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SUMMARY

The aminoacyl-tRNA synthetases and their cognate transfer RNAs translate the universal genetic 

code. The twenty canonical amino acids are sufficiently diverse to create a selective advantage for 

dividing amino acid activation between two distinct, apparently unrelated superfamilies of 

synthetases, Class I amino acids being generally larger and less polar, Class II amino acids smaller 

and more polar. Biochemical, bioinformatic, and protein engineering experiments support the 

hypothesis that the two Classes descended from opposite strands of the same ancestral gene. 

Parallel experimental deconstructions of Class I and II synthetases reveal parallel losses in 

catalytic proficiency at two novel modular levels—protozymes and Urzymes—associated with the 

evolution of catalytic activity. Bi-directional coding supports an important unification of the 

proteome; affords a genetic relatedness metric—middle base-pairing frequencies in sense/

antisense alignments—that probes more deeply into the evolutionary history of translation than do 

single multiple sequence alignments; and has facilitated the analysis of hitherto unknown coding 

relationships in tRNA sequences. Reconstruction of native synthetases by modular thermodynamic 

cycles facilitated by domain engineering emphasizes the subtlety associated with achieving high 

specificity, shedding new light on allosteric relationships in contemporary synthetases. Synthetase 

Urzyme structural biology suggests that they are catalytically active molten globules, broadening 

the potential manifold of polypeptide catalysts accessible to primitive genetic coding and 

motivating revisions of the origins of catalysis. Finally, bi-directional genetic coding of some of 

the oldest genes in the proteome places major limitations on the likelihood that any RNA World 

preceded the origins of coded proteins.
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I. Introduction

“It is unlikely that the aminoacyl-tRNA synthetases played any specific role in the 

evolution of the genetic code; their evolutions did not shape the codon 

assignments.” [1]
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“A real understanding of the code origin and evolution is likely to be attainable 

only in conjunction with a credible scenario for the evolution of the coding 

principle itself and the translation system.” [2]

The first epigram begins the concluding section of an authoritative review of this field 

published in 2000. The review contains much information and detailed interpretations based 

on the best available data at that time. Much of the research and theory to emerge since that 

time, however, has pointed to the opposite conclusion, in keeping with the dialectic 

component always implicit in scientific research. Consistent with the spirit expressed in the 

second epigram, unprecedented experimental and bioinformatic studies of the earliest 

evolution of aminoacyl-tRNA synthetases (aaRS) now make a compelling case for their 

intimate and probably necessary participation, with tRNA, in the evolution of the universal 

genetic code and the shaping of codon assignments.

A. The RNA World Hypothesis

The results reviewed herein are especially relevant to the question of whether or not present 

day biology replaced a prior organization in which information storage and catalysis both 

were entirely the province of RNA [3,4]. As argued elsewhere in detail [5,6], the actual 

evidence for such scenarios is remarkably thin. The proposal that aminoacyl-tRNA 

synthetase enzymes arose as a single pair of ancestors coded bi-directionally on opposite 

strands of the same RNA gene decisively undermines the heart of the RNA World scenario, 

by establishing that catalysis of aminoacylation by proteins emerged with scarcely non-

random fidelity. Such lack of specificity would have been abolished by purifying selection, 

had there been any ribozymal system with higher fidelity.

Moreover, aminoacyl-tRNA synthetases, aaRS, represent a unique group of enzymes 

because, as the only genes in the proteome that, when translated by the rules of genetic 

coding, can then impose those rules, they compose a unique, reflexive interface between 

genes and gene products. This special relationship to the proteome lends considerable 

significance to the evolutionary phylogenetics of aaRS gene sequences [7,8], i.e. to how the 

aaRS came to be encoded. I will argue that by studying the ancestral coding of contemporary 

aaRS, we are led directly to a deeper understanding of how the genetic code might have 

arisen far more rapidly as a collaboration between ancestral proteins and RNAs than would 

ever have been possible in a world based entirely on a single polymer type [5,6].

There is consensus on several important aspects of aaRS structural and sequence-derived 

phylogenetics. Notably, they form two utterly distinct superfamilies that, on several levels 

are as distinct as possible from each other. Class I aaRS active sites all assume a Rossmann 

dinucleotide binding fold first observed in lactate dehydrogenase and flavodoxin [9] in 

which the active site forms at the interface between parallel β-strands and the amino termini 

of two helixes. In contrast, Class II aaRS active sites are formed from antiparallel β-strands.

These structural differences [10] motivated substantial effort to understand why and how 

nature would have divided the labor of tRNA aminoacylation in such a binary fashion [11–

24]. Answers to these questions have emerged from supplementing phylogenetic analysis 
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[25] with experimental deconstruction by protein engineering [26–31] and recapitulation 

[32,33] complemented by novel phylogenetic metrics [7,8].

Conclusions emanating from these studies change how we view the proteome and origin of 

genetic coding in important ways:

i. Class I and II aaRS appear to have originated from complementary coding 

sequences on opposite strands of the same bi-directional ancestral gene [26,34].

ii. That gene complementarity has profound implications for the origin of genetic 

information, some of which had already been suggested by others [35–39].

iii. The inversion symmetry of complementary coding strands has recognizable 

consequences for protein secondary and tertiary structures, and the active site 

construction of the resulting Class I and II enzymes [5,34], especially in light of 

the organization of the genetic code.

iv. Complementary studies of the modular aaRS architectures of both synthetase 

classes [23,27] led to the discovery of how the organization of tRNA coding 

elements record how amino acids behave in water and in protein folding [40,41].

v. Whereas we can only begin to speculate on how such a gene emerged, it seems 

clear that it arose from a peptide•RNA partnership and not from an RNA World 

[5,42].

Thus, it now becomes possible to propose, in outline, a much more targeted program for 

studying how translation evolved.

B. The hypothesis of Rodin and Ohno [43]

Shortly after the aaRS Class division became apparent [44,10,17,45,46] Rodin and Ohno 

published a remarkable hypothesis [43]. They used multi-family sequence alignments to 

establish consensus codons for the Class-defining motifs in the two superfamilies and found 

that codons for Class I PxxxxHIGH and KMSKS active-site catalytic motifs were almost 

exactly anticodons for Class II Motifs 2 and 1, respectively. That statistically significant, in-

frame complementarity, illustrated in Fig. 1A, suggested that the contemporary aaRS 

superfamilies had at one time been coded by a single ancestral gene, one strand of which 

was transcribed and translated giving the ancestral Class I synthetase. Conversely, the 

opposite strand encoded the ancestral Class II synthetase.

The authors actually understated the statistical support for their case by not citing 

probabilities—10−8 – 10−18—of the observed alignments under the null hypothesis indicated 

by their jumble-testing z-scores. Perhaps for this reason, the hypothesis remained more or 

less dormant for almost a decade before it was revived by Carter & Duax [47,48]. 

Subsequent work has substantially strengthened the experimental and bioinformatic support 

for the hypothesis by articulating and testing predictions that it makes (Fig. 1B). Direct 

support for the hypothesis, discussed at length in this review, is made more relevant by 

related work on the origin of translation [5,49–54] and the genetic code [40,41,55].
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C. The origins of symbolic interpretation and coding

Biological nucleic acid sequences represent an exquisite repository of information relevant 

to managing stimuli from the world at large. For our purposes, it is useful to distinguish 

between two types of information stored in nucleic acids. Information about the chemical 

environment of biology defines how amino acids behave in water; gene sequences exploit 

that information by configuring amino acid sequences capable of folding into functional 

proteins.

The information in genes furnishes the blueprints for assembling proteins via the ribosomal 

read-write apparatus. Genes constitute a set of programs, written in the language of the 

genetic code, and expressed as a sequence of codons, or symbols consisting of three 

consecutive nucleotide bases, each with a specific meaning—start, a particular amino acid 

belongs here, stop. Equally important is the translation table embedded in transfer RNA. 

This second type of information specifies the conversion of the symbolic information in 

codons into specific amino acids. It has recently become apparent that this conversion 

corresponds closely to the phase transfer equilibria that enable translated gene sequences to 

fold and function. It represents the programming language in which genes are written and 

self-organization has embedded it efficiently and robustly into tRNA base sequences, 

primarily in the acceptor stem and anticodon.

The aaRS connect codons, hence messages in mRNA to amino acids via the translation table 

in the genetic code, each synthetase performing specific tRNA aminoacylation to enforce the 

rule specifying that a particular codon means that a particular amino acid is to be inserted 

whenever the anticodon of its cognate tRNA matches a codon in the message. As the 

synthetases are themselves made according to specific mRNA sequences, their connection to 

the genetic code is deeply reflexive or self-referential: once translated, they themselves 

become sensitive to the impact that water has on their constituent amino acids and fold into 

active conformations. Those folded conformations subsequently execute the symbolic rules 

in the genetic coding table to make themselves and all other proteins (Fig. 2; [40]).

At the nucleic acid level, the molecular nature of this information, and how it is preserved 

from one generation to the next, are well understood in terms of base-pairing, as are the 

general structural mechanisms by which this base sequence information is read out by 

transcription, and converted first to protein sequences by the ribosome during translation and 

then to folded, active enzymes. Principles of protein folding are also beginning to be 

understood, at least in outline [56–58]. Key to understanding the origin and evolution of 

each of these mechanisms is the element of “interpretation”—rephrasing the encoded 

information into a more flexible form capable of a greatly extended range of functionalities.

How the genetic code became embedded in tRNA sequences and how mRNA sequences 

originated, however, have been essentially blank pages. High probability synthetase•tRNA 

complexes were essential to launching translation. The probability of implementing 

molecular recognition and interpretation via self-organization [59,60,51,61,62] and natural 

selection [63] decreases sharply the more sophisticated the system. Thus, it seems likely that 

translation began with smaller, less specific complexes, hence a simpler, less precise, and 

probably redundant alphabet. The recent experimental work reviewed here points clearly to 
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molecular models with just those properties. These and other arguments [5,6]. imply that 

genetic coding arose in a flexible, rudimentary implementation that later underwent 

successive refinements that completed the code [5].

Given that the aaRS are probably the first and only gene products (ie., of the second type of 

information) with the ability to interpret the first type of information (ie., the genetic code 

translation table), it should come as no surprise that their molecular phylogenies contain 

potentially useful information concerning how they arose and began translating genetic 

messages. Retracing evolution is a unique subset of reconstructing the past, i.e. of history. It 

can be argued that the effort is fruitless as one cannot run the tape in reverse, that important 

and relevant witnesses are all extinct, and in particular that there is no way to test 

hypotheses. Our work [64,40,65,41,55,26,42,32,34,27,7,28,33,29,8,30,36,31,48], and that of 

others [25,66,52–54,67], tends to rebut this objection. In reality, molecular phylogenies of 

the Class I and II aaRS have proven to be a rich source of unexpected insights into how 

translation became possible and robust tools now enable us to investigate, and even 

recapitulate key events from the past history of life.

II. Evidence for Bi-directional Coding Ancestry: Molecular Phylogenies, 

Urzymes, and Protozymes

The broader evidence now supporting the hypothesis of Rodin and Ohno [43] began with 

analysis of superpositions of the three-dimensional structures of Class I and II aaRS, as 

illustrated in Fig. 1 and described in §II.A. §II.B reviews the experimental characterization 

of the parallel catalytic activities and amino acid specificities of the deconstructed 

hierarchies from both classes. Problems raised by experimental recapitulation of putative 

evolutionary events connecting the ancestral forms to the contemporary enzymes are 

discussed in §II.C. A new distance metric for phylogenetic analysis of protein superfamilies 

related by bi-directional coding ancestry is reviewed in §II.D, together with its possible use 

in identifying how synthetases for the 20 canonical amino acids may have diversified from a 

single ancestral gene.

A. Protein engineering and experimental deconstruction

The overall strategy of these studies has been to deconstruct Class I and II aaRS into genes 

for their component modules, use enzyme kinetics to characterize their catalytic activities 

and specificities, and validate their authenticity. Recapitulation of putative evolutionary 

intermediates by partial reconstruction also has been carried out, although to a lesser extent, 

as described in §II.C.

Deconstruction—Genes coding for intermediate modules were made using molecular 

biological techniques. For Class II aaRS in which the active site is formed by a continuous, 

uninterrupted coding sequence, deconstruction can be accomplished using PCR 

amplification of the desired region [29]. For Class I aaRS, however, the active site—and 

Urzyme—are discontinuous, requiring more aggressive protein engineering [30,68]. Two 

aspects of the fusion and solubilization of the Class I Urzymes required amino acid sequence 

modification: (i) the intervening insertion element had to be removed and the two ends fused 
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together, and (ii) an extensive surface area of nonpolar side chains, exposed by the removal 

of entire domains, needed to be modified to enhance solubility. In constructing Urzymes for 

TrpRS and LeuRS, both operations were accomplished using the Design module in the 

Rosetta program [69].

Urzymes—Multiple sequence and especially multiple structure alignments furnish the 

basic tools for constructing molecular phylogenies [25] (Fig. 3). Superimposing three-

dimensional structures of proteins within the same superfamily reveals that certain modules 

are shared by all family members, whereas others differ distinctly from member to member. 

The most conserved modules generally contain the active sites, and for that reason alone are 

likely candidates for evolutionary intermediates. For both aaRS classes, modules shared by 

all ten superfamily members contain essentially their intact active sites built from ~130 

residues [31,48]. These modules have been expressed independently of the rest of the 

contemporary gene from two Class I and one Class II aaRS and shown to exhibit ~60% of 

the transition state stabilization of the full-length enzymes [29–31]. Their extensive 

conservation and enzymatic activities earned them the descriptor “Urzyme” from the 

German prefix Ur = primitive, authentic, original plus enzyme.

