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Preface to the Special Issue

on " the Origin of Protein Synthesis Mechanism”
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Masahiro Ishigami

(College of Arts and Sciences,Osaka Prefecture University)
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A Novel Factor- and Energy- Free Translation System Promoted
by Tertiary Amines and Its Implications toward the Origin

of the Translation System

I. Nitta, T. Ueda, T. Nojima and K. Watanabe
Department of Chemistry & Biotechnology, Graduate School of Engineering
University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokye 113, Japan,

Phone & Fax: 03-5800-6950

(Received/Accepted  September 20, 1995)

ABSTRACT

We found that a high concentration (40-60%) of pyridine, an aromatic tertiary amine
catalyst, is able to promote the translation on ribosomes without soluble protein factors or
chemical energy sources. This novel translation system was called the pyridine system,
which could produce oligophenylalanine with chain lengths of up to decamer and polylysine
with chain lengths of around 40mer, depending on the corresponding templates, poly(U) and
poly(A), respectively. In poly(UC)-dependent oligo(serine-leucine) synthesis, oligopeptides
with a serine and leucine alternate sequence were the main products. The template
dependency is most prominent at 60% pyridine, but not observed at 40 % or 50 % pyridine.
The optimal temperature range of the reaction was rather wide between 30 and 60°C, which
may reflect no requirement for temperature-sensitive soluble protein factors for the reaction.
The ranges of the optimal concentrations of K* (200-500 mM) and Mg2+ (1-50 mM) in the
pyridine system are also rather wide, quite different from those in the usual aqueous
translation system.

The naturally occurring tertiary amines such as adenine and cytosine bases, also
promoted the translation in the pyridine system, which suggests that these bases might have
participated in such catalytic functions in the prebiotic stage of the living system. In addition,
the ribosomes used in the pyridine system can be partially deproteinized by SDS, proteinase
K or phenol, being similar to the results reported by Noller et al. using the fragment
reaction[Science 256, 1416-1419(1992)]. These observations may be connected with the
origin of the translation system. We expect that the pyridine system will serve as a powerful
tool for the study of the origin of life.

Viva Origino 23(1995)209—222
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Fig. 1. Components of the reaction mixture and an experimental

procedure of the pyridine system.
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Fig. 2. Poly(U)-dependent oligophenylalanine synthesis in aqueous and pyridine systems.
The radioactivities were detected by an imaging plate(Fuji Photo Film). The mixture of
non-labeled mono-, di- and tri-phenylalanine was developed simultaneously(lane M).
After the spots were stained by ninhydrin, [ 14 ClPhenylalanine was added to them for
visualization. Asterisks signify unidentified by-products produced in the pyridine system.
(from Ref, 13 with a minor modification.)
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Fig. 4. Effects of K"'(a) and Mg2+ (b) concentrations on the pyridiﬂe system.
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Fig. 5. Yields of polyphenylalanine at various concentrations of nuclecbases.
The broken line represents the yield in the absence of bases(from Ref. 19

with modifications).
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Peptldyltransferase
reaction

Fig. 6. Schematic drawing of the pyridine system.
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ABSTRACT

Ribosomal RNA is one of the most highly conserved classes
of macromolecules found in nature. This is most likely a
consequence of its central importance in protein synthesis. The
noton that rRNA is simply a scaffold for the assembly of
ribosomal proteins has given way to a growing body of
evidence which supports the opposite viewpoint: that it is
rRNA, rather than the ribosomal proteins, that defines
ribosome function. In this view, the fundamental mechanism
of translation is based on interactions between mRNA, tRNA,
and rRNA. Such a mechanism is consistent with the idea that
translation evolved from preexisting RNA-based systems.

In this review, we begin by summarizing recent progress
on the study of rRNAs. We then present our study on the
mechanisms of action of ribotoxins and argue a possible
involvement of the toxin domain in peptide elongation
reaction. Finally, Noller's recent discovery is presented, that
suggests rRNA is an ribozyme catalyzing transpeptidation.

KEY WORDS: ribosomal RNA, peptide elongation cycle,
functional domains, hybrid site model, ribotoxin, toxin domain,
RNA switch :
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@Eﬁ}—?ﬁ%%@“&%ﬁﬁﬁ&ﬂs{t’%ﬁm 50s Subunll 30s Subunit
MHENIZoTwh, BEEHEESHR {1.45 x10°) * @ (085 z10°)

s, F9, EM LR 520HEO

T3 /&}—'1 FOBNBOIICHIET A +Urea / +Urea
$EF RNA(RNA), 7 3./ 7 VIVRNA 52 I -
TREEE, BLU7 I RO ari0) ™S A 10000 mmm
PETDHA YT ¥ —RNA = +
oteins ateins
(mMRNA) P EE S hb, t(RNAREA UL, 51,52,53,.....,52]
{avg. M, ~I5x10‘l lovg. Me ~16 1101

TF FiEEDEFI TV E BT AN F —
DIEHT 2 BEOIBEE LToORE L,
BEBERFOTF 7y —L LTOR
fErabdboTwna,

)RV = AGHIREBOAETH Y, 1~30F DY AV —ARNA (fRNA) & ¥ THEEO
VRV - LEBBE -BEE »oMR S, K, AEETRLTET0D. HUEOKE
W) AV —ATh, 50fib 3 h) Or-BEHYE L IHWFDORNAD 672 BRNA-HEHHEEHE
(RNP) DERAFTH B|Fig-1], ENICdBEHREROEARIH 4 OHEF IS T 5.
IDXI, BRAEAKY AT A, SEOHEESEHSTROR,THRLBEISERSLS
NELOTHY, 2O LARBHEMFISOE M, militd, &5 MLl
B2 REL T3,

FEETIE, CAEFTIHALLICENRT VAN TF FHPEATEIZBITARNADHE &
BEOBMARIIOVWT, HELORWELLHEFAM Y DFOTHEHT S,

Fig.-1 The macromolecular composition
of the ribosome from E. coli.
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2. VKV — A
BABESBREIEOTIFIII0654E Th 0 b AR MICEB S h, T 3/ BIGHEBEEORR,
EHNE S S RBOME, SEHS OBSR SAt &, 1970FEICIE FORENZIZ
Aol shil, Lil, VEY—sOBENRERLS, “RYRTFFR)RX5—E"
THDHEMEEND LISk o O IEE L, 1960FEDEITTH o712, WD) K
v — AN, R OB E FEME T B - TFHEO BT T abh, 74 FRRER
MERIZHE T YV — AR BN DIL19634FETH D, TR, AV F 4 7HEHE, BEE
SREASE A S, PUFHEELHE L ETEO XAERTEANEEA T I LR
Bo TCHIEIIToT, JkepicaAm L7 KV — 4D EREFHEBME (cyro-electron
microscopy) 143004 % b EIZ LA-KIEH ) KV — A0 3 KTHET FHERER IR,
IHEFIA L UL, 30STERFICIEmRNAD @R L 25 L BbhdF ¥ AN, 50SEH
FATIE R AT F FREANTRT A EE X LA RIS APNRA P Y ANFFELTY
BH LV, SHOMBTLYD, TOEFVOREME L2 FY — A O EOEES
o Eshs Z EMMFEINS,

