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Modern organisms commonly use the same set of 20 genetically coded amino acids for protein
synthesis with very few exceptions. However, earlier protein synthesis was plausibly much simpler
than modern one and utilized only a limited set of amino acids. Nevertheless, few experimental tests
of this issue with arbitrarily chosen amino acid sets had been reported prior to this report. Herein we
comprehensively and systematically reduced the size of the amino acid set constituting an ancestral
nucleoside kinase that was reconstructed in our previous study. We eventually found that two
convergent sequences, each comprised of a 13-amino acid alphabet, folded into soluble, stable and
catalytically active structures, even though their stabilities and activities were not as high as those
of the parent protein. Notably, many but not all of the reduced-set amino acids coincide with those
plausibly abundant in primitive Earth. The inconsistent amino acids appeared to be important for
catalytic activity but not for stability. Therefore, our findings suggest that the prebiotically abundant
amino acids were used for creating stable protein structures and other amino acids with functional side
chains were recruited to achieve efficient catalysis.

Terrestrial life uses nucleic acid polymers as the genetic molecules and, most often, proteins as the functional
molecules. The nucleic acid polymers DNA and RNA contain the information for the amino acid sequences of
proteins, and proteins are involved in the replication of the nucleic acid polymers. Therefore, regarding the ori-
gin of life, which emerged earlier, nucleic acids or proteins, had been a chicken and egg paradox. However, the
findings of abiotic synthesis and polymerization of ribonucleotides'?, replication of RNA by a ribozyme?, and a
cross-chiral RNA polymerase ribozyme that synthesizes the RNA polymer in its own mirror image* have solved
the paradox; the RNA world most likely existed prior to the emergence of proteins. The next question involves
the transition from the RNA world to the RNA-protein world. Therefore, unveiling the earliest protein synthe-
sis system, which was the process to express the genetic information on RNA to produce proteins, is a key to
understanding the origin and early evolution of life. However, whether the protein itself or the translation system
emerged first remains a new chicken and egg paradox.

The size of the amino acid alphabet used in the earliest protein synthesis must be closely related to the origin
and early evolution of the genetic code. Crick proposed the ‘frozen accident theory” where development of the
modern genetic code table was entirely a matter of chance®. In contrast, some theories have rationalized the
evolution of the genetic code with different conclusions®~'%. However, these theories commonly proposed that
the earliest genetic code table involved much fewer than 20 amino acids and the modern genetic code table has
progressively evolved from the primitive one by gradually incorporating new amino acids into the repertoire.
Products of spark discharge experiments under conditions mimicking a plausible primitive environment and the
amino acid composition in meteorites support the idea that only a subset of the genetically coded 20 amino acids
were available in the prebiotic environment and used for the earliest protein synthesis'*-'8. Reasons why the 20
amino acids were selected have been also argued'-*2.
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Figure 1. Thermal stabilities and specific activities of Arcl and its simplified variants. (A) T;, (orange) and
specific activities (green) for Arcl and its simplified variants, each devoid of one amino acid letter. Specific
activity of the variant devoid of valine was determined at 50 °C and those of all other proteins were at 70 °C.
(B) T;, and specific activity at 70 °C for simplified variants devoid of multiple amino acid letters.

Even if early proteins were composed of a limited set of amino acids, their structures should have been stable to
the extent that they could express the biological functions. To date, several studies have shown that the full set of 20
genetically coded amino acids is not necessarily essential to produce a stable native-like protein structure and/or a
catalytic function. A de novo designed four-helix bundle protein was synthesized with a reduced alphabet of seven
amino acids?®. The 93-residue, predominantly o-helical AroQ chorismate mutase was reconstructed from a 9-amino
acid alphabet and was still catalytically active**. The addition of two more amino acid letters to the 9-amino acid
enzyme dramatically improved its stability and activity?>. However, it is still unclear whether the principles discerned
from studies using simple helical proteins can be applied to topologically much more complex proteins. Although
the catalytic activity associated with the more topologically complex, 213-residue Escherichia coli orotate phosphori-
bosyltransferase was achieved with a 13-amino acid alphabet, the 13-amino acid variant was substantially less stable
than the wild-type protein®. Moreover, the reduced amino acid repertoires were arbitrarily chosen in those studies.

To reconstruct a simplified protein composed of a systematically chosen reduced amino acid set, an ancestral
nucleoside diphosphate kinase (NDK) was used as the initial scaffold for restricting its amino acid usage to a
reduced set while retaining a stable structure and catalytic activity. We previously resurrected several ancestral
sequences of NDK that seem to represent ancestral proteins hosted by the last common ancestors of Archaea and
of Bacteria?”?, In this study, one of the resurrected NDKs, named Arc1, was modified to simplify its amino acid
usage. We used Arcl because the ancestral NDK is extremely thermally stable, which is a plausible characteristic
of primitive proteins?”?%. The unfolding midpoint temperature of Arcl is 114 °C (Supplementary Fig. S1)%. Its
crystal structure has been solved to 2.4-A resolution, showing that the protomers self-associate as a hexameric
structure?’. The arrangement of the protomers is quite similar to that of all known hexameric NDKs. Arc1 does
not contain any cysteine residues and therefore consists of 19 amino acid types (Supplementary Table 1). By
revealing the minimal set of amino acids that is essential for reconstructing a stable and active NDK, and then
comparing the minimal amino acid set with amino acids that were plausibly available in the primitive Earth’s
environment as proposed by earlier geochemical studies, we approximated the minimal amino acid composition
of proteins that made primitive life possible.