Protozymes—Mildvan published a series of studies in which he excerpted the ATP 

binding sites of three different P-loop ATPases—F1 ATPase [70,71], DNA polymerase [72], 

and adenylate kinase [73,74]—and demonstrated that they retained ligand-dependent 

structures similar to that observed in the full-length proteins. All three ATP binding sites 

consist of ~50 residue β-α-β secondary structures with a glycine-rich loop between the first 

strand and helix, and appear homologous in these respects to the Class I aaRS ATP binding 

sites. That precedent motivated further deconstruction of the Class I and II Synthetase 

Uryzmes, both of which contain ATP binding sites of approximately the length—46 residues

—studied by Mildvan. Expression and fluorescence titration of ATP by these 46-mers 

established that they, too, bind ATP tightly, motivating investigation of their possible 

catalytic properties. ATP binding sites from both Class I and II aaRS accelerated amino acid 

activation by 106-fold [26], and led to their designation as “protozymes” from “proto” = 

first.

The hierarchy—monomer>catalytic domain>Urzyme>protozyme (Fig. 4)—illustrates the 

parallel evolution of both Class I and Class II aaRS providing details abstracted in Fig. 3. Of 

particular interest are the following:

i. Red and blue modules are interrupted by an insertion (connecting peptide 1 CP1 

[75]) in the Class I Uryzme but continuous in the Class II Urzyme.

ii. The protozyme module (blue) occurs at the amino terminus of the Class I and at 

the carboxy terminus of Class II aaRS Urzymes.

iii. Transition-state stabilization free energies for amino acid activation assayed by 

PPi exchange for each catalyst, ΔGkcat/KM = −RTln(kcat/KM), are approximately 

linearly related to its mass [26].

Catalytic activities of Class I [30,68]and II [28,29] Urzymes were the first observations to 

substantively validate predictions implied by Rodin and Ohno for the bi-directional genetic 
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coding of Class I and II aaRS. The third observation establishes a crucial pre-requisite for 

the evolution of catalytic activity in general: insofar as catalysis is required to synchronize 

the rates of chemical reactions in the cell, it is essential that different enzyme families across 

the proteome evolve so as to preserve parallel increases in rate enhancement.

Characterization—Overexpressing Urzymes from both Classes leads to their 

accumulation in inclusion bodies. Washed inclusion bodies contain >50% Urzyme in such 

cases, and therefore represent a significant purification. Inclusion bodies solubilized in 6 M 

guanidinium hydrochloride can be renatured by size exclusion chromatography on superdex 

75, which also yields essentially pure Urzyme. Active-site titration [76,77] shows that 

between 35–70% of the molecules in various preparations contribute to the observed activity 

seen in pyrophosphate exchange assays [77]. TrpRS and HisRS Urzymes accelerate the rates 

of amino acid activation (assayed by pyrophosphate exchange) and tRNA aminoacylation by 

109-fold and 106-fold, respectively [28]. These values are consistent with measurements of 

the uncatalyzed rates for the two reactions, as spontaneous amino acid activation [78] is 

~1000-fold slower than are either spontaneous acylation [79] and peptide bond formation 

from activated amino acids [80,81].

As protozymes isolated from the two aaRS Classes have only ~40% of the mass of Urzymes, 

they are substantially weaker catalysts, activating cognate amino acids 106 times faster than 

the uncatalyzed rate. PPi exchange assays were incubated for 14 days and assayed at 

intervals of several days [26]. The specificities of amino acid activation by wild-type and bi-

directionally coded protozymes, and their possible acylation activities have yet to be 

determined.

Validation—Establishing the authenticity of the catalytic activities observed for the aaRS 

Urzymes and protozymes is obviously of great importance, and is a matter to which 

considerable attention has been paid [34,27–31]. They are much weaker catalysts than full 

length enzymes, and consequently, their activities can much more readily be attributed to 

very small amounts of various kinds of contaminating enzymes, including, of course, the 

full-length native homologs present in all cell extracts. In addition to the absence of activity 

in conventional controls carried out using extracts prepared from cells containing empty 

cloning vectors, authenticity was established by four controls:

i. Steady-state kinetic experiments show that Urzyme and protozyme activities 

saturate at amino acid concentrations several orders of magnitude higher than is 

required to saturate the full-length enzymes. This argument is strengthened by 

the complete specificity spectra determined for the Class I LeuRS and Class II 

HisRS Urzymes (Fig. 5; [42,34]).

ii. Cryptic catalytic activity is released when Urzymes expressed as fusion proteins 

with maltose-binding protein are treated with TEV protease.

iii. Active-site mutations and modular variants containing minor additional mass at 

the N- and C-termini alter the measured activity.
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iv. Active-site titration confirms that a major fraction of molecules contribute to the 

observed activity (aaRS Urzymes only; it is unclear that the protozymes would 

exhibit a pre-steady state burst, which is a requisite for active-site titration).

All these results implicate the actual genetic construct in the observed activity, and 

contaminating activities cannot account for either (ii), (iii), or (iv).

B. Class I and II aaRS deconstructions exhibit parallel catalytic hierarchies

Catalytic rate enhancements correlate with catalyst mass—Deconstructions (Fig. 

4) reveal surprisingly consistent increases in transition-state stabilization with additional 

masses in the ascending hierarchies [42,34]. Catalyst masses range by 70-fold from ~6.5 KD 

to 450 KD, and the constructs derived from each Class are distributed differently with 

respect to size. Class I deconstructions are a “low resolution” map because they include two 

modular hybrids—catalytic domain and Urzyme plus anticodon-binding domain—between 

the Urzyme and the full length monomers. The Class II constructs, on the other hands, 

include high resolution divisions—increments of 6, 20, and 26 residues—at approximately 

the 126-residue size of the Urzyme. Across this entire range of deconstructions, transition-

state stabilization energies increase linearly with the number of residues [26]. Moreover, the 

slopes for each Class are the same within 5%.

Class I, II constructs at each stage have the same catalytic proficiencies—A 

second remarkable result of the aaRS deconstruction is that the linear relationships between 

transition-state stabilization free energy and the number of residues also have the same 

intercepts. This implies strongly that throughout the evolutionary history of the two 

synthetase Classes, they retained comparable catalytic proficiencies [26]. The importance of 

this observation is that the synthetase superfamilies form a tightly interdependent 

autocatalytic set coupled by the fact that each is required to operate with approximately the 

same throughput of aminoacylated tRNAs for translation of all amino acids within the 

current genetic alphabet [5]. Their enzymatic activities must, therefore, have remained quite 

comparable for all relevant amino acids over the duration of the synthetase superfamily 

growth from short peptides to long polypeptides. It was not obvious, however, that 

experiments would confirm that expectation. Nevertheless, aaRSs from both Classes appear 

to have been capable of parallel increases in both size and catalytic proficiency, consistent 

with continuously providing comparable quantities of aminoacyl-tRNAs for all amino acids 

throughout the evolutionary tuning of the genetic code.

Class I and II Urzymes are promiscuous catalysts that nonetheless have 
comparable amino acid specificity—Essentially complete amino acid specificity 

spectra have been determined for amino acid activation by the Class I LeuRS and Class II 

HisRS Urzymes (Fig. 5) [42,34]. Remarkably, the two catalysts retain a significant 

preference for the class of amino acid substrates for which their parent enzymes were 

specific. The LeuRS Urzyme prefers not to activate Class II amino acids; the HisRS2 

Urzyme prefers not to activate Class I amino acids. The degree of specificity, evaluated as 

the free energy of the specificity ratio, ΔGkcat/KM(I/II) and ΔGkcat/KM(II/I), are ~ − 1 kcal/

mole for both Urzymes. This value is roughly 20% of that for the full-length enzymes. It 

means that given equimolar concentrations of all 20 amino acids, the Class I Urzyme will 
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activate an amino acid from the wrong class roughly one time in 5, whereas a native aaRS 

will typically active an incorrect amino acid roughly one time in 5000. Thus, aaRS Urzymes 

are promiscuous with respect to amino acid recognition, but retain the Class preferences of 

the full-length enzymes from which they were derived for amino acids within their own 

class.

As noted below, the problem of evolving high amino acid specificity is more subtle than 

might appear from the initial studies in Fig. 5. An important possibility is that specificities 

were enhanced in the presence of cognate tRNAs, as is true for several contemporary aaRS 

[82–85]. Work is in progress to characterize tRNA specificity in a similar fashion, and to 

determine whether or not the amino acid specificity spectra (Fig. 5) improve in the presence 

of cognate tRNAs.

Wild-type and bi-directional protozyme gene products from both Classes have 
the same catalytic proficiencies—§II.D discusses in greater detail the extent to which 

experimental and bioinformatics results have confirmed the hypothesis of Rodin and Ohno 

that the original ancestral genes for Class I and II aaRS were fully complementary. It is 

worthwhile noting here that wild type Class I and II protozymes were excerpted directly 

from full-length TrpRS and HisRS genes. Although those coding sequences retain a strong 

trace of their bi-directional coding ancestry, they are distinctly not complementary. To test 

the prediction that a fully complementary protozyme gene could be achieved, the computer 

design program, Rosetta, already used extensively in the re-design of Class I Urzymes, was 

adapted to impose coding complementarity on the two protozyme genes, resulting in a single 

gene with two different functional translation products, one from each strand [26].

Analysis of the peptides coded by the resulting bi-directional gene showed that the four gene 

products—Class I and II; designed and wild type—have nearly the same catalytic 

proficiency, ΔGkcat/KM = +3.5±0.8 kcal/mole. The amino acid sequences of the designed 

protozymes are quite different from the WT sequences. This agreement therefore suggests 

that the catalytic activities of the Class I and II protozymes may be consistent with a very 

large number of different sequences that share only simple patterns based on a reduced 

alphabet of fewer amino acids, consistent with their possible emergence at a time when the 

amino acid alphabet was both smaller and less faithfully implemented.

Designed protozymes have high turnover, low specificity—The steady-state 

kinetic parameters for WT and designed protozymes revealed yet another remarkable 

comparison. Although the overall second-order rate constants, ΔGkcat/KM, are very nearly 

the same, their similar values arise from quite different values for the turnover number and 

amino acid substrate affinity. The WT protozymes, perhaps because they were excerpted 

from the full length proteins, retain higher ground-state substrate affinities but have lower 

turnover numbers, whereas the designed Protozymes have higher turnover numbers and 

weaker ground-state affinities [26]. The differences in both parameters are about 100-fold, 

leaving their kcat/KM ratios unchanged.

Without intending to do so, by enforcing genetic complementarity the design process also 

enhanced the turnover number while weakening amino acid affinity (Fig. 6). Specific 
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binding of cognate, versus non-cognate amino acids cannot be improved without increasing 

the binding affinity of the cognate complex, so increased ground state amino acid affinities 

are a prerequisite for enhanced discrimination between competing substrates. Thus, 

deconstructions of both aaRS Classes exhibit parallel enhancements that improved fitness by 

increasing both catalysis and specificity. Notably, the higher turnover number and lower 

amino acid affinity of the designed, bi-directionally coded protozymes match properties 

expected for a emerging rudimentary coding apparatus.

C. Recapitulation

Modular engineering of TrpRS—One of the best ways to validate and utilize knowledge 

gained from the reconstruction of ancestral forms is to recapitulate putative evolutionary 

steps by reconstructing and testing intermediates [86–88]. The deconstruction of the Class I 

and II aaRS has afforded such opportunities [33,29]. Those investigations cast new light on 

synthetase function and evolution.

Two putative TrpRS constructs intermediate between the Urzyme and full-length enzyme 

involved the re-insertion of the CP1 fragment to restore the catalytic domain and the 

covalent joining of the anticodon-binding domain to the Urzyme [33]. Comparison of these 

modular variants showed that, although both intermediate species exhibited modest increases 

in catalytic proficiency, neither was any better than the Urzyme, either in aminoacylation or 

in discriminating between cognate tryptophan and non-cognate tyrosine [33]. There are two 

notable interpretations of this surprising result. First, as neither intermediate construct would 

have sufficiently increased fitness to be selected, it suggests that the apparently separate 

evolutionary enhancements must have occurred coordinately, either because one of the two 

had already begun to function in trans, or because one or the other, or both modules could 

“grow” by smaller modular additions that did endow enhanced fitness [33]. Second, the 

modular thermodynamic cycle involving full-length TrpRS, the two distinct intermediates 

[33], and the Urzyme allowed measurement of a ΔΔG‡ ~ − 5 kcal/mole coupling energy 

between the CP1 and anticodon-binding domains in the transition state of the amino acid 

activation reaction by full-length TrpRS [33], shedding new light on the general problem of 

intramolecular signaling or allostery [89–91].

Mechanistic studies on intact TrpRS had previously identified a profound intramolecular 

coupling, ΔΔG‡ ~ − 5 kcal/mole necessary for catalytic assist by the active-site Mg2+ ion 

[92] and achieving full catalytic proficiency by the full-length enzyme [89,32,93,92]. A five-

way coupling interaction, ΔΔG‡ ~ − 5kcal/mole, was also measured between four residues in 

an allosteric switching region 20 Å from the active-site metal that mediates the shear 

involved in domain movement during catalysis [94]. A related study [32] confirmed that the 

same coupling energy was used in the transition state to enforce the specific selection of 

cognate tryptophan vs non-cognate tyrosine. Thus, the modular thermodynamic cycle 

provided a key link connecting the long-range coupling observed previously directly to the 

domain movement: the four switching side chains (I4, F26, Y33, and F37), the Mg2+ ion, 

and both domains all move coordinately in the transition state [89,95].
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Modular engineering of HisRS—Three conserved motifs are recognized in Class II 

aaRS: Motif 1 and Motif 2 compose the HisRS Urzyme. The third, Motif 3, however, lies 

well outside the Urzyme. It is separated by a long and variable insertion domain, C-terminal 

to the Urzyme, much as the long and variable CP1 insertion interrupts the Class I Urzyme. 

