i
B
a
O a
o I 7 = mA+{mZ-mA im0l 1+m3* "
a Valus Error ||
m1 0.048262| 00014503 ||
; m2 0.071953|  0.0034452 ||
i m3| oeazse4|  ooapiss |
Chisg| Ta411e5 Ha ||
R 00220 Ha |
Gl i i i
| | | |
-§ 1 i 10 15 20 25
[WXYI] UM





media/file4.jpg





media/file0.jpg





media/file2.jpg





