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We studied MSA consensus amino acid distributional patterns in 2,844 amino acid sequences of the eight
enzymes of the Kreb’s oxidative tricarboxylic acid pathway (0TCA) in Archaea, Bacteria and Eukaryota
and 5,545 sequences of 33-Bacteria as geochronologically separated enzymes and with multiple-
sequence-alignment (MSA) consensus site modal identities. The 33-Bacteria were selected as 20
presumptive examples of early-oldest (Archaean-Hadean) (‘Epoch I’) or 13 late-newest (contemporary)
(‘Epoch III”) appearing enzymes on Earth. Each MSA consensus’ sites were appended with its modal
identity, amino acid’s % Occupancy, one of nine-graded evolutionary-conservation zones (CZs) and the
site’s Buclidean distance (A) to the same atom in the reported functional center of a special (‘Scaffold’)
PDB-sequence in the respective enzyme’s FASTA set. MSA consensus sites are ‘tetrad’-data points or
RAA’s (Recovered-amino Acids). Across Domains, the % Occupancies of the eight-dominant RAAs of
the Kreb’s cycle and the 33-Bacteria were consistently found similarly localized. Compared to Trifonov’s
‘putative ranked temporal order of the appearance of amino acids on Earth’ (TOAE) the greatest
statistical concordance across Domains with tetrad-RAAs was with the most-evolutionary conserved
conservation zone (CZ9) typically nearest (A) their respective enzyme’s catalytic/active center. The
geochronologically characterized early-oldest Hadean-Archaean Bacteria enzymes compared to late-
newest Bacteria enzymes had greater average numbers of amino acid residues/sequence and statistically
significantly larger variability in their RAA compositional A*-volumes. The late-newest Bacteria enzymes
of ‘Epoch III” had statistically significant lower volumetric values: native A*-volume, void-volume and
volume change on unfolding. Our data has suggested a geochronological trace of ‘metabolism’s

progressive emergence’.
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‘The first step in wisdom is to know the things themselves’

Carl Nilsson Linnaus (1707-1778)

1. Introduction

We studied the 20-biologic amino acids in sequences of eight structurally stable enzymes of the oxidative
tricarboxylic acid pathway (Kreb’s pathway or the oTCA) and 33 Bacteria. The 20-biologic amino acids
are characterized as Earth’s ‘surviving metabolic fossils’ — their prevalence and encompassing roles are
well recognized as a conviction of the continuous evolutionary passage of ‘metabolism’s progressive
emergence’ (e.g., Caetano-Anollés, Kim & Caetano-Anollés, 2012; De Duve, 1991; Eigen, 1992; Fry,
2000; Ingles-Prieto et al., 2013; Smith & Morowitz, 2016). Our premise was that there may be a
discernable ‘trace’ of their progress in contemporary enzyme sequences.

The oTCA enzyme sequences were used to first determine the distributions of their 20-biologic
amino acids across all Domains. The 33-Bacteria enzymes were additionally separated into one of two
geochronological periods of Earth’s history, either the Hadean-Archaean era 4,000 to 2,700 Ma (millions-
of-years) (‘Epoch I’) or to 2,100 Ma to present (‘Epoch III"). The distinction involved assignment to each
enzyme a chronologic “nd-distance or age” value using both: a phylogenetic model, the MANET data
base developed by Caetano-Anollés and associates (Kim & Caetano-Anollés, 2012; Kim, Mittenthal &
Caetano-Anollés, 2006; Wang et al., 2011) and the expanded scale of Earth’s geochronological record in
the ‘International Chronostratigrphic Chart’ (Cohen, Finney, Hibbard & Fan, 2013). Multiple sequence
alignments were constructed of all enzyme sets. MSA consensus site of each set were uniquely
characterized by their: 1) site’s modal amino acid’s identity, 2) the % Occupancy of the modal amino
acid, 3) its position in a one-to-nine zone scale of sequentially graded evolutionary conservation values
and 4) our calculation of the Euclidean distance (A) from the modal amino acids Ca in each evolutionary
conservation zones to the same atom in the enzyme’s reported catalytic/active center. The MSA modal
consensus line site assembly is characterized as a coalescent ‘four data point’ — our ‘Recovered Amino-
acid’ (RAA) that we also call a “tetrad”.

The RAAs of the ‘Epoch I and III” 33-Bacteria were additionally distinguished by comparisons to
a sequentially graded historical scale using the ‘putative temporal order of amino acids’ appearances on
Earth’ — the TOAE (Trifonov, 2000). We also calculated both the Epoch’s average residue count per
enzyme sequence and by the ‘ProteinVolume’ program enzyme to determine their molecular volume (A%),
their void volume and volume change upon unfolding (Chen & Makhatadze, 2015, 2017a, 2017b).

We studied protein sequences using the familiar ‘top-down’ procedure (Granick, 1957; Lipmann,
1965) and characterized the Epochs as either ‘early-oldest’ ’Epoch I’ or ‘late-newest’ ‘Epoch I1I’. The

approach is often criticized with reasonable and cautionary implications that derived protein chemistries



may be unreliable historical accounts by lacking discernable and consequential marks modified or
destroyed in their evolutionary passage to modern biochemistry (e.g., Lazcano and Miler, 1996, 1999;
Peret6, Fani, Leguina & Lazcano, 1997; Raggi, Bada & Lazcano, 2016; Strasdeit, 2010). Top-down
approaches are more specifically discussed elsewhere (e.g., Ikehara, 2016; Morowitz, 1992).

We value and have used in this study large sets of critically assembled enzyme sequences as
contemporary based reproducible evidenciary molecular constructs of evolutionary processes by carefully
considering their role as ‘the only true guide to how life came to be is life as we know it today is “the top-
down approach” ’ (Lane, 2010). By encompassing a geochronological time scale we have attempted to
more specifically recognize attributable evolutionary changes in contemporary Bacteria protein
sequences by nd-distance or -age values that may distinguish their historical placement in Earth’s ‘Epoch

1’ (4,000-2,700 Ma) or ‘Epoch III’ (2,100 Ma-present).

2. Materials and Methods
2.1. Enzyme Sequences of the oxidative TCA and 33 geochronologcally characterized Bacteria: their
FASTA sets and MSA consensus sites each with a conservation and distance value to respective
catalytic/active centers (C/ACs)
We studied the distributions of the 20-biologic amino acids of 2,844 protein sequences of the eight cTCA
enzymes from Archaea (336), Bacteria (2,122) and Eukaryota (366) (Table 1) and a 5,545 protein
sequence set of 33 geochronologically assigned Bacteria enzymes (Table 2). The 41 enzyme examples are
represented by their reported presence in one to no more than six arbitrarily chosen unduplicated species
per genera. Each homologous enzyme sequence collection includes a most consequential PDB
sequence(s) called the ‘Scaffold’. The Scaffold’s sequence contains one of the 20-biologic amino acid
residues that is reported to be functionally or mechanistically involved at its enzyme’s catalytic/active
center (C/AC) that we call an ‘Anchor-amino acid’ (AAA) (Berman et al., 2000; de Beer et al., 2013;
Furnham et al., 2014; Laskowski, 2016). The Anchor-amino acid contains a PDB-identified atom that is
also reported to be functionally or mechanistically involved and called the ‘Anchor-atom’ (AA) used for
all Euclidean distance measures. The AA represents a relatively “precise’ locus of its enzyme’s
catalytic/active center’s (C/AC). The AA is used by the Yasara program as the same terminus in
calculating its Euclidean distance (A) to the Co of each MSA consensus amino acid at each of its
respective consensus MSA’s sites of each enzyme (Krieger & Vriend, 2014). When a Scaffold’s Anchor-
atom is not available we substituted its Anchor-amino acid’s Co.

The 2,844 sequences (Table 1) of the eight enzymes of the oxidative tricarboxylic acid pathway
(Krebs cycle) (0TCA) were identified following nomenclature of the International Union of Biochemistry

and Molecular Biology (IUBMB): citrate synthase (EC 2.3.3.1), aconitate hydratase (EC 4.2.1.3),



isocitrate dehydrogenase (EC 1.1.1.41), 2-oxoglutarate dehydrogenase (EC 1.2.4.2), succinyl-CoA ligase
(EC 6.2.1.4), succinate dehydrogenase (EC 1.3.99.1), fumarate hydratase (EC 4.2.1.2) and malate
dehydrogenase (EC 1.1.1.37). All enzyme sequences were selected from ExPASy and Brenda data base
searches (Artimo et al., 2012; Gasteiger et al., 2003; Schomburg et al., 2004). Oxidative TCA sequence
collections were almost all Chain A. Domain (or Super-Kingdom) FASTA sets for the oTCA studies,
some of these were additionally distinguished, e.g., Order, Class or Family, Firmicutes, alpha-, beta-, or
gamma-proteobacteria, a flavoprotein subunit, ‘mitochondrial’, or by their cytoplasmic cellular location.
We did not study distinguishing enzymes of the ‘reverse’ CO,-fixing reductive TCA (rTCA) pathway:
ATP-citrate lyase, 2-oxogluarate: ferredoxin oxidoreductase or fumarate reductase. The rTCA has been
described as a degenerate or an idiosyncratic pathway (Becerra, Rivas, Garcia-Ferris, Lazcano & Pereto,
2014; Zubarev, Rappoport & Aspuru-Guzik, 2015). We, however, relative to the rTCA, recognize some
contrary and persuasive emphases, also including the "universality” of the TCA and being the most-extant
biochemistry candidate for a ‘self-maintaining cycle’ (Fuchs, 2011; Smith & Morowitz, 2016).

The second set of this study were 5,545, almost entirely Chain A, sequences of the 33
geochrono-logically positioned Bacteria enzymes (Table 2) and as noted above were classified as either
twenty Hadean-Archaean early-oldest (‘Epoch I’, 4,000-2,700 Ma) examples or thirteen late-newest
(‘Epoch IIT’, 2,100 Ma-present). The few enzymes of the ‘Epoch II’ period (2,700-2,100 Ma) were not

studied in order to minimally separate the ‘Epoch I and III” chronology.

2.2. Recovered-amino acid or RAA: the unique data-tetrad

Our analyses involve multiple sequence alignments (MSA) and the determination of a unique multi-
discriminatory value — a data-tetrad used throughout the study called a Recovered-amino acid or ‘RAA’
and escribed above.