Exploratory modular engineering of interactions in the Class II HisRS yielded several 

intriguing observations [29]. (i) Motif 3 could be fused together with the HisRS Urzyme to 

produce a module whose catalytic activity is intermediate between that of the Urzyme and 

that of Ncat, the HisRS catalytic domain containing both Motif 3 and the insertion domain 

[96]. (ii) Catalytic proficiency of the Motif 3-supplemented HisRS Urzyme is further 

enhanced by adding six additional residues N-terminal to the Urzyme [29]. (iii) The six-

residue N-terminal fragment functions synergistically with Motif 3. Effects of the five 

modules estimated by regression methods from all of the measurements (Fig. 7) distinctly 

resemble those evaluated on the basis of more thorough investigations of Class I constructs.

D. Middle codon-base pairing: a new phylogenetic distance metric

Bi-directional genetic coding left a detectable trace in contemporary 
sequences—Sense/antisense alignment of coding sequences from different protein 

families introduced a new, phylogenetic distance metric—the percentage of middle codon 

bases that are complementary in all-by-all in-frame bi-directional alignments of multiple 

sequence alignments from the two families. As an example, aligning the TrpRS Class I 

Uryzme against the HisRS Motif 2 [31] revealed that the region of quite extensive codon-

anticodon complementarity identified by Rodin and Ohno could be extended to include 

~75% of both Urzyme sequences, provided that the first and third codon bases were 

excluded. Outside regions of very high conservation as found in the Class-defining 

signatures of the aaRS, a transient ancestral use of dual strand coding, followed by an 

extended period of adaptive radiation would rapidly degrade the complementarity of the two 

strands. The highly conservative nature of the genetic code, together with wobble property 

of the third codon base [97] mean that loss in the middle-base pairing occurs much more 

slowly as sequences diverge than that in the first codon bases on each strand, each of which 

is opposite a wobble base on the opposite strand (Fig. 8A). The trace of bi-directional coding 

ancestry can thus be recovered by structurally-informed middle codon-base alignments of 

sufficient numbers of contemporary sequences (Fig. 8B) [7]. To wit, if the number of 

sequences aligned is sufficiently high (~104 comparisons in ref. [31]), the standard error of 

the mean is reduced to a tiny fraction of the differences between the pairing frequencies of 

Class I vs Class II alignments and those (0.25) expected under the null hypothesis that one 

base in four would be complementary.

Elevated codon middle-base pairing in multiple antiparallel alignments 
between different Class I and II aaRS coding sequences occurs generally 
throughout all aaRS superfamilies—The significance of the published study of middle 

codon-base pairing [7] raises a potential question because the statistics were accumulated for 

alignments of a Class IC (TrpRS) with a Class IIA (HisRS) synthetase. Neither of these 

synthetases was likely to have been among the earliest to appear. To establish the 

significance of the middle codon-base pairing distance metric, we therefore extended this 

analysis to include eleven aaRS, balancing the three subclasses by including six from Class I 
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(TrpRS, TyrRS, LeuRS, IleRS, GluRS, GlnRS) and five from Class II (HisRS, ProRS, 

AspRS, AsnRS, PheRS; N. Chandrasekaran, personal communication). The alignments 

included 64 amino acids surrounding the PxxxxHIGH and KMSKS sequences in Class I 

aaRS and the Motif 1 and 2 sequences in Class II aaRS in [7] to enhance confidence. The 

trace of ancestral bi-directional coding remains significant.

This extended database samples multiple comparisons between all subclasses within each 

Class, and hence include pairs of aaRS that presumeably appeared at different times along 

the evolution of the code. The statistical structure of this new database is shown in Fig. 9. 

The bi-directional alignments add an average of ~0.07 ± 0.007 to the fraction of codon 

middle-base pairing over those within the same aaRS Class. The difference between within- 

and between-classes accounts for ~60% of the variance in observed pairing (R2 = 0.60), and 

the Student t-test probability for a ratio of the slope to its standard error as large as 10 is 

~10−14.

Ancestral sequence reconstruction extends the phylogenetic evidence for bi-
directional coding significantly backward in time—Ancestral gene reconstruction 

[98,99] has become broadly used to resurrect ancestral enzymes [100] and signaling proteins 

[101–103,87,104,88,105]. Given the evidence for significant residual codon middle-base 

pairing in contemporary Class I and Class II sense/antisense alignments (Fig. 8B), it was of 

interest to extend the technique to the quantitative comparison of distinct gene families 

whose evolutionary descent might have been tightly coupled by bi-directional genetic coding 

at the origins of translation. That prediction led to the expectation that reconstructed node 

sequences of both superfamilies might exhibit increased codon middle-base pairing as 

reconstructed nodes from each family are aligned in opposite directions. This test is distinct 

from the construction of phylogenetic trees from multiple sequence alignments of related 

proteins, because it compares separate reconstructions of distinct families carried out 

independently and aligned only after the nodes have been reconstructed. The resulting 

appearance of increased codon middle-base pairing (Fig. 8C) is therefore a significant, 

orthogonal verification of the Rodin-Ohno hypothesis [7].

Codon middle-base pairing may contain evidence for very early stages of 
genetic coding—The breadth of the histograms in Fig. 9 and consensus subdivisions of 

the two aaRS Classes into parallel subclasses, one large and two small, suggest that further 

examination of the middle-base pairing metric may eventually provide clues about the order 

in which pairs of aaRS speciated, and hence the order in which amino acids appeared in 

coding relationships. We constructed putative phylogenetic trees from the aligned amino 

acid sequences of eleven aaRS (six Class I and five Class II; Fig. 10A) and from the middle 

base-pairing distance metric (Fig. 10B) to illustrate this possibility. Significantly, there is 

only one significantly lower middle codon-base pairing metric among the all-by-all 

comparison of the subclasses—subclasses Ib and IIc appear to be more distantly related than 

all of the other subclasses. Thus, the distance metric implies comparable distances between 

all aaRS subclasses of each class to those of the other. Although based on partial data, this 

analysis is nevertheless interesting because it suggests ancestral genes in which the two 

principal subclasses are swapped (Fig. 10B): strands of the presumptive ancestral gene 
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encoded ancestral Class Ia Ile-like and Class IIb Asp-like protozymes. Similarly, the next 

most prominent middle-base pairing metric relates sequences of Class IIa ProRS those of 

Class Ib GlnRS. Further work in this direction is in progress, and will require developing 

improved analytical tools for using the new distance metric, along with ways to deal with the 

ancestral sequence reconstructions built from amino acid alphabets of decreasing size 

[49,106,107].

These data suggest that we now potentially have the tools to address directly the question of 

which stepwise bifurcations were actually involved, and in which order, leading to the 

universal genetic code. That code is one of a tiny number of near optimal codes that have the 

dual properties of high redundancy and resistance to mutation [108]. It therefore must have 

been discovered by a process of feedback-constrained symmetry-breaking phase transitions, 

or “boot-strapping”. The underlying necessity for these transitions are discussed in detail 

elsewhere [5,6]. Among the first of these symmetry-breaking transitions relevant to the 

genetic code was the aaRS class division that divided the amino acids into two distinct 

classes, as discussed in §IV.

III. Structural Biology of Ancestral Synthetases

Most of what we know about the structures of Urzyme and Protozyme models for ancestral 

aaRS has been inferred from crystal structures of full-length enzymes. Thus, for example, all 

structures depicted in figures herein were prepared by excerpting relevant coordinates from 

the corresponding pdb files. However, work has begun on the challenging task of providing 

more reliable and detailed structural data.

TrpRS Urzyme is a catalytically active molten globule—Attempts to crystallize 

Urzymes, either alone or as maltose-binding-protein fusions, has not yet been successful. It 

has, however, been possible to prepare isotopically labeled samples of active TrpRS Urzyme. 

Preliminary 15N-1H HSQC spectra from those samples supported an unexpected, but not 

unprecedented conclusion—the TrpRS Urzyme is not a folded protein, but has many of the 

properties expected from a catalytically active molten globule [64]. The HSQC spectrum has 

a reasonable dispersion of values in the 15N dimension, but all ~80 peaks are contained 

between 8–8.5 ppm in the 1H dimension, which is characteristic of proteins that are not fully 

folded. The conclusion that it is probably a molten globule is reinforced by the fact that the 

temperature dependence of CD spectrum exhibits cold denaturation, and that Thermaflour 

measurements of thermal melting in the presence of Sypro Orange dye exhibit high 

fluorescence at all temperatures below ~45 C, above which fluorescence decreases non-

cooperatively over a range of ~30 degrees C. Both cold denaturation and high fluorescence 

over broad temperature ranges in the presence of Sypro Orange are characteristic of limited 

tertiary structure as in molten globules [64].

The likely possibility that the TrpRS Uryzme is a catalytically active molten globule has 

considerable significance in light of the work of Hilvert [109] and Hu [110], showing that 

the native chorismate mutase dimer and an engineered monomeric form that is a molten 

globule exhibit comparable rate accelerations—and hence transition state stabilization—by 

distinctly different strategies. The high, positive TΔS‡ implies even greater enthalpic 
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contribution to transition state stabilization. Thus, thee molten globular catalyst achieves a 

substantially higher – ΔH‡ to overcome the entropic cost of restricting the molten 

conformation of the catalyst when it binds to the transition state. The additional flexibility of 

the molten globular ensemble appears enable it to wrap more tightly around the transition 

state configuration of the substrate than can the properly folded native form of the enzyme.

The potential manifold for catalytic activity by poorly structured polypeptides 
may thus be much larger than was thought possible—Two molten globular 

polypeptides therefore exhibit high rate accelerations. At least one of these does so by 

forming substantially tighter bonds in the transition state than are possible with the native 

enzyme. This plasticity opens the possibility that many similar structural ensembles might 

act catalytically, and hence that a wider range of polypeptides might exhibit catalytic 

activity.

Peptide catalysts are far superior to ribozymes—The superiority of peptide 

catalysts is widely recognized. However, because it is so much easier to generate and select 

catalytic aptamers from RNA than it is from protein combinatorial libraries, it is unclear that 

this wide recognition comes with an appreciation of just how superior polypeptide catalysts 

are, in principle. Wills [49] has compared the combinatorial possibilities for making an 

active site with proteins to those available for ribozymes. The combinatorial advantage of 

protein active sites arises because amino acids are only half the volume of nucleotide bases, 

meaning that contact to a transition state can arise from a greater number of amino acids. 

This advantage is compounded by the fact that there are five times as many choices of amino 

acids. As a result, proteins have an advantage somewhere between a million- and a billion-

fold over RNA, which is what is observed experimentally [5].

Hecht’s work [111–113] has demonstrated that a large proportion of molecules within 

patterned combinatorial libraries actually do form molten globules. The relatively low free 

energy barriers associated with assuming catalytically competent conformations, together 

with the vastly enhanced abilities of amino acid side chains to engineer nanoscale chemistry 

argue that catalytic activity is likely to arise and evolve much more rapidly from populations 

of peptides than from libraries of RNA. Thus, demonstrating that catalytic proficiency does 

not require the evolution of properly folded proteins represents a considerable expansion in 

their potential catalytic repertoire.

IV. The Basis for the AARS Class Division

Because they activate amino acids by catalyzing adenylation by ATP, the aminoacyl-tRNA 

synthetases are arguably among the earliest enzymes to emerge during the origin of life. 

Absent catalysts, amino acid activation is both the slowest kinetically and most irreversible 

thermodynamically of the chemical reactions necessary for protein synthesis [34]. The 

former distinction means that activation is ~1000 times slower than acyl transfer to tRNA or 

peptide bond formation from activated intermediates and represents the principal kinetic 

barrier to making peptides in a pre-biotic context. The latter means that amino acid 

activation is one of the hardest reactions in biology to drive to completion. It is probably not 

accidental that it became driven by ATP hydrolysis, which can deliver an additional free 
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energy pulse once the pyrophosphate liberated by amino acid activation is subsequently 

hydrolyzed, assuring that activation goes to completion.

That two distinct protein superfamilies emerged to couple amino acid activation to ATP 

hydrolysis represented a conundrum that remained unanswered until a quite recent 

investigation connecting coding properties of tRNA bases with the physical chemistry of 

amino acid side-chain phase transfer and protein folding equilibria [40,41,55] provided the 

first clues to a possible answer (see Fig. 2). One puzzling aspect of dividing the 20 canonical 

amino acids into two distinct groups is that the resulting classes appear to have quite similar 

diversity in their representation of the various physical chemical properties. Subclass B 

activates Glu, Gln, and Lys in Class I and Asp, Asn, and Lys in Class II. Subclass C activates 

Trp and Tyr in Class I and Phe in Class II. The similar diversity within each class leaves 

open the possibility that the two synthetase Classes appeared sequentially and not 

simultaneously. Although most authors have been reluctant to comment on their order of 

appearance [1], several have argued for a sequential appearance [114–116].