ETiE, 1960FEEHPLHEY T2 UNT I FAVERRINEOMIER Y, E{L¥HTHE
DEEEL, )RV = ARGOHIPRIENBEE S Vo 2WIENEHIZRL IO, )
KY —AF LW Bk, FOHMRS OWEEEL LTET L5 12% o7 DNAKKI
ORI L7-1980E A1, KBWizb &Ly, Hr&YPYn Y RV —L0BEOHELE
RNARLST O 15483 ADNAD EF) % & IcE S Y, U RY — Aol &8k
P BEISEIE, E{LSEBEOGLRETH - 1095, ERZRNPATF BN T2 A% FEB°
BOWP LYo T L OHHT Uiz 1) F Y — A0 AR FIEEAEAPRNAD ?
AT BLHE G 12 & B ARMBE Y AV — A0SR FOBEMBO MY (19684F) if, VKV —&HF
FN—KIKy 7 Thote®, LA L, FOrBARTREGOHSERLRFLTY
VI kR, FORSERCTHERLETFIBERESR WS L2 E0HRL, WO
BAEE IS B A & THRRERESE MR IR I IR o ko fze R, X270
v O—HTH2 3 Y VEIOEBBENBRENALY, +2bb, KB I0SHK T
FODI6S rRNAD 3 KMMD BEBHEOLED ) YEES T ATV EINRGFHEL, VFY— A
EAERALT S, VI L Thotr, LOLENS, HEL, RNADBEINEEZ N
Brlittrdr o, "BERBEHENSLTETWVWE” £, Mulder®Buchner BIRDH
B s LT, UV AL TS, rBEESEREELTVEIDLELREATY
b TH B, & T A, 19804 I - T, rRNADREEPRIEDIIFRHAD TR
HEEY, 1) A FAL L0RRTVL AT o T, VHEY - LABECERIEI-EHETH
72, rRNADBoTWAbDEHEEINL LIk TE 7=9,

3, VHEYV— ARNADHE#

KIBEEOKASFrRNADZ LS EITBIET (DNA) DIELRFIH L S h, 165 rRNA
13154218, 23S rRNAIX2904ED X 7 L AF FERENL 2o TWwa I &7, Nollerb il Lo
TR M SN0, X7 Ly FEAIERNAG 7 4 »#— 7 VEIZXDRE
2N7, 5S, 5.85 rRNAD & 3 RADT rRNADHRE T HEAT V2 b 0o, FFRAE
O OV TR & LTARBOESSE W Eh b, ARTRENZWI T 5,
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Vasilievb I3 E SENR L7 ABH16S rRNADY, b L DI0SHEHF L EDDHTEIIH
LHEL Lo TVAZ LA BHBEILORNE LY, ZORREFHBE 2o T2XKIEED
BARAINA L 7e D TFROESE, EEEPEHAE, LREHH, VERZLT—EBIT
AR A FWTH<L N, 1983FI21316S, 23S rRNAD 2XHEEE 7 IVHSEICBT 5835
#%, Woese, Brimacombe, Ebel, Noller® OWIFRENLMT L THRFENALY, ZhbDE
Fk, BuEY, R, Bk, 261Iis bar P 7e CHIRANSFERRD
RNAR WS E LD THEBIb b, WIFhIBULAZbDOTHo L, 168
'RNA (38 L U188 4t KA 4 »I~IIIIZ, $7-235 rRNA (B8 X UF28S5) ik F A A Y I~VIDH
WEEA RS ENAE0, RNAD LA DELMUIEH TRV EWIZ L EEZ DL, 2
FHBICRONABVIERMLIAKE 2R ETH o0 LY, BHEOMEICOWTI,
HHATOEUMENEFRIIEBRY, EWIT L2EZHbEL L, RNAKIFRY—A
BIEORFRS THIEZ EFHIRBLTY S, -

4, RTF FYPMBIIBITE ) FY — ARNADO BB &

T F FEMERRIE3 o0 EEE, Thbb, Qary-TrFa @l OTF
F&E, @QFF>Ausr—2a il TELDI ENTED, mRNALRNADHEER
123383 5 1L Wobblexd T & {ICTIWIES)TITHhh B0, £EBMBEEMNT TIRF
BHILREETS 5, MEEERNIINREIYVEVE, T FY-TrFa FUERIRENL
FHLDIEROEMRMIHNT 00, MREEIETT I LICRb, CORKYTHH
BABHRLTVAEEN KV —ATHDE, 8612, JFV =4k LTIZODBEILEST
HF, ¥z, QNBETIE, NT7F FEFERBICHRNARNA L Y KV — AAEFHIC3E
R —FAANESBHT 2 (D2 TRT7L—AY 7 M X BEREEIER ). S0 L)
RARTF FYEMEEROSFHEMIT LD LI IR oTwEDOTHAIN? Tk, BERF
B2 EE R LB OGN SRS DAY R Y — ADASMEL, (PEMEL, EED
RO EOFEITLEALZEBDTHAHIH,?

4-1. tRNA & rRNADME(EHEERAL

a tRNA L 16S rRNA (I K -7 >3 o VI ERaic JHs 5 &840

Noller & 1 30SHEHIF (BLF, HRlicZ &b 2R ABEY XY —a%1E9) vimfl
n&H T CIEBNHE (F FE Y- L RIBEED ERNASEEIRRNICHLETSZ
&, T OEENLES (RNAGBHNIRET A2 £ EICRVWELTWAR, ZofR
NEEE % oT, WHIZEOBORNAGFLOB A EEETS BEMTHELL Y »
b7 2 PEMYEBEWT, (RNAPTHEWE 2 ED) AV FO)KY —A~NOHEFIZE -
T DEE D G AR S 1L 2 RNASB OB 3 K & £4T 72 27219, Nierhaus b IZELF
ICh BREGEH,S, JRY —AERFITET I/ 7 VIVRNA (@atRNA) 2 XETHA
BEL, ~=7F VIVIRNA (pep-tRNA) DFPMEE LTN-T & F -Phe-tRNA (Nac-Phe tRNA)
%2 ZPEME, B UFT YL L/RNAR BT AR D7 { & M L7233
MOFTLETL 2 EZHLMICLTWAY, Fig-2 (A) i, 705V Y — A{CPhe tRNA (ASF
154 YE 713 Nac-Phe-tRNA (PEEES) TGS EMR, 7y M 7)) v FEREZTZY,
165 rRNAD2SKAEEEFIV LD Y /v FCREE MBI ERLALOTH A9, A,
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(A)

(B)

Fig.-2 Protection from chemical modification,
{A) Bases in 16S rRNA that are protected from tRNA.
A tRNA in A site, P : tRNA in P site
(B) Protection of backbone ribose residues in tRNA by 308 ribosomal
. subunits. Protected residues from hydroxyl radical attack are circled.