‘Epoch I’ or “Epoch III” homologous enzyme FASTA sequence sets were analyzed by the
MUSCLE multiple sequence alignment (MSA) program (Edgar, 2004). The MSAs and their consensus
strings were conveniently viewed in JalView and edited rarely and only at excessively free-trailing
sequence ends (Waterhouse et al., 2009). As reported earlier (Pollack et al., 2013), we assigned a
conservation value for each MSA site using the ConSurf program (Ashkenazy et al., 2016) and a
Euclidean distance to its respective C/AC with the Yasara program (Krieger & Vriend, 2014). The critical
feature of these analyses is the necessity of using the same Scaffold sequence as the query sequence in
both programs and to first align conservation and distance data and secondarily relate the pair to the
same MSA consensus modal site associated with their outputs and then finally align with their respective

distance data. We used Excel© to readily align, form and assemble the compound tetrad-data RAAs.



The ConSurf program determines for each MSA modal consensus site amino acid, a score that is
a measure of its evolutionary conservation in a sequential scale of 1 to 9 quantitatively consecutive bins,
called Conservation Zones or ‘CZs’. In conformity with the ConSurf authors (Ashkenazy et al., 2016), we
designated their program’s least -variable evolutionary level as our ‘most-conserved positions’ that were
typically nearest our C/ACs and identified as Conservation Zone 9 (ConZone 9 or CZ9), while their most-
variable evolutionary set was rather named our ‘least-conserved’ or CZ1 set — those generally furthest
(A) from the C/AC.

The Euclidean distance measures extend from each Ca of each MSA consensus amino acid to the
same atom (Anchor-atom), it was first necessary to demonstrate that an MSA site’s conservation and
distance values at respective C/ACs were separately relatable to amino acid % Occupancies. Assays with
distance values without conservation involvements were compared to our RAA ‘standard’ analysis (with
conservation) in appropriate pairs by their mutual concordances using Kendall’s ranked correlation test
(Wessa, 2017). The concordances indicated high statistical notice that our conservation and distance
measures respective to the C/AC were separately associated with comparable amino acid %

Occupancies.

2.3. LOQcally weighted non-parametric polynomial regrESSions analyses (LOESS) of the RAAs of the
0TCA pathway enzymes

The LOESS wire-frame plots add an additional 3D-perspective to 4,220 recovered oTCA RAA data.
LOESS is a 3D-Graphic investigation of our cTCA RAAs that presents the contiguous graphic
distribution of all averaged individual amino acid data. Further, our ‘standard’ analyses consider nine
averaged conservation zones, whereas the LOESS wire-frames partition and describe the same data in a
grid of about thirty conservation zones. The method is a computationally intensive locally weighted least
squares non-parametric regression method (Cleveland, 1979). It fits a smooth curve or surface to a cloud
of data and is a method often used to visualize trending. In our usage we examine at each site: the %
Occupancy, the percentile distance from the C/AC and the percentile conservation score. Each figure is
viewed as a contiguous sheet of approximately 780 ‘3D’-sites.

LOESS wire-frame projections of the individual un-averaged and un-grouped RAA data were
constructed for the oTCA RAAs of alanine, aspartic and glutamic acids, glycine, isoleucine, leucine,
lysine and valine, ranked by % occupancy as: GALIVDEK (R Development Core Team, 2011), using a
statistics package with a span o = 0.75. These compose the same dominant eight RAA amino set that we
previously reported for glycolysis (op. cit.). Our LOESS plots of the estimated % Occupancy
concentration are also color-coded by their Standard Errors (s.e.) (Cleveland & Grosse, 1991). The

figure’s standard errors are primarily determined by their sample sizes in that area of the figures and thus
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the color-coding also offers additional insight on the relationship between the distance and our

conservation percentiles for each plotted RAA-amino acid.

2.4. Geochronologically positioned ‘Epoch’ enzymes: studies estimating the relative ages of RAA
amino acid protein architectures

2.4.1. Studies of the 20-Bacteria in ‘early-oldest-Epoch I’ (~4,000-2,700 Ma = million years ago) and
13’ late-newest-Epoch 111’ (2,100 Ma-present) periods by their ‘nd-age’ grouping compared either to
each other or independently to the ranked putative Temporal Order of appearance of Amino acids on
Earth’ (TOAE)

The Bacteria Scaffold enzymes of the 20 ‘early-oldest-Epoch I’, described as Archaean and by their ‘nd-
age’ values of 0.029-0.241 (Table 2A) were categorized using both the MANET data base (ver. 2) and the
GTS (Cohen et al., 2013; Kim & Caetano-Anollés, 2010, 2011). The ‘Epoch III’s’ collection of 13
Bacteria late-newest enzymes (Table 2B) had ‘nd-age’ group values of 0.675 to 0.905. Using Kendall’s
ranked correlation test (Wessa, 2017), we made various ranked comparisons of the Epoch cohorts RAA
contents to each other as well as to Edward Trifonov’s alphabet of the ‘putative temporal order of
appearance of (the 20-biologic) amino acids on Earth® (GADVSPELTRIQNKHFCMYW = the ‘TOAE’
sequence) (Trifonov et al., 2000, 2004, 2009).

The ‘nd-age’ value model associates enzymes with independently reported geological time of
origin and compares them to the enzyme’s normalized phylogenetic node-distance from the hypothetical
ancestral fold for example at the base of their phylogenetic tree. The nd-values structurally identify
Domains by counting the number of their nodes from the base of phylogenetic trees to each Tree’s leaf
(Caetano-Anollés, Kim & Caetano-Anollés, 2012; Caetano-Anollés, Wang, Caetano-Anollés &
Mittenthal, 2009; Kim & Caetano-Anollés, 2012; Kim, Mittenthal & Caetano-Anollés, 2006; Nath,
Mtchell & Caetano-Anollés, 2014).

2.4.2. Statistical distinctions of RAA Epoch composition and structure by: 1) ‘Epoch’ A>- molar-
volume and 2) ProteinVolume (PV) analyses

We calculated the RAA amino acid compositional A3-molar-volume of each enzyme in each Epoch set
using both their published individual A3-volumes and their averaged % Occupancies in each enzyme. %
Occupancy values were each multiplied by ofher reported A3 homologous values: the amino acid volume
‘v’-properties of Grantham (1974), the ‘ACD MolVol’ values used by Ilardo and Freeland (2014), or the
Voronoi polyhedral procedure by Harpaz, Gerstein & Chothia (1994) or those described by Zamyatnin
(1984). The homologous values were appropriately combined to obtain an average volume of each of the

20-RAA amino acids in each of the enzymes in order to estimate what we call the enzymes mean RAA



amino acid ‘compositional A*>-molar volume’ and with a standard deviation. Statistical comparisons of the
means of such analyses between the Epoch sets or to the TOAE were not statistically significant,
however, differences in their standard deviations were, noted later in Section 3.2.3.

Other and statistically significant distinctions between the 20 ‘Epoch I’ and 13 of ‘Epoch III’
enzyme sequences (Table 2) were found to involve their native and unfolded state ensembles and were
recovered using the ‘ProteinVolume’ software available at <http://gmlab.bio.rpi.edu/> (Chen and
Makhatadze (2015, 2017a, 2017b). For each protein listed in Table 2, we carried-out all-atom explicit
solvent molecular dynamic (MD) simulations using identical settings as in our previous study (Chen &
Makhatadze, 2017a). Briefly, molecular dynamics simulations of the protein in the native state were done
using GROMACS v 4.5.7 with CHARMM?27 parameter set (Brooks et al., 2009; Pronk et al., 2013). The
electroneutrality of the system was achieved by adding Na" and Cl ions and included 0.1 molar excess
NaCl. Simulations were performed at 1 bar of pressure, 300K. All proteins underwent 1,000 steps of
energy minimization, 200 psec of constant volume equilibration, 200 psec of constant pressure
equilibration, and 50 nsec of production simulation. A native ensemble of 50 structures was extracted
from the production trajectory (1 structure/ns). All proteins remained folded throughout the simulation
using stable all-atom RMSD with respect to the crystal structure as a criterion. Starting structures were
obtains from PDB and missing side chains were ‘re-build’ using MODELLER ver. 9.11 (Eswar et al.,
2003). The unfolded state ensemble for each protein consisting of 1,000 structures was generated using
‘TraDes’ (Feldman & Hogue, 2002).

Prior to the volume calculations, the structures were processed as previously described (Chen &
Makhatadze, 2015, 2017a). There, the statistically significant volume changes upon unfolding were
identified as: AVtot = Vroyu = V1otN = Wvoid,u = VvoidN + Viaya,u - Viyan = AVvoia + AViya Where Vron and
V1o,u are the total volumes of the native and unfolded states, respectively, Vvoian and Vvoiq,u are the void
volumes of the native and unfolded states, Viyan and Viya,u are the hydration volumes of the native and
unfolded states, AVvoiais the change in void volume upon unfolding and AVuyq is the change in the
hydration volume upon unfolding. All final volume values are discussed in Section 3.2.5.

Two-sided statistical significance for the difference between median values of various variables
calculated for ’Epoch I’ versus ‘Epoch III’ enzymes were examined using the Mann-Whitney test,
differences in means were tested using Welch's test, and differences in variability were studied using
Levene's test (Levene, 1960).

Analyses associated with Conservation Zone CZ9 and correlations with the TOAE were
examined in a linear model with conservation zone and ‘Epoch’ as nominal explanatory variables and
making zone-to-zone pairwise comparisons using Tukey’s multiple comparisons correction (Hsu, 1996).

We calculated the differences between the CZ9 correlation and the other zones’ correlations as the
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response variable and the conservation zone of comparison (treated nominally) and ‘Epoch I’ vs ‘Epoch
III” as the explanatory variables in the same type of analysis. Each calculation method is additionally
detailed in their respective Results and Figure Legends. Residual plots were used to check the validity of
model assumptions (data not shown). Also, a check on the inferential statements regarding the effect of
‘Epoch’ was made by comparing the p-value arising from our normal-theory model to an estimated p-
value using 10,000 simulated data sets under the null hypothesis. These checks (data not shown) did not
find any problems with the methods used. The reported Results reflect the inferential statements from the

analyses using the normal distribution-theory linear model (Nelder & Wedderburn, 1972).