Results

Effect of eliminating one amino acid letter on the stability and activity of Arcl. We constructed
19 simplified variants of Arcl, each of which is devoid of one amino acid letter. Because Arcl is already devoid
of cysteine, the variants are each comprised of an 18-amino acid alphabet. In each of those variants, one amino
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10 20 30 40 50 60
Arcl-13+FT ERSLVLVKPDGVARGLVGEVVSRLERKGLKLVALKLLRLSRELAEKHYAEHREKPYYSA
Arcl-13 ERSLVLVKPDGVARGLVGEVVSRLERKGLKLVALKLLRLSRELAEKHYAEHREKPYYSA
Arcl-16 ERTLVLVKPDGVQRGLVGEVVSRLERKGLKLVALKLLRLSRELAEKHYAEHREKPYYSA
Arcl ERTFVMIKPDGVQRGLIGEIISRFERKGLKIVAMKMMRISREMAEKHYAEHREKPFFSA
Arcl-14 EREFVMIRPDGVARGLIGEIIARFERRGLRIVAMRMMRIDREMAERHYAEHRERPFFDA
Arcl-13M EREFVLIRPDGVARGLIGEIIARFERRGLRIVALRLLRIDRELAERHYAEHRERPFFDA
Arcl-13M+KST EREFVLIKPDGVARGLIGEIIARFERRGLRIVALRLLRIDRELAERHYAEHRERPFFDA
Arcl-10 EREFVLIRPDGVARGLIGEIIARFERRGLRIVALRLLRIDRELAERLLAELRERPFFDA

70 80 90 100 110 120
Arcl-13+FT LVDYVSSGPVVALVLEGKNAVEVVRKLVGATNPKEAAPGS LRGDYGLDVGKNVVHASDSP
Arcl-13 LVDYVSSGPVVALVLEGKNAVEVVRKLVGASNPKEAAPGS LRGDYGLDVGKNVVHASDSP
Arcl-16 LVDYVTSGPVVALVLEGKNAVEVVRKLVGATNPKEAAPGTLRGDYGLDVGKNVVHASDSP
Arcl LVDYITSGPVVAMVLEGKNAVEVVRKMVGATNPKEAAPGTIRGDFGLDVGKNVIHASDSP
Arcl-14 LVDYIIAGPVVAMVLEGPNAVEVVREMVGAGNPAEAAPGAIRGDFGLDVGRNVIHAADAP
Arcl-13M LVDYIIAGPVVALVLEGPNAVEVVRELVGAGNPAEAAPGAIRGDFGLDVGRNVIHAADAP
Arcl-13M+KST LVDYIIAGPVVALVLEGPNAVEVVRELVGATNPAEAAPGAIRGDFGLDVGRNVIHASDAP
Arcl-10 LVDLIIAGPVVALVLEGPDAVEVVRELVGAGDPAEAAPGAIRGDFGLDVGRDVILAADAP

130 139

Arcl-13+FT ESAERELSLLFKDEELVER
Arcl-13 ESAERELSLLLKDEELVER
Arcl-16 ESAERELSLLLKDEELVEW
Arcl ESAEREISLFFKDEELVEW
Arcl-14 ENAEREIALFFRDEELVER
Arcl-13M ENAEREIALFFRDEELVER
Arcl-13M+KST ENAEREIALFFRDEELVER
Arcl-10 EAAEREIALFFRDEELVER

Figure 2. Amino acid sequences of Arcl and its simplified variants. N-terminal residue(s) were omitted from
this alignment. The substituting amino acids are shown in magenta or blue. Gray shading indicates residues
restored to the original ones because they are almost completely conserved among extant NDK sequences.

acid letter was eliminated by replacing that amino acid residue with the amino acid residue that is most fre-
quently found at the corresponding position in the multiple amino acid sequence alignment of 309 extant NDK
sequences. We expected that frequently occurring amino acids at a particular position had been favorably selected
at that position during the course of NDK evolution. In addition, frequent amino acids often contribute to pro-
tein’s stability to greater extent than do less frequent amino acids®. Completely conserved residues were replaced
by chemically similar amino acids. For constructing variants lacking methionine in this study, the N-terminal
residue was not considered. Two variants that were devoid of cysteine and either glycine or glutamate appeared
to be insoluble (Fig. 1A) and therefore could not be subjected to further analysis. It is likely that the presence of
glycine and glutamate is crucial for the proper folding and/or thermodynamic stability of the protein.

To assess the thermal stabilities of the remaining 17 variants, each of which was comprised of an 18-amino
acid alphabet, we carried out temperature-induced unfolding experiments on each protein by monitoring the
changes in ellipticity at 222 nm as a function of temperature. For each protein, identical melting profiles were
produced within experimental error in duplicate measurements. The thermal melting profiles of the simplified
proteins showed a single transition, and the midpoint transition temperatures were used to compare their thermal
stabilities. We also determined the specific activity of each simplified variant at 70 °C except in the case of the
variant lacking valine, which was analyzed at 50 °C because the variant was not stable at 70 °C. NDK catalyzes the
transfer of the v-phosphate of a nucleoside triphosphate to a nucleoside diphosphate®. Figure 1A illustrates the
thermal unfolding midpoint temperatures and the specific activities of Arcl and its simplified variants, showing
that elimination of some amino acid letters from the sequence of Arc1 exerts large effects on its stability and/or
activity. In particular, valine is crucial for both stability and activity. Elimination of aspartate, histidine, asparagine
or arginine did not affect the stability but substantially reduced the catalytic activity. Elimination of proline or
tyrosine moderately reduced the activity. In contrast, the remaining ten amino acids (A,E I, K,L,M, Q S, T, W)
could easily be eliminated from the sequence of Arcl without compromising its structure and function. Thus, all
of the amino acid letters do not contribute equally to the stability and activity of Arcl and, in subsequent experi-
ments, these ten amino acid letters were targeted to be eliminated to produce extensively simplified variants that
were composed of significantly fewer than 20 amino acid letters.