P-7w FFY YRS = VICHL RO DH B T AN E (30STER FICESPALIZTETE
LW, ZnoREENDL X7 LA F FEMAA, PELORIEE &b THERII» P
boTwh (T, FOMETMNED D) &) 2 & ERT 5 MAIKIREERA, O
BRELIT Y FTCHAMERER ELEVAER,OBLATWARY, $2bb, A b
L7 b v ) EY — ADaa tRNASE B (ABME) 2 ET 5 —BOHAEW Hi,
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A tRNAICE B I 9 b PY by —vk, FRIATRAT /2 FOPERLLIE AERAE I
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RNAD Ty F 7Y ¥ MO 2 Th, 3EEA 'S 51400~1500) KRR
fiiz, 7o F3 FOWobbletdh & T 5C1400%, 2 ¥ YESD{EAHMLTHS
AL493FHFEL, TR Y- 7Y Fa K VBRICBCE PPL2FRTHL EERILR
2319)D

b, tRNA & 23S rRNA (X T7F FIRRIZBS§ 5 #460)

(RNA DAL T 3 /B % A+ BCCARIR TS B, Noller 5 HEOSTAFIZ2WTH E
ik ¥ [E14%i2, Phe'tRNA, Nac-Phe-tRNA, tRNARHIAEMEIC L 5238 rRNADFHI% 7 v
FTY Y MR R AT 7210, G DBLRERE, FRETIELRTWIEERRR Y
ORI, AT MO  DNAT RN DR E L —HT 5D TH o7,
d7db b, EEWAITES LITRNAI X 5235 rRNAFRDA-, P E- 72 P 7TY ¥ FERfLIT
%EF}JVVM%EL,§U§A7;;:—W&EN7%Fﬁﬁﬁﬁm%ﬂwmﬁ%@
AT 6 &R L NIRRT F VN FI VAT I —EN—T @RIEE PSS T
N—T & LIENA) OEEIZHIET A Z L THD[Fig 3 (Ao

c. A Ty FirA ]"'ETJV (FrovAROr—v3 )

Noller b i~ 7' FEMEBERISIZBIT S Y KV —A- tRNA’FE/-‘KPF'aHM.OWf? v b7
UOMRAT R, Shdd &0, (RNAX YRV — AOHFBEICT 5 EE LR L
7:|Fig.-3 (B)%% ~7F FMERGAIEIELAHKA N FF AR~ CERREIZH
%) KV — A(Eha)Dpep tRNAKL, 308, S0STEHF LOPEMIICKE LTS (i -EOE
X OB A 2 S ATE Ve aa-tRNA-EF-Tu- GTPOIEWAHIE30SDATMLE & U—
BEAY IS 5OSOTERNL (I K- 7 9 3 F i ORIz b b LRES NTWBEMT,
REEBOERIEIBONTVALITTIRAY) IKEET 5, o0 T, 2 Fr7Tr
F 9 F UHEITHESND &, GTPAHIASEL, BF-Tu-GDPEAHAT KV —Abil
BEL, peptRNAB L Uaa tRNAITIER FOP, AN TRIFENB()o NTF FEETE
B4 5 &, 30STHFLoMZENTET, 77 Y MELIZRNA, pep-tRNAIL50S ED
FRENE, PR CEESNS (d; N1 7)Y FE), EF-G GTPOREIZ LT, tRNA,
pep-tRNAMRNA & & $ 121 5Ky — s LR 4B 8913 FrBIIL, EdenifiBLlioT,
WA o UHLEEE LS £ b Bed b dDBRE, 30S& S0SAMERIZAT A MY
BEFNOTETH B, ZDTFVETSTOERND) HY — AFAERFHSTET
WAE D FOERPSEELTWANE LRk, 2ONS 7Yy Fibd b7V ERRREUE
e LN LT L TEERRMT 5L b0 LBDbNE, &T, ZDEFIVDIE
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(A)

(B)

aa-tRNA. 22)GTP
EF-Tu.
303 GTP ’ .

I / EF-Tu-GOP

Y

state: P/P P/P AT
Ly g 3
3 | peptidyl | O EF-G oH
l Transfer GTP l
P/P  AJA P/E A/P E PP

Fig.-3 (A) Protection of bases in 23S rRNA from chemical modification by
binding tRNA to ribosomes in the A, P, and E sites.
(B) Hybrid site model for the movement of tRNA during translaton.

4-2. FEHIZFEAT) KV — ARNADBRIEHE

a. VRV — AREHICET E0aT#iE
EASFORERELESL ICE, MEYWEPHFELHBTIOLFPLTETHE, ¥E
ok, EOHNESEEAEOERAADNZXAZBRATLIZ L0, VRV —ADHE
BEM R AT R A2, T OMTFICETNDE 54 V¥ (ricin) 1, FREEQEOBET,
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ATV —FE KB Cid1sHERE, T v P TILTIER) X, rRNAOLRHE L, £PHT
BYIRFEOEWIIE TS 5 [Fig 4. EEHIII AL &I, JHEOFETHS o« VY
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Fig.-4 The site of covalent medification by the toxins of adjacent nucleotides in
28S rRNA. S and R indicate the nucleotides modified by a-sarcin and
ricin, respectively.
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Fig.-5 (A) Possible confomational changes of the toxin loop during elongation
process (RNA switch hypothesis).
(B) The toxin domain of E coli 23S rRNA, showing the sites of covalent
modification by a-sarcin and ricin, and bases protected from chemical
probes by EF-G (circles) and EF-Tu (triangles).
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SRS SNT25EMH, £ DY RV — AEEICSOSHTPORTFIN T VA7
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DEBTREBMBEE T2 0706275 7 A MEISEHOWTA Y I FIEBIENZ 8-
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WDRWIETHSL ), Dk, FHGIE, WBEYY VAFEETT, VAHEY - A
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Peptidyl transferase

Treatment Protein remaining activity
(%) © cpm percent
Control (no treatment) 100 1488 100
SDS, proteinase K, phenol x1 12 1308 88
SDS, proweinase K, phenol x2 7 1522 102
SDS, proteinase K phenol x3 5 1638 110

Table-1 Peptidyl transferase actvity in 508 subunits from
T. aquatica after protein extraction

YU EEOR) T2 VT TS v AREEERT D L RWELAS, ZOROHE,
ATP, GTP% YO LANF—~EDMEMINTF FHERTF HLEE L, ZOFISY,

Vo —O94 v sr09 A7 a— Wil Lo THELRITAZ LD, ¥)PVIlLo
THES D) KY — AEBEORYRTF FEREBTHS R L7z, ShitEs,
Euvy@ﬁ#u,7?:y@vbvyﬁcwﬁm%wﬁf5:t%ﬁwﬁL,éﬁ@ﬁ
H12 B ARNAHR D O BEE M RA~OERIC BT A MEBEEOTER ZIHHL T 5

32) '

6. Bbhiz

1KY — ARNAMZFOEGZEL LE LD, 73/ BOEHIEE 2 BHREROT
NTOBRB CRNAN O 2 EE 2R LTV 5 I EAEL o TE, VRS LD
BBk, RNAZSEGHEE & AURIEOTT 28T 226, LEGREDF-PHTH?
SEvbRBEIICRY, FOVFYAPFEONLE TR TEL, Thbb, i
RNADEE T BRNAMRE NG, RNPERET, HEDCERHEODNATR~LHEELT
&f:, LW LDOTH DD, RNAILRLRNPHRF & 1, FUARNAR, FE) RV —AD
iﬁ?%ﬁ%iﬁﬁﬁ?%otkwica%ﬁ%%?%éinUﬁv—Ammﬁm,iﬁ
HAEDHKE FSTOMBEIIL Do TEL L) THL.