3. Results

3.1. Distributions of Recovered Amino Acids

3.1.1. LOESS: Local regression - A graphically discriminating distributional analyses of the eight major
0TCA RAAs

RAAs of the oTCA Bacteria in the eight LOESS examples of Fig. 1A (Panels A-D) and Fig. 1B (Panels
E-H) (Ed. both near here) indicated with strong statistical support that glycine (Fig. 1A) is dominant
in the most-conserved site zones and less so in the ‘least’-conserved zones (Cleveland & Grosse, 1991).
In glycine, as standard errors (s.e.) are a direct function of the number of sites with a specific distance and
conservation level, the areas of greatest reliability is where their s.e. is in the 0.4-0.6 range and tend to fall
along a surface-diagonal (the principal diagonal) from a region highly-conserved and close to the C/AC
sites to least-conserved and distant from the C/AC sites. Conversely, glutamic acid a lysine are found
least present in the most-conserved zones closest to the C/AC and most present in the ‘least’-conserved
zones furthest from the C/AC (Figs. 1B, 1D). Aspartic acid has low % Occupancy at middle conservation
zones and high % Occupancy at the ‘least’- and most-conserved zones (Figs. 1C). Alanine is widely
distributed in LOESS analyses (Fig. 2E). Leucine, valine and isoleucine are concentrated in mid-regions
(Figs. 2F, 2G, 2H). These LOESS surface images are in overall close accord with both the 0cTCA
quantitative data Tables (shown later) and those we have previously reported in the LOESS analyses of
glycolysis (op. cit.). Our investigation of the glycolysis pathway also found no appreciable difference
between domains seen with conservation and distance to the C/AC. Note that the LOESS plots show
where a particular amino acid is located, (given the amino acid), while the oTCA quantitative data
(described later) provide information on what amino acids are prevalent at particular locations. The
composite 3D-LOESS enzyme figures used ConSurf’s outputs and the graphic program ‘FirstGlance’ in
Jmol at <http://firstglance.jmol.org> (Martz, 2012).
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3.1.2. Comparative % Occupancies of 20-RAA amino acid distributions in evolutionary conservation
zones (CZs) of the oTCA enzymes in Archaea, Bacteria and Eukaryota

We compared the ranked oTCA RAA distributional data across three Domains to our previously reported
values for the 20 ranked RAAs of glycolysis (op. cit.) and found close similarities (K-t =0.926
comparing all their sites, K-t = 0.779 for only CZ9s and K-t = 0.800 for only CZ1s) (Table 3). Of course,
lower K-t values would be expected when considering the smaller sample sizes and greater homogeneity
in individual conservation zones, such as CZ9 or CZ1 examined individually. The cumulative data
indicated a very high statistical concordance between glycolysis and oTCA ranked sequences of all RAA
amino acids in the nine evolutionary conservation zones, K-t = 0.926.

We show in Fig. 2 the increasing averaged distances (A) of 6,831 0TCA RAAs by their Domains
from the most-conserved evolutionary consensus sites (CZ9) nearest their catalytic/active centers (C/AC)
to their ‘least’-conserved and most-distant sites (CZ1) is common to a// Domain RAAs. We estimate that
the average increasing (RMSE) (A) distance of these non-overlapping oTCA analyses from their C/AC is
approximately 1.05 A per evolutionary conservation zone. The difference between the three Domains is
marginally significantly different (p = 0.062). The nearly parallel lines show that the relationship between
average distance and conservation appears to be a uniform all-Domain character-istic.

Table 4A, B, C, D show the ranked %Occupancies of all 20 biologic amino acids in each
evolutionary conservation zone (CZ9 through CZ1) in each Domain. There the eight dominant and ranked
RAAs in each CZ of each Domain are highlighted and the averaged Euclidean distances (A) of the Cas of
all 20-RAAs in each CZ to their respective C/AC’s Anchor-atom are included. In Table 4D are the pooled
0oTCA RAA % Occupancies of the study.

We found that glycine (G) (blue) is dominant at the most-conserved evolutionary conservation
zone sites (i.e., CZ9 and CZ) and on average closest to Scaffold’s functional Anchor-atom. Glycine (G) %
Occupancies values (blue) decrease in moving to less-conserved sites (CZ1) that are furthest from their
C/ACs. Conversely, concentrations of polar lysine (K) and glutamic acid (E) (both green) increase in
moving to the same less conserved CZ3-1 sites farthest from the C/AC. A mutual K/E relationship has
been reported (Manavalan & Ponnuswamy, 1977). Hydrophobic non-polar leucine (L), valine (V) and
isoleucine (I) maintain elevated concentrations in mid-regions (CZ8 to CZ3) (all orange), as frequently
reported (e.g., Arunachalam & Gautham, 2008). RAA polar aspartic acid (D, green) is not confidently
localized. Alanine was less concentrated at mid-CZ6-CZ3 sites than at both the highest and lowest
conservation sites; this same RAA alanine trend was not found studying glycolysis enzymes (op. cit.).
The RAAs of non-polar leucine, valine and isoleucine were dominant in mid-conservation zones.

The Tables 4A, B, C and summated in D show Results of all the oTCA data in each Domain by %
RAA Averaged Occupancies each of all nine CZs. The CZ RAA data are accompanied by their averaged
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distance (A) to respective C/ACs. The Tables identify the RAA mixtures in each CZ and highlight the
eight dominantly ordered RAAs of the study: ALEVGDIK. We would characterize the structural
consistency as a ‘pattern’. The aggregations are diffusely shaped; the % Occupancy of individual RAAs
are noted in the CZ columns and as ‘diffuse-aggregations’ (DAG) are discussed later (Section 4.4.).
Graphic presentations of such aggregations are shown for pyruvate kinase in Fig. 3 and in the

Supplementary File 2 for three glycolysis enzymes at https://www.asc.ohio-state.edu/pearl.1//pgp/

(Pollack et al., 2013); an updated version is available from the authors.

We found progressive differences between the RAA % Occupancy rankings in succeeding
conservation zones and to their rankings in the columns labelled ‘Averaged % Occupancies of all RAAs’
of Tables 4 and 5. For example, K (lysine) and E (glutamic acid) % Occupancies are found most

dominant in Domain CZ1s but are more distributed in the all-CZ-RAA summary column (Section 4.4.).

3.1.3. Comparisons of oTCA, glycolysis and the 33-Bacteria set RAA contents in all evolutionary
conservation zones to TOAE: The dominance of evolutionary conservation zone (CZ9)

Figure 4 graphically shows the average + s.e.m. of the Kendall’s tau (K-t) correlations between our RAA-
amino acid ranked K-t data of oTCA, glycolysis and the 33 geochronologically assigned (but here
undistinguished between ‘Epoch I and I1I”) Bacteria enzyme sequences (Table 2). The ranked %
Occupancy values of each conservation zone were correlated with the putative temporal ordering of their
appearance on Earth (‘TOAE’) (Trifinov, 2009). We again found that the closest correlation to TOAE
was at the CZ9 site: the difference after correcting for multiple comparisons between CZ9 and each other
zone from CZ7 to CZ1 was highly significant, p < 0.005. The plots show a generally decreasing
relationship between the RAA amino acid distributions and the TOAE ordering from the most-conserved
sites, typically nearest the C/AC, toward less conserved sites. The K-t correlation with CZ9 was higher
than found using all respective CZ8 to CZ2 collections. The relationships are very similar for oTCA, the
‘Epoch I and III’ Bacteria enzymes and for those we reported for glycolysis (op. cit.).

3.2. The geochronologically distinguished 33-Bacteria enzymes of ‘Epoch I’ and ‘Epoch III’
3.2.1. Relationships of RAA distributions of ‘Epoch I’ and ‘Epoch III’
We found between “Epochs I and III’ (Tables 5A and 5B) a non-random significant distributional
uniformity between their ranked % Occupancies (K-t = 0.849, p=0.0001). These composite RAA trends
are essentially identical to those we found in the oTCA Domains (Table 4) and our previous glycolysis
studies (op. cit.). The oTCA Domain similarities are in some contradiction to the literature and are
discussed in Section 4./.1. After combining all data in both Epochs and re-calculation, the ranked average
RAA % Occupancy of the combined Tables SA and B is ALGEVDRITKPSFNY-QHMWC.
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3.2.2. Average RAA residue count per sequence

We found that 8,764 unique sequences representing the 20 enzymes identified as ‘Epoch I’ (~4,000-2,700
Ma) (Table 2A) had an average (+ std dev) number of amino acid residues per enzyme sequence = 439.2
+319.9, with a median number of residues per enzyme sequence of 357 (the median being more
representative of the lengths in order to offset the effect on the average of a few outliers). The 3,489
sequences representing 13 ‘Epoch III” (2,100 Ma-present) enzymes (Table 2B) had a lower average
residues/enzyme sequence of 290.7 + 192 and a median number of residues/enzyme sequence of 281. The
comparisons of these Epoch means or their medians were not statistically significant though they do trend
in support of our characterization of the nd-age derived chronological distinctions of ‘Epoch I’ and

‘Epoch III” discussed below.

3.2.3. Distinguishing ‘Epoch I’ from ‘Epoch III’: analyses of ‘Epoch 1" and ‘Epoch 111’ the critical
differences from the CZ9 catalytic/active centers of all “Epoch I’ or ‘Epoch I’ enzymes to all their
surrounding RAA Cas

We made a further analysis of the strong relationship between our ranked amino acid distribution in CZ9
and the TOAE by examining the drop-off in the K-t correlations as we go from CZ9 to the other zones.
Figure 5 shows the results of this analysis of the distinctiveness of the most conserved sites in ‘Epoch I’
versus ‘Epoch III’ by recording the arithmetic difference (= difference value or ‘DV’) between the CZ9
K-t correlation with the TOAE and the similarly calculated K-t correlation with the TOAE for each of
the other conservation zones (CZ). Figure 5 displays two approximately parallel curves with average
DV’s for the 20 early-oldest ‘Epoch I’ enzyme set that are higher than for the 13 late-newest ‘Epoch III’
enzymes (p = 0.007). Thus, CZ9 is seen to be more distinguished from the other zones in ‘Epoch I’
enzymes compared with ‘Epoch III” enzymes.