Construction of simplified Arcl variants devoid of multiple-amino acid letters. We tested
whether two or more non-polar amino acid letters could simultaneously be eliminated without substantial loss
of stability and activity of Arcl. We targeted A, E I, L and M for elimination. The non-polar amino acids do
not contain any functional side chains and therefore may not be directly involved in NDK’s catalytic function.
We excluded V from the analysis because elimination of valine substantially affected the stability and activity
of Arcl (Fig. 1A). Simultaneous elimination of any two of A, F, I and M by replacing other amino acids did
not substantially affect the stability and activity, but elimination of L and one more non-polar letters reduced
the catalytic activity (Fig. 1B). We also eliminated any three of A, F, I, L and M together. One of the resulting
proteins, Arcl-16 (Fig. 2 and Supplementary Table S1), was reasonably thermally stable (T;, =78 °C; Fig. 1B,
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Eliminated amino acids | Oligomeric structure T,, (°C)* | Specific activity (unit/mg)®
Arcl C Hexamer 114 2,100 (70°C)1,200 (50°C)
Arcl-16 C,ELM Hexamer 78 260 (70°C)
Arcl-13 C,ELMQTW (Hexamer)+dimer 74 12 (50°C)
Arcl-13+FT C, LM, QW Hexamer 81 160 (50°C)
Arcl-14 CK QS TW Dimer 81 8.6 (70°C)
Arcl-13M C,K QS TWM Dimer 74 0.15 (50°C)
Arcl-13M+KST C,QW,M Dimer 79 2.6 (50°C)
Arcl-10 g’) IY<3 QS TWMH, Dimer 85 <0.040 (50°C)
B. subtilis NDK Hexamer 57 860 (50°C)

Table 1. Summary of the reconstructed NDK and its simplified variants as well as an extant mesophilic NDK.
T, is the temperature corresponding to 50% denaturation as determined by monitoring the change in ellipticity
at 222 nm (Fig. 2). ®Reaction temperatures are given in parentheses. The specific activities of Arcl, Arcl-16,

and Arcl-14 were determined at 70 °C because the maximum activity was observed that temperature under

the conditions used, but the activities of other proteins were determined at 50 °C to avoid the effect of protein
denaturation.

Table 1 and Supplementary Fig. S1) and its specific activity was also significant (260 units/mg at 70 °C; Table 1).
We further eliminated three amino acid letters (Q, T, W) from Arcl-16, thus producing Arc1-13 (Fig. 2 and
Supplementary Table S1). The thermal stability of Arc1-13 (T, ="74°C) was substantially lower than that of Arcl
(T,,=114°C) but still much higher than that of an extant mesophilic NDK from Bacillus subtilis (T,,= 57 °C;
Table 1 and Supplementary Fig. S1). The specific activity of Arc1-13 was 12 units/mg at 50 °C (Table 1). Therefore,
a reduced alphabet, consisting only of 13 amino acid letters, is sufficient to achieve high thermal stability and
catalytic function.

To explore alternative reduced alphabets that can encode a stable and active NDK, we also eliminated the
five amino acids, Lys, Gln, Ser, Thr and Trp, at one time from the sequence of Arcl by replacing them with other
amino acids. The five amino acids could easily be eliminated from Arc1 without significantly affecting its stability
or activity (Fig. 1A). The resulting Arcl-14 consisted of a 14-amino acid alphabet (Fig. 2 and Supplementary
Table S1). Temperature-induced unfolding and catalytic activity measurements revealed that Arcl-14 showed
a 33°C lower unfolding midpoint temperature (81 °C; Table 1 and Supplementary Fig. S1) and a 244-fold lower
specific activity at 70 °C (8.6 units/mg) compared to those of Arcl (Table 1). Thus, Arc1-14 is also a stable and
active protein, even though its stability and activity were not as high as those of Arcl. Therefore, catalytic function
associated with a stable protein structure may be achieved with several subsets of the 20 coded amino acids.

Oligomeric structures as studied by analytical gel filtration.  The quaternary structures for the orig-
inal Arcl and its simplified variants were investigated by analytical gel filtration using Superdex 200 resin with
initial protein concentrations of 20 uM. We previously showed that protomers of Arcl self-associate into a hex-
americ structure, similar to the quaternary structure of many extant NDKs*'-*3, and the manner of the hexameric
assembly of Arcl is identical to those of all known extant hexameric NDKs*. The elution profile shows that
Arcl-16 migrated as a single molecular species with a retention volume corresponding to the molar mass of a
hexamer (Table 1). In contrast, Arc1-13 exists predominantly as a dimer, but a small elution peak corresponding
to the hexameric state was also observed (Table 1). Arcl-14 also eluted as a single peak but its elution volume
corresponds to a dimeric structure (Table 1). Because Arc1-14 and Arcl-13 form stable structures that exhibit
catalytic activity, hexamerization is not necessarily essential for proper folding of the protomer and catalytic
function of the enzyme.