A. Class I, II aaRS have highly interdependent active-site constructions

Sequence conservation within the synthetase active sites furnishes the strongest evidence 

that the two Classes appeared simultaneously and not sequentially [42,34]. Functional 

residues in each site—those whose functional groups directly influence the chemistry of the 

two substrates, as opposed to side chains within the conserved signatures that interact with 

the rest of the protein—are drawn entirely from the set of amino acids activated by the 

opposite aaRS Class (Fig. 11). This phenomenon is especially conspicuous for the Class-

defining signature residues. For example, seven residues from the HIGH and KMSKS 

motives of Class I active sites interact with the ATP substrate; whereas the two remaining 

hydrophobic, Class I, I and M residues, respectively, coordinate movement of the two 

signatures because they are embedded in a hydrophobic core of the anticodon-binding 

domain.

Although further work on this question is certainly worthwhile, there appear to be functional 

reasons why active-site residues are deployed quite differently in each Class. Although these 

differences have not been delineated systematically, they appear to produce dissimilar 

transition-state stabilization mechanisms [117,118]. With some exceptions—TrpRS residue 

D132 is a Class II amino acid conserved in the amino acid substrate binding sites of several 

Class I aaRS—the residues that obey this particular asymmetry are located in the respective 

ATP binding sites, and their functional differentiation is likely to be related to functional 

differentiation in the mechanism for ATP activation. Class I aaRS use a dynamic Mg2+ ion 

that moves with the PPi leaving group bound by the KMSKS loop during the transition state 

[89] and appear to stabilize additional negative charge in a dissociative transition state 

involving an α-metaphosphate [89]. Class II aaRS appear to stabilize a pentavalent α-

phosphoryl group transition state with multiple Mg2+ ions that are bound directly by protein 

residues in a manner reminiscent of the two-metal transition state stabilization of 

polymerases [119].

The only variation in these patterns occurs in eukaryotic synthetases, which are much more 

highly differentiated than bacterial aaRS and have adapted their catalytic mechanisms to 
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accommodate and perhaps to sustain the accumulation of modules, called physiocrines 
[120,121], with additional functions, whose selective advantages have been proposed to 

require modifying the active-site configurations [122,123].

These putative mechanistic differences are consistent with the differential use of Class II 

histidine, asparagine, lysine and serine—stabilization of a (PO3
−) metaphosphate transition 

state—by Class I aaRS and of Class I arginine—stabilization with Mg2+ of pentavalent 

phosphoryl transition state assisted by glutamic acid coordination of Mg2+—by Class II 

aaRS. As the active sites are almost certainly the oldest parts of an enzyme, it seems highly 

unlikely that either aaRS Class could ever have managed without the other because of the 

necessity to provide activated amino acids from the opposite set for their own translation.

Mechanistic differentiation as outlined here may have deeper evolutionary significance in 

light of a series of asymmetries at primary, secondary, and tertiary structural levels. These 

are described in §IV.B, C, and D.

B. Amino acid side chain volume may underlie the class distinction

It seems reasonable to seek a basis for the striking division between the two amino acid 

classes from among the various physical descriptors that differentiate amino acid chemical 

behaviors. The obvious diversity within each class complicates the question. Given a matrix 

with one amino acid per row and a column giving its class and additional columns for each 

candidate descriptor, one can compare the various linear models relating properties to amino 

acid Class. Most proposed predictors are corrupted by attempts to impose correlations with 

the buried (or exposed) surface areas in proteins. Three predictors stand apart from this 

difficulty: the “polar requirement” [124], and the phase transfer free energies for water-to-

cyclohexane [125–128] and vapor-to-cyclohexane [129]. The former resulted from an 

ingenious attempt to test the hypothetical correlation between an amino acid property and 

the codon table. The resulting scale was derived from paper chromatography of the amino 

acids in solutions of varying content of dimethylpyridine, to alter the mobility in accordance 

with the phase transfer behavior. However, that scale is highly idiosyncratic and cannot be 

recapitulated without an extensive investigation into the properties of paper chromatography, 

which is rarely if ever used today. In contrast, both the latter measures represent pure 

physico-chemical equilibria unrelated to possible interactions either with carbohydrates in 

the paper support or with nucleic acids (Fig. 12).

The three different properties are not linearly independent. The polar requirement is 

uncorrelated with the vapor-to-cyclohexane equilibria (R2 = 0.06; P = 0.26) but well-

correlated with the water-to-cyclohexane equilibria (R2 = 0.62; P < 0.0001). However, the 

two phase transfer equilibria themselves are uncorrelated (R2 = 0.01; P = 0.69). Thus, they 

are distinctly different metrics, whereas the polar requirement resembles the hydrophobicity 

measured by the water-to-cyclohexane transfer equilibrium.

The second relevant point is how the three values correlate with the degree of side chain 

exposure in folded proteins measured by the solvent accessible surface area, ASA. That 

metric is, itself, subject to uncertainty as discussed elsewhere [41,55], where it is argued that 

the values published by Moelbert [130] represent the least ambiguous values. Moreover, 
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amino acids cysteine and proline violate all characterizations of this sort, owing to 

alternative influences—exposure in turn segments, coordination of metals and disulfide 

linkages—that lead to highly variant distributions between surface and core. Given those 

assumptions, and by a substantial margin, the best model for the ASA values is achieved by 

a linear combination of water-to-cyclohexane and vapor-to-cyclohexane free energies (R2 = 

0.94; all P < 0.001). The polar requirement performs less well in combinations (Fig. 13), 

indicating that the information in the polar requirement is redundant with that in the transfer 

free energy from water to cyclohexane. Thus, the vapor-to-cyclohexane transfer free energy 

provides new, complementary information, allowing a nearly complete prediction of ASA.

The original purpose in developing the polar requirement was to account for regularities in 

the genetic code. It appears, however, that tRNA identity elements are more reliably related 

in detail to the phase transfer free energies [40,41] than to the polar requirement value.

C. tRNA acceptor stem and anticodon have independent coding properties

In a paper that now appears increasingly prescient, Schimmel, et al. [23] argued that the dual 

domain structures of aaRS and tRNAs and experimental demonstrations that many aaRS 

could specifically aminoacylate tRNA acceptor stems in the absence of the anticodon stem 

loops implied an earlier phase of genetic coding. They proposed that aaRS catalytic domains 

and tRNA acceptor stems may have implemented an “operational RNA code” that enabled 

them to begin to align aminoacyl-acceptor stems according to an ancestral messenger RNA 

[131]. The anticodon stem-loop and corresponding binding domains in the synthetases were 

assimilated later.

The more recent demonstration that aaRS Urzymes could acylate tRNA complemented the 

experimental acylation of acceptor stems [132–134], reinforcing the suggestion of 

Schimmel, et al., and highlighting the question of what, specifically, might that operational 

code have consisted? To answer this question, various potential properties of the 20 

canonical amino acids were assembled into a table with one line per amino acid. Each 

property was listed in a separate column. Separate tables included additional columns 

representing acceptor stem and anticodon bases forming identity elements (compiled by 

Giegé [135]) according to a binary code using one bit for whether a base is a purine (−1) or a 

pyrimidine (1) and another bit for whether its Watson-Crick base pairing formed three (1) or 

two (−1) hydrogen bonds. Regression models were then constructed for each property as a 

dependent variable using the coding element columns as independent variables [41].

Not surprisingly, all such models provided excellent correlations with each physical property 

if sufficiently many coefficients were used. To differentiate “predictive” models from models 

using sufficiently many coefficients that they overfitted the noise, two non-canonical amino 

acids, selenocysteine (Sec) and pyrrolysine (Pyl), outside the training set were used for 

cross-validation. There was a clear distinction between models capable of predicting the 

properties of the two amino acids in the test set, and those that did so poorly. “Predictive” 

models had a small variance in predicting the test set (Sec, Pyl). They differed distinctly, 

depending on whether the identity elements used as independent variables came from the 

acceptor stem or from the anticodon (Fig. 14). Bases in the acceptor stem provide uniquely 

predictive codes for the side-chain size, whether or not it is branched at the β-carbon, and 
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whether or not the side chain has a carboxyl group. Most other side-chain properties, notably 

including the hydrophobicity, are specified by the anticodon [41].

The unique and restricted coding properties of the acceptor stem provide substantive support 

for the proposal that an “operational RNA code” preceded the universal genetic code carried 

by the anticodon bases. Details of the acceptor stem code suggest in addition that the 

properties most important for that code were size, β-branching, and carboxylate side chains. 

In turn, those properties argue that genetic coding began before it became useful to encode 

side chains necessary to form hydrophobic cores, and hence before coding specified folded 

tertiary structures [41]. In fact, the central features of the acceptor stem code specify 

requirements for forming extended chain β-structures, like those identified by modeling 

interactions between peptide β-structures and RNA [136,137]. These requirements suggest a 

selective advantage that could have favored the emergence of such an operational code from 

a pre-existing population of oligopeptides and oligonucleotides that interacted according to a 

direct, stereochemical code based upon mutual structural complementarity. Moreover, it is 

consistent with the notion, elaborated in §II.D and §V.B, that ancestral synthetases, and 

especially protozymes were coded using a reduced alphabet, leading to “statistical proteins” 

[138–140,49].

D. Bi-directional coding implies two interpretations of the same genetic information

To test the Rodin-Ohno hypothesis directly, we adapted the Rosetta multistate design 

algorithm [141] to craft polypeptide sequences to stabilize two alternative backbone 

configurations—Class I and Class II protozymes— simultaneously and subject to the 

constraint that amino acids selected to stabilize one backbone have codons complementary 

to those of amino acids at the corresponding position on the other strand. Those constraints 

enforced bi-directional coding and produced one gene from which we could express a Class 

I Protozyme in one orientation and a Class II Protozyme in the other orientation Fig. 15 [26].

Contemporary aaRS genes are obviously coded uni-directionally (there is, however, 

evidence that bi-directional coding might have survived to contemporary organisms in 

isolated cases [142–144,48]. The degree of middle codon-base pairing in sufficiently 

detailed, all-by-all comparisons may therefore allow two different mechanisms to be 

distinguished: (i) strand specialization, in which the two strands of daughter genes developed 

mutations that eliminated bi-directional coding in order to achieve sufficiently improved 

fitness (Fig. 16A), and (ii) adaptive radiation of bi-directional genes that would have 

preserved high middle codon-base pairing until more recent times (Fig. 16B). At what point 

the strand specialization actually occurred along the sequence of bifurcations during code 

expansion should have left distinguishable signatures in patterns of the middle codon-base 

pairing distance metric.

Bi-directional coding means that the two aaRS Classes are derived from alternative 

interpretations of the same ancestral genetic information, much as in visual puzzles with 

complementary interpretations of figure and ground (Fig. 17). The Watson-Crick base-

pairing rules and the repeating two-fold symmetry relating backbones of opposite nucleic 

acid strands means that the two strands of the designed Protozyme gene contain only one set 

of unique information, represented in complementary forms by either strand. The opposite 
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strand has no additional information! Yet that information can support two entirely different 

interpretations with similar functions, depending on how it is read. This unexpected duality 

unifies the two aaRS superfamilies. Unification is commonly sought by physicists, but is 

very unusual in structural biology.

V. Inversion symmetries in structure and function maximally differentiate 

the two aaRS Classes

Anomalies described in §IV appeared at first to be unrelated curiosities. In fact, however, 

they all assume coherent interpretations as inversion symmetries in the structural and 

functional implications of bi-directional coding for the organizational levels —primary, 

secondary, tertiary—of the familiar Linderstrøm-Lang [145] hierarchy. Moreover, these 

inversion symmetries may have significantly impacted the emergence of genetic coding [5]. 

This section incorporates these relationships into a unified framework: multi-level molecular 

disambiguation.

The genes of bi-directionally coded ancestral Class I and Class II aaRS were 
as different as possible from each other—Although the sugar-phosphate backbones 

of two complementary strands of a nucleic acid can be interconverted by two-fold symmetry 

operations, their sequences can be interconverted only via the complementarity operation of 

base-pairing. This means that the mutational path from one strand to its complement is as 

long as possible: bi-directionally coded genes are maximally differentiated with respect to 

mutation, and it is essentially inconceivable that random mutational events could achieve 

that interconversion.

Primary amino acid sequences of ancestral Class I and Class II aaRS were as 
different as possible from each other—Primary structures of proteins are intimately 

related via the genetic code to their nucleic acid (RNA or DNA) coding sequences. For this 

reason, ancestral, bi-directionally coded aaRS ancestors are maximally differentiated from 

one another.

Secondary structures of Class I and II aaRS were similar to each other—Unlike 

primary and tertiary structures, the ancestral Class I and II aaRS secondary structures were 

very likely similar, with crucial differences outlined in the next paragraph. Secondary 

structural similarity arises from the fact that formation of α-helical and extended β-

structures is driven largely by periodic patterns of similar side chain properties—

heptapeptide repeats of non-polar side chains forming α-helices and alternating dipeptide 

patterns forming extended β-structure. Such periodicities reflect across from one coding 

strand to the other [See Fig. 6B of ref 7].

Tertiary structures of proteins coded by bi-directional genes have the 
interesting property of being in a real sense inside out, one to the other—A 

curious feature in the organization of the genetic code [146] means that amino acids that are 

confined to cores of folded proteins have codons whose anticodons encode residues 

invariably found on the surface [See Fig. 6A of ref 7]. Thus, whereas secondary structures in 
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bi-directionally coded pairs of proteins are largely reflected across the two coding strands, 

solvation patterns of their respective side chains are inverted. Surfaces of helices and strands 

that are exposed in folded structures of one Class are buried in those of the other.