To provide an example of the calculations at the ‘Ovs8” ‘Epoch I’ site for one of the 20 ‘Epoch I’
enzymes, acetyl-CoA synthase (ACS), we offer that a K-t value of 0.631 is recovered between TOAE and
its CZ9 amino acid distribution and a K-t value of 0.591 between TOAE and its CZ8 amino acid
distribution. The difference (DV) is 0.631-0.591 = 0.040 for ACS. This ACS value was averaged with
those similarly obtained for the same CZ category using the other 19 ‘Epoch I’ enzymes to yield the
studies smallest averaged (n=20) DV value at ‘9vs8’, i.e., there the black circle = 0.105. The bars in the
figure show the enzyme-to-enzyme standard errors. Analogous calculations were made for each of the 20
‘Epoch I’ enzymes at all CZ sites and then entirely again for the 13 ‘Epoch III’ enzymes of Fig. 5.

The DVs on the y-axis are the plain-arithmetic differences between two ‘paired’ K-t values and
the x-axis gives ‘Conservation Zone-distance values’ that first involve CZ9 and CZ8 and then replace
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CZ8 by succeeding CZs to CZ1, thereby more critically indicating decreasing evolutionary conservation
and distance from the functional C/AC of their CZ9. Importantly, the averaged distance-across the
conservation zones is 2.92 A £ 0.77 is higher for ‘Epoch I’ than ‘Epoch III’ enzyme sets, an approximate
~9 % increase.

The DV data in Fig. 5 show that increasing A-distance from respective C/ACs to all CZ9s are
concomitant with averaged evolutionary conservation values proceeding away (A) from CZ9 and that the
early-oldest-"Epoch I’ enzymes at the most conserved areas (CZ9) have an RAA-amino acid distributions

that are most associated with the order of their appearances on Earth.

3.2.4. Distinguishing analyses of ‘Epoch I’ and “Epoch III’: Distinctions found in enzyme RAA amino
acid ‘compositional’ A>-molar volumes

In comparisons of enzyme amino acid-compositional A3-molar volume data between Epochs we found
that their means were not statistically significant. However, importantly, there was a much greater and
significant result when comparing their standard deviations: 36,014 (‘Epoch I’) versus 20,119 (‘Epoch
III"), p = 0.041 (Levene’s test). These results explicitly suggested a structural distinction of the ‘Epoch

III’ enzymes perhaps recognizing a greater residue ‘compactness’ or ‘consistency’.

3.2.5. Distinguishing analyses of ‘Epoch I’ and “Epoch III’: Volumetric features in geochronologically
distinguished enzymes recovered by ‘ProteinVolume’ analyses

The statistically significant values in amino acid compositional A*-molar volumes (Section 3.2.4.)
between ‘Epoch I and III” enzymes suggested that differential contributions to volume changes were
evolutionarily conserved and may be measureable. Using the ‘ProteinVolume’ program we found
statistically significant differences between ‘Epoch I and III’ enzymes (Chen & Makhatadze, 2015,
2017a, 2017b).

The mean (64,562 A® versus 37,124, p = 0.02) and median (52,590 A3 versus 38,360, p = 0.02)
volume of the native state (Vaiive) Of older ‘Epoch I’ enzymes were significantly higher than ‘Epoch III".
Likewise, the ‘Epoch I’ enzymes also have significantly higher mean (16,424 A’ versus 9,054, p = 0.03)
and median (13,500 A3 versus 4,093, p = 0.02) void volumes in the native state? (Vvoia).

We also found that ‘Epoch I’ enzymes exhibited greater variability overall with respect to the volume
change upon unfolding (AVto) where the standard deviation was 5.7 fold greater for the ‘Epoch I’
enzymes that for those of ‘Epoch III'. Further, the earlier ‘Epoch I’ enzymes have significantly higher
mean volumes (by Welch’s test) and median volumes (by the Mann-Whitney test) for each of the VSE, void
and native measures.Of all 33 Bacteria examined, the six or seven largest volumes were from the early-
oldest ‘Epoch I’ group while 4 of the 5 smallest were from the late-newest ‘Epoch III’ group. The
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significant volumetric differences distinguishing the enzymes of ‘Epoch I’ from ‘Epoch III’ are also
interpreted as support for their separate geochronological assignments based on nd-distance values
(Cohen et al., 2013; Kim, Mittenthal & Caetano-Anollés, 2006).

The amount of void volume change we report and the other change-differences upon unfolding
have important implications as they reflect the relative efficiency of packing of the residues in the core of
the native state. The authors Gilson, Marshall-Christensen, Choi & Shakhnovich (2017) indicated that
lower packing density of the native protein, i.e., larger in magnitude volume changes upon unfolding, as
in our older ‘Epoch I’ enzymes provides for more rapid evolution of three-dimensional structures — our
Result trend in that direction. Further, the authors offer that the driving force for such structural evolution
may be an increasing compactness (Sections 3.2.4., 3.2.5.) - representing increasing thermodynamic
stability. Packing interactions, particularly between non-polar residues, as ILV, have been shown to have
paramount importance where better packing leads to higher protein stability (Dill, 1990; Gerstein,

Sonnhammer & Chothia, 1994; Liang & Dill, 2001; Makhatadze & Privalov, 1995).

4. Discussion

We temporally characterized enzyme sequences by special nd-distance phylogenetic analyses and
geologic periodicity as either Hadean-Archaean or Archaean or ‘contemporary’, i.e., ‘Epoch I or ‘Epoch
III’. The assignment of the Hadean-Archaean at ~4,000 Ma (= 4.0 Ga) (Table 2) is taken as an
approximate geochronological “boundary” of our temporal study (Cohen, Finney, Gibbard & Fan, 2013,
McGuiness, 2010; Sleep, 2010). We accept that the age of Life’s ‘beginning’ is characterized as
‘absolutely beyond controversy’ within 3,600-2,800 Ma (Russell, 2016). We would consider an older age
based on the isotopic record of life from 3,800 Ma deduced by *C-'C isotope fractionation studies
indicative of carbon-fixation (Schildowski, 1988) and reservedly studying 4,100 Ma zircons (Bell,
Boehnke, Harrison & Mao, 2017).

We have used tryptophan, as the most-recent and consequential evolutionary sign-post. It is
reported as the last-recovered amino acid at about ~3,420 Ma and was considered the most recent addition
to a formative-genetic code in a contemporary ‘protein world’ (Fournier & Alm, 2015). We imagine that
before 3,420 Ma there were tolerable photosynthetic microbial environments perhaps with ribozymes, an
expanding early genetic code and functional catalytic antecedents of tryptophan-poor or tryptophan-less
pre-protein(s), representing, e.g., a Trp-less ‘pre-acetyl-CoA synthase’ sequence of ‘Epoch I’ that would

have an nd-age value less than 0.029 (Table 2).

4.1. The common distributional homology of RAAs in the 0TCA of Archaea, Bacteria and Eukaryota
and in the geochronologically separated 33-Bacteria
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4.1.1. The oTCA

Our determinations of the general similar Domain 0cTCA RAA-amino acid distributions (% Occupancies)
are in apparent disagreement with other reports that distinguish the uncharacterized amino acid contents
of Archaea, Bacteria and Eukaryota (e.g., Bogatyreva, Finkelstein & Galzitskaya, 2006; Karlin et al.,
2002; Pe’er et al., 2004; Zaia, Zaia & de Santana, 2008). Such reports, using current data bases, identify
and estimate the distribution of amino acid residue contents in unstructured Archaea, Bacteria or
Eukaryota and have agreeably found distinctive Domain differences.

In response, our data is not methodologically comparable. We study oTCA Domain content after
initial separations using amino acid residues characterized by their conservation values and Euclidean
proximities (A) to their respective functional centers (RAAs). The Results are considered revealing,
additive and complimentary (Table 4).

In an our glycolysis report, as here, but there also using logistic regression methods and 4,645
curated sequences of 10 glycolytic enzymes and interconnected data of RAA amino acid occupancy and
distances to respective C/AC’s, no statistically significant Domain differences were found between their
amino acids RAA % Occupancy’s after controlling for differences in conservation (Pollack et al., 2013).

Possible exceptions were more cysteine and lysine in Eukarya and more aspartic acid in Archaea.

4.1.2. The 33-Bacteria

The differences between the 33-Bacteria of ‘Epochs I and III’ in their RAA distributional content and
ranked % Occupancy (Section 3.2.1.), as those in Domains of oTCA (Section 4.1.1.), were not
statistically different — rather, highly concordant, however, in other comparisons that we studied and have
presented they are, in Sections: 3.2.2) residue number per sequence, in 3.2.3.) the variable distances from
their functional centers in CZ9s, and the degree to which CZ9 is distinguished by its association with the
TAOE, in 3.2.4.) RAA compositional A3-molar-volumes and in 3.2.5.) analyses between their native
volumes, void volumes and unfolded volume status’.

A particularly relevant report concerning RAA distributional conformity involves the ‘HP-model’
of Guseva, Zuckermann & Dill (2017). The HP-model describes relatively stable random short-chain
hydrophobic-polar sequences capable of folding and compact collapse in water that can elongate, effect
the elongation of similar molecules and act as primitive catalytic protein-like polymers. We suppose that
our 33-Bacteria may start as similar primitive amino acid sequences in an early generative period of
‘Epoch I, close to, within or even prior to 4,000-3,800Ma, and may be functional antecedents to the

catalytic/active centers we have described.
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4.2. CZ9 — Enzyme Conservation Zone 9: the most-conserved and functional centers as earliest
enzymatic progenitors?

Of all nine evolutionary conservation zones in all enzymes, our CZ9 sets are most concordant to the
‘temporal appearance of amino acids on Earth’ (TOAE) (Trifonov, 2009). Compositionally, functionally
and structurally the CZ9 loci may represent a very early prebiotic evolutionary conservation zone. The
CZ9 oTCA examples generally have both fewest residues of any CZs and are most poor in tryptophan
(Section 3.2.2.). Further, the ranked RAA contents of the CZ9s per se of geochronologically positioned
early-oldest ‘Epoch I’ collections have higher ranked K-t-correlations to the “putative temporal order of
appearance of (the 20-biologic) amino acids on Earth’ (TOAE) than those of the late-newest ranked
‘Epoch III” cohort.