5| A 3Tk

1) Moore, P. B. : Nature, 331, 223-227 (1988)

2) Wittmann-Liebold, B., Kopke, A. K. E., Arndt, E., Komer, W., Hatakeyama, T.,
Wittmann, H. G. : in The Ribosome (eds. Hill, W. E., Dahlberg, A., Garret, R. A,
Moore, P. B., Schlessinger, D., Waner, J. R.), pp.598-616, American Society for
Microbiology, Washington, D. C. (1990)

3) Frank, J., Zhu, J., Penczek, P., Li, Y., Srivastava, 8., Vershoor, A., Radermacher, M.,
Grassuccl, R., Lata, K. M., Agrawal, R. K. : Nature, 376, 441-444 (1995)

4y Bkmy - Filth= - ERESEAN | FOESLEEE, 38, 1062-1074 (1993)

5) Traub, P., Nomura, M. : Proc. Natl. Acad. Sci. USA, BY, 777-784 (1968)

—234—



Uy — AR NAOHE LR

6) Bowman, C. M,, Dahlberg, J. E., Ikemura, T., Konisky, J., Nomura, M. : Proc. Natl.
Acad. Sci. USA, 68, 964-968 (1971)

7) Kruger, K., Grabowski, P. J., Zaug, A. J., Sands, J., Gottschling, D. E., Cech, T. R.:
Cell, 31, 147-157 (1982)

8) Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N., Altman, S.: Cell, 35,
849-857 (1983)

) B AEIRT A FIEE 260, 38-44 (1992)

10) Noiller, H. F. : Annu. Rev. Biochem., 60, 191-227 (1991)

11} Vasiliev, V. D., Selivanova, O. M., Koteliansky, V. E. : FEBS Left, 95, 273-276
(1978)

12) Gutell, R. R., Weiser, B., Woese, C. R., Noller H. F. : Prog. Nucl. Acid Res. Mol. Biol,,
32, 156-216 (1985)

13) Noller, H. F., Chaires, J. B. ; Froc. Natl. Acad. Sci. USA, 69, 3115-3118 (1972)

14) Moazed, D., Stern, S., Noller, H. F. : J. Mol. Biol., 187, 339-416 (1986) '

15) Nierhaus, K. H., Aldung, R., Hausner, T.-P., Schiling-Bartetzko, S., Twardowski, T.,
Triana, F.: in The Translational Apparatus (eds. Nierhaus, K. H., Franceschi, F..
Subramanian,A. R., Erdman, V. A., Wittmann-Liebold, B.) pp.263-272, Plenum
Press, New York {1993)

16) Moazed. D., Noller, H. F. ; Cell, 47, 985-994 (1986)

17) Moazed. D., Noller, H. F. : Nature, 327, 389-394 (1987)

18) Huttenhofer, A., Nolier, H. F. : Proc. Natl. Acad. Sci. USA, 89, 7851-7855 (1992)

19) Noller, H. F.: in The RNA World (eds. Gesteland, R. F., Atkins, J. F.) pp.137-158,
Cold Spring habor Press, New York (1993)

20) Moazed, D., Noller, H. F. : Nature, 342, 142-148 (1989)

21) Wool, |. G, Gluck, A, Endo, Y. : TIBS, 17, 266-269 (1992)

22) Endo, Y., Mitsui, M., Motizuki, Y., Tsurugi, K.: J. Biol. Chem., 262, 5908-5912

(1987)

23) Endo, Y., Wool, |. G.: J. Biol. Chem., 257, 9054 9060 (1982)

24) Chan, F., Schachter, E. M., Rich, A.: Biochim. Biophys. Acta, 209, 512- 520 (1970)

25) Moaazd, D., Robertson, J. M., Noller,H. F.: Nature, 334, 362-364 (1988)

26) Szewczak, A. A., Chan, Y.-L., Moore, P. B., Wool, i. G.: Proc. Natl. Acad. Sci. USA,
90, 9581-9585 (1993)

27) Crita, M., Nishikawa, F., Shimayama, T., Taira, K., Endo, Y.: Nucleic Acids Res., 21,
567Q-5678 (1993)

28) Szewczak, A. A, Moore, P. B.; J. Mol. Biol., 247, 81-98 (1995)

29) Monio, R. E,, Marcker, K. E.: J. Mol. Biol., 25, 347-350 (1967)

30) Noller, H. F., Hoffath, V., Zimniak, L. : Science, 256, 1416-1419 (1992)

31) Nitta, I, Ueda, T., Watanabe, K. : J. Biochem., 115, 803-807 (1994)

32) Uedsa,T., Nitta, |, Watanabe, K. : Nucleic Acids Symp. Ser., 31, 267-268 (1994}

—235—






FHEAREASREER L L TOR JRNAKEE
7 FRNAD & R FIImRNANDEL

KA #$_—
B A EEYE hFEH =
(950-21 #FBHEATEH200E]8050)

C-3=1

R E & Bacillus subtilis (BSU) () trrnD F\Ul/ |3 § [16S RNA-23S
rRNA-5S rRNA-(IRNA) (] 3' D&% bD. ZOFRDYDRVGRNAEEHOHD

tRNA 27 5 A4 — ("R RNAREE" ) 11 16 {fI0D RNA O ¥ 2 T LEETIASED . +
D7 I JERFEEOEYIER L. "NSEVMDFTYWHQGCLL' ‘T# b, D73 /B
EFI%E 216-T I / R ERDIRBHERBAT7F FEE 4, TR L-EBH
D)aafC5#% % NBRF- PIR BEHEYF— & X— A58 —F5 5 L, KMBHE (E coli)
DI} VIVRNAGEEESE (GIyRS) a 722w FOD139-1568/ T I ./ ERTREDEHIi
BROPo7. EHIIFERLIZEZ A, GlyRS 23— F§AGS MIGTF-DIEhIcT
& Synechococcus 6301 (DF j-ATPase a subunit % 21—~ F§5 a i#EFDF 7z,

BSU trrnD RV -RNAERE fERICH A L hisdhr oz, T OO ELT mRNA &R
fna— FORERIZET S A1) RNAZER] (Obnishi, 1993a) DIEL S E2RTHDTH
5. §ibhH. trrnD poly-RNAIRLE, PIEIEAR{KRIZ B W T trrnD X7 F FIRIELE
BINT F R &Y AT2ODFHENTF FERARNAGFOEL U v ) THAT
EMEITMAASI N2, & ITIRERSEFROR D /T R332 VSRR a A A
ENCERER LD D & B A(KH, 19953, b), YRV —LRNADE /. trrnpiRY
IRNAVZ B3R TS C &%, trroD-R ) RNAEETODHODOREIIDOWTHHRLE .