Further exclusion of amino acid letters from the simplified Arcl variants. Despite the signifi-
cant simplification of the amino acid sequences, Arcl-13 and Arcl-14 still exhibited significant stability and a
detectable level of catalytic activity. In order to simplify these variants further, we eliminated A, K, S, or Y from
the sequence of Arcl-13,and A, E I, L, M, or Y from the sequence of Arcl-14, thus yielding Arc1-12A/K/S/Y
and Arcl-13A/F/I/L/M/Y (Supplementary Fig. S2) because those amino acid letters could be eliminated from
the sequence of Arcl without compromising its stability or catalytic activity (Fig. 1A). The solubility of Arcl-
12A appeared to be low, which caused the variant to precipitate when purification was attempted. The other
variant was successfully purified and the far-UV circular dichroism (CD) spectra, except for that of Arc1-12S,
were indicative of significant secondary structure. The changes in ellipticity as a function of temperature for
Arcl-12K, Arcl-12Y, Arcl-13I, Arcl-13L, Arcl-13M, and Arcl-13Y showed cooperative two-state transitions
(Supplementary Fig. S3). In contrast, atypical unfolding curves were obtained for Arc1-12S, Arcl-13A, and Arcl-
13F, suggesting that these variants did not fold properly. The measurements of v-phosphate transferring activity
showed that only Arc1-13M exhibited a detectable level of catalytic activity although its specific activity at 50 °C
(0.15 units/mg) was 8,000 times lower than that of Arcl (Table 1). The stability (T, =74°C) and activity of Arcl-
13M, together with those of Arcl-13, demonstrated that sets of 13 amino acid types are sufficient to produce a
stable and active NDK.
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Figure 3. Two simplified proteins composed of 13 amino acid letters. (A) Venn diagram comparing the amino
acid letters included in the two simplified proteins. (B, C) The monomer structures of Arcl (PDB code, 3vvt)
with ATP. The bound ATP was modeled by superimposing the Arcl structure with the structure of Thermus
thermophilus NDK with bound ATP (PDB code, 1wkl). (B) Amino acid residues replaced by a reduced-set of 13
amino acids in Arcl-13 are shown as a magenta backbone ribbon. The residues at positions 91 and 131, which
are highly conserved among extant NDKs, are shown as sticks models. (C) Amino acid residues replaced with
areduced-set of 13 amino acids in Arc1-13M are rendered in blue. The residues at positions 9, 91, and 117 are
shown in sticks models.

Discussion

Itis hard to believe that the modern protein synthesis system involving the full set of 20 amino acids was also used in
the earliest life. Rather, it is more plausible that an earlier system for protein synthesis was much simpler and involved
only a limited number of amino acid letters, and that the protein synthesis system has progressively evolved from the
earliest one by gradually recruiting new amino acids into the set of protein-coding amino acids. More than 50 years
ago, Eck and Dayhoff hypothesized the origin and early evolution of ferredoxin®. They proposed that a primitive
form of the protein emerged by duplicating a shorter protein that might have been composed of an eight-amino acid
alphabet. Because they traced the evolution of ferredoxin back without the currently available sophisticated com-
puter programs for ancestral sequence reconstruction, their assertion was highly speculative. However, the concept
illustrated by Eck and Dayhoff was later embodied as ribosomal RNA-based phylogenies®***” and computer-assisted
ancestral sequence reconstructions®*. Currently, the characteristics of ancient organisms and the environments of
their biospheres can be estimated by characterizing ancestral proteins reconstructed using expanded genome data
available in public databases and advanced phylogenetic analysis techniques*#-%3. The present study also relies on
the reconstruction technique because the previously reconstructed ancestral NDK, Arc1, was used as the template for
restricting the building units to a subset of genetically coded amino acids.

As reported herein, we obtained two simplified Arcl variants (i.e. Arc1-13 and Arcl-13M), both of which
showed reasonably high thermal stability and a detectable level of catalytic activity albeit being comprised of a
13-amino acid alphabet. As shown in Fig. 3, eleven amino acid letters are commonly included in the sequences
of the two simplified proteins. Therefore, we refer these eleven amino acids to as the ‘essential amino acids. We
would like to note that the original fraction of essential residues in the ancestral protein Arcl is not significantly
higher than those in modern NDKs. What can we learn from the eleven essential amino acids? It is reasonable
to predict that the earliest protein was synthesized with amino acids that could be obtained from the prebi-
otic Earth’s environment. Miller simulated primitive Earth’s possible environments and demonstrated that ten
(A,D,E,G,LLL,B S, T, V) of the 20 coded amino acids were synthesized in abiotic environments (Supplementary
Table S2)!*18, Eight (A, D, E, G, I, L, P, V) of Miller’s amino acids were also found in the Murchison meteorite
(Supplementary Table S2)!7°. Organic compounds, such as amino acids found in meteorites might have origi-
nated from the universe**. Assuming that the composition of amino acids in the Murchison meteorite reflects the
abundance of amino acids in prebiotic environments, these eight amino acids are thought to have existed abun-
dantly in primitive Earth. Primitive proteins must have been synthesized by utilizing amino acids present in the
environment before the invention of amino acid biosynthetic pathways®. Therefore, the eight amino acids found
in both the products of the Miller’s experiments and the Murchison meteorite were plausibly involved in the
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earliest protein synthesis. All eight of these amino acids, except for isoleucine, were found to be essential amino
acids for stable and active NDKs (Supplementary Table S2). Another group reported that simplified 3-trefoil
proteins whose amino acid usages were biased toward the ten Miller’s amino acids were foldable in a halophilic
environment*. Therefore, reconstruction of stable and active proteins composed of a limited amino acid set pro-
vides additional support for the abundantly present amino acids in the paleoenvironment that has been inferred
from geochemical studies.