We also found that of the nine 0TCA conservation zones, the CZ9 locus nearest the C/AC
contains functional catalytic sites that is most-conserved and and dominated by glycine. Glycine has
flexible conformational properties and the ‘first’ peptides were glycine rich (Guimaraes, 2011; Yan &
Sun, 1997). Glycine is a more effective H-bond acceptor with more configurational entropy than other
side-chain amino acids and contributes to the maintenance of stability and mutational ‘robustness’
(Bloom et al., 2006; Duax et al., 2009; Matthews et al., 1987). Further, a glycine rich motif is the most
conserved element among all protein sequences and fixed at the earliest stages of protein evolution
(Gorbalenya & Koonin 1989; Koonin 2012). Glycine’s significant and relevant characteristics were

reported in a similar study of glycolysis enzymes (Pollack et al., 2013).

4.3. ‘Alphabets’: the ranked % Occupancy distributions of 20-biologic amino acids

Two published amino acid alphabets are of particular relevance to our study. One study emphasizes
amino acid size, charge and hydrophobicity by separation into two unranked 10-alphabet collections of
the 20-biologic amino acids (Ilardo & Freeland, 2014). Their ten early-oldest set is ADEGILPSTV and
was described by the authors as available to earliest life while the 10 remaining late-newest residues as
later derived. Our earliest-set of 10 is ALEVGIKDTP (Table 5A).

The second report described a specifically ranked set of each of the 20-biologic amino acid
alphabet based on the reported contents of experimental observables in non-biological contexts, e.g.,
meteorites, ‘icy grains’, atmospheric, hydrothermal and some chemical syntheses (Higgs & Pudritz, 2007,
2009). The authors indicated that the top-ten prebiotic amino acids ranked in decreasing abundance were
GADEVSILPT. We note their similar presence and relative positions to those of the TOAE, i.e.,
GADRPTLSEV. Further, in analogy, their order was considered thermodynamically predictable by their
relative increasing standard free energies of formation (AG{), i.e., their ‘earlies’, may be considered
thermodynamically ‘less-costly’, while the late-newest amino acids are ‘more-costly’. The authors also
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hypothesized that the10 amino ‘earlies’ were frequent at the time of the origin of the genetic code and

were the first coded amino acids by having the smallest AG¢°.

4.4. Common ‘Diffuse-Conservation-Aggregations’ (‘DAG”’): the localized and conservationally
ranked abundances of dominant RAAs

In all Domains, we consistently found (Section 3.1.7) structurally and evolutionary conserved collections
with dominance of particular RAA amino acids as ‘diffuse-aggregations’ (DAGs) (Fig. 3 and
Supplementary File 1). DAGs were found in analyses of 51 enzymes (Tables 4 and 5 and reported in
Pollack et al., 2010, 2013). These results bear on the characterization of specific amino acid dominances
in protein structure that we find conditional on their specific evolutionary conservation value and
proximity to respective functional centers.

The apparently central locations of isoleucine, leucine, valine DAGs are analogized to the ILV
side chain cores in the presence of intrinsically disordered regions described by Kathuria, Chan, Nobrega,
Ozen & Matthews (2015) (Tables 4 and 5). These authors reported that large ILV hydrophobic clusters
would impede solvent exchange and serve as cores of stability impeding water penetration and effecting
hydrogen bond-networks. In other studies of intrinsically unstructured proteins: isoleucine, valine and
leucine have been described as structural order-promoting amino acids (Campen, Williams, Brown,

Meng, Uversky, et al., 2008; Mohan, Oldfield, Radivojac,Vacic, Cortese, et al., 2006).

4.5. The direct relationships of distance and conservation measures to crystal structures

We suggest that our MSA consensus-conservation calibrated RAA-distribution studies have a strong
supportive relationship to those of A. Mittal and co-workers. They determined the amino acid incidences
and coordinates of all the Cas backbone crystal structures in various folded proteins including three of the
26 0TCA cycle PDB-enzyme structures that we also studied: PDBs: 115j, 8acn and 1nek (Table 1) (Mittal
& Jayaram, 2011). They reported that folded proteins were characterized by spatially well-defined,
distance dependent and universal ‘neighborhoods’ of common amino acid members. This opinion is
referable to our own findings of ‘aggregations’ of ranked RAA-amino acids in all the enzyme sets that we
studied and our inference of internal organized collections of amino acids. Also notable in their studies
were the implications that protein folding is primarily influenced by the frequency of occurrence of the
amino acids in the primary sequence, a point we also consider is an association to our distributional
studies (Mittal, Jayaram, Shenoy & Bawa, 2010). We ranked their reported distributions of 20-biologic
amino acids in 3,718 folded various proteins of Archaea, Bacteria and Eukaryota as LAGVEKSIDT-
RPNFQYHMCW. In order to compare this sequence to that of our oTCA analyses we re-calculated all
our ‘averaged % Occupancies’ 0TCA data (Table 5) but without association to either conservation or
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distance. The unmodified ‘raw’ 20-amino acid % Occupancy data of all 2,844 0TCA enzyme sequences
is: AGLEVIDKPTRSNFYQHMCW. The K-t derived concordance of the two 20-ranked amino acid
enzyme alphabets was very high at K-t = 0.863 of 1.0.

4.6. ‘Indirect’ Epoch assignments of the 0TCA enzymes
Indirect clues of the relevance of nd-relationships and oTCA ‘Epoch’ distinctions of Tables 2 were found
after examination of the eight oTCA enzymes of Table 1 using MANET data base’s Enzyme Commission
and PDB identifications and metabolic notations. Eight 0TCA enzyme sequences supported our
geochronological positioning by having nd-values with an average of 0.171 + 0.116, that is, within the
~4,000-2,700 Ma Archaean nd-range of Table 2’s ‘Epoch I’ 0.029-0.241 values, they were: three
aconitate hydratases, two succinate-CoA ligases, two succinate dehydrogenases, two fumarate hydratases
and a malate dehydrogenase. Furthermore and agreeably compatible, acetyl-CoA synthase (nd = 0.029)
and ATPase (nd = 0.044) are listed first in Table 2, both are considered as among Earth’s very earliest
enzymes (Adam, Borrel & Gribaldo, (A2018); Fuchs, 2011; Nitschke & Russell, 2013; Weiss et al.,
2016).

Although, eight sequences of five 0TCA enzymes are insufficient they putatively support our
geochronological positioning of 0TCA and the usefulness of nd-value scalar analyses. At the other more
‘contemporary’ ‘nd-extreme’ of Table 2 in Part B, we consider that both enzymes RuBisCo (nd = 0.645)
and SOD (nd = 0.905) as ‘Epoch III’ (~2,100 Ma — present) are also temporally compatible examples
with their reported major presence and rise of atmospheric oxygen during Earth’s Great Oxygen Event at

~2,322 Ma (Bekker et al., 2004; Slesak, Slesak & Kruk, 2017).

5. Conclusion: in retrospect -molecular structural changes and our hypothetical ‘trace’ of
‘metabolism’s progressive emergence’

Although, the lysine (K) and glutamic acid (E) rankings in ‘Epoch I’ and ‘Epoch III” at, e.g., in CZ1
(Table 5) when compared to the same RAAs in the ‘all-CZ-RAA summary column are strikingly
different, they alone do not satisfactorily support our research hypothesis of the likely existence of
chemical and physical signatures that temporally characterize or ‘trace’ any continuous passage of
‘metabolism’s progressive emergence’. Distributional data, as well in Table 4, likewise emphasize the
contribution of evolutionary conservation values and proximities (A) to respective C/ACs in
distinguishing RAA structural positions and the non-random distribution of dominant enzyme amino
acids. The ‘trace’, we now believe, may not be clearly resolved in comparisons we have made as for
example, using distributional data that may insufficiently include the earliest examples of amino acid
aggregations. Obviously, as one option, a concentration of more early-oldest ‘Epoch I’ nd-age assigned
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sequences, either Hadean-Archaean or Hadean, are needed to study for an earliest evolutionary role by
our or similar distributional analyses — obtaining a sufficient number of such Hadean or Archaean
examples does not appear to us likely.

Analyses specifically involving the evolutionary zone (CZ9) revealed unanticipated evolutionary
‘traces’. The average distances (A) of all individual CZ9’s consensus RAAs Ca to their respective
Scaffold’s Anchor-atom were closer than those from the RAA collections of any other CZ of any other
enzyme. Also, the ranked RAA amino acid % Occupancies of the CZ9 early-oldest ‘Epoch I’ amino acids
were significantly more concordant to the TOAE than to those ranked CZ9 of the late-newest ‘Epoch III’
enzymes that suggests or identifies a contiguous evolutionary ‘trace’ between “Epoch I and III’. In
additional comparisons and with more conclusiveness, we found that the greater differences of ‘Epoch I’
in our 33-Bacteria studies of A*-volumes and the variability of their standard deviations were critical
parameters. We calculated the averaged volumetric features of individual amino acids in all Epoch
enzyme sequences and found by three consequential and statistically significant volumetric distinctions
between ‘Epoch I and III” enzymes (Section 3.2.5.). ‘Epoch I’ Bacteria enzyme sequences occupied
greater A’-volumes and greater void-volumes in the native state and greater variability in volume changes
upon unfolding. We interpret the temporal linked stabilizing physical-volumetric distinctions between the
Bacteria enzymes of ‘Epoch I’ and ‘Epoch III’ as concomitant geochronological and evolutionary

evidences in of ‘traces’ of ‘metabolism’s progressive emergence’.
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Table 1. oTCA's enzymes: sequences and their Domain, 'Scaffold', 'Anchor-Amino acid' and its 'Anchor-