FRURNAZE Z—f{b L7z [ARU-X 28| 2EELC. RU-X EEIERRi
D—FDA—F 4 5+ L A7 LOEE L BB WTERT—EnE( LRIz OWT
agliz, Tl aFrEe7 I BONEBROREE (abitratiness) & V22—V
BREIBTBRL T4 T 4 T OMNERBBROBEIED. 05 EE
(semeiogenesis) & L CTOILBRIMIETWGELL ZEMEIRL . RIGHESETER
RS FLLTERTAZLOEEEZBEL -,

Viva Origino 23(1995)237—254
© 1995 by SSOEL Japan

—237—






POLY-tRNA STRUCTURES
AS EARLY PROTEIN-SYNTHESIZING RNA APPARATUS:
EVOLUTION FROM PROTO-tRNA TO MOST PRIMITIVE mRNA'S
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Abstract. The Bacillus subtilis(BSU) trraD operon has a structure of 5' [16S rRNA-235
rRNA-58 rRNA-(tRNA)lGI 3', where (tIRNA) 4 isa gene cluster cansisting of 16 tandemly

repeated tRNA genes (denoted by "poly-tRNA structure” ). The ordering of amino acid (aa)
specificities of these tRNAs in this poly-tRNA region is "NSE VMDFTYWHQGCLL. An
ancient "traD -peptide” possessing this aa sequence was hypothesized, and protein sequence
regions similar to trrD-peptide were searched for from PIR Proein Sequence Database. The
aa's 139-156 inthe Escherichia coli Glycyl-tRNA synthetase (GlyRS) a subunit was found
tobe most similar to this peptide. Further analysis revealed that not only the E.coli GIyS
gene encoding GIyRS a, but alsothe a gene of Synechococcus 6301 encoding FO-ATPase

a subupit, are both true homologues of the BSU trnD poly-tRNA region. These findings
strongly support the recently proposed "poly-TRNA theory” (Ohnishi, 1993a) on the origin of
mRNA and genetic codes. Thus it has now been concluded that the zrnD poly-tRNA region
is a relic of a most primitive RNA molecule capable of synthesizing a trrnD -peptide-like
primitive peptide in early life. The most paradoxical problem on the origin of genetic codes
seem.s to have been basically solved from the aspect of poly-tRNA theory.  Origin of rRNAs
and poly-tRNA structures are also analysed.

Pol y-X theory for the origin of general coding/informative systems is presented by
generalizing polytRNA theory. The origin and evolution of arbitrariness in genetic codes
was compared with that in language system, and discussed from an aspect of de Sausseure's
linguistical standpoint, suggesting that common logic underlies the evolution of both informa-
tive systems.

Key Words: poly-tRNA theory, origin of genetic codes, first codon, poly-X theory,
" arbitrariness,
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1. Introduction

RNA emerged earlier than DNA, although it is yet unknown whether RINA first began to
exist as afirst replicating molecular organism in primitive soup-like environment, or whether
it began as areplicator RNA-gene within early living protocell-organism (Ohinishi, 1990; 1992
a). Whichever of these alternatives might have occurred throughout evolution, RNA must
have evolved as a replicator, which was either an individual RNA-organism or an RNA gene
within a protocell-organism. A most important unsolved problem is how early RNA(s) had
acquired peptide-synthesizing activity, or, how triplet-anticodons first came to be made.
Transfer-RNA-like sequences have recently been found not only in various ribozymes and
rRNAs (Bloch et al.,1983; Bloch & Staves, 1986; Ohnishi, 1990,1992a,b), but also in mRNAs
for several house-keeping enzymes (Ohnishi, 1990,1992a.,b ). These strongly suggest that
prototRNA in ancient era before the emergence of triplet genetic codes must have evolved to
become a primitive mRNA. Based on these observations, a theoretical model ( "poly-tRNA
model", see Fig. 1) was made which is capable of explaining both the origin of anticodon-
possessing tRNAs and the origin of primitive mRNA(s) consisting of triplet codons (Ohnishi,
199c, 19934.b). Anticodon-possessing-tRNAs and most primitive mRNAs must have co-
evolved to emerge via their mutual interactions.

An RNA transcript from the Batilfus subtilis(BSU) trrnD operon has a structure of 5'[165
rRNA-23S rRNA-5S rRNA-(tRNA){ (] 3', where (IRNA), ¢ is an array of 16 tRNAs with

short spacers (shown in Fig. 1 A; Warousek ez al.,1984). This tandem array of tRNAs (termed
"poly-tRNA") has recently been proposed to be a relic of an early peptide-synthesizing RNA

molecule (Chnishi, 1992¢, 1993a, b, ¢,d, 1994). The order of the 16 tRNAsis §' [ RNAAST

RNASERNACIE.  RNAL®U] 3" The poly-tRNA theory states that this transcript wasa
large RNA molecule for making a hexadecapeptide, "NSEVMDFTYWHQGCLL" (termed
"trnD -peptide"), in which the order of amino acids is determined by the order of amino acid
specificities of these 16 tRNAs in the transcript (See Fig. 1 B). This hypothesisis further sup-
ported by the recent reports that amino acid sequence motifs very similar to zrraD -peptide were
found in the E.coli Glycyl{RNA synthetase (Gly-RS) a subunit , the Synechococcus 6301 a
gene encoding F, -ATPasea subunit, and other ion channels (Ohnishi, 1993a,b,c, 1994).

In this paper, further evidences will be presented, substantiating not only that the trrnD
transcript isindeed a relic of zrrnD -peptide-making RNA, but also that the trnD poly-tRNA
itself was an early mRNA from which contemporary mRNAs coding for various peptides such
as Gly-RS a and Fy-ATP-ase a subusnit had evolved. The fundamental problem concening the

origin of mRNA and the genetic codes has, most probably, been basically solved (19954, b).
Wehave, therefore, now reached anew situation well overlooking wider landscapes of an
early RNA world. Origin and evolution of general informative and/or coding systems will also
be discussed from a viewpoint of poly-tRNA theory.

