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(Abstract)

Peptide bond formation catalyzed on the
ribosome is a crucial event in the life on earth.
The ribosome is a  supercomplex of
ribonucleoprotein particles containing both RNAs
and proteins, and the peptide bond is produced on
the peptidyl transferase center (PTC) of the large
subunit of the ribosome. The high-resolution
structures of the ribosome showed that the PTC is
composed of only RNA. Although the ribosome
seems to be a ribozyme, the foundation of the
PTC and the evolutionary route of the ribosome
are not clear. In this study, a possible
evolutionary pathway for ribosome formation has
been presented by combining a model experiment
and the structural analysis of the ribosome. The
current ribosome-catalyzed reaction could have
evolved from a primitive system in the RNA
world comprising proto-tRNA molecules like the
minihelix. The missing link in the evolutionary
route of the modern ribosome can be solved by
considering tRNAs as primordial molecules
comprising proto-ribosomes and proto-tRNAs,
which form a symmetrical RNA dimer to
constitute the PTC.
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oy s BEEDEL ED 3EED RNA
MO ENLIEESKRTH S [2]. 7 > /NY
BH37 I BRT I RiEE (RTF RS
N LUTENSTHD, URY—ALETER
INBRABY NTEIZL-T I JBOBENS
BRI Tna., (LPELOBETEDLD
WCLUTL-7 2 BINMEBIRS N0 ZfFEIHT
HRAICDODVWTIRMO X ZSRI NN
[3-10]. & > /NZ7&0E, @WHE, 20 fEEOMIE
MOl EINTHBY, TO(L%H - BiEnN%
BEMEIC X D AEMIEENC LI OREH 251 T
W5, 72 EEc2 OEENSEE DI
WX REIRDN, 7 I JEBNENS T4 73
MG ERR T2 &IckD, EaHEINTH
5DTHD. 8- T, EMmOEIRE EHELDE
HNG, ZUNNTENEDIDITERSINS
IR T=ONEMRHT D Z &3, £AmD
AEIZHHED T LIRS, HitoFEEIZXD,
HEEEOEIZHFOXRTF RTT (LM
WCERTELBRICE S TIEWAD, £fmo
KB LN EEFET S BT, RipHER ET
ERENEDLDICHY NI EEZERLUIED,
R —LEHWDBTEDY >N EDE AL
HWENEDODIDITEARINTEZONEH
SMICTEHTENHFETHS.
UﬁV—Aﬁﬁ$29@ﬁ7l~/F#b
BRI NTHD, KEFETENAINTY
%, RTF REEDOERITY R —LADKY
Ty hTfrbhbd. K712y b
RTFPIET AT 2 T7—EHi (Peptidyl
Transferase Center, PTC) & WH T, T
F REGITER I NS (Fig. D [11]. URY —
LR T I VBEMMENZRNA(TI )T
) tRNA) NEIXNTHR DD, Whdsb L
FROEEZED (RNA OF HOBICHHY
57 I BHETMEEDANY YA (22
ANy T A) MURY—LDKYTT L=y b
EMHEERTDZET, RTF RESERIC
FELTWBDIZHL, L FRHOHEH—FHD
BEICHS T DT >FAREZEOANY v T A
DN mMRNA EOO R EMHEMEHTS
E T, BEERICEHEIN-ERIERD IEMHE
RIREBEIZHFELTWS [12]. KPT7a1z=wv b
TEIBRTF REGOERKIZ, aR> -7
CFARKHEDEIDICT I BERNRD
DT, Y/ BOEHEICEDS TR
5ZETHO, (b2EEND D WNIZEYELD
BT, KUy 7azy MINTTIZy M
HACTHERLEEEZSNTWVS [12-14].
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Figure 1.

Anticodon

Structure of the large ribosomal subunit from Haloarcula

marismortui (PDB ID 1JJ2) together with that of yeast tRNA™ (PDB ID
1EHZ) in the same scale (rendered using PyMOL). RNAs are shown in
yellow, and proteins are shown in blue. The minihelix is composed of one arm
of the L in tRNA with the CCA end, and the anticodon is located on the other
arm of the L. The minihelix is thought to have evolved prior to the other parts

of the tRNA.
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U R — I D& fREENT RS AT Y, i
fF, BERICREL, VRV —LDK/NF T
—w hENFEN, BT, KN TZw bk
WA MEERIND YR — LD
R, URY—A MOy O NT7ERETEDOBE

VIR = ATORTF REEGERA =

BIROHE ETHSMNITR > TE /= [15-21].