Use of side chains from opposite Classes maximizes differentation of 
catalytic mechanisms—The active site differentiation (Fig. 11) results in significant 

mechanistic disambiguation of the active-site chemistries of Class I and II aaRS. Mutations 

that might lead to interconversion from one mechanism to the other would therefore be most 

likely to be lethal, adding a measure of secuity to the mechanistic integrity of the Class.

Substrate recognition differentiates large from small amino acid side chains—
The only significant aspect of the canonical 20 amino acids for which there is a statistically 

significant difference between the two classes is the size of the side chain [41,55]. It would 

seem more than coincidental that amino acid size is also the primary source of 

differentiation in the tRNA acceptor stem operational code [40,41]. Side chain volume thus 

appears to underlie the initial differentiation between aaRS substrates that eventually 

enabled the development of the current genetic code.

VI. Evolutionary Implications

The genetic code represents one of the deepest unsolved puzzles associated with the origin 

of life. An important possible reason why it has remained such an outstanding problem is 

that much of the interdisciplinary community concerned with the origin of life has been 

preoccupied by the RNA World hypothesis, under which the code remains an even more 

challenging enigma than it needs to be. Under that hypothesis, the code was “discovered” by 

ribozymes seeking to improve their severely limited catalytic potential and was perhaps 

assisted by stereochemical complementarity of nucleotide triplets whose structures were 

complementary to those of amino acids, for which they eventually became (either) codons or 

anticodons [147,148]. The typical argument [149] is that amino acids were first recruited by 

ribozymes as “co-factors” that enhanced the diversity and proficiency of ribozymes. As their 

superior catalytic functions became manifest, increasingly polymerized forms of amino 

acids arose through some form of selection, leading to the translation system now used 

throughout biology. One of many substantial problems with this narrative is that there really 

is no rational mechanism for bootstrapping the code into existence in an RNA world [5].

This review promised a dialectical survey of ways in which recent advances in 

understanding the evolution of the aminoacyl-tRNA synthetases have tended to refute the 

contention that these enzymes “…did not shape the codon assignments”. A substantial 

number of unexpected results have been put in evidence since that judgment was formulated. 

Do those observations contribute to “a credible scenario for the evolution of the coding 

principle itself and the translation system”? Remarkably, the answer appears to be 

substantively affirmative as outlined in greater detail elsewhere [5,6]. In brief, each of the 

unexpected oddities arising from recent aaRS research now can be seen as necessary and 

sufficient vestiges of a bootstrapping process that began deep in a very primitive RNA/

peptide world that prefigured relationships in Fig. 2 at an elemental level. Its built-in and 

robust reflexivity enabled a massive acceleration of the search for a near optimal genetic 
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code. Further, these results were accomplished using a variety of effective new tools and 

ways of thinking, with which to explore the many interstices remaining to be explored.

Assembling the pieces reviewed here into a coherent refutation of the RNA World narrative 

begins with the conclusion that contemporary protein structures represent an archive of their 

origins and evolutionary expansion.

Protein structures were probably not completely overwritten but left an interpretable 
archive of their evolutionary origin in bi-directional genetic coding

Successive experimental deconstruction of both Class I and Class II aaRS reveals parallel 

structural and catalytic hierarchies. Catalytic domains, Urzymes, and Protozymes represent 

increasingly deeply, broadly conserved motifs. The relative ease in identifying them and the 

robustness of their experimental characterization compose a substantial string of evidence 

that the hierarchies apparent in Figs. 3 and 4 represent not a palimpsest of an RNA World 

[150], but a legitimate archive [151]—evident in the contemporary structures—from which 

we have been able to read out, and reconstruct reasonable models for successive stages in 

their evolution.

Evolutionary reconstruction is kin to similar scientific problems, such as chemical and 

enzyme kinetic mechanisms, that present formidable barriers having to do with limitations 

placed by time. Kinetic mechanisms imply limiting structures, transition states, which by 

virtue of their extremely short lifetimes, cannot normally be directly detected. The inability 

to re-play the tape of evolution, on the other hand, creates analogous problems. In both 

cases, direct study of the objects of greatest interest is either difficult or impossible. These 

time-related barriers, in turn, dictate the logical framework necessary to progress. Koch’s 

postulates concerning infectious disease were an early expression of this framework, and 

these were re-formulated by Fersht [152] to shape the evidence for a particular intermediate 

in a reaction path. This logical process entails three elements: characterization of the 

putative intermediate, demonstration that it can be formed from preceding structures fast 

enough to lie on the path, and demonstration that it can react fast enough to lie on the path. 

By analogy, a legitimate evolutionary intermediate must be identified, and prepared. Then, 

plausible evolutionary changes must be outlined—and if possible tested—to account for its 

initial appearance and its subsequent conversion to the next intermediate in a reasonable 

timeframe.

The aaRS superfamilies behave consistently with this logical framework. Like Matryoshka 

dolls, elemental Class I and II active sites both lie within their protozymes, which form the 

ATP binding sites. Protozymes themselves compose a bit less than half the Urzymes, which 

contain the nuts and bolts of the catalytic domain. The function of the TrpRS Urzyme within 

the full-length enzyme is, however, entangled with coordinated motions of the CP1 and 

ABD domains [153,154,94,155,156]. Recent combinatorial perturbation studies have 

implicated these motions in long-range allosteric effects crucial to both catalysis [93,157] 

and specificity [89,32,33] in TrpRS. The synthetase phylogenies therefore represent rich 

and, as yet only minimally tapped, resources of information about the evolutionary 

development of catalysis, specificity, and allostery.
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Beginning with the audacious proposal of Rodin and Ohno [43] and culminating with the 

experimental demonstration of a bi-directional gene for the Class I and II Protozymes [26], 

the trajectory of aaRS research has produced diverse experimental and bioinformatic 

confirmations of the predictions of bi-directional coding (Fig. 1). Substantive validation of 

the unification of the two synthetase Classes implies a need to re-annotate proteomic 

databases. In particular, if, as appears to be the case, a bi-directional synthetase protozyme 

gene preceded most of the proteome, then phylogenies [158–162] that imply that the Class I 

synthetase superfamily branched off a different root quite late in the emergence of the 

proteome cannot also be correct unless modified in important ways to reflect the 

substantially finer modularity of proteins in general and the staged appearance of different 

modules.

For the moment, suffice it to say that the direct evidence for the bi-directional coding 

hypothesis appears exceptionally strong both for Protozymes [26] and for Urzymes [28]. §III 

developed the implications of bi-directional coding for the differentiation of the genes 

themselves and their implications for primary, secondary, and tertiary structures of the 

corresponding synthetases, and thence for their catalytic and coding functions. In the 

following section, we see how these aspects of synthetase phylogeny and structural biology, 

viewed coherently as outlined in §V, also in fact fulfill important requirements for 

bootstrapping complexity from simplicity.

B. Bi-directional coding was probably essential to stabilize the emergence of translation

From the standpoint of information processing, genetic coding differs fundamentally from 

replication. It is, arguably, one of the most significant and puzzling among the 

transformations that produced biology from chemistry. It is perhaps the key event that 

enabled the creation of a multiplicity of sufficiently tunable catalytic activities to 

synchronize the rates necessary for cellular metabolism, §II.A. It seems surprising that 

Woese, et al. [2] would have summarily dismissed the possibility that the evolution of the 

aminoacyl-tRNA synthetases—the executors of the genetic code—had much to do with the 

development of the code itself.

The alternative argument, that synthetase evolution actually was the sine qua non of what 

generated the code, has been articulated in considerable detail elsewhere [5,6, and refs cited 

therein]. Key aspects of that argument are as follows:

i. Primary structures generated by bi-directional coding are maximally different 

from one another, hence cannot be “fused” via functional mutants.

ii. Coding relationships in tRNA acceptor stems and anticodons are consistent with 

at least two distinct stages during which synthetase-tRNA recognition 

participated in indirect (i.e., “genetic”) coding [40,41]. The earlier stage is 

eminently consistent with a very small amino acid alphabet consisting of one or 

at most two bits. Moreover, this result implies the tetrahedral network (Fig. 2) 

connecting four nodes, two in the nucleic acid world—tRNA (the programming 

language) and mRNA (the programs) to two nodes in the protein world—amino 

acid physical chemistry and protein folding [40,41,55].
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iii. A two-bit alphabet competing with anything pre-existing in any RNA coding 

world having higher sophistication would have been rapidly eliminated by 

purifying selection because it would degrade more sophisticated messages.

iv. (a–c) imply that genetic coding must have been built from scratch in an 

implementation executed by protein aaRSs.

v. Bi-directionally coded aaRS Protozymes and Urzymes represent a credible origin 

of the reflexivity necessary for efficiently bootstrapping the full genetic code into 

existence.

This bulleted list correlates with the elements of inversion symmetry relating the two aaRS 

Classes suggesting that the fundamentals of aaRS evolution (§III) closely match 

requirements for the emergence of genetic coding (§V.B(a)–(e)).

Bi-directional coding is unexpected because it limits genetic diversity—An 

indeterminate, but presumably significant fraction of all possible mutations that might 

enhance the fitness of both products from a bi-directional gene are forbidden by the 

complementarity constraint. It also appears likely that many such mutations would also 

decrease the fitness of the translated product from the opposite strand. Recent unpublished 

computational analysis [163] suggests that the cost of bi-directional coding may be smaller 

than previously thought. Computational construction of bi-directional genes for all pairwise 

combinations of 500 pfam domains revealed that the number of pairs whose bi-directional 

genes in all 6 relative reading frames were homologous to consensus sequences from 

contemporary sequence alignments was unexpectedly high. Thus, the inversion symmetry of 

the universal genetic code observed first by Zull and Smith [146] may actually have played a 

key role in the eventual selection of the universal genetic code by optimizing the number of 

potentially functional bi-directional genes.

In any case, co-linear bi-directional coding does exact a price. The quest for diversity is 

severely limited by constraining both strands of a gene to have functional interpretatinos. 

That price must have been paid for by strong contemporary selective advantages. Two 

definitive properties—gene linkage [68] and gene differentiation [5,6]—together with the 

interdependence of all aaRS genes, may have compensated for this limitation while error 

rates were very high, and consequently made bi-directional coding an inevitable requirement 

for the emergence of coded protein synthesis.

Bi-directional coding links gene expression—It seems reasonable that the two 

classes of amino acid substrates differed sufficiently that coded protein synthesis could not 

have been launched without (at least) two specialized kinds of aaRS. The distinction 

between amino acid substrates of Class I and II aaRS is closely related to the roles those 

amino acids play in protein folding and the apparently earlier distinctions based on size, β-

branching, and carboxylate side chains [40,41] are conspicuously appropriate for defining 

secondary structures in coded peptides. Bi-directional coding of amino acid activating 

enzymes with two specificities would have created a durable and ready-made basis for 

beginning to define coded peptides with rudimentary functional distinctions. If so, then 

before amino acid activation and acylation reactions became compartmentalized, bi-

Carter Page 23

Adv Exp Med Biol. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



directional coding would have linked the two gene products, ensuring that both kinds of 

aaRS were produced in the same places and at the same times.

Bi-directional coding assures the stability necessary to initiate and sustain 
genetic diversity—More generally, the inversion symmetry of bi-directional aaRS gene 

coding fulfills a number of criteria necessary for the stability and survival of emerging 

quasispecies in the face of what have come to be called “error catastrophes” 

[164,62,165,149]. The relatively low fidelity of the Urzymes characterized thus far and the 

evidence that they themselves are highly evolved mean that their origins lie in populations of 

molecules that achieve similar functions, but with multiple sequences called “quasispecies” 

[166]. The centroids of quasispecies are powerful “attractors” because they are sufficiently 

isolated in sequence space that variants with lower function will eventually be eliminated 

unless they “revert” toward the centroid. It is difficult therefore for a quasispecies to 

“bifurcate”. The most important barrier to generating multiple aaRS was therefore to 

establish two species with similar catalytic function that were sufficiently differentiated that 

they could form stable, independent quasispecies [See Figure 2 of [5]. Fig. 18 summarizes 

how bi-directioinal coding provides the requisite differentiation to establish a “boot block” 

for the self-organization of genetic coding [5,6] in a peptide•RNA collaboration.

The genetic code is much too unusual to have been discovered by chance—
Among the challenges associated with genetic coding is to understand how so much amino 

acid physical chemistry became embedded into both tRNA and mRNA sequences. The 

combinatorics of genetic coding have been analyzed multiple ways by multiple investigators. 

The conclusion of these studies has been that for every code with the properties of the 

universal genetic code, there are perhaps a million other potential codes that are less optimal 

[108]. That estimate should probably be revised as both the apparent temporal appearance of 

encoded amino acid physical chemistry and bi-directional coding impose even more 

stringent requirements, making the universal code even more special than Freeland & Hurst 

appreciated.

In any RNA world, selecting amino acid sequences that fold into functional proteins depends 

entirely on natural selection. This implies an essentially trial-and-error search. As Koonin 

has pointedly noted by invoking multiple universes, such a specialized code is inaccessible 

by random processes in our universe [149]. The alternative, which thus appears mandatory, 

is to provide a bootstrapping algorithm, by which a simple process can be endowed with the 

necessary characteristics to build complexity using its own resources.