2. Poly-tRNA Theory

2.1. Theory and Methods

The base sequences of the BSU trnD operon (Warousek et al., 1984) was used for this
analysis. A 48-base RNA, termed "rrnD -mRNA", is an RNA hypothesized to be
complementary to a 48-base RNA composed of the 16 triplet codons, in which the k-th
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[Aa]l
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Fig. 1. [A] AnRNA-transeript from the Bacillus sabtilis (BSU} trrnD operon is shown.
Amino acid specificity of each tRNA in the poly-tRNA region is given in one-letter abbreviations. Poly-
tRNA theory hypothesizes that this RNA transcript would be a refic of an RNA molecule capable of
synthesi-zing a hexadecapeptide (" trrnD -peptide” ), pNSEVMDETY WHQGCLLqqy-

[ B] Poly-tR INA model for early peptide-synthesis. Poly-tRNA region of the RNA-transcriptin [ A ] is
shown together with anticodons and 3-terminal CCA's. Amino acid specificities of these tRNAs are

given at the uppermost. An RNA complementary 1o the arrangement of the 16 anticodons in the order of
tRNAs is shownas " trrnD-mRNA ", and base-pairings between anticodons and trrnD-mRNA are

indicated by asterfisks (*). An E. coli GIy& gene segment (encoding trrnD o subunit ),
RNACY geneinthe trrmp operon (BSU), and tRNA'? gene inThe E.coli (EC) rxnC
operon are aligned against the trrnD -mRNA. This alignment is based on the alignments given in Fig.
2 and Fig.3. Base-matches to trrnD-mRNA and translated amino acid-matches to the trrnD -peptide
are boxed, and base-matches to the G1yRS gene are indicated by "+". (Modified from Ohnishi, 1995z, c).
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anticodon (3'X',Y', 7', 5')isthe anticodon of the k-th (RNA ((RNA, ) in the trrnD transcript

RNA(k=1,2,...,16), asshownin the scheme of Fig. 1. Itisimportant to note that the k-
th wiplet codon (5' X, Y, Z, 3) inthis trrnD -mRNA is complementary to the k-th anticodon

324 Y X' 5 (intRNAy). The resulting base sequence of trnD-mRNA is shown in Fig. 1

and Fig. 2.

The traD -mRNA is hypothesized to synthesize trnD -peptide by interacting with the
anticodons in the poly-tRNA structure composed of primitive tRNAs, in such a way as shown in
Fig. 1 (Ohnishi, 19922, b; 19933, ¢ ). The k-th primitive tRNA (denoted by tRNA ) in the
poly-tRNA structure could have interacted with an amino acid at their 3'-terminal "DCCA"
(DCCAk), where "D" denotes the so-called "discriminator” base-residue. And moreover, if

DCCAy is located near the k-th loose codon-anticadon complex [ (XkYka XY kZ' k)

consisting of the k-th codon and the k-th anticodon ] in the most primitive state before the
establishmnt of triplet genetic codons [as has been suggested by Shimizu's C4N theory (1982,
1992)], then these stereochemical interactions would have selected a specific amino acid (aa; )

suitable for interacting with DCCA,. In the most primitive state in which the poly-tRNA was

a mere repeat of proto-tRNA whose anticodon region was a common ancestral triplet ( heing 3
X'Y'Z'5', which is termed "proto-anticodon"), the anticodons, X', Y', 72" (k=1, 2,...,16

) are proto-anticodon triplets, X'Y'Z'. Therefore, base-exchange mutationsin the k-th anti-
codon to such triplets more suitable for base-pairing with the corresponding k-th wiplet codon
X Y ) would have generated more suitable interactions between the poly-t RNA and an early

proto-tRNA-like RNA (which was ancestral to the &rnD -mRNA). These evolutionary steps
might have occurred at the primitive P and A sites on a primitive ribosome consisting exclusively
of rRNAs, because the contemporary frrnD transcript possesses a complete set of the three
tRNAs and 16 tRNAs, and further because peptidyl-transferase activity seemsto lie on 235
rRNA (Steiner, G.,1988; Noller et al., 1992; Ohnishi & Tanaka, 1992). -

Accordingly, trnD -mRNA-like gene segments encoding trnD -peptide-like amino acid
sequence motifs in contemporary proteins are candidates for relics of most primitive peptide-
encoding mRNAs. Sequence motifs similar to the trnD -peptide were searched for from the
NBRF-PIR Protein Sequence Database, by employing a FORTRAN Program "HOMOPIR"
made by the author. This program can output, from PIR Database, all n-amino acid-long se-
quence segments sharing m or more amino acids with any imputted n-amino acid sequence for
any imput value of n and m. Another FORTRAN program "HOMOGB", made by the author,
was also used for searching from files of "GenBank Database" for similar sequence segments .
This also outputs all n-base sequence segments sharing m or more amino acids with any
imputted n-base sequence for any imput vatue of m.

In the resulting alignment, base-match levels were statistically evaluated by

n

Pocmm= 2 [al/@a-i)D)] (1/4)1(3/4)““1 Here, P, (m.n) gives 2 probability

i=m
that m or more base-matches are observed in an n-base alignment of two sequences, assuming
equal occurrences of four different bases. Pnuc(m n) was computed as described before

(Ohnishi, 1990, 1992a).
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2.2. Results and Discussions

The search for trraD -peptide-like segments by "HOMOPIR" Program made a finding that the
16-amino acid sequence segment, aa’s 139-154, of the E. coli GlyRS share seven jdentical
residues with the rrnD -peptide, as shown in Fig. 1 (Ohnishi, 1992a, ¢). Further search for
similar sequence motifs in ion channels (Ohnishi, 1993b, c) has revealed that a sequence motif,

aa's 27-39, in Fy-sector a subunit from the Synechococcus 6301 (blue green bacteria) H*-
ATPase (F;-ATPase) also showsa marked similarity to the &rnD -peptide (Fig. 2).

Based on these findings, the E. coli GI¥S gene encoding a and b subunits of GlyRS and the
agene encoding the Fy;-ATPase a subunit from Synechococcus 6301 were compared with the

poly-tRNA region in the BSU rnD operon. Based on the preliminary findings of sequence
similarities between trnD -mRNA and tRNA-like RNAs (t(RNAs, 58 rRNA and Ul snRNA),
the zrrnD -mRNA and the ( zrraD -peptide-like) motif-encoding DNA regions in GIy'S and Fya

genes were further compared with every tRNA gene inthe trrnD operon.
Among the 16 tRNAs in the BSU wralD operon, tRNACY was found to show the highest
base-match (58.1%) to the zrnD -mRNA, giving P, (25,43) =0.39 X 10> (Fig. 2), and a

49.0% base-match to GIVS (P, =0.25 X 10'3). Based on these results, the alignment betw-

een the trrnD t(RNACY region and the gene (DNA) segment of GlyS encoding the tomD-
peptide-like motif in GIyRS a (aa's 139-154) (found in Fig. 2) was further extended to both the
5'- and 3'-directions, as shown in Fig. 3. This extention of alignment was acomplished by ma-
king cross-comparison of the nuclectide sequences and therefrom deduced amino acid sequences
given in Fig. 3. Similar alignment was also made for the F-ATPase a subunit gene, inits troD