Atom'
Sequences in JT . . Anchor-Amino  «
Enzyme(s) EC  Each Domain E"C},'S D“’;"lz'" Set's PDB  ExPASy Acid'andits 2
Set caffold(s) ‘Anchor-Atom' %
Archaea (95) Pyrococcus furiosus 1aj8§ Q53554 D3120G2
) Bacteria (352) Escherichia coli. 4g6b POABH7 D3620D2
Citrate synthase 2.3.3.16 Thermus thermop hilus lixe QS5SIM6 D3120D2
Eukaryota (95) Sus scrofa 3enj P00889 D3750D2 a
Gallus gallus Sese P23007 D3750D2
Bacteria (189) Escherichia coli 115§ P36683 $2440G b
Aconitate hydratase 4.2.1.3 Eukaryota (24) Sus scrofa 1b0j P16276 D1000D2 c
Bos taurus 8acn __P20004 D1000D2
Isocitrate dehydrogenase 1.1.1.41 Eukaryota (41) Saccharomyces cereviseae 3blv__ P28834 D2170D2 d
!-Oxoglutarate dehydrogenas 1.2.4.2 Bacteria (260) Escherichia coli 2jgd  POAFG3  H298NE2 e
Archaea (149) Meth ld us j hii _2yvl Q58643  D2140E2 f
Succinyl-CoA ligase 6.2.1.4-5 Bacteria (429) Escherichia coli 2scu  POAGE9 NEP246ND1  fig
Eukaryota (69) Sus scrofa leuc 019069 H29NE2 h
Succinate dehydrogenase  1.3.5.1 Bacteria (123) Escherichia coli Inek POAC41  H354NE2 i
. Escherichia coli’ 1fuqg P05042  HI188NE2 .
Bacteria (379) . . . J
Fumarate hydratase 42.12 Rickettsia prowazekii 3gtd Q9ZCQ4  K324NZ
(""fumarase ") malate forming Eukaryota (59) Homo sapiens 3e04 P07954 E3780E2 K
\Y omyces cereviseae 1yfm P08417  H213NE2
Haloarcula marismortui 1hlp Q07841 D1660D2
Archaea O2) 1 Lacoglobus fulgidus 2x0i 008349 DI168OD2 |
. Brucella abortus 3gvh Q2YLRY9 HI176NE2
Malate dehydrogenase  1.1.1.37 Bacteria (390) Escherichia coli ]fmd P61889  H177NE2
Sus scrofa 1mld P00346 H176NE2
Eukaryota (78) Citrulus lanatus 1sev  P19446 H220NE2 m
Homo sapiens 2dfd  P40926 H182NE2
3A/TB/6E:

Table seqs totals (2,824) 336/2.122/366

Notes: “Sequences (= seqs) are mitochondrial; >’ Scaffold’ assignment;

predominantly PDBs aco2 and acnB; Yseqs are predominantly mitochondrial and [NAD] a-subunit (Site

‘aconitate hydratase seqs are

1); °seqs are predominantly E1 component (Frank et al., 2007, Avarsson et al., 1999); ‘segs are all [ADP-

forming] subunits o and 3; #NEP’, i.e., the Anchor-atom for PDB-2scu is the ND1 atom of the Anchor-

amino acid N1-phosphonohistidine designated PDB NEP(A)246ND1 or PDB-2scu HETATM 1787; six

‘fragment’ seqgs are included in the 69, they are variously ADP or GDP (or both)-forming and are a-
subunit and mitochondrial (Fraser, James, Bridger & Wolodko, 2000); ‘seqs are Gammaproteobacteria
flavoprotein sub-units; 'seqs are predominantly Gammaproteobacteria Class II; *seqs are predominantly
Alphaproteobacteria Class 11 ; 'seqs are Archaea Phylum Euryarchaeota; ™four ‘fragment’ segs are

included in the predominantly mitochondrial set
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Table 2. Bacteria enzyme sequences: geochronologically related 'nd-Age' distances, taxonomy,'Scaffolds',

and their 'Anchor-Amino acid' and its 'Anchor Atom'*

Selected Seaffold(s) in FASTA-MSA Enzyme Set

PDB**  ExPASy

A
0.029 2p2f  QSZKF6 K609CD
0044 Isky  POTET]  RIGNEICA
051t 240 P9S3  Re6NH2
0051 2eh  POABFO  DI390D2
0055 lonr  POASTO  KI3NZ
0069 faam  POOSD)  K2SBNZ
0073 lea)  QUSTSS  CISG
13 PIG04  RIGONH2
0071 dake  P694d1 RIS6NH2
0095 fem7  P30IS | KIOSNZ

1) POCOH6  C310SG
2676 P00363  R39ONH2
3mpg  QSIWFO  D3040D2
Ibtm 00943 EI660EI
k44 POWJHT  HIITNE2
Inb2  QTSIA9  HIIGNE
Ikae  POGOSS  H32INE2

0.164¢

0.186t

okinase 0.193¢ ldke  PI4IS HIBSNE2
hosphate aldolase 0.193 157 POABTL  D1090D2
iz ligp  POATA9  DG70D2

3dq  DOVWZ3  DesODZ

025 Ikaf  P24183  HIOTNE2

100 POASPY  CIBSG

0241 3ish P56431 C1365G.

Total 5451 4074=723%

Thw  POCICZ | KITSNZ
06751 41139 Bacteria (143)§ Irba  PO4TIS  KIGSNZ
2ybv  QSDISS  KITSNZ
20w8  QSPDAS  HSSNEZ
3oje  QU4SZS  CI98SG
381 Q8ZIZ9  CI93SG
1g8f 33022 DISOD2

0690 L134111

0730 SLLI3
0758 3228

0810 3617 2Mm 035031 N360D1

1asp  Quas32 ¥s30
0510 | L1812 Hdr  P28861 V520

0839 27035 12 PTTISO QU6NE2
0854 Litk  PI9079  ESSOEZ

0.858
0865 12992
08871 4211
0898 3531

4kmd  PO0G3S  H3TONE2
Insw  P19921  E763(B)OE2
208 P4SI48  R46NH2
leev  PSI608  D1260D2
Ipzs | POWEGY  H7SNE2
leso  POAGDI  HGINE2
129p | Q9452 | H9SNE2

Superoxide dismutase (SOD) 09051 L1511

Total sequences (5.545) 1471 =265%

Notes: All enzyme nd-age values were characterized as ‘Epoch I’ or ’Epoch III” after ‘Epoch I
Architectural Diversification’ or ‘Epoch III Organismal Diversification’ described by Caetano-Anollés et
al., 2009, Wang et al., 2011 and Kim & Caetano-Anollés, 2012. Compatible numerical geologic ages
were characterized and assigned by us using the GTS schedule (Cohen et al., 2015); **PDB structural
nomenclature are Chain A unless noted; Tfrom the unpublished studies of Professor Gustavo Caetano-
Anollés; §these identify the set of 2-3 Scaffolds whose separate analyses of the replicate Bacteria

sequences are averaged; fa-subunit (residues 34-850); Olarge chain (see, Methods)
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Table 3. Comparisons of RAA % Occupancies between oTCA and glycolysis enzymes across three

Domains and their distances to their catalytic/active centers (C/AC*

C79 to CZ1 CZ29 Ccz1
oTCA Glycolysis** oTCA Glycolysis ** oTCA Glycolysis **
RAA  %OCC RAA  %OCC RAA %O0OCC RAA %O0CC RAA %O0OCC RAA %O0CC
A 10.27 A 11.38 G 16.09 G 16.04 E 18.14 E 15.52
L 9.23 L 9.48 A 10.09 A 8.35 K 14.59 K 15.46
G 9.14 G 9.21 P 6.76 D 7.69 D 10.09 A 10.87
E 7.61 E 8.31 D 6.56 E 7.33 A 9.09 D 8.30
\4 7.24 v 8.07 R 6.30 S 6.61 L 6.22 L 7.67
I 6.06 K 7.52 T 6.30 N 6.55 R 5.18 G 7.17
D 6.01 D 6.11 N 5.83 R 6.07 P 5.02 P 6.29
K 5.97 I 5.83 S 5.63 T 6.07 G 3.63 \4 4.78
P 5.37 T 4.93 L 5.60 L 4.68 N 3.59 R 3.96
T 5.13 P 4.49 E 5.19 v 4.68 T 3.51 S 3.14
R 4.77 S 4.15 \4 5.13 P 4.62 S 3.31 T 3.14
S 4.49 R 4.11 1 4.37 K 3.90 \4 3.31 I 2.77
N 3.61 N 3.97 H 3.79 I 3.72 Q 2.87 N 2.77
F 3.31 F 3.11 Q 2.74 H 3.12 Y 2.71 F 2.07
Y 2.72 Y 2.59 K 2.39 Q 3.06 I 2.55 Y 1.89
Q 2.42 H 1.83 M 2.36 M 2.34 H 2.23 Q 1.38
H 2.40 Q 1.81 F 2.22 F 2.10 F 2.03 H 1.07
M 2.23 M 1.80 Y 1.52 Y 2.04 M 0.92 M 0.88
C 1.13 \\4 0.76 W 0.70 A\ 0.66 \\4 0.64 C 0.50
w 0.87 C 0.56 C 0.41 C 0.36 C 0.32 w 0.38
Npas = 7,284 8,738 1,704 1,665 1,243 1,591
K-t =0.926 K-t=0.779 K-t =0.800

Average distance (A) from Recovered-amino Acid's (nRAAs) Cas to assigned Anchor-Atom = SEM in
CZs above across three Domains (0TCA malate dehydrogenase Eukaryota distance data were
omitted)**

— — 19.42+£1.33 1521+ 0.012  30.82 +1.13 27.26 =0.056

**All glycolysis data taken from: Pollack, J. D., Gerard, D. & Pearl, D. K. (2013). Orig Life Evol Biosph
43:161-187 (Table 1)