The bootstrapping metaphor is quite intimately embedded into the framework of genetic 

coding. As noted [40,41], the code comprises a programming language and an associated set 

of programs written using that language. In this sense, it closely resembles a computer 

operating system, as Williams has noted elsewhere [52,167,168]. The key here is that 

computer operating systems are built around a simple set of instructions sufficient to enable 

the hardware, by executing those instructions, to build successively more sophisticated levels 

of functionality using a very limited set of alternatives. We believe that genetic coding must 

have arisen from an analogous “boot block” [5], some of whose key relationships are 

illustrated in Fig. 19.
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As shown in Fig. 19, bi-directionally coded protein aaRS are uniquely equipped to 

implement the crucial feedback loop necessary to bootstrap genetic coding, namely sensing 

the impacts of the local nano-environment on component amino acids that lead to protein 

folding rules. This feedback loop assures that amino acid sequences incapable of folding or 

whose functions are inferior are rapidly eliminated because the “rule executors” are 

themselves governed by the same phase transfer equilibria as all proteins. It cannot operate 

in any system using ribozymal aaRS. Bi-directional synthetase genes and the coding rules 

(Fig. 19) therefore together compose an existence proof that genetic coding could have 

evolved from humble origins by discovering both foldable sequences and optimal coding 

relationships much more rapidly than would have been possible in a pre-existing RNA 

world.

Interdependence helped assure survival of both synthetase classes—The bullet 

list at the beginning of this section differentiates the products of a bi-directional gene at all 

levels. This multi-level differentiation sustains their underlying functional separation. The 

probability that mutations could eventually fuse their functions is minimized by the decisive 

mechanistic disambiguation [see Fig. 2 of Ref 5]. Further, dependence of the functions 

coded by each strand on the gene products of both strands defines a hypercycle-like coupling 

[62] to ensure that the two gene products have enhanced ability to survive high error rates, as 

in Figs. 17,18. In this sense, the liability we see today in bi-directional coding—tight genetic 

linkage—was probably a significant strength before chemistry became localized in cells.

Catalysis arose from simple, promiscuous molten globules

The progression of transition-state stabilization free energies illustrated in Fig. 4 already 

suggests that catalytic proficiency developed progressively during the evolutionary 

maturation of the aaRS. protozymes, with ~50 amino acid residues produce >40% and 

Urzymes with ~130 amino acid residues produce ~60% of the transition state stabilization of 

modern enzymes. The specificity spectra in Fig. 5 suggest that aaRS Urzymes had achieved 

only 20% of their contemporary specificity. That distinction between catalysis and 

specificity sharply delineates discrete events in their evolutionary history (Fig. 6). Thus, 

most of the specificity appears to have evolved after the synthetases had developed most of 

their catalytic proficiency. Preliminary published experiments suggest that amino acid 

specificity can be achieved only by invoking allosteric interactions between domains in the 

contemporary enzymes [89,32,33] (vide infra; §II.C).

The surprising catalytic proficiency of the aaRS protozymes suggests that the earliest 

transition-state stabilization mechanisms arose by positioning backbone binding 

determinants and only later made use of active-site side chains. A pertinent example is the 

N-terminal array of four unsatisfied hydrogen bond donors in alpha helices, which became a 

foundation for stabilizing phosphate—and pyrophosphate—binding [169] and which is an 

important part of the Class I protozyme. It is not as yet known whether or not specific active-

site side chains in the protozymes function in the same manner as they appear to do in the 

Urzymes and full-length enzymes. The loss of activity in the active-site mutant protozymes 

suggests that these side chains do contribute to transition-state stabilization, but more 

detailed functional studies will be necessary to delineate precisely their functional role.
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Similarly, it appears likely that the Urzyme level of evolutionary development may utilize 

tight transition-state binding associated with a large unfavorable negative entropy change as 

suggested for the TrpRS Urzyme [64] and a chorismate mutase molten globular variant 

[110]. This possibility, combined with the discussion in §III of the superiority of peptide 

catalysts suggests strongly that the emergence and selection of catalytic activity itself was 

vastly more efficient and hence more rapid for peptide, than for ribozymal catalysts. 

Moreover, if tight transition-state binding is common among molten peptide molten 

globules, selection would recruit catalysts from a much larger manifold of sequences. The 

large negative TΔS term may ultimately limit the potential transition-state stabilization free 

energy of molten globules, and hence create in addition a selective advantage for evolving 

sequences that stabilize folded structures with more rigid transition-state complementarity 

[170]. Finally, as noted above, enhancing substrate specificity likely required the emergence 

of allosteric effects that cannot develop within the Urzyme framework alone.

VII. Remaining questions

Finally, it remains to outline areas that remain unresolved, where future experimental efforts 

can be most productive. We pose some of these questions in this section.

What was the scale of modularity in the earliest evolution of proteins?—The 

most serious challenge to the various scenarios described in this review is the significant 

evidence from Koonin’s group [149,171,159–161] and others [53,172] that speciation of the 

Class I aaRS did not occur until relatively late in the generation of the proteome. Those 

studies are based on the most current thinking on phylogenetic reconstruction, yet they 

appear to be inconsistent with a fundamental role for objects like the bi-directional 

Protozyme gene products near the root of the proteome. Our view is that this conundrum 

arises from failure to appropriately recognize fine-scale modularity in constructing trees for 

domains. Thus, we believe that the putative bi-directional Protozyme gene was ancestral not 

only to the aaRSs but to many other families of related function, and that horizontal modular 

transfers may have been important before molecular biology created cellular species 

[173,161]. Under this alternative hypothesis, the late branching of Class I aaRS represents a 

subsequent process associated with refinement of the aaRS specificities, once the proteome 

as a whole had emerged from a simpler alphabet.

Although the evidence implies that we can infer the modular outlines of evolutionary 

succession from the structural hierarchies, the assembly of contemporary enzymes from 

these reconstructed ancestral modules necessarily involved overwriting some details that 

therefore remain speculative. Our view is that the clearest guides to the actual ancestry 

remains experimental characterization of the functionality of modules clearly related by 

phylogenetic methods to contemporary proteins, and that the ability now to investigate the 

experimental recapitulation of intermodular interactions, both in cis and in trans, along lines 

developed with the TrpRS [33] and HisRS [29] Urzymes remains a key direction for further 

research, including both the assembly of Urzymes from protozymes and the other modules 

present in the Urzymes [31] and the assembly of modern aaRS from Urzymes in the 
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presence of homologs of CP1, the Class II insertion domains, and the anticodon-binding 

domains of both classes.

Recent work appears to be moving toward a consensus consistent with our view. In 

particular, Caetano-Anolles [174] now recognizes that the P-loop hydrolase domain genes 

are among the more ancient genes, without acknowledging that the Class I protozyme 

appears to be a reasonable ancestral form, not only of the Class I synthetases, but also of the 

P-loop hydrolases themselves.

Was specific aminoacylation of tRNA originally catalyzed by ribozymes?—The 

aaRS protozymes appear to be efficient catalysts of amino acid activation. It remains, among 

other things to be tested, to characterize their amino acid preferences. More important, 

however, is to determine whether or not they can also accelerate the transfer of activated 

amino acids to tRNA. The Class I protozyme lacks even the rudiments of a surface with 

which to bind the tRNA acceptor stem, whereas the Class II protozyme does retain such 

rudiments. Thus, it is possible that the ancestral protozymes were not entirely symmetrical in 

their catalytic repertoire, and that the Class II protozyme may have been uniquely able to 

acylate the tRNA acceptor stem. In any case, it appears that it is much more straight-forward 

to use Selex procedures to isolate RNA aptamers that use activated amino acids to acylate 

tRNA than it is to find comparable aptamers capable of activating amino acids by reaction 

with ATP [175,176]. Thus, it is both conceivable and worth testing whether or not if 

accompanied by protozymes, such aptamers might have accelerated tRNA acylation from 

amino acids and ATP.

How simple an amino acid alphabet can still support an active bi-directional 
protozyme gene?—Answers to this question appear to be fundamental to understanding 

the origins of genetic coding. Fortunately, the wherewithal to answer it appears to be in 

place. The middle codon-base pairing metric of bi-directional coding appears to show 

sufficient variation between pairs of Class I and II aaRS Ur-genes (Figs. 9,10) to support a 

semi-quantitative map of bifurcations that best account for the order in which the amino 

acids were assimilated into the growing genetic code [7], (Chandrasekaran, personal 

communication). The BEAST computer program has been adapted to utilize transition 

probability matrices of decreasing order, consistent with identifying nodes in the elaboration 

of the code [106], (Wills, personal communication). The multistate algorithm by which 

Rosetta imposes gene complementarity can be modified for testing models of code 

development by generating bi-directional protozyme genes whose catalytic activities can 

then be compared. These tools will become even more useful if and when it becomes 

possible to design a bona fide Ur-gene having all three of the modules identified originally 

by Pham, et al. [31].

How did cognate tRNAs evolve to distinguish between the two aaRS Classes?
—This question appears to pose a much more difficult problem. The aaRS class distinction 

was straightforward to identify from the initial observation of a group of aaRSs that lacked 

the HIGH and KMSKS catalytic signatures characteristic of all aaRS sequences available at 

that time [177,44]. Notwithstanding the evidence accumulated to date from a much larger 

tRNA research community, it is not yet possible to identify sequence signatures—outside the 
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identity elements that define the amino acid specificities of the synthetases—that 

differentiate the recognition by one or the other synthetase Class. Thus, whereas it is 

possible in principle, even in the face of horizontal gene transfer [178], to attempt to 

establish a tree along which the aaRS genes radiated to enlarge the amino acid alphabet, no 

such exercise appears possible yet for their cognate tRNAs. It is possible that the approaches 

used by Caetano-Anollès [174] are capable of identifying appropriate patterns in the tRNA 

multiple sequence alignments, but thus far, that does not appear to have been a goal. Thus, a 

full understanding of the “tree” of amino acid acylation to tRNA in the emergence of 

translation, even in principle, appears still to lie ahead.
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Abbreviations

aaRS aminoacyl-tRNA synthetase(s)

TrpRS tryptophanyl-tRNA synthetase

LeuRS Leucyl-tRNA synthetase

HisRS histidyl-tRNA synthetase

ATP adenosine 5′ triphosphate

PPi inorganic pyrophosphate

ASA Solvent-accessible surface area

HSQC Heteronuclear Single-Quantum Correlation

BEAST Bayesian Evolutionary Analysis Sampling Trees
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Figure 1. 
The hypothesis of Rodin and Ohno [43]. A. Schematic of the hypothesis. Genes for Class I 

and Class II aaRS are aligned in opposite directions as they would be oriented in an ancestral 

gene bearing the coding sequences on opposite strands. Vertical lines denote the extent of 

ancestral bi-directional coding, indicated by base-pairing of the coding sequences identified 

first in the Class-defining motifs in each superfamily. Large domains—the two anticodon-

binding domains at the C-terminus of each Class and an insertion domain, ID in Class II, 

CP1 in Class I—are indicated by boxes and dashed lines, respectively. Substrate binding 

sites for the amino acid activation reaction, ATP and amino acid, are indicated. B. Summary 

of published evidence supporting the hypothesis, to be discussed in detail in this review.
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Figure 2. 
Aminoacyl-tRNA synthetases and their cognate tRNAs furnish the reflexive elements 

necessary to translate the genetic code (orange arrow). The code connects their gene 

sequences, via their folded structures, to the enzymes that can enforce the coding rules in the 

codon table. Network analysis of the Central Dogma of Molecular Biology accommodates 

new evidence relating both tRNA identity elements and protein folding directly to the free 

energies of phase transfer equilibria of amino acid side chains [40,41,55]. Two of the nodes 

of a tetrahedron—physical properties of amino acids and the codon assignment table—

reside in the realm of chemistry. They are “fixed” because they obey chemical equilibria. 

The other two nodes—gene sequences and protein folding—are dynamic processes that 

transcend chemistry because they are variable and form the basis for the evolution of 

diversity through self-organization and natural selection. The network connects RNA and 

Protein worlds via six edges: 1. Protein folding depends on both amino acid polarity and size 

[55], properties that play a role analogous to those of elements in chemistry, in that the 

amino acids form a kind of “periodic table” on which the folding of proteins is based. 2. 

tRNA bases encode amino acid size and polarity separately [41]. The acceptor stem codes 

for amino acid sizes; the bases of the anticodon code for amino acid polarities. Amino acid 

properties therefore dictate how tRNA bases are recognized by aminoacyl-tRNA 
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synthetases. 3. tRNA codes are related to protein folding. Together, statements (1) and (2) 

imply that for the aminoacyl-tRNA synthetases, the code (and mRNA sequences) must 

define folded structures that bind specifically to particular tRNAs in order to read the 

language of genetics. The bi-directionality of this arrow illustrates a somewhat deeper self-

referential element than those identified in molecular biology by Hofstadter as generators of 

complexity according to Gödel’s incompleteness theorem [179]. 4. Gene sequences (mRNA) 

are analogous to computer programs. Genetic instructions assemble amino acids according 

to their physical properties in ways that, when translated according to the programming 

language in tRNA (in 5), yield functional proteins (enzymes, motors, switches, regulators). 

5. mRNA sequences (i.e., the genotype) determine amino acid sequences in proteins, and 

hence how amino acid sizes and polarities are exploited to produce different folded proteins. 