-mRNA-like segment (encoding aa's 27-39) and the regions upstream to and down-stream 10
this region. Cross comparison of these GiySand F, agenes and the ttrnD poly-tIRNA region

has resulted in the final alignment shownin Fig. 3. This cross comparison in Fig. 3 has
permitted us to determine more reasonable gap-positions, and to refine the alignments in Fig. 1
and Fig. 2. Inthus obtained final alignment of these sequences, base-match levels and P,

values are shown in Fig. 2. The zrnD -mRNA was found to show a highest base-match,
63.8% (P,o(30,47)=0.22 x 1077 Yto GIvS, anda51.2% mawch (P, =020 X 1073 Yto
I:RNAAsn gene in the zrnD. The DNA region encoding aa's 27-39 inthe 'FO a gene gives
52.5% (Pp=032X 1073 ) and 51.4% (P, =051X 1073 ) base-matches to traD -
mRNA and GI¥S, respectively. .
In the alignment in Fig. 2, the triplet anticodons in the tRNAs (for Asn, Gly, Trp, Phe)
correspond to 41 GCU 43 in zrnD -mRNA, andto the 5' GGT 3' codons for Gly-152 inthe
B. subtilis GIvS gene and for Gly-172 in the E. coli AlaSgene. Close similarities are
remarkable not only between trrnD-mRNA and R’RNACY base-sequences (58.1%), butalso

petween the *S' GCC 3'* anticodon in the zrnD RNACY and "41 GCU 43" in traD-
mRNA_ This strongly suggests a possibility that the first anticodon was "GCC" (or "GCU"},
which is well conserved in contemporary Gly-(or Cys-)anti-codon. If 5' GCC3' (or GCU)
be indeed the first anticodon, then a most likely first codon would be 5' GGC 3' (or AGG)
[which is a contemporary Gly-codon (or Cys-codon)], which well coincides with Eigen's
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theory (Eigen & Schuster, 1979) that first codon was 5' RRY 3' (pusrine-purine-pyrimidine).
Thus we can now conclude that the "5 GGC 3' " is a most plausible candidate for the first

codon worth being further smdied, The 5' CCA 3' anticodon in the RNATTP gene inthe E.
cofi rmC operon does not seem to be conserved in other RNAs in Fig. 2, and therefore, the
previous hypothesis that ' 5' CCA 3'" was the first anticodon (Ohnishi, 19924, b; 1993a)
seems to be wrong. This errorneous result was based on the former alignment in which the

triplet anticodon " 5' CCA 3' " in the E. coli tRNATTP was misaligned with its 3'-terminal
"74 CCA 76" inthe previous papers. However, the alignment of the" 5' CCA 3" " anti-

codon in E. cofi RNATP with its " 73 GGC 75" in Fig. 2 seems to represent a genuine
homolegy.

In Fig. 3, DNA region encoding the N-terminal 170 aa's of the GIyRS a , and that encoding
the Fya subunit were aligned against the ornD -poly-tRNA region. A50. 6% base-match and

P, (239.472) = 0.63 X 1032 were obtained between GiyS and F &, which confirms their
close evolutionary kinship.

More importantly, the poly-tRNA region (for tRNACL RNACIL R NACYS traLeU.
tRNALEY) in BSU #rrnD operon gives a 44, 7% base-match to Fq 4, and 44.8% to GlySin this

alignment, confirming genuine homology of these protein-encoding genes to the rnl poly-
IRNA region. The mRNA segments transcribed from these protein genes are, therefore,
undoubtedly true homologues of the trnD poly-tRNA, and had evolved from an early poly-
tRNA which is ancestral to the contemporary trraD transcript.

Furthermore, alignment of 55 RNA, Ul snRNA, and the ribosomal protein S8 gene in the
E. coli rpsH operon clearly shows that these RNAs and genes are also closely related to rnD-
mRNA, the trraD -poly-tRNA region, and the E. coli GlyS gene.

Thus we have now reached an important conclusion that these protein-encoding mRNAs
must have evolved from a primitive trraD -like poly-tRNA molecule. This means that a most
primitive poly<RNA ancestral to the trrnD poly-+RNA region was capable of making a trraD -
peptide-tike peptide by interacting with the self-poly-(RNA molecule by a way similar to the
scheme in Fig, 1 B. After basic codon-anticodon relationships had been evolved by natural
selection of adaptive base-change mutations generating stable base-pairings between primitive
anticodon and primitive codon, tRNAs have become amino acid-carying RNA molecules in
genetic apparatus. As aresult of later gene-shufflings, similar poly--RNA relics disappeared
throughout evolution, and therefore can not be found in E. colf and other contemporary gram-
negati ve prokaryotes.

In Fig. 4 (Ohnishi, 1994c), proto-anticodon is assumedtobe "5 GCC3'" based on
these results, and the tRNACY gene in BSU zraDand hypothetical zrnD-mRNA are
compared to this 5' (GCC),¢3' sequence. Base-matches in 13-15 base-positions are observed

in these comparisons. The present theory states that base-exchange mutations occutred both in
the 5' (GCC);43' proto-anticodon-series and in primitive prototRNA-like RNA ancestral to

raD-mRNA would have generated more Watson-Crick-type base-pairings, and thereby
stabilized the interactions between poly-IRINA and ancestral frrnD-mRNA.

These interacting processes must have directed the evolution of the poly-proto-tRNA to
contemporary poly-tRNA, and the evolution of the proto-tRNA-like ancestral trnD-mRNA 1o
primitive mRNA. Amino acid specificities in the tRNAs in this poly-tRNA structure would
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have been acquired via stereochemical interactions among proto-anticodon, proto-codon, proto-
discriminator, and amino acid, as can be suggested by Shimizu's C4N theory (Shimizu,

1982 ). Accordingly, natural selection of those base-exchanges adaptive for such base-pairings
was the most essential process throughout evolution from poly-prototRNA to the peptide-
making trrpD-type poly-tRNA,

In conclusion, these results strongly sustantiate the recently proposed poly-tRNA theory on
the origin and evolution of mRNA and genetic codes. The most paradoxical problem concerning
the origin of genetic codes and mRINA has now been basically solved. Further analysis of
primitive genes from the aspect of this theory would bring about clear solutions of basic
problems not only on the origin of genetic systems, but also on the origin of life.

3. Origin of codes in general information systems

Next important qustions are ; Why genetic codes had originated as a poly-tRNA-mediated
systern 7 Wasit only an casual or accidental event ? Were there many other possible
peptide-encoding ways before the emergence of poly-tRINA structure ?

The most important role of poly-tRNA structure in early evolution of peptide-encoding
seems to be the fact that the " one-dimensicnal ordering " of proto-tRNAs in poly-proto-tRNA
structure can make a suitable sitvation in which " division of labour " of each proto-tRNA
could have efficiently evolved. This means that , in the poly-tRNA model (in Fig. 1 [B]), the
k-th proto-tRNA can interact exclusively with a corresponding "k-th" proto-codon region in
a primitive proto-tRINA-like RNA ancestral to trnD-mRNA. Amino acid specificity of each
tRNA in zrreD -poly t(RNA must have been acquired by such specific interaction.

If "one-dimensional odering " is the most essential feature in the origin of genetic codes, a
much more important question arises;

[Q1] Were there other information systems which first emerged by " one-dimen-
sional ordering rule " ?