2009 FEICIE, TNHSsOEMBMITHL,
Ramakrishnan, Steitz, Yonath @ 3 [KIZ / —~N
MMEREDBEINTWS. iz, RTFR
HEEROH THHIRY T2y b DOHEE
13, MDY N EE REER ORI K E
A A2 5 X 7. ¥ B Haoarcula
marismortui DYV R —LADKY T 1w b
DREE N Steitz HIZ &> TREN, PTC fHF
OREENH SN 72, B2 &Iz,
PTCIZ 3 XRTRNA DHMSHERSINTHBD,
PICIN G —BIEWEICH DY 2 I/INIETT
5, IBABEINS-LZATHBEINTNSZ
EDHSMITR S T2 [15,16]. URY — L2
B35 RNADDSE, 23SIRNAD KA A >V
ZHLELUTPTC RSN, 72 /B ETE
A TE RNA O CCA KAHEE, URY —
LD ZOHEBEMAEERATSHZEICLKD, X
TFREEEERT D ENHSNTES
T&E/=. URY—AIL RNA &5 2 N7HD
BEKRTIEIH 2D, RTF REEE K2 il
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T BEALITIE, RNA ULDNEFEFEL TWizhEWn
HSHEENS, VRV —AZYRT AL LTH
% (The ribosome is a ribozyme.) | [22]& 11D
ZENRBEINTERZ., 2L, DO TERE
L7=ThHAD RNA U—)L ROF HREMD
1DTHBEEZLENTNS,

PTC OREIERI S MITIZ>7=H DD, FEEE
DRTF REEBERD AT ZLITEL T
i, SHICESET, FEARBIESNTY
2., 7377V IRNA BET DS HI AT
DIVIATIVEERL, YN EOFEDT I
RiEE (RTFREESR) L0H, HHIZFRIV
FT—WARBEANSITIEIXINF—THD,
KORIC X BT I ) BOBEEN Z[F#TEh
L, RIF REGOERIZIERMICEZ DX
JnTdH D (Fig. 2a). TDEKT, VRV —LA
iZ, BT, 220073 7 VILIRNA D7 2
JBZEEDTA00RBICHEET RN EWN
HEZHHDN, LML, TNETTIRY R
V= ADFEDMIE OB I 2HHTER
WTHAD.

SAKKEE BRI T A2 & T, 2904 X7 LA
FRMSEREIND 23S IRNA (RIBE DO
) D2451 ZBHDO 7 T => (A2451) /N PTC
BT WNEICEET 2HEETHD &
MESNICE S, ZOHENS, A2451 O
TTIFZVBRONIDMNINT I JBOT I JHE
ME 7Ok EFIEHS ZEITED, 20T
R OEORELEEEDTNWSEDOTIER WM
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Figure 2. Chemical reactions on the ribosome in the process of peptide bond formation.
The peptidyl residue is shown in blue, and the aminoacyl residue, in red. (a) A general
reaction scheme of the peptide bond formation on the ribosome. The lone pair on the
nitrogen atom of the amino group attacks the carbonyl carbon of peptidyl-tRNA and a
peptide bond is formed. (b) The possible role of N3 of A2451 from 23S rRNA as a
general base that abstracts a proton from the amino group, which increases the
nucleophilicity of the nitrogen atom. Only positions 2’ and 3’ of the ribose ring of
peptidyl-tRNA are shown. (c) A possible “proton shuttle” mechanism occurring within
the hydrogen bond network around the 2'-OH of A2451 from 23S rRNA. Cleavage of
the ester bond of the peptidyl-tRNA causes the transfer of a proton from the 2'-OH
group. which receives a proton from the a-amino group of the aminoacvl-tRNA.