However, four (H, N, R, Y) of the essential amino acids are not found in both Miller’s experiment and the
Murchison meteorite (Supplementary Table S2). Therefore, it has been thought that they were rarely synthesized
in prebiotic environments'®. Our interpretation for this disagreement is that primitive proteins only served as
environments for chemical reactions and were not directly involved in catalysis. It has been pointed out that,
during the early stage of evolution, amino acids were not selected for their ability to promote catalytic reactions,
but for allowing the formation of stable and soluble tertiary structures?. This idea supposes that other mole-
cules such as RNA, cofactors and metals might have played a central role in catalytic function. Indeed, most of
the amino acids that plausibly existed in prebiotic environments do not contain functional side chains that are
important for catalysis. In accordance with this idea, histidine, asparagine, arginine and tyrosine are essential
only for catalytic activity and not for conformational stability (Fig. 1A). Arc1-10, which was produced by elim-
inating histidine, asparagine and tyrosine from Arcl-13M (Fig. 2 and Supplementary Table S1), recovered the
thermal stability by 11 °C (Table 1 and Supplementary Fig. S4), further supporting this idea. Therefore, these
amino acids were plausibly recruited into the protein synthesis system later than the eight amino acid letters,
promoting a diversified catalytic repertoire by providing new functional groups. However, the possibility that the
four amino acid letters (H, N, R, Y) were abiotically synthesized in some way cannot be ruled out. Sutherland and
colleagues recently reported abiotic synthesis pathways for precursors to arginine and asparagine (Supplementary
Table S2)¥. Prebiotic syntheses of histidine and imidazolide have also been proposed*’~*.

Primordial proteins might have been comprised of a reduced set of amino acids and subsequent addition of
new amino acids would expand the geometrical and functional diversities of side chains, thus plausibly improving
the stability and activity of proteins. Among the 309 extant NDK sequences, lysine, threonine, serine and phe-
nylalanine are almost completely conserved at positions 9, 91, 117, and 131, respectively. Therefore, we restored
the residues found at positions 91 and 131 of Arc1-13 to the original amino acids, threonine and phenylalanine,
respectively, and the residues at positions 9, 91 and 117 of Arc1-13M to the original amino acids, lysine, threonine
and serine, respectively (Fig. 2). The resulting proteins, Arc1-13 4+ FT and Arcl-13M + KST largely recovered
both stability and catalytic activity (Table 1 and Supplementary Fig. S4). Accordingly, similar to a previous report
by Hilvert and colleagues®, our results demonstrate that the structure and function of the proteins composed of
areduced set of amino acids could be improved by incremental addition of new amino acids. If similar improve-
ments occurred for primitive proteins, expansion of the amino acid repertoire would have improved the fitness of
the host organisms and thus may have driven the evolution of early life.

Materials and Methods
Protein preparation. The sequences of the genes encoding the simplified proteins were determined by
reverse translation of the simplified Arcl sequences so that the codon usage was optimized for an Escherichia coli
expression system. The genes, cloned into pTAKN-2, were synthesized by Eurofins Genomics (Tokyo, Japan). The
genes encoding the simplified proteins were excised from the pTAKN-2 constructs by digestion with Ndel and
BamHI (New England Biolabs Japan, Tokyo) and then subcloned into pET23a(+) (Merck, Tokyo). The result-
ing expression plasmids were used to transform E. coli Rosetta2 (DE3) (Merck, Tokyo) and the transformants
were cultivated in Luria-Bertani medium supplemented with 150 pg/mL ampicillin at 37 °C. Gene expression
was induced using Overnight Express Autoinduction system 1 reagents (Merck, Tokyo). E. coli cells were then
harvested, disrupted by sonication, and heat-treated at 60 or 70 °C for 20 min to precipitate E. coli proteins. After
centrifugation at 15,000 x g at 4 °C for 30 min, the simplified proteins were purified from the supernatants by
successive column chromatography through HiTrap Q and Resource Q (GE Healthcare Japan, Tokyo).

Preparation of Arcl-13, Arcl-12A, Arcl-12K, Arc1-12S, and Arcl-12Y was performed so that the N-terminal
methionine was also eliminated. Each gene was PCR amplified from the pTAKN-2 construct using KOD-plus
DNA polymerase (Toyobo, Osaka) and a pair of primers. The downstream primers contained a HindIII restric-
tion site at its 5’ terminus. The PCR products were then digested with HindIII (New England Biolabs Japan,
Tokyo) and subcloned into the Stul-HindIII site of pQE30Xa (Qiagen, Tokyo) so that the simplified proteins
would be N-terminally His-tagged. For protein production, E. coli M15 (pREP4) strain was transformed with
the resulting expression plasmid and then cultivated in Luria-Bertani medium supplemented with ampicillin
(150 pug/ml). Expression was induced with 0.1 mM isopropyl 3-D-1-thiogalactopyranoside. After overnight cul-
tivation, cells were harvested by centrifugation and disrupted by sonication. Precipitate was removed by centrif-
ugation at 15,000 x g and 4 °C for 30 min and soluble proteins were purified using a HisTrap FF nickel affinity
column (GE Healthcare Japan, Tokyo). The N-terminal His-tag (excepting residues G_4G_;G_,G_;G_,A_; or
G_¢G_sG_4G_3G_,L_)) was then removed by digestion with Factor Xa protease (Qiagen, Tokyo). The released
His-tag and Factor Xa protease were removed from the solution by passage through a HisTrap FF nickel affinity
column and a HiTrapQ anion exchange column (GE Healthcare Japan, Tokyo). The purified proteins thus did not
contain methionine at their N-terminus; instead they contained an N-terminal 6-residue extension (GGGGGA
or GGGGGL). The same method could not be applied to the preparation of Arc1-13M because the variant was
degraded during proteolysis with Factor Xa.