If the answer to the question [Q1] were “ there have not been any informative system which
emerged by the one-dimensional ordering rule *, then another important question would arise

3

[Q2] Why " one-dimensional ordering rule " efficiently worked exclusively in the
emergence of genetic information system, and did not work in emetrgences of
all other information systems ?

In this hypothetical case, [Q2] seems to be much more paradoxical than the well-known
paradoxical problem (although the paradox seems to be now solved, as described above) on
the origin of genetic codes. The extreme difficulty to answer the question [Q2] seemsto
suggest that some informarive and/or coding system(s) other than genetic codes "must" have
first emerged by the " one-dimensional ordering rule ",

Among alot of different information systems on the earth (or in the universe), numeral
systems in human language seem to have first emerged by the rule of one-dimensional
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ordering, as shownin Fig. 5. In this scheme, the different states (existence of 1 object,
exigence of 2 objects, ..., existence of 5 objects ) were efficiently recognized by human
with the aid of " one-dimensional ordering” of five fingers on the hand, and early naming (a,

8y, .o By k<=5, forexample, ay = "one", fy = "two", ..., a5 = “five" ) of these dif-
ferent stares began to evolve, and the ealy naming a, (i = 1,2, ... , k) was used in close con-
nection to the i-th finger (f; ; i=1.2,..., k). Most primitivea; (i=1, 2, ... k) did not need
to be different with one another, because they worked together with f;. In a most simplified
hypothetical case, the first numeral (proto-numeral) was *a, which can be applied for every
(i=1.2,..., k), and *a was unexceptionarily used with an appropriate finger f;. Early dif-
ferentiation of such proto-numeral a* to primitive numerals, *a;, *a;, ..., *a,, occurred,
and such differentiation made it possible for human to occasionally use *a; without any aid of
f;, which forther accerate later differentiation of *g; to a; (which can fully work without any aid
of f;), a complete acquisition of coding capacity of numerals. Accordingly, both numerals

and genetic codons first began to encode different states of object, based on the aid of one-
dimensional ordering of finger or proto-tRNA, and such interaction between individual
specific state (i-th state) and i-th finger / i-th proto-tRNA would have generated a new situation
in which "division of work" among fingers or proto-tRNAs can efficiently accelerate specific
interaction between i-th state (object) and i-th proto-code (proto-numeral / proto-codon) with
the aid of i-th "conector or linker" (i-th finger /i-th proto-tRNA). Thus "hand" and "tandem
proto-tRNA-repeat " are "poly-finger" and "poly-proto-tRNA", and therefore we can find a
generalized rule that "poly-X structure” (one-dimensional repeat of X) can accelerate ealy
beginning of coding system, in which ith X (X)) specifically mediates close and stable inter-

action between i-th code (C;) and i-th state of object (O;). C is numeral (ay) or triplet -
codon, and O; isnumber "1 " or i-th amino acid, in mumeral system or peptide-encoding

system, respectively.

In terms of de Sausseure's structural linguistics, O, is “signifie” or "signified” (something
to be signified), and C; is "signifiant’ or "signifier" (de Saussure, 1916). The arbitrary cor-
respondence of signifian (C;) to signifie (O;)is a essential feature of information sysytem

including language system, numeral system, and triplet-codon system, as de Sausseure (1916)
pointed out long ago (Sibatani, 1985, 1989). Two examples concerning the poly-X-mediated
origin of information systems discussed above tell us how poly-X-structure could mediate early
beginning steps of primitive information systems to further evolve to complex informative
systems, Ohno (1991, p.73) also pointed out the observed arbitrariness between genetic
codes and their corresponding amino acids, and considered, based thereupon, that primordial
gene sequences might have been already made in earliest tRNA(s) before the first linking of base
sequences to amino acid sequences. Ohno's concept well coincides with the evolutionary
process from proto-tRNA to mRNA hitherto discussed based upon poly-tRNA theory.
The discussions given here might open a new area of evolutionary informatics and semeio-

evolutionary sciences. The poly-tRNA theory might be the first case in which early processes
giving rise to the origin of contemporary bic-informative system has been exactly analyzed with

detailed evidences. Further analysis of other informative systems from a viewpoint of poly-X
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Poly-tRNA structures as early protein-synthesizing RNA apparatus

theory (or one-dimensional ordering theory ) might bring about new evolutionary logics
underlying origin and evolution of general information system. Further semeio-evolutionary
discussions on poly-tRINA theory and other informative systems (inclu-ding languages) have
recently made by the author (Ohnishi, 1995a,b).

4. Origin of ribosomal RNAs

In the alignment shown in Fig. 6 (Chnishi, 1993d), the 165 rRNA II[-IV domains (1175-
1542) share 49.5% of bases with the BSU trrnD poly-tRNA region in 323 aligned base posi-
tions {excluding gap positions), giving a highly sugnificant level of base sequence similarity,

P (160, 323) = 0.23 X 1020, The 235 rRNA (bases 2570-2904) and the $12-57 ribosomal

protein-encoding region of the E. coli sir operon share 43.9% (P, =0.11 X 1071 1) and
ue = 0-96 X 10716) of bases, respectively, with the zraD, Similarity level between

235 rRNA and the 16S rRNA (domains III-IV) is also weakly significant (39.9% base match,
Pc=018X 10'7). The str region, from Arg-90in 512 to Ile-41 in 57, is more highly

42.5% (P

homologous to 23S (40.0% match, P =0.84 X 10'8). Homology between the domain I of

e
16S rRNA to uraD is very weak.
From these results, we can conclude that 16S rRNA (domains ITI-IV), 23S rRNA (from 2570
to 3'-terminus), and the E. coli str operon (S12/S7 region) are all homologues of the BSU &rnD

poly-tRNA region (from 55 rRNA to tRNAME! a5 shown in Fig. 6).
A most plausible evolutionary tree is ;

Poly-proto-tRNA ====] poly-tRNA in B. subtilis ternD
I ( 58 rRNA-N-S-E-V-M region)

I==I: Glycyl-tRNA synthetase mRNA

=========== B, coli sir Opemﬂ
( S12-37 pre-mRNA )

-
]
I

— =

— P P
e
I
I
1]
Il
1]
Il
i
[ ]
[#5]
n
2
>

Thus 16 and 23S rRNAs had evolved from an str-like pre-mRNA, and therfore, poly-
tRNA molecule is concluded to be most primitive.

The nextquestion then arises concerning the origin of the B.svbtilis trrnD-type poly-tRNA
structue. Bacilfus subtilis is known to possess ancther type of poly-tRNA-containing cperos,
trnB operon. In Fig. 7, wrnD-related poly-tRINA structures in Gram-positive bacteria and
Aspergillus nidulans are compared and the corresponding anticodones are also compared and
aligned with one another. This clearly shows that both &rnD and rrnB operons in B. subtilis are
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derived from an ancestral long poly-tRNA structure closely similar to the tRNA gene cluster in
S. aurevs. In Gram negative bacteria such as E. coli, tRNA gene cluster(s) more or less
similar to that of Staphyiococcusseem 1o have had disapeared throughout evolution.
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