Notes: Comparisons between pathways by Kendall’s ranked correlation vtest (K-t): the ranked contents
of their pooled nine conservation zones: all CZ9 through CZ1, or only CZ9s or CZ1s. Also shown are the
data's ‘Average distance (A) from Recovered-Amino Acids (RAASs)....." to a reported functional Anchor-
Atom + SEM in their respective C/AC locus within their Anchor-Amino acid (AAA) and its parent
Scaffold (see, Methods)
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Table 4. Individual analyses and trends of the % Occupancies of

of Archaea, Bacteria and Eukaryota

Recovered-Amino Acid (RAAS) sites in each of the

in each of the eight oTCA cycle enzymes of Archaea, Bacteria and Eukaryota

it 0TCA cycle enzymes

A. Averaged % Occupancy of RAAS of three (Table 1) Archaea 0TCA MSA enzyme sets

values are omitted

cz1 cz6 czs cz4 cz3 cz2 cz1 AIRAAS
A 1357 L 1322 L 1187 E 1219 E 1313 E 1209 E 2079 A 1021 273
L 1295 A 1297 V 1072 V 872 L 1220 D 1125 K 1L71 L 959 304
V 1198 V 1099 A 862 A 766 K 877 K ILI5S D 1142 E 895 596
1 824 1 89 1 G 141V 971 A 995 Vo810 3.0
G 820 G 605 T L 736 A 820 L 609 G 776 515
% T 553 D 542 G D 732 1 612 R 576 D 680 292
H F 491 [E 514 D K 69 D 580 P 477 I 656 216
) S 477 T 447 E 1 542 N 547 N 393 K 618 3.66
g P 417 P 426 K R 52 F 498 [G 377 T 499 167
g R 337 [K 401 F F o397 Y 447 S 364 P 456 139
z K 325 F 35 P Y 38 Q 395 V276 R 428 138
2 Y 301 S 342 ¥ T 364 P 347 1 255 s 392 10
= D 28 M 332 R P 341 R 309 T 245 F 349 125
C 285 R 297 s s 33 T 262 Y 245 N 345 113
E 262 N 277 N M 313 [G 226 F 215 Y 281 091
M 237 Y 274 M Q 310 s 219 Q 215 Q 230 083
N 233 Q L79 W 135 N 290 M 106 H M 211 079
Q 189 C 168 H 126 H 201 H 164 H 077 M H 184 085
H 18 H 142 C 120 C 160 W 122 W 062 W C L8 083
W 043 W 081 Q 08 W 078 C 117 C 062 C W_ 078 035
Average distance of RAAS to their C/AC*
23.12 2400 2619 2540 2674 2699 2943 -
SEM 219 248 288 216 X1 333 301 -
w316 49 41 33 26 23 19 7 -
B. Averaged % Occupancy of RAAS of seven (Table 1) Bacteria 0TCA MSA enzyme sets
cz1 cz6 czs cza cz3 cz2 (] AIRAAS
G A A 1681 L 1390 L 1497 L 1184 L 1230 E 1510 E 2036 A 1177 258
A L L 1619 A 1340 V 933 E 878 E 824 L 1274 K 1552 L 1026 296
D G V 885 V 1225 1 795 A 874 V 807 K 1264 A 1043 G 879 201
R v 1 763 1 917 A 758 V 761 K 767 A 1175 D 905 E 809 148
P 1 G 600 G 713 T 736 G 621 A 734 V 780 L 581 V740 088
% N F R 580 [E 570 K 507 D 573 1 724 R 756 P 551 K 608 088
£ s 3 T 429 P 485 S 483 [K 55 N 709 (G 538 R 500 1569 078
s E T S 372 D 433 D 477 R 558 P 565 S 490 [V 439 D 562 061
& s F 369 [K 427 G 457 T 544 T 564 D 424 N 311 P 495 0388
=T E P 334 Y 391 E 446 F 513 D 533 Y 330 T 283 R 481 091
2 B N K 302 F 334 P 423 |1 485 F 467 T 324 G 268 T 450 083
z M M 300 M 332 F 415 S 416 |G 414 P 307 |1 260 s 382 059
H D Y 298 T 310 M 38 P 38 R 372 1 267 F 250 N 360 053
Q R C 294 S 276 Y 367 M 374 Y 368 F 181 Y 241 F 340 065
™M K N 281 C 25 R 332 M 33 S 278 N 121 Q 230 Y 254 064
K H 218 [E 224 Q 19 N 237 N 321 Q 275 C 075 S 215 M 251 067
F Q 179 H 201 H 145 H 209 Y 240 M 161 Q 071 H 149 H 221 049
Y Y D 197 R 135 W 172 206 W 095 W 042 W 091 Q 216 055
W 081 C 110 Q 15 W 073 Q 101 C 170 C 079 H 035 M 083 C 106 042
C 021 W 049 W 084 N 061 C 098 W 000 H 032 M 000 C 013 W 079 036
Average distance of RAAS to their C/ACs
A a9 2407 2613 2713 2880 28.55 3049 3014 3311 -
SEM 297 295 299 312 310 2.69 AT 339 271 -
w536 128 81 60 49 40 33 28 21 95 -
C. Averaged % Occupancy of RAAS of six (Table 1) Eukaryota 0TCA MSA enzyme sets
cz9 cz8 cz1 cz6 czs cz4 cz3 cz2 cz1 AIRAAS
G 1552 A 1189 L 1325 A 1185 V 1058 E 1329 K 1321 K 1378 K 1537 A 1005 161
A 1053 L 932 G 979 L 1142 L 979 V 923 L 980 A 1034 E 1199 G 937 094
P o783 V. 904 A 935 1 818 A 935 L 85 E 892 E 830 A 993 L 852 067
T 668 G 913 1 89 V 678 K 878 G 827 1 682 D 7.63 K 695 098
V 649 1 839 V 787 G 678 E 849 K 763 F 598 L 748 E 638 087
£ D 648 T 703 S 595 P 619 G 728 1 678 N 558 |1 5.62 V688 063
201 62 s sss F 579 E 618 1 666 A 641 A S41 T 545 1661 042
S N 611 P 579 T 568 K 605 P 591 R 490 G 537 V 469 P 584 050
& S 551 F 49 P 481 N 48 T 588 Y 478 |V 514 Q 469 T 526 043
S (L 526 E 416 C 439 F 422 S 464 D 464 Y 482 N 446 s 503 033
Z R 511 D 385 K 39 R 404 N 367 T 419 R 397 S 414 D 496 041
Z [E 477 N 347 N 355 M 398 Y 364 S 344 S 38 R 318 N 456 046
H 317 K H S 395 D 353 P 341 Q 361 M 288 R 396 031
K 278 Y E 391 F 315 C 310 D 322 P 257 F 342
Q 254 R Y 255 C 264 F 293 P 278G 2.56 Q260
M 184 Q ™M 252 R 205 N 245 H 273 F 221 M 232 H 246
F 169 M D 247 H 170 H 231 C 272 W 145 H 230 Y 228
Y 075 H R 214 M 104 Q 215 M 244 Y 139 Y 186 M 216
c 049 C Q 123 Q 061 M 083 T 209 C LI W 049 c 16
W o022 W w 079 W 061 W 068 W 154 H 076 C_ 038 w05t
Average distance of RAAS to their C/ACs
A 1945 2087 2328 474 2677 2441 2700 26.65 2933 -
SEM 187 133 1.60 247 291 1.90 3.00 339 294 -
w413 110 65 45 37 28 25 20 16 67 -
D. Averaged % Ocupancy of RAAS of the sixteen Archaea, Bacteria and Eukaryota 0 TCA MSA nzyme sets
cz9 cz8 cz1 cz6 czs cza cz3 cz2 cz1 AIRAAS
G 1983 A 1421 A 1357 L 1322 L 1187 E 1219 E 1313 E 1209 E 20.79 A 1021 273
A 855 G 1094 L 1295 A 1297 V 1072 V 872 L 1220 D 1125 K 1L71 L 959 3.04
P 690 L 902 V 1198 V 1099 A 862 A 766 K 877 K ILIS D 1142 E 895 596
D 681 V 1 824 1 89 1 844 G 741 V BI4 A 971 A 995 Vo810 302
R 650 G 820 G 605 786 L 736 A 669 L 820 L 609 G 176 515
5 N 515 P T 55 D 542 G 65 D 732 1 1 612 R 576 D 680 292
2V ss F 491 [E 514 D 655 K 69 D T 580 P 477 1 656 216
S T 548 s S 477 T 447 E 565 1 54 N V 547 N 393 K 618 3.66
& s 539 F P 417 P 426 K 519 R 522 F R 498 |G 371 T 499 167
s L s» E R 337 [K 397 ¥ S 447 S 364 P 456 139
2 E 495 D K 325 F 38 Q G 395 V276 R 428 138
£ 1 441 N Y 301 S 364 P N 347 1 255 s 392 101
H 384 K D 288 M 341 R P 309 T 245 F 349 125
Q 241 R C 285 R 339 T Q 262 Y 245 N 345 113
K 206 M E 262 N 33 (G Y 226 F 215 Y 281 091
M 171 Q M 237 Y 310 S F 219 Q 215 Q 230 083
F o143 Y N 233 Q 290 ™M M 106 H 197 M 211 079
Y 134 H Q 18 C 200 H 164 H 077 M 105 H 184 085
W 034 C H 182 H 142 C 120 C 160 W 122 W 062 W 047 C L8 083
Cc 023 W W 043 W 081 Q 08 W 078 C 117 C 062 C 017 W_ 078 035
Average distance of RAAS to their C/ACs
A 1903 2127 2312 2400 2619 25.40 2674 2699 29.43 -
SEM 259 214 219 248 2.88 2.16 an 3.33 3.01 -
w21 95 64 49 41 33 26 23 19 72 -
G Glycine L Leucine E Glutamic acid
A Alanine 1 Isoleucine K Lysine
V. Valine D Aspartic acid
*RAA =R ! acid; **CZ= y zone, ***C/AC = cataly center; fumarate hydratase C/AC distance

Table 4. Individual analyses and trends of the % Occupancies of all Recovered-Amino Acid (RAAs) sites

31



Notes: *Each Domain includes: 1) the ‘% RAA Occupancy’ of the Domains contents and 2), the
‘Average Euclidean Distance (A) ....." of the RAA’s Caus to their assigned C/AC Anchor-atom + s.e.m. in
each of nine evolutionary conservation zones (CZ) and 3) in the three right-hand columns, the averaged %
Occupancies of the respective Domain. In Part D, we report the massed analysis of all the % Occupancies
of all Recovered-Amino Acid (RAAs) sites of the eight oTCA cycle enzymes across Domains. The
sections emphasize the differences of individual RAA % Occupancy trends in pooled analyses to those in
individual consecutive ranked evolutionary conservation zones (CZ) with their concomitant distances (A)

to respective C/ACs.
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Table 5. RAAs: their % Occupancy and distance to their catalytic/active centers (A) (12,583) in
sequences (5,485) of 33-Bacteria enzymes separated by their geochronological and evolutionary
conservation assignments

Table 5. RAAS: their % Occupancy and distance to their catalytic/active centers (A) (12,583) in sequences (5.485) of 33-Bacteria enzymes separated by their geochronological and evolutionary
conservation assignments

Averaged and % Occupancy of the RAAs (8,645) of 20 Bacteria enzyme sets (4,074 sequences): "Epoch I" enzymes 4,000-2,700 Ma Average % Occupancy of