The purity of each protein was >95% as judged by the results of SDS-polyacrylamide gel electrophoresis fol-
lowed by Coomassie Blue staining.
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Analytical methods. Protein concentrations were determined by measuring the OD,y, of the protein solu-
tions according to the procedure reported by Pace and colleagues®', who improved the procedure of Gill and von
Hippel®. Thermal unfolding curves were obtained using a J-720 spectropolarimeter (Jasco, Hachioji) equipped
with a programmable temperature controller and a pressure-proof cell compartment that prevented the solu-
tions from bubbling and evaporating at high temperatures. The path-length of the cell used was 0.1 cm. Proteins
were diluted to 25 uM with 20 mM potassium phosphate (pH 6.0), 50 mM KCl, I mM EDTA. Temperature was
increased at a rate of 1.0 °C/min.

Enzymatic activity was determined from the results of an assay where the increase in the amount of ATP, a
product of the reaction, was measured using a luminescent kinase assay kit, Kinase-Glo (Promega), as described
previously?. The kinase assay buffer was 50 mM HEPES (pH 8.0), 25 mM KCl, 10 mM (NH,),SO,, 2.0 mM
(CH;CO0),Mg, 1.0mM DTT, 1.0mM ADP and 2.5mM GTP.

Oligomeric structures of the simplified proteins were determined by analytical gel filtration using Superdex
200 resin (column dimensions 1.0 x 30 cm; GE Healthcare Japan, Tokyo) equilibrated with 20 mM potassium
phosphate (pH 6.0), 150 mM KCI, 1 mM EDTA. Protein, in an initial volume of 0.2 ml, was loaded onto the
column at a flow rate of 0.5ml/min. Apparent molar masses were determined from the elution volumes and a
calibration curve produced using proteins of known molar masses and elution volumes.

References
1. Powner, M. W,, Gerland, B. & Sutherland, J. D. Synthesis of activated pyrimidine ribonucleotides in prebiotically plausible
conditions. Nature 459, 239-242, https://doi.org/10.1038/nature08013 (2009).
2. DeGuzman, V., Vercoutere, W., Shenasa, H. & Deamer, D. Generation of oligonucleotides under hydrothermal conditions by non-
enzymatic polymerization. ] Mol Evol 78, 251-262, https://doi.org/10.1007/s00239-014-9623-2 (2014).
3. Wochner, A., Attwater, J., Coulson, A. & Holliger, P. Ribozyme-catalyzed transcription of an active ribozyme. Science 332, 209-212,
https://doi.org/10.1126/science.1200752 (2011).
4. Sczepanski, . T. & Joyce, G. E. A cross-chiral RNA polymerase ribozyme. Nature 515, 440-442, https://doi.org/10.1038/nature13900
(2014).
5. Crick, F. H. The origin of the genetic code. ] Mol Biol 38, 367-379 (1968).
6. Wong, J. T. A co-evolution theory of the genetic code. Proc Natl Acad Sci USA 72, 1909-1912 (1975).
7. Eigen, M. & Schuster, P. The hypercycle. A principle of natural self-organization. Part A: Emergence of the hypercycle.
Naturwissenschaften 64, 541-565 (1977).
8. Wachtershauser, G. Before enzymes and templates: theory of surface metabolism. Microbiol Rev 52, 452-484 (1988).
9. Baumann, U. & Oro, J. Three stages in the evolution of the genetic code. Biosystems 29, 133-141 (1993).
10. Ikehara, K., Omori, Y., Arai, R. & Hirose, A. A novel theory on the origin of the genetic code: a GNC-SNS hypothesis. ] Mol Evol 54,
530-538, https://doi.org/10.1007/s00239-001-0053-6 (2002).
11. Higgs, P. G. A four-column theory for the origin of the genetic code: tracing the evolutionary pathways that gave rise to an optimized
code. Biol Direct 4, 16, https://doi.org/10.1186/1745-6150-4-16 (2009).
12. Johnson, D. B. & Wang, L. Imprints of the genetic code in the ribosome. Proc Natl Acad Sci USA 107, 8298-8303, https://doi.
org/10.1073/pnas.1000704107 (2010).
13. Miller, S. L. A production of amino acids under possible primitive earth conditions. Science 117, 528-529 (1953).
14. Kvenvolden, K. et al. Evidence for extraterrestrial amino-acids and hydrocarbons in the Murchison meteorite. Nature 228, 923-926
(1970).
15. Bada, J. L. New insights into prebiotic chemistry from Stanley Miller’s spark discharge experiments. Chem Soc Rev 42, 2186-2196,
https://doi.org/10.1039/c3cs35433d (2013).
16. Cleaves, H. J., Chalmers, J. H., Lazcano, A., Miller, S. L. & Bada, J. L. A reassessment of prebiotic organic synthesis in neutral
planetary atmospheres. Orig Life Evol Biosph 38, 105-115, https://doi.org/10.1007/s11084-007-9120-3 (2008).
17. Cronin, J. R. & Pizzarello, S. Amino acids in meteorites. Adv Space Res 3, 5-18 (1983).
18. Johnson, A. P. et al. The Miller volcanic spark discharge experiment. Science 322, 404, https://doi.org/10.1126/science.1161527
(2008).
19. Cleaves, H. J. II The origin of the biologically coded amino acids. J Theor Biol 263, 490-498, https://doi.org/10.1016/j.jtbi.2009.12.014
(2010).
20. Ilardo, M. et al. Extraordinarily adaptive properties of the genetically encoded amino acids. Sci Rep 5, 9414, https://doi.org/10.1038/
srep09414 (2015).
21. Philip, G. K. & Freeland, S. J. Did evolution select a nonrandom “alphabet” of amino acids? Astrobiology 11, 235-240, https://doi.
0rg/10.1089/ast.2010.0567 (2011).
22. Weber, A. L. & Miller, S. L. Reasons for the occurrence of the twenty coded protein amino acids. ] Mol Evol 17, 273-284 (1981).
23. Schafmeister, C. E., LaPorte, S. L., Miercke, L. J. & Stroud, R. M. A designed four helix bundle protein with native-like structure. Nat
Struct Biol 4,1039-1046 (1997).
24. Walter, K. U, Vamvaca, K. & Hilvert, D. An active enzyme constructed from a 9-amino acid alphabet. J Biol Chem 280, 37742-37746,
https://doi.org/10.1074/jbc.M507210200 (2005).
25. Muller, M. M. et al. Directed evolution of a model primordial enzyme provides insights into the development of the genetic code.
PLoS Genet 9, 1003187, https://doi.org/10.1371/journal.pgen.1003187 (2013).
26. Akanuma, S., Kigawa, T. & Yokoyama, S. Combinatorial mutagenesis to restrict amino acid usage in an enzyme to a reduced set. Proc
Natl Acad Sci USA 99, 13549-13553, https://doi.org/10.1073/pnas.222243999 (2002).
27. Akanuma, S. et al. Experimental evidence for the thermophilicity of ancestral life. Proc Natl Acad Sci USA 110, 11067-11072, https://
doi.org/10.1073/pnas.1308215110 (2013).
28. Akanuma, S., Yokobori, S., Nakajima, Y., Bessho, M. & Yamagishi, A. Robustness of predictions of extremely thermally stable
proteins in ancient organisms. Evolution 69, 2954-2962, https://doi.org/10.1111/ev0.12779 (2015).
29. Steipe, B. Consensus-based engineering of protein stability: from intrabodies to thermostable enzymes. Methods Enzymol 388,
176-186, https://doi.org/10.1016/s0076-6879(04)88016-9 (2004).
30. Deville-Bonne, D. et al. Phosphorylation of nucleoside diphosphate kinase at the active site studied by steady-state and time-
resolved fluorescence. Biochemistry 35, 14643-14650, https://doi.org/10.1021/bi960945m (1996).
31. Morera, S. et al. Refined X-ray structure of Dictyostelium discoideum nucleoside diphosphate kinase at 1.8 A resolution. ] Mol Biol
243, 873-890 (1994).
32. Webb, P. A, Perisic, O., Mendola, C. E., Backer, J. M. & Williams, R. L. The crystal structure of a human nucleoside diphosphate
kinase, NM23-H2. ] Mol Biol 251, 574-587 (1995).
33. Misra, G. et al. Crystal structure of the Bacillus anthracis nucleoside diphosphate kinase and its characterization reveals an enzyme
adapted to perform under stress conditions. Proteins 76, 496-506, https://doi.org/10.1002/prot.22364 (2009).
34. Janin, J. et al. Three-dimensional structure of nucleoside diphosphate kinase. ] Bioenerg Biomembr 32, 215-225 (2000).