ENWD ZENBZ 5NN (Fig. 2b) [16]

A2451 ZMMDEIRICER L 7= RNA ZHWNT
HERXTF REEEERENRKE B LAN
ZEMDS, TORREMEIZE W Z ENH S NIT
7505 T&E/ [23-25]. —H T, A2451 DY R—
AD2-OHZ N LIEKBHEESOXRY NT—
MW7 I )BEOY I ) FEOREED M EICEF
HBLTWHET I HIEBINTWS (Fig. 2¢)
[26,27]. £7=, HiEFIEITr 2 AWEERTIE,

URY —ADEE (708) 1TBNWTIE, KV
T1Zw bET (508) OBAEEANRT, U
R — AT N EDOMEDN 30AHREL
K ZEDRNRBINTRD, RTFREE

BEWNWH AR, RNADHRLEST, ¥
INTBEMNEFE L TWBA[EEk 2 RIBd 2
HbdhbH [28]. URY—LDKTFT1Zy b
ERERTDZY NI ED1LIDTHD L2 ¥
N7BEHROeAF T UL, H<h6DE
{L#H 2R TYH, ZOEREEIRBINT
TTBD [29], 58, TOLHBY1F3IY
AEHEBLUIEANZ L LDREHEBN LN
5.

3. RTIF REEEEROEREE RNA 7—)L
R
{L2RRNTIE, B L72T 2 BOMEMN
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UL, RTF RESGOERIITRETHO,
T BEEEILLTEDICEZLSNS R
BIISEIFTHEET S, BE56<, FEIRHER
IZBNWTIE, HIRDFFO T IV F— (HiEk,
JE7, BUKEHARE) SKBOXTxI
F—Z2HNALTY I /BEEE L, XTF
REEEMNERI N TWZRJREMEND 5. T /-,
BEITDEYomIciL, itz zEam
FTHERIC, URI—=LIZEBRNRTF RAE
B% (non-ribosomal peptide synthesis) DK %
FATDHORMeNTHED, N6 bk
ELDREEZBE T HHBEICRDESD. *
T, FAIATINEWSETTY I B2
EHAEL, RTFROERZIT>TWS.
BAHZ, TNHEDOXRTFROFIZIID-T I/
BBESObOBHFENTNS. de Duve 13,

ZDOEDIT, FAZLATFTIVAN RNA U—I)L R
IS e mlREME 2 R L TR (IF4 T
27T =)V R]) [30], hCHENSLD
HANMA RBEORRZERL 2 TH
A9 &9 % Wichtershduser O 8k - itk —
VR [31] &3, BEBAMBEOED F
WWHBEDOIRSEZLTWS., 7I JBBICLDR
TFROEGFIZTEL TIE, SIESCEERZFH
L72JFH* Fox IZX W DA [32] 213U
O, MtzRBIC LU TERILLAETY R VB2
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ODhiFr3FIFhidAad ATV ES
9 [33].

ULInL7einG, EmROElDE Wk 2%
Z2NE, BEORTF RAERRICEELET
ORYATOXRTFREREZNSBHEDSR
MMEZEHEAL, HDIWNITEYELLZEEZZ D
DWMBERTHY, FOEWRT, BHEOUR
VJo— LR — X&Lt«7?b% AR R
DRI, MEWERL, FIA RNA &M -
Lt&f?Pim%wﬁET%5dtmm
B LFROKEEZET 2N, Khomn,

AU AEWAPITT OFAREEDA
U;ﬁx@%\ﬂ@mm P mb sz &

WK DBED RNA DERENEZHDEE X
5N5.