The spontaneous folding of amino acid sequences gives rise to functions (i.e., the 

phenotype) that ultimately determine whether or not a particular sequence survives natural 

selection. Changes accumulated in gene sequences result from selection acting on the 

phenotype. (4) and (5) localize how selection incorporates information about amino acid 

behavior into gene sequences, hence depict the evolutionary dimension in biology. 6. The 

evolution of mRNA sequences only makes sense in the context of the translation table (or 

programming language) established by the genetic code. (Adapted, with permission, from 

Carter, CW, Jr & Wolfenden, R. (2016) RNA Biology 13:145–151.)
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Figure 3. 
Inferring protein family trees from molecular anatomies. Structures of three class I and class 

II aaRS have been rotated into a common orientation using their atomic coordinates and 

colored differently. α-Helical secondary structures are drawn as cylinders; extended β-

structures as ribbons with arrows indicating their direction. Larger, more differentiated 

structures are drawn as noodles, surrounded by their surfaces. Differences in the recent 

structures at the bottom are highlighted by modules of one color that are absent in other 

structures. Such differences can be quantified and used to construct the genealogies in the 

center. Modules that are most similar in all three are colored dark blue and are inferred to be 

present in the common ancestor. Circles represent essentially modern aaRS. The three 

structures in each aaRS class are labeled with their three-letter abbreviations. There is 

consensus that they were present together with twelve other aaRS in the last universal 

common ancestor (LUCA) of all living organisms [180,181]. Novel results described here 

are the construction, expression, and experimental testing of ancestral forms called urzymes 

and protozymes, which are found, essentially without variation in all contemporary species 

and which retain substantial fractions—60% and 40% respectively—of the catalytic activity 

of the contemporary enzymes. The similarity between the class I and II genealogies is 

evidence that the two families evolved coordinately. (Courtesy of Carter Natural History 
CW, Jr. (2016) Natural History 125:28–33.)
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Figure 4. 
Deconstruction of Class I tryptophanyl (PDB code 1MAU)- and II histidyl (PDB code 

2EL9)-tRNA synthetases into successively smaller fragments that retain catalytic activity (1, 

7–10, 43). Graphics for smaller constructs are derived from coordinates of the full-length 

enzymes. Colored bars below each structure denote the modules contained within each 

structure; white segments are deleted. The number of amino acids (aa) in each construct is 

noted. Measured catalytic rate enhancements for 32PPi exchange, relative to the uncatalyzed 

second-order rate (kcat/Km)/knon are plotted on vertical scales aligned in the center of the 

figure and are colored from blue (slower) to red (faster). (This research was originally 

published in the Journal of Biological Chemistry Martinez, L. et. al., (2015) Journal of 
Biological Chemistry 290:19710–19725 ©American Society of Biochemistry and Molecular 

Biology)
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Figure 5. 
Amino acid specificity spectra of Class I LeuRS and Class II HisRS2 Urzymes.

The mean net free energy for specificity of Class I and II Urzymes for homologous vs. 

heterologous substrates, i.e., ΔG(kcat/KM)ref – ΔG(kcat/KM)amino acid (i), where ref is the 

cognate amino acid, is approximately 1 kcal/mole for both Class I and II Urzymes (center). 

Class I amino acids are colored blue; Class II amino acids are colored green. Bold colors 

denote substrates from the homologous Class; pastel colors denote heterologous substrates. 

(From Carter, CW Jr., (2015) MDPI Life 5: 294–320).
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Figure 6. 
Parallel sequential improvements in catalytic rate enhancement (top) and ground-state amino 

acid affinity (bottom) associated with modular enhancements of Class I (blue) and Class II 

(green) aminoacyl-tRNA synthetase evolution. Increased amino acid specificity requires 

higher affinity binding of cognate amino acids, to differentially release non-cognate 

complexes. Thus, the behavior of the ground-state amino acid affinity is a surrogate for 

specificity. Both catalytic proficiency and specific recognition of cognate amino acids 

therefore improve with more sophisticated modularity. Pastel colors show that imposing bi-

directional coding on the protozymes increases both kcat and KM proportionately.
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Figure 7. 
Corresponding modules make similar relative contributions to catalysis by Class I and II 

aaRS. The Protozymes are colored blue; the remainder of the Urzymes red; and additional 

modules, including the insertion domains and anticodon-binding domains grey. Differences 

between the two Classes include the fact that Class II Motif 3 has no corresponding module 

in Class I aaRS, and the insertion and anticodon-binding domains have not been examined 

separately in Class II, so their synergistic interaction, which is quite large in Class I aaRS, 

cannot be estimated.
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Figure 8. 
Codon middle-base pairing (<MBP>) furnishes a new phylogenetic distance metric. A. 

Transient bi-directional coding is rapidly lost after the constraint is released. First and third 

bases lose complementarity much faster than the middle bases, which retain residual base-

pairing into contemporary sequences. B. Comparison of middle codon-base pairing in all-

by-all alignments of “Urgene” sequences excerpted from ~200 contemporary HisRS and 

TrpRS sequences [7]. C. Node-dependence of middle codon-base pairing in antiparallel 

alignments of middle bases from ancestral sequences reconstructed independently for the 

TrpRS and HisRS Urzyme multiple sequence alignments. Solid line is for bacterial 

sequences, dashed line is for all bacterial, archaeal, and eukaryotic sequences. (B and C 

adapted with permission from the Society for Molecular Biology and Evolution. 

Chandrasekaran, SN et. al. (2013) Mol. Biol. Evol. 30: 1588–1604.)
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Figure 9. 
Extended analysis of mean codon middle-base pairing. Results from [7] have been updated 

to include alignments of ~200 sequences from each of eleven contemporary synthetases 

(Asp, Asn, Glu, Gln, His, Ile, Leu, Pro, Phe, Trp, Tyr). Histograms are shown for the 

fraction of base pairing between middle codon bases for antisense alignments from the same 

and opposite aaRS Classes, as indicated. The difference between the two mean values 

indicated by horizontal lines in the logos outside the histograms is 0.067, which is ~14 times 

the standard error. Further statistics of the comparison are discussed in the text and shown in 

Fig. 10.
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Figure 10. 
Extended analysis of the middle codon-base pairing metric confirms previous statistical 

evidence for ancestral bi-directional coding. Approximately 200 sequences, broadly 

distributed among the three canonical domains of life were assembled for 64 amino acid 

residues from 11 of the 20 canonical aminoacyl-tRNA synthetases. The 64 residues included 

the 46 residues of the protozymes together with 18 residues of the KMSKS and Motif I 

loops from the respective aaRS classes. Tables embedded in the figure show the mean 

middle codon-base pairing metrics for the all-by-all comparison of the 11 aaRS, and the 

corresponding average values for the canonical subclasses. A. Independent phylogenetic 

trees drawn from the complete 192-base sequences of each class. B. A putative tree drawn 

according to distances from the middle codon-base pairing metric for a 64-base subset of the 

sequences in A.
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Figure 11. 
Functional active-site residues in all members of Class I are drawn exclusively from the set 

of amino acids activated by Class II aaRS, and vice versa. A. The two sets of Class-defining 

residues have quite distinct functional groups; Class I active-site residues consist of 

histidine, glycine, proline, asparagine, threonine, lysine, and aspartic acid; Class II active-

site residues consist of arginine and glutamic acid. It is highly inconceivable that this 

differentiation is accidental. B. The differentiation of active-site catalytic residues effectively 

creates a hypercycle-like interdependence of Class I and II ancestral forms [62].
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Figure 12. 
Comparisons of the phase transfer free energies of the Class I (blue) and II (red) amino 

acids. A. Water to cyclohexane transfer free energies, or hydrophobicity. B. Vapor to 

cyclohexane transfer free energies, which are closely related to side chain volume (R2 = 

0.88). C. Exposed surface areas of amino acid side chains in folded proteins, estimated by 

Moelbert [130]. Median values are indicated by black arrow points. Statistics for regression 

models expressing each property as a function of amino acid Class are given below the titles. 

Extremes for each property are indicated at the top and bottom of the Class I half of each 

panel. (Adapted from Carter, CW Jr & Wolfenden, R. (2015) Proc. Nat. Acad. Sci. USA 24: 

7489–7494.)
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Figure 13. 
Basis sets for protein folding. The polar requirement [124] was the earliest effort to find 

such a basis set. Performance of the polar requirement is compared here with two other, 

more fundamentally derived amino acid properties. A. Summary of regression models for 

the residual accessible surface area in folded proteins, ASA, [130] using amino acid 

properties as predictors. All three metrics are related to the ASA. Polar requirement alone is 

correlated with ASA nearly as well as is the water to cyclohexane transfer free energy, to 

which it is highly correlated. Edges of the triangle give statistics for bi-variate models 

involving two of the three predictors. Green background indicates satisfactory models; red 

background indicates models that have inferior statistics, either because they do not explain 

the variation in ASA, or because the polar requirement contribution is insignificant, or both. 

B. The optimal model given across the bottom edge of A leads to quite satisfactory 

prediction of the ASA for all canonical amino acids excepting proline and cysteine, for 

which there are consensus factors leading to their being outliers.
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Figure 14. 
Coding assignments in the tRNA acceptor stem and anticodon bases [40,41]. tRNA coding 

of amino acid properties. (A) Binary representation of tRNA coding showing the acceptor 

stem (green) and anticodon (red). (B–E) Correlations between experimental values for 

ΔGw>c (C and E) and ΔGv>c (B and D) and those calculated from the best regression 

models. B and C show models for the acceptor stem bases; D and E show models for the 

anticodon bases. B–E are arranged as a 22 factorial design for the two tRNA coding regions 

(down the vertical) and the two physicochemical properties (across the horizontal). 

Coefficients trained on the 20 canonical amino acids ([41]; see SI Appendix, Tables S2 and 

S4) were used to predict values for Sec and Pyl for cross-validation. Lower right-hand 

corners of B–E show RMS relative errors for cross-validation. Colored backgrounds show 

which of the four models make low variance predictions for the test-set of selenocysteine 

and pyrrolysine, which were not included in the training set. Plots prepared using JMP 

[182]. (From Carter, CW Jr & Wolfenden, R. (2015) Proc. Nat. Acad. Sci. USA 24: 7489–

7494.)
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Figure 15. 
A designed bi-directional gene encoding a Class I Protozyme on one strand and a Class II 

Protozyme on the opposite strand [26]. A. Structural scaffolds that constrained Rosetta 

amino acid selections while enforcing complementary codons on opposite strands. Scheme 

in the center indicates locations of substrate binding sites. B. Translated sequences from the 

designed gene. Alanine mutations used to validate authenticity of activity are highlighted in 

red above the corresponding active-site residues. Zoomed region illustrates complementary 

coding sequences. (This research was originally published in the Journal of Biological 
Chemistry Martinez, L. et. al., (2015) Journal of Biological Chemistry 290:19710–19725 

©American Society of Biochemistry and Molecular Biology.)

Carter Page 53

Adv Exp Med Biol. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 16. 
Alternative mechanisms for genetic code expansion. A. Strand specialization. Daughters 

produced by gene duplication evolve first by breaking the genetic linkage between bi-

directional coding sequences, producing specialized genes that express from only one of the 

two strands. B. Adaptive radiation. The code is expanded by producing pairs of bi-

directional genes, both strands of which have specialized functions. (A) and (B) should lead 

to different patterns in the degree of middle codon-base pairing. (Adapted with permission 

from the Society for Molecular Biology and Evolution. Chandrasekaran, SN et. al. (2013) 

Mol. Biol. Evol. 30: 1588–1604.)
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Figure 17. 
Two different interpretations of the same unique information. A. The bi-directional 

Protozyme gene in Fig. 14 has two possible translation products, one from each strand. One 
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double-stranded gene constructed by the computer program “Rosetta” produces two 

different, equally functional protozymes from instructions on opposite strands. Each strand 

thus serves as a gene, coding for a peptide, as well as a template for duplication. We have 

chosen to call the two strands Aδαμ and Eωε, using Greek names to distinguish these 

molecular ancestors from our mythical human ancestors. Although there is only a single 

unique set of instructions, that information has two distinct and functional interpretations, 

depending on which strand is read. (Courtesy of Carter Natural History CW, Jr. (2016) 

Natural History 125:28–33.) B. This duality is a biological implementation of the familiar 

visual puzzle, which also has two distinct and equally valid interpretations (Gianni Sarcone, 

with permission).
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Figure 18. 
Summary of how the surprising aspects of aaRS evolutionary history actually helped to 

facilitate the stabilization of quasi-species bifurcations associated with the earliest genetic 

coding. At each level of the Linderstrøm-Lang hierarchy [145], from coding strands to 

secondary, to tertiary structure and mechanism. Bi-directional coding decisively 

differentiates between the two aaRS Classes.
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Figure 19. 
Reflexivity in the emergence of the genetic code. Bi-directional Protozyme and putative 

Urzyme genes compose an existence proof for an intrinsic coding feedback loop that cannot 

exist in an RNA world. These genes are potentially translated (thick grey arrows; rules) by 

themselves (rule executors; thin, dashed arrows). Both genes, in turn, must fold according to 

the behavior of amino acid phase transfer equilibria (local environment sensing) in order to 

execute the coding rules (thick black arrows). This feedback loop greatly enhances the 

ability of such genes to serve as “boot block” in bootstrapping development of more 

sophisticated genetic coding.