SCIENTIFICREPORTS| (2018) 8:1227 | DOI:10.1038/s41598-018-19561-1 7


http://dx.doi.org/10.1038/nature08013
http://dx.doi.org/10.1007/s00239-014-9623-2
http://dx.doi.org/10.1126/science.1200752
http://dx.doi.org/10.1038/nature13900
http://dx.doi.org/10.1007/s00239-001-0053-6
http://dx.doi.org/10.1186/1745-6150-4-16
http://dx.doi.org/10.1073/pnas.1000704107
http://dx.doi.org/10.1073/pnas.1000704107
http://dx.doi.org/10.1039/c3cs35433d
http://dx.doi.org/10.1007/s11084-007-9120-3
http://dx.doi.org/10.1126/science.1161527
http://dx.doi.org/10.1016/j.jtbi.2009.12.014
http://dx.doi.org/10.1038/srep09414
http://dx.doi.org/10.1038/srep09414
http://dx.doi.org/10.1089/ast.2010.0567
http://dx.doi.org/10.1089/ast.2010.0567
http://dx.doi.org/10.1074/jbc.M507210200
http://dx.doi.org/10.1371/journal.pgen.1003187
http://dx.doi.org/10.1073/pnas.222243999
http://dx.doi.org/10.1073/pnas.1308215110
http://dx.doi.org/10.1073/pnas.1308215110
http://dx.doi.org/10.1111/evo.12779
http://dx.doi.org/10.1016/s0076-6879(04)88016-9
http://dx.doi.org/10.1021/bi960945m
http://dx.doi.org/10.1002/prot.22364

www.nature.com/scientificreports/

35. Eck, R. V. & Dayhoft, M. O. Evolution of the structure of ferredoxin based on living relics of primitive amino Acid sequences. Science
152, 363-366, https://doi.org/10.1126/science.152.3720.363 (1966).

36. Woese, C. R. Bacterial evolution. Microbiol Rev 51, 221-271 (1987).

37. Woese, C. R., Kandler, O. & Wheelis, M. L. Towards a natural system of organisms: Proposal for the domains archaea, bacteria, and
eucarya. Proc Natl Acad Sci USA 87, 4576-4579 (1990).

38. Thornton, J. W. Resurrecting ancient genes: experimental analysis of extinct molecules. Nat Rev Genet 5, 366-375, https://doi.
org/10.1038/nrg1324 (2004).

39. Merkl, R. & Sterner, R. Ancestral protein reconstruction: techniques and applications. Biol Chem 397, 1-21, https://doi.org/10.1515/
hsz-2015-0158 (2016).