RTF REROELBEICBNT, £33
T BINERDONERTHD, IRD
BRICE DWW BT I ) B RIEDE
BIIBTEZI>EZDOEZEZSENDS. 20 M
DT 2 BENTRT, FHIFHERICB N THD
MHEEL TWEEIZEZNT, ¥ /%7
BHAERKRIT, BERBERICHE DDV I ZA
Vw2 ADT I /)T IIMEEY R —LD
KYT2Zw b ETORTF REES D AR
ML, 7>FIREHT S RNA &,
737 (RNA BkEEES U7
:yb@ﬁM%&vt)Uﬁv—Aawmﬁ
EROREEICL > T, BSOS
FHENWOHEZESL T2 DEEZ
5N5. EE, TIJENIMLEZIZA
w27 Zid, URY—LADKYTI1=w D
BB, RTFREGEERTSHEN
ﬂbhfmé[ﬂ]_misb,éiéiﬁ
FELAN S, =AU w7 ZAINEIAD (RNA O
LEETH D EBZZ 5N TS [13,14]. Cech
& Altman IZXB U RY A LDFERITED
[35,36], [RNA T—)L K| OFENREBIN
[37], Z3UTY R — A DYAEKEE DFEH T,
HIZHENS LWbD E/EH . £ T,
N w7 A%EHEICUERIBERTF RER
ZEMEETDHE RNAT—)L RIS RTFR
ERZOLFENLDSFUFEHE I ZEN
TES.RNA =)V RIS NI EERSR
ANEWNZLTRELEZNEWDEEIL, Z
DEIBTFUAEHTIIMRFATETH S
EEDND. —F, RNA T—)L RELETO 5
M5, WAIZLT RNA U—)L R Ehn~
DOMNENS BENL, FEFICHRBITH D, Orgel
MNZTDOMAEZE Z OREOBFICETZICH
#@b%?,%ﬁm%miifﬁé[wy$
MY T, I TANUY I AEBHEICLERT
F REE i&f@ﬁﬁ&UTv LN DHE
{EDOBITE KL, RNA T —)L RLARTOHEFRIC

DNTIE, SBOBFEICHIZEL 720,

4, ITANY I AER—AELERTFR
e éEEEQEtr}b

RNA U—/L FEGROIEELLISE, ATz

EMEZF o 72 RNA 23 BRE N TEIR L Tk
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rrtwnwryRALEN TN, SFIFERAL
RNA &5 TE 72 [39,40]. 2 b
IZ SELEX (Systematic Evolution of Ligands
by EXponential enrlchment) 15 &M,

£1% D RNA BIEROF[RMELED, x0T
THw—LEMEEIND, BEDST LRI

AT D RNA Oflf ™M fThbhTng., 77
H<w—LWHZILTT VFED aptus (JEFED
fit ICFHY) ICHRLTWD. _XFF NS4
At 5 U RY A A% SELEX 4 H v
THOLINTIIWAED, 196 X7 LAF KD
Eé%ﬁORNAT%é[M]SHEX%%
VL, FEEMICIL, BEOMELrESY
> RNA DAl NARETHD. LL, Z
DIFIEIZEZ R ITBEERRDOEMTH D
MEMED DNA RU X Z—ERHWLTE

D, FEXE BN, XURTEERRB
MIZ LTI TE D0 E % 2 5 R M6 72 B
MG, ZDX 9 RFENHIETENToN
TIHREREMNED. ZTOWVomEIRT
RTF FEEEREMBEST 2 ) R 1 20
Bl sz iEE-ThH, 196 X7 LAF K
DESIO RNA BNEMOWYEIZ, TOIEHZD
% Z2+-> CThERHINZ EIFIEFEICE X
iz< .,

SELEX 1D X 572 RNA Db EELETIL
MEBICHEETETE, MR R X128
T HFBIIMHMHETEDN, BICFBRETO
S LAEREEEZ N, ISEEODESD
XTLVAFRIRDEHERINSBIED tRNA
[42]TH, HEDOBETIXTOAHENE 47)
RT3 ETHE, 2MERD 1/100 1IZED
BENLEIZRS., LML, 2 2AU VI X
mﬂmAw#\&fwﬁéT%D fHED#E
BTIXRTOMREMNE 2R TS5 e
< 7z . _@iﬁm:&%ﬁitﬁﬁ,
tRNA ERFRICI =AY w7 AT HEHET S
—ZAFHD CCA EFIEY R —LEDHEE
ALZBELETETINEBRINTNS.

JiRY —A ETIE, t(RNA @ CCA ERFIMN
23S rRNA EHMEERZ TSI EICL- T,
RTF REGERZHENZDHDICILTVD
[16,43,44]. T, CCA #1®dD CC & 23S rRNA
D GG &ld, HERT R > - 70w Ik
GENLUTHEERTS Z D, XITL?
iRy —LAEREYFOY (CCdA-p-Puro)
EOBEEROBENS DHSMNIINTK
% [16]. > T, ZT®d tRNA @ CCA fid3 &
BS&NA&@WE@%@I/t/xtUé
L, U Ry —ADES (RNA DHES
THUNTEHTRT) Z2EOBRWIZHESN
ETIARDHEES N [45].