A all RAAs without CZ
<Most-Conserved Sites < Conservation Zones > "Least"-conserved assignment
7 cz8 cz1 cz6 czs cz4 cz2 cz1 RAA %O0CC  STD
G 1821 L 1203 V1327 1 1330 L 1592 L 135 E E 1638 E 2079 A 1031 200
A 1088 A 1170 A 1184 L 1273 V 968 D 884 A K 1134 K 1243 L 1016 387
D 825 V1057 L 979 vV 1202 I 925 V 770 L A 1132 A 1123 E 949 606
R 666 G 918 I 95 A 1003 E 78 E 717 K T 913 D 767 V802 349
P 599 I 8% G 62 E 590 A 707 R 69 Y D 674 L 535 G 695 452
g T 569 T 742 T 5% G 529 G 597 A 680 R L 613 P 486 1 690 355
2 L 516 P 515 P 524 T 462 K 573 K 632 D V. 534 R 475 K 623 353
s D 466 E 490 K 446 S 490 1 555 Vv P 498 Q426 D 584 208
§ E R 404 S 477 P 427 Y 449 G 545 Q I 464 G 424 T 523 2.03
S v S 400 F 445 F 38 T F o465 |1 Q 457 V. 394 Po4m 0.75
S E 369 R 367 D 38 D P43 P Y 425 T 346 R 459 150
Z om F 319 Y 335 R 368 R Y 42 G G 3% N 328 s 387 119
2 v K 26 K 32 N P Q 407 T s 2 s 295 Y 354 136
F M 25 D 321 S F N 307 F R 233 Y 244 F 334 0%
N N 248 M 294 M Q s 291 N F 184 F 227 Q309 136
K Y 230 N 23 Y 15 N T 288 S M 182 [ 1 216 N 269 080
M Q 212 Q 18 Q 142 H H 229 H W 145 M 142 M 197 063
Q w 1.16 C 125 C 1.23 M M 136 M N 0.85 H 141 H 1.59 0.87
c o H L4 W 109 H 116 C c 7w H 043 W 068 W 094 034
W 035 C 08 H 106 W 068 W 109 W 074 C 027 C 000 C 023 C 08 052
Average distance (A) of RAAs*to their C/ACs (Regression: R °2 = 0.946, SEE =0.823)
A 18.28 2137 2257 2315 25.02 2448 2628 27.06 2939
SEM 012 0.16 018 020 023 025 034 041 018
n 2032 1101 1044 835 703 539 477 357 1557
B
Averaged and % Occupancy of the RAAS (3,938) of 13 Bacteria enzyme sets (1,471 sequences): "Epoch III" enzymes 2,100 Ma-present Average % Occupancy of
all RAAs without CZ
assignment
<Most-Conserved Sites < Conservation Zones >
cz9 cz8 cz1 cz6 czs cz4 cz3 cz2 cz1 RAA %O0CC  STD
G 1950 L 1232 L 1467 V 1138 L 149 L 1394 L 1488 K 1290 E 2278 L 1132 401
A 101 G 1217 V1060 L 1049 A 882 K 892 E 1101 A 1166 K 1082 A 909 237
V. 852 A 1140 A 1051 I 95 V 82 A 749 P 910 E 1145 A 950 E 839 621
D 75 vV 113 I 1042 T 715 E 713 E 723 G 79 L 1034 D 742 G 79 512
N 617 | I 76l G 74 G 711 G 64 P 719 V75 D 726 P 124 |V 778 307
g P 581 T 677 S 509 A 685 I 629 I 57 D 726 R 695 | L 68 P 608 153
$ T 558 s 59 D 4% R 574 P 610 D 53 K 535 P 527 R 501 D 57 172
£ R 5% F 548 T 431 E 572 D 528 R 503 R 475 |V 484 Q 443 K 543 418
§ H 447 P 502 P 418 F 551 Y 49 G 443 A 463 Q 372 |V 405 1 523 354
S s 414 R 317 F 39 P 48 K 430 H 424 T 439 T 367 T 38 T 48 131
£ E 409 E 315 N 364 Y 43 T 412 T 397 S 394 Y 347 G 366 R 469 133
2L 348 D 300 R 306 K 424 H 3. % H 38 F 339 S 349 S 376 125
Z F 38 H 277 M 29 D 31 M 347 F 35 Y 304 G 305 1 23 F 36 148
Q 269 Q 23 E 298 Q 270 N 325 S 358 | I 246 N 245 F 216 Y 298 125
Y 229 M 204 K 265 S 265 S 320 N 353 F 195 M 235 Y 203 N 28 150
I 167 N 174 H 265 H 168 R 316 V. 35 W 15 S 179 N 192 H 287 129
C 165 K 162 Q 251 W 167 F 28 M 35 N 145 W 132 H 108 Q 25 104
K LIl Y 120 Y 18 N 166 Q 151 Q 238 M L6 H 126 M 052 M 209 108
M 111 c 0.55 w 114 M 1.62 w 117 w 1.52 Q 0.93 1 0.90 c 0.51 C 109 0.48
W 03 W 032 C 08 C 127 C 107 C 108 C 08 C 000 W 040 W 104 054
Average distance (A) of RAAs*to their C/ACs (Regression: R A2 = 0952, SEE =0.699)
A 1618 18.99 19.48 19.84 2174 2182 2284 253 2514
SEM 018 023 024 022 028 0.26 032 020 0.21
n 708 556 492 419 384 208 249 195 637
G Glycine L Leucine E  Glutamic acid
A Alanine Isoleucine K Lysine

D Aspartic acid
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Figure 1A. LOESS surface plots of Recovered-Amino Acid %Occupancy sites as a function of their
percentiles of conservation zone and distance to respective C/ACs Percentiles of distance and
conservation were calculated within 15 data sets. LOESS surfaces (span = 0.75) and standard errors (s.e.)
for the linked data are shown in the attached color standards insert (R Development Core Team, 2011).
All of these 0oTCA surface plots mimic quite closely those also reported for all glycolysis enzymes
(Pollack et al., 2013): A: glycine is most abundant in sites that are both closest- and most-distant to their
C/ACs and least abundant in low evolutionary conservation zone (CZ) sites. B and D: Glutamic acid and
lysine are most abundant in low conservation sites CZ2 and CZ1 furthest from the C/AC. C: Aspartic acid

shows high abundance in high and low conservation sites with apparently highest abundance at lowest

distances to their C/ACs, however, these values have the highest s.e.
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Figure 1B (Fig. 1A continued). E: Alanine sites may be more abundant at their C/AC and periphery. F:,
G:, H: Isoleucine, leucine and valine sites are similar as they all demonstrate highest abundances at mid-
conservation regions, however, the highest abundance of isoleucine falls off rapidly with increasing
distance from the C/AC, while that for valine diminishes with distance from C/ACs. The more reddish
colors down through the dark orange areas with highest statistical reliability have SEs in the 0.2 % to 0.4

% range, while the dark green and blue up to the deep purple colors are in areas of lowest reliabilities
with SEs of no more than, 1.4 %.
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AVERAGE DISTANCE (ANGSTROMS} OF o TCA CZ
"RECOVERED AMINOG ACIDS" TO THEIR

EVOLUTIONARY CONSERVATION ZONE (CF}
Figure 2. Recovered-Amino Acid (RAAs) sites (6,831) of the eight 0TCA cycle enzymes in Archaea,

Bacteria or Eukaryota vs their site’s distances (A) to their respective catalytic/active centers (C/AC)

For taxonomic identifications, See, Table 1: three Archaea enzymes, 948 RAAs, R*>=0.921, RMSE (A)
=0.904, slope =1.055, 95%CI = 0.78-1.33; seven Bacteria enzymes, 3,747 RAAs, R>= 0.945, RMSE (A)
=0.865, slope = 1.230, 95% CI = 0.99-1.49; five Eukarya enzymes, 2,136 RAAs, R> = 0.780, RMSE (A)
=1.368; slope = 0.879, 95% CI = 0.46-1.30. The parameters of the plot of all 6,831 RAAs of all
Domains are: R*=0.85, RMSE (A) = 1.43 £ 0.57, slope = 1.26 + 0.35 its p-value =~ 0.0001, 95% CI =
0.25 to 2.52. In all Domains a decrease in averaged evolutionary conservation is directly related to the

increase in Euclidean distance (A) from respective functional loci (C/AC).
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Figure 3, Assembly of diffuse evolutionary conserved aggregations
[DAGs) of the averaged MSA consensus site RAAs of 132 pyruvate
kinase (EC 2.7.1.40) (PYK ] sequences representing Archaea, Bactenia,
and Eukaryota revealed by ConSurf and Protein Explorer using the
PDB PYK “Scaffold” PDBE:1a3w, KPY 1_YEAST, Sgocharonmpces
cereviseae (see, Methods). Panel A shows the backbone, catalyically
involved higands (WMn®, PG, K™ and the distant native allostenic

] 1 y effector F-1,6-6isF. The Panels B-] show the locations of 553

S MEKNET RPN [ 4 aimino acids in sequentially decreasing conserved aggregations

-

n=g8 that constitute DA Gs. Panel B adds the M SA consensus sites that are
e = -1 -1 trost-conserved (ConZoneD) and colored deepest-magenta aceording
“Leaat cone ned Woat Comenved Lo the scale beneath Panel 1. The succeeding Panels C-) show accretion

of ConZoned through ConZone 1. The “least”-conserved postions of
{ConZonel) are colored deepest-blue or turquoise in Panel J that depicts the complete PK model. The data
in the [ower right of each Panel, calculated by the Yasara grogram, is the average distance in A (£ SO, n)
from all M3 A consensus ammine acid Co. posiion s of that particular ConZone to the same Anchor-atom
[Mn*11n the Scaffold's reported mechanistic center shown in Panel A (see, Methods).

PG = 2-phosphoglycohc acid; F-1,6-845F = fructose-1,6-&isphosphate
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EVOLUTIONARY CONSERVATICON ZONE (CZ}
Figure 4. The ranked dominance of the most-conserved evolutionary conservation zone (CZ9) in
comparisons to Trifonov’s putative temporal sequence (TOAE) Differences between Epochs of the
RAAs of averaged analyses of: 1) the eight oTCA enzymes of Table 1, and 2) the 33-Bacteria examples
of Table 2 and 3) the 10 glycolysis enzymes (op. cit.). See, Sections 3.1.3. and 4. for more details.
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Figure 5. Distinguishing ‘Epoch I’ from ‘Epoch III’. Each point represents the average of the differences
between two K-t correlations, one correlation between CZ9’s average distance to its functional center vs
TOAE’s ranked sequence minus the other correlation between the succeeding CZ’s average distance to its

functional center vs TOAE’s ranked data. See, Section 3.2.3. for more details.
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