40. Gaucher, E. A., Thomson, J. M., Burgan, M. E. & Benner, S. A. Inferring the palaeoenvironment of ancient bacteria on the basis of
resurrected proteins. Nature 425, 285-288, https://doi.org/10.1038/nature01977 (2003).

41. Gaucher, E. A, Govindarajan, S. & Ganesh, O. K. Palaeotemperature trend for Precambrian life inferred from resurrected proteins.
Nature 451, 704-707, https://doi.org/10.1038/nature06510 (2008).

42. Boussau, B. & Gouy, M. What genomes have to say about the evolution of the Earth. Gondwana Research 21, 483-494, https://doi.
org/10.1016/j.gr.2011.08.002 (2012).

43. Garcia, A. K., Schopf, J. W., Yokobori, S. I., Akanuma, S. & Yamagishi, A. Reconstructed ancestral enzymes suggest long-term
cooling of Earth’s photic zone since the Archean. Proc Natl Acad Sci USA 114, 4619-4624, https://doi.org/10.1073/pnas.1702729114
(2017).

44. Burton, A. S., Stern, J. C,, Elsila, J. E., Glavin, D. P. & Dworkin, J. P. Understanding prebiotic chemistry through the analysis of
extraterrestrial amino acids and nucleobases in meteorites. Chem Soc Rev 41, 5459-5472, https://doi.org/10.1039/c2cs35109a
(2012).

45. Longo, L. M, Lee, J. & Blaber, M. Simplified protein design biased for prebiotic amino acids yields a foldable, halophilic protein. Proc
Natl Acad Sci USA 110, 2135-2139, https://doi.org/10.1073/pnas.1219530110 (2013).

46. Doig, A.]. Frozen, but no accident - why the 20 standard amino acids were selected. FEBS ] 284, 1296-1305, https://doi.org/10.1111/
febs.13982 (2017).

47. Patel, B. H., Percivalle, C.,, Ritson, D. J., Duffy, C. D. & Sutherland, J. D. Common origins of RNA, protein and lipid precursors in a
cyanosulfidic protometabolism. Nat Chem 7, 301-307, https://doi.org/10.1038/nchem.2202 (2015).

48. Shen, C,, Yang, L., Miller, S. L. & Oro, J. Prebiotic synthesis of imidazole-4-acetaldehyde and histidine. Orig Life Evol Biosph 17,
295-305 (1987).

49. Shen, C,, Yang, L., Miller, S. L. & Oro, J. Prebiotic synthesis of histidine. ] Mol Evol 31, 167-174 (1990).

50. Vazquez-Salazar, A. et al. Can an imidazole be formed from an alanyl-seryl-glycine tripeptide under possible prebiotic conditions?
Orig Life Evol Biosph 47, 345-354, https://doi.org/10.1007/s11084-016-9525-y (2016).

51. Pace, C. N, Vajdos, E, Fee, L., Grimsley, G. & Gray, T. How to measure and predict the molar absorption coefficient of a protein.
Protein Sci 4, 2411-2423, https://doi.org/10.1002/pro.5560041120 (1995).

52. Gill, S. C. & von Hippel, P. H. Calculation of protein extinction coeflicients from amino acid sequence data. Anal Biochem 182,
319-326 (1989).

Acknowledgements

This work was supported by JSPS KAKENHI (Grant Number 17H03716), MEXT KAKENHI (Grant Numbers
15H01068 and 17H05237), and the Astrobiology Center Program of National Institutes of Natural Sciences
(NINS) (Grant Number AB271002).

Author Contributions
AY. and S.A. designed the study and wrote the manuscript. R.S., T.S., M.S., B.Z. and S.A. conducted the
experiments and the data analysis. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19561-1.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:1227 | DOI:10.1038/s41598-018-19561-1 8


http://dx.doi.org/10.1126/science.152.3720.363
http://dx.doi.org/10.1038/nrg1324
http://dx.doi.org/10.1038/nrg1324
http://dx.doi.org/10.1515/hsz-2015-0158
http://dx.doi.org/10.1515/hsz-2015-0158
http://dx.doi.org/10.1038/nature01977
http://dx.doi.org/10.1038/nature06510
http://dx.doi.org/10.1016/j.gr.2011.08.002
http://dx.doi.org/10.1016/j.gr.2011.08.002
http://dx.doi.org/10.1073/pnas.1702729114
http://dx.doi.org/10.1039/c2cs35109a
http://dx.doi.org/10.1073/pnas.1219530110
http://dx.doi.org/10.1111/febs.13982
http://dx.doi.org/10.1111/febs.13982
http://dx.doi.org/10.1038/nchem.2202
http://dx.doi.org/10.1007/s11084-016-9525-y
http://dx.doi.org/10.1002/pro.5560041120
http://dx.doi.org/10.1038/s41598-018-19561-1
http://creativecommons.org/licenses/by/4.0/

	Comprehensive reduction of amino acid set in a protein suggests the importance of prebiotic amino acids for stable proteins ...
	Results

	Effect of eliminating one amino acid letter on the stability and activity of Arc1. 
	Construction of simplified Arc1 variants devoid of multiple-amino acid letters. 
	Oligomeric structures as studied by analytical gel filtration. 
	Further exclusion of amino acid letters from the simplified Arc1 variants. 

	Discussion

	Materials and Methods

	Protein preparation. 
	Analytical methods. 

	Acknowledgements

	Figure 1 Thermal stabilities and specific activities of Arc1 and its simplified variants.
	Figure 2 Amino acid sequences of Arc1 and its simplified variants.
	Figure 3 Two simplified proteins composed of 13 amino acid letters.
	Table 1 Summary of the reconstructed NDK and its simplified variants as well as an extant mesophilic NDK.