23S tRNA ORMET I ) 7 2 JV t(RNA D
oM E#FQMAZSTELT, UGGU
D SRR a—maxA1 > (Pm) %, 5-5
RAKRDPIATINESGZEZNL TR T
(Pm-UGGU). Pm IZ, ZoO®EEN 3'-L-F 0
IV-TTF ) ICENLTBD, ZOETIL
DTERWDZET, UhY—L4LLED 23S
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RNA IZIEELTWS Y3 )73 )L tRNA %
BIgL TWBAZ &Iisd. — K, 5120
TIJBOEBIETHZRTF I tRNA D
7O ELTIE, I TANYY T AR LT T
ZOTTYI)TIIMELER, T OEEY
tFINT B ETITDHEL &
(N-Ac-L-Ala-2 =AY w7 Z). T =AY w
27 AMFEFD ACCA & Pm-UGGU #dD UGGU
MHEMEHT A ZEICED, WHFIurHEL,
Pm D O-AF)-L-FOT 28 DOT7 I /) FHD
O—>RT M, N-Ac-L-Ala-2 =AY w7 2D
ANVKRZINIRFEERERETHZ EITELD,
HH)OXTF RiEE ﬂi%éhé@&o@
ZFN7z (Fig. 3) [45].

W2 &I, URY—LDLDBES
KOEFER LT, ZOLDREMAEETIVR
WZBNWT, XRTFREEENERIND Z &N
BN >72. £7/2, TOHEBRTACCA &
UGGU OMEERIC K 2O RENEET
HDENHDTREINZ. 6T, MINE
WHRIZA I =V EZMADERTF R
BERMEEIND T EE2RBT D EMN
"ok, 13 yv~»@%@@@me
6.99 THD, FHMEDKIERITBWT AT I
9v~w@N%?#7 JEo7okElE
WEEREELZrJEENEZS5NS.

iR @ 23S 1RNA (A2451) DY HR—ZAD
2-OH 2N LIKEHEGORY NTU—TFT
w#ﬁ%?5%ﬁm%%¢ﬁ%ﬁﬁ@ﬁ%
TR —LYTNTVEDYAFI VIR
A E, ZOotraTHRD LT
Pm-UGGU &I =AY T AZEHWEETIV
EBOKEL, ADEBTIEADE, URY—
LOKREZHZZ D LT, TR & Alieh R
EEDIDICEHITIND, SHBOBETH
.

5. BbDIt~U R —ANDHE

o7 a > TrUEETIVERTIT,
AR =Ly 2\ &2 —YFEHAL T\
W2y, BETIVEROEEEE LT, Bl =
Fizh, WEOURY —AE RNA EDOHE
ERICR SN Ty AT 2HHETS Z
EEREDE. TSN, TEFILT I ZIUE
SNZIZAU YT A (RTF D)L RNA I
M) THO, Pm-UGGU (rRNA O EHEELF
ET7 ) 73)L (RNA OEMEME) THo

727. I 2N T ZADED7 RNA D, 7 2N
DEDEER L TRTF REEEER 2zt L

Al REMEII R 20, 2L T, W
FORALIZI R — AT DIEN 5 TZDINT
DNTIE, KARELTAHTHS.
ZDEITHED DI, wHT, URY—A
D PTC ODHGEICIEEH T A ENHAD. X
IERFEHEOEY DY R — LA DOHEENHS
MIC SN TEZDN, WD BURERITE 2 7R 9/
B Td % Deinococcus radiodurans O RKY 7 L
Zv hOMEEFICHAND ZEITLHS T,
PTC NWMNIZ L THfliZR RNA MSAERI N
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TEEONITIDODNTEZ DD DEER/N—
AR T4 TINMFENTz [46,47]. ZDREEIC
BT, LFR%E L= RNA O B EA5d )
ICBLE SN TPTC 2k L TW5 Z ENHHS
Mo, L, RHICEE TN
D5 RNA DY A X (X7 LFF RE) Id tRNA
CRICEETHD, BHEOMEICHE LN
72 L 8O tRNA OFIEIKEHE 2 DD
L ¥ (RNA (Proto-tRNA) N B ZERT
52 ET, IO PTC 2K L= TV AN
EZH6N5. DFED, BEEOHHEANDILEE
EALOERHEOSIEN S, FZE, £TIE L
FRZET D (RNA Bk TO—%03, FHIFD
IR — LD PTC ZHERL L 7= v REME VR X
NnN&ko.