Carter Page 58

Adv Exp Med Biol. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	I. Introduction
	A. The RNA World Hypothesis
	B. The hypothesis of Rodin and Ohno [43]
	C. The origins of symbolic interpretation and coding

	II. Evidence for Bi-directional Coding Ancestry: Molecular Phylogenies, Urzymes, and Protozymes
	A. Protein engineering and experimental deconstruction
	Deconstruction
	Urzymes
	Protozymes
	Characterization
	Validation

	B. Class I and II aaRS deconstructions exhibit parallel catalytic hierarchies
	Catalytic rate enhancements correlate with catalyst mass
	Class I, II constructs at each stage have the same catalytic proficiencies
	Class I and II Urzymes are promiscuous catalysts that nonetheless have comparable amino acid specificity
	Wild-type and bi-directional protozyme gene products from both Classes have the same catalytic proficiencies
	Designed protozymes have high turnover, low specificity

	C. Recapitulation
	Modular engineering of TrpRS
	Modular engineering of HisRS

	D. Middle codon-base pairing: a new phylogenetic distance metric
	Bi-directional genetic coding left a detectable trace in contemporary sequences
	Elevated codon middle-base pairing in multiple antiparallel alignments between different Class I and II aaRS coding sequences occurs generally throughout all aaRS superfamilies
	Ancestral sequence reconstruction extends the phylogenetic evidence for bi-directional coding significantly backward in time
	Codon middle-base pairing may contain evidence for very early stages of genetic coding


	III. Structural Biology of Ancestral Synthetases
	TrpRS Urzyme is a catalytically active molten globule—Attempts to crystallize Urzymes, either alone or as maltose-binding-protein fusions, has not yet been successful. It has, however, been possible to prepare isotopically labeled samples of active TrpRS Urzyme. Preliminary 15N-1H HSQC spectra from those samples supported an unexpected, but not unprecedented conclusion—the TrpRS Urzyme is not a folded protein, but has many of the properties expected from a catalytically active molten globule [64]. The HSQC spectrum has a reasonable dispersion of values in the 15N dimension, but all ~80 peaks are contained between 8–8.5 ppm in the 1H dimension, which is characteristic of proteins that are not fully folded. The conclusion that it is probably a molten globule is reinforced by the fact that the temperature dependence of CD spectrum exhibits cold denaturation, and that Thermaflour measurements of thermal melting in the presence of Sypro Orange dye exhibit high fluorescence at all temperatures below ~45 C, above which fluorescence decreases non-cooperatively over a range of ~30 degrees C. Both cold denaturation and high fluorescence over broad temperature ranges in the presence of Sypro Orange are characteristic of limited tertiary structure as in molten globules [64].The likely possibility that the TrpRS Uryzme is a catalytically active molten globule has considerable significance in light of the work of Hilvert [109] and Hu [110], showing that the native chorismate mutase dimer and an engineered monomeric form that is a molten globule exhibit comparable rate accelerations—and hence transition state stabilization—by distinctly different strategies. The high, positive TΔS‡ implies even greater enthalpic contribution to transition state stabilization. Thus, thee molten globular catalyst achieves a substantially higher – ΔH‡ to overcome the entropic cost of restricting the molten conformation of the catalyst when it binds to the transition state. The additional flexibility of the molten globular ensemble appears enable it to wrap more tightly around the transition state configuration of the substrate than can the properly folded native form of the enzyme.The potential manifold for catalytic activity by poorly structured polypeptides may thus be much larger than was thought possible—Two molten globular polypeptides therefore exhibit high rate accelerations. At least one of these does so by forming substantially tighter bonds in the transition state than are possible with the native enzyme. This plasticity opens the possibility that many similar structural ensembles might act catalytically, and hence that a wider range of polypeptides might exhibit catalytic activity.Peptide catalysts are far superior to ribozymes—The superiority of peptide catalysts is widely recognized. However, because it is so much easier to generate and select catalytic aptamers from RNA than it is from protein combinatorial libraries, it is unclear that this wide recognition comes with an appreciation of just how superior polypeptide catalysts are, in principle. Wills [49] has compared the combinatorial possibilities for making an active site with proteins to those available for ribozymes. The combinatorial advantage of protein active sites arises because amino acids are only half the volume of nucleotide bases, meaning that contact to a transition state can arise from a greater number of amino acids. This advantage is compounded by the fact that there are five times as many choices of amino acids. As a result, proteins have an advantage somewhere between a million- and a billion-fold over RNA, which is what is observed experimentally [5].Hecht’s work [111–113] has demonstrated that a large proportion of molecules within patterned combinatorial libraries actually do form molten globules. The relatively low free energy barriers associated with assuming catalytically competent conformations, together with the vastly enhanced abilities of amino acid side chains to engineer nanoscale chemistry argue that catalytic activity is likely to arise and evolve much more rapidly from populations of peptides than from libraries of RNA. Thus, demonstrating that catalytic proficiency does not require the evolution of properly folded proteins represents a considerable expansion in their potential catalytic repertoire.
	TrpRS Urzyme is a catalytically active molten globule
	The potential manifold for catalytic activity by poorly structured polypeptides may thus be much larger than was thought possible
	Peptide catalysts are far superior to ribozymes


	IV. The Basis for the AARS Class Division
	A. Class I, II aaRS have highly interdependent active-site constructions
	B. Amino acid side chain volume may underlie the class distinction
	C. tRNA acceptor stem and anticodon have independent coding properties
	D. Bi-directional coding implies two interpretations of the same genetic information

	V. Inversion symmetries in structure and function maximally differentiate the two aaRS Classes
	The genes of bi-directionally coded ancestral Class I and Class II aaRS were as different as possible from each other—Although the sugar-phosphate backbones of two complementary strands of a nucleic acid can be interconverted by two-fold symmetry operations, their sequences can be interconverted only via the complementarity operation of base-pairing. This means that the mutational path from one strand to its complement is as long as possible: bi-directionally coded genes are maximally differentiated with respect to mutation, and it is essentially inconceivable that random mutational events could achieve that interconversion.Primary amino acid sequences of ancestral Class I and Class II aaRS were as different as possible from each other—Primary structures of proteins are intimately related via the genetic code to their nucleic acid (RNA or DNA) coding sequences. For this reason, ancestral, bi-directionally coded aaRS ancestors are maximally differentiated from one another.Secondary structures of Class I and II aaRS were similar to each other—Unlike primary and tertiary structures, the ancestral Class I and II aaRS secondary structures were very likely similar, with crucial differences outlined in the next paragraph. Secondary structural similarity arises from the fact that formation of α-helical and extended β-structures is driven largely by periodic patterns of similar side chain properties—heptapeptide repeats of non-polar side chains forming α-helices and alternating dipeptide patterns forming extended β-structure. Such periodicities reflect across from one coding strand to the other [See Fig. 6B of ref 7].Tertiary structures of proteins coded by bi-directional genes have the interesting property of being in a real sense inside out, one to the other—A curious feature in the organization of the genetic code [146] means that amino acids that are confined to cores of folded proteins have codons whose anticodons encode residues invariably found on the surface [See Fig. 6A of ref 7]. Thus, whereas secondary structures in bi-directionally coded pairs of proteins are largely reflected across the two coding strands, solvation patterns of their respective side chains are inverted. Surfaces of helices and strands that are exposed in folded structures of one Class are buried in those of the other.Use of side chains from opposite Classes maximizes differentation of catalytic mechanisms—The active site differentiation (Fig. 11) results in significant mechanistic disambiguation of the active-site chemistries of Class I and II aaRS. Mutations that might lead to interconversion from one mechanism to the other would therefore be most likely to be lethal, adding a measure of secuity to the mechanistic integrity of the Class.Substrate recognition differentiates large from small amino acid side chains—The only significant aspect of the canonical 20 amino acids for which there is a statistically significant difference between the two classes is the size of the side chain [41,55]. It would seem more than coincidental that amino acid size is also the primary source of differentiation in the tRNA acceptor stem operational code [40,41]. Side chain volume thus appears to underlie the initial differentiation between aaRS substrates that eventually enabled the development of the current genetic code.
	The genes of bi-directionally coded ancestral Class I and Class II aaRS were as different as possible from each other
	Primary amino acid sequences of ancestral Class I and Class II aaRS were as different as possible from each other
	Secondary structures of Class I and II aaRS were similar to each other
	Tertiary structures of proteins coded by bi-directional genes have the interesting property of being in a real sense inside out, one to the other
	Use of side chains from opposite Classes maximizes differentation of catalytic mechanisms
	Substrate recognition differentiates large from small amino acid side chains


	VI. Evolutionary Implications
	Protein structures were probably not completely overwritten but left an interpretable archive of their evolutionary origin in bi-directional genetic coding
	B. Bi-directional coding was probably essential to stabilize the emergence of translation
	Bi-directional coding is unexpected because it limits genetic diversity
	Bi-directional coding links gene expression
	Bi-directional coding assures the stability necessary to initiate and sustain genetic diversity
	The genetic code is much too unusual to have been discovered by chance
	Interdependence helped assure survival of both synthetase classes

	Catalysis arose from simple, promiscuous molten globules

	VII. Remaining questions
	What was the scale of modularity in the earliest evolution of proteins?—The most serious challenge to the various scenarios described in this review is the significant evidence from Koonin’s group [149,171,159–161] and others [53,172] that speciation of the Class I aaRS did not occur until relatively late in the generation of the proteome. Those studies are based on the most current thinking on phylogenetic reconstruction, yet they appear to be inconsistent with a fundamental role for objects like the bi-directional Protozyme gene products near the root of the proteome. Our view is that this conundrum arises from failure to appropriately recognize fine-scale modularity in constructing trees for domains. Thus, we believe that the putative bi-directional Protozyme gene was ancestral not only to the aaRSs but to many other families of related function, and that horizontal modular transfers may have been important before molecular biology created cellular species [173,161]. Under this alternative hypothesis, the late branching of Class I aaRS represents a subsequent process associated with refinement of the aaRS specificities, once the proteome as a whole had emerged from a simpler alphabet.Although the evidence implies that we can infer the modular outlines of evolutionary succession from the structural hierarchies, the assembly of contemporary enzymes from these reconstructed ancestral modules necessarily involved overwriting some details that therefore remain speculative. Our view is that the clearest guides to the actual ancestry remains experimental characterization of the functionality of modules clearly related by phylogenetic methods to contemporary proteins, and that the ability now to investigate the experimental recapitulation of intermodular interactions, both in cis and in trans, along lines developed with the TrpRS [33] and HisRS [29] Urzymes remains a key direction for further research, including both the assembly of Urzymes from protozymes and the other modules present in the Urzymes [31] and the assembly of modern aaRS from Urzymes in the presence of homologs of CP1, the Class II insertion domains, and the anticodon-binding domains of both classes.Recent work appears to be moving toward a consensus consistent with our view. In particular, Caetano-Anolles [174] now recognizes that the P-loop hydrolase domain genes are among the more ancient genes, without acknowledging that the Class I protozyme appears to be a reasonable ancestral form, not only of the Class I synthetases, but also of the P-loop hydrolases themselves.Was specific aminoacylation of tRNA originally catalyzed by ribozymes?—The aaRS protozymes appear to be efficient catalysts of amino acid activation. It remains, among other things to be tested, to characterize their amino acid preferences. More important, however, is to determine whether or not they can also accelerate the transfer of activated amino acids to tRNA. The Class I protozyme lacks even the rudiments of a surface with which to bind the tRNA acceptor stem, whereas the Class II protozyme does retain such rudiments. Thus, it is possible that the ancestral protozymes were not entirely symmetrical in their catalytic repertoire, and that the Class II protozyme may have been uniquely able to acylate the tRNA acceptor stem. In any case, it appears that it is much more straight-forward to use Selex procedures to isolate RNA aptamers that use activated amino acids to acylate tRNA than it is to find comparable aptamers capable of activating amino acids by reaction with ATP [175,176]. Thus, it is both conceivable and worth testing whether or not if accompanied by protozymes, such aptamers might have accelerated tRNA acylation from amino acids and ATP.How simple an amino acid alphabet can still support an active bi-directional protozyme gene?—Answers to this question appear to be fundamental to understanding the origins of genetic coding. Fortunately, the wherewithal to answer it appears to be in place. The middle codon-base pairing metric of bi-directional coding appears to show sufficient variation between pairs of Class I and II aaRS Ur-genes (Figs. 9,10) to support a semi-quantitative map of bifurcations that best account for the order in which the amino acids were assimilated into the growing genetic code [7], (Chandrasekaran, personal communication). The BEAST computer program has been adapted to utilize transition probability matrices of decreasing order, consistent with identifying nodes in the elaboration of the code [106], (Wills, personal communication). The multistate algorithm by which Rosetta imposes gene complementarity can be modified for testing models of code development by generating bi-directional protozyme genes whose catalytic activities can then be compared. These tools will become even more useful if and when it becomes possible to design a bona fide Ur-gene having all three of the modules identified originally by Pham, et al. [31].How did cognate tRNAs evolve to distinguish between the two aaRS Classes?—This question appears to pose a much more difficult problem. The aaRS class distinction was straightforward to identify from the initial observation of a group of aaRSs that lacked the HIGH and KMSKS catalytic signatures characteristic of all aaRS sequences available at that time [177,44]. Notwithstanding the evidence accumulated to date from a much larger tRNA research community, it is not yet possible to identify sequence signatures—outside the identity elements that define the amino acid specificities of the synthetases—that differentiate the recognition by one or the other synthetase Class. Thus, whereas it is possible in principle, even in the face of horizontal gene transfer [178], to attempt to establish a tree along which the aaRS genes radiated to enlarge the amino acid alphabet, no such exercise appears possible yet for their cognate tRNAs. It is possible that the approaches used by Caetano-Anollès [174] are capable of identifying appropriate patterns in the tRNA multiple sequence alignments, but thus far, that does not appear to have been a goal. Thus, a full understanding of the “tree” of amino acid acylation to tRNA in the emergence of translation, even in principle, appears still to lie ahead.
	What was the scale of modularity in the earliest evolution of proteins?
	Was specific aminoacylation of tRNA originally catalyzed by ribozymes?
	How simple an amino acid alphabet can still support an active bi-directional protozyme gene?
	How did cognate tRNAs evolve to distinguish between the two aaRS Classes?


	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19

