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Abstract

Contemporary organisms commonly use the genetically
encoded 20 amino acids to synthesize proteins.
However, earlier protein synthesis was plausibly much
simpler and utilized a subset of the standard
proteinogenic amino acids. We reconstructed ancestral
nucleoside diphosphate kinases (NDKs) by combining
the computational inference of ancestral sequence and a
whole gene synthesis technique. One of the
reconstructed NDKs, Arcl, is an extremely thermally
stable protein with the unfolding midpoint temperature
of 114°C and the magnitude of its specific activity is
comparable with those of extant NDK. Arcl lacks
cysteine and therefore consists of 19 amino acid letters.
To address simpler constituents for primitive proteins,
we comprehensively reduce the size of the amino acid
alphabet in Arcl to reduced sets. We found that many
but not all of the reduced-set amino acids were
consistent with those plausibly abundant in primitive
environment. We also found that the remaining
inconsistent amino acids were important for activity but
not for stability. Our results are compatible with the
hypothesis that amino acids available in the prebiotic
environment were first used for creating stable protein
structures and their functions were later improved by
recruiting other amino acids.

Keywords: Ancestral protein, origin of life, origin of
translation, primitive amino acid repertoire, primitive
proteins, protein simplification, reduced amino acid
alphabet
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Table 1. Unfolding temperatures and specific activities at 70°C of Arcl and its variants, each devoid of one amino acid letter.

Unfolding midpoint temperature

Variant | Eliminated amino acids ©C) Specific activity (U/mg)
Arcl | C 114 2200
Arcl-A | A C 105 360
Arc1-D | C,D 105 0.64
Arcl-E | C, E _a _a
Arcl-F | C, F 103 1100
Arcl-G | C, G _a _a
Arcl'H | G, H 121 0.35
Arcl-I C, 1 99 1200
Arcl-K | C, K 106 67
Arcl-L | C, L 103 550
Arc1l-M | C, M 96 1200
Arcl-N | C, N 118 3.4
Arcl-P | C, P 95 1.7
Arc1-Q | C,Q 113 1500
Arc1-R | C, R 109 38
Arcl-S | C,S 104 280
Arc1-T | C,T 108 370
Arc1-V | C,V 57 9.4b
Arcl-W | C, W 113 2600
Arcl-Y |C Y 114 43

aAppeared to be insoluble.

bSpecific activity of the variant devoid of valine was determined at 50°C.
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Table 2.  Unfolding temperatures and specific activities at 70°C of simplified variants devoid of multiple amino acid letters.
Variant Eliminated amino acids Utr;i?;?agtﬂfﬁ’(g)n t Spec(i]f;i;nall;‘;ivity
Arcl-AF ACF 90 400
Arc1-Al AC T 87 320
Arc1-AL A C L 91 500
Arc1-AM A C,M 85 64
Arc1-FI C,FI1 84 410
Arc1-FL C,F L 100 30
Arc1-FM C,FM 94 520
Arc1-IL C,ILL 93 14
Arc1-IM C,LM 87 550
Arc1-LM C,L,M 78 6.8
Arcl-16 C,FI,M 78 260
Arc1-13 CCFILMQT W 74 122
Arcl-14 C K QS T,W 81 8.6
Arc1-13M C,K,MQ,S, T, W 74 0.15a

Specific activity was determined at 50°C.

IT—OERLE~—FVUBANLIEL TH
HEN=87I /DL, 4 VA ra2kR<
77 2 WM NDK GRRICEBIT D [WHET X /R
E—E L7 (Fig. 1), MOWIET NV—T b, 2
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WERCRR Gy & LTeT X 7 BRECAIDY . mEIRE T C%K
TE7R B-trefoil E~EPTV T FEND Z L NME

SNTWD [30], LIER->T, DEMET I/ BRIC
K DLETEMN R o Te & VX7 B OB ER
. JFARHERBR R IC B R ICAAE L 727 2 BROHE
TE & R T HIERAL I 2R JE 2 i 5 Z &M TE D
9 THh D,
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Table 3.  Amino acid compositions of Arcl and its simplified variants composed of 13 amino acid letters.

Amino acid Arcl Arcl-13 Arcl1-13M
Ala 11 12 19
Cys 0 0 0
Asp 6 6 8
Glu 16 16 18
Phe 7 0 7
Gly 11 11 12
His 3 3 3
Tle 10 0 11
Lys 11 11 0
Leu 7 22 14
Meta 7 0 0
Asn 3 3 4
Pro 6 6 7
Gln 1 0 0
Arg 10 11 19
Ser 8 12 0
Thr 4 0 0
Val 14 20 14
Trp 1 0 0
Tyr 2 5 2

*The N-terminal methionine residues are not taken into account.

L22L. NDK 5D TWZET I /g DI b,
EAFVU, TARTX Y, TAX=v, Fuy
ViFE, ST —OERELE—TF YV UBEADOELL D
b I TV (Fig. 1), L7=R-T, Zh

LDAT I BITFEEHERTIIHE Y ARENT
WD o T2 LitZeuy [18], = O R—E DR
DOE DT, FEEH S 7 B3R FE LSRR
YR — MI L7, EEMEIZIIEE LT
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Fig. 1. Venn diagram comparing the essential amino
acids for active NDK (cyan) with amino acids that were
found in the products of the Miller’s experiment
(magenta) and Murchison meteorite (orange).
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