tRNA 1L 2 DDAT E 2k RNA W8N - /=
OB BIRZL TWEDT, AlgEED 1 D&
LT, 22U Z2DLD 7Y (RNA R

Ac-Ala-Minihelix Pm-UGGU
cngconn
dm.A5.
3'A ............... U5'
c ............... G
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Figure 3. A simplified model that reflects the essence
of peptide bond formation on the ribosomal process.
Puromycin possesses a structure similar to that of
L-tyrosyl-tRNA and UGGU contains the essential
sequence found in the PTC of 23S rRNA. By
combining these two parts via the 5'-5" phosphodiester
bond, the puromycin-containing oligonucleotides
(Pm-UGGU) have the characteristics both of
aminoacyl-tRNA and 23S rRNA. Acetylation of the
amino group of the L-alanyl-minihelix produces
N-acetyl-L-alanyl-minihelix, which has the
characteristics of peptidyl-tRNA. dmA denotes
N,N-dimethyladenosine, which is contained in
puromycin.
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FMEHL T, HIO L 58 (RNA D F7
ERLIEZENEZLEND [48]. ZDOLDME
RNA ¥ 1 <Y —I3JFaB Y R — LD PTC %%
R9 5 EREIZ, 220073 /77 3)L (RNA
ELTHERALZOND LN W, [B—&E
THDHRNAFKD LFRRNA DD S, 56

DiE, PTC ZEKRL, 2DD073I /7))
mmx%«7?%% MERTDDICEASD
LWZEREEZAEEICT 5 LD IC#EL, &
tﬁ%%@@,ﬁﬁ@ﬂmAtﬁmbfﬁo

TmEEZBE, BEODREIZAY YT AIZ
HOALEELRDPFERSBNLLOICA

%% (Fig. 4).
ZNEESZLHLWEETHD, 518,

Half-tRNA

Figure 4. A possible representation of the
symmmetrical proto-PTC that could have existed in
the first stage of the evolution of life. The symmetrical
structure is actually found in the PTC of the ribosome
of Deinococcus radiodurans [46,47]. Each region is
composed of RNA that is similar in size to modern
tRNA. tRNA can be formed in the duplication of a
half-sized hairpin RNA like a minihelix [48].
L-shaped proto-tRNA dimer could have constituted a
scaffold for the peptide bond formation between the
two aminoacyl-tRNAs.

Z DR R MFET B EBRNTHOND & HRF
Lfmé._@iomE%UTv A, RNA
J—)V RTHEL, BHIEDOURY — LNl
Lizmd Lz, WEDOURY —LIZE,
2 DY NVERTFNEGL TR, Fig,
RTF REMEEERTILY XV BETH D Ian
B,mNA&E%KnmNAwﬂFy(%mn
]“\/) é‘b‘?ﬁxnkmun&@_é * Wz &
K,&f?Fﬁ%%l%imNA&#% R
SN EZL TWDZ ENHSNIT
o THD, WBEIZ (RNA NZD XD %E
ZLTWEONTDNT, £/, ks
O N ENHEALDBEE T RNA [TEE
Wb o THEELIED = DOMITDNT, éii
FRAEEDED, DT REEZ VS A
RN —ADELZFED ETIEFICEEIS @é
THA5D [49,50].
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N EOMRIIEMAZLOE®RTH S
DHEHT, 9/A7%®$m%%®ﬁM®
fRNE, ERZFOHDODOMEMED = DITHETT
BNV DOTHS. AL BHOWMTEE
BMETHZEICED, REMBMREIMEZN
5. ANEOBEGEINTHIEEL =0,

e

W KFOFES —ELICE, ARXOWN
RICDWT, < DT 4 Ahhwar%zLT
WizEW=, E£72, Bl IR LA - é%
M (RNA EAERKEE), HAZEMIRALS
ﬂ%ﬁ%%%%%%(ﬂ%ﬁ%%ﬁ%ﬁxﬁ
KX, ERBLRAE « LN R FHR I A BT 75 R
BB REICLDP Rz WeEWkE, 22
WS OE R L2,
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