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(Abstract)

Chiral-selective aminoacylation of an RNA
minihelix (progenitor of the modern tRNA) could
provide a crucial clue to solve the origin of
homochirality in a biological system. In this reaction,
an amino acid donor (aminoacy! phosphate
oligonucleotide) is placed in close proximity to
minihelix with the help of a bridging oligonucleotide,
which possesses sequences complementary to both
donor nucleotide and single-stranded NCCA of
minihelix, to accomplish the chiral (L-amino
acid)-selective aminoacylation of the minihelix. Here,
we propose a molecular mechanism of chiral
selectivity based on the mutational analysis of the
donor and bridging nucleotides. The selectivity for
L-amino acids is dependent on the stereochemistry of
RNA. Due to cation coordination and sugar pucker,
the side chain of D-amino acids i$ brought much
closer to the terminal adenosine of the minihelix,
thereby causing steric hindrance of the D-amino acids
during amino acid transfer from the donor nucleotide

to minihelix. This mechanism completely explains-

the result of the original chiral-selective
aminoacylation experiment without any
contradictions. This selective " process may have
determined the homochirality of L-amino acids in the

putative RNA world.

This article is dedicated to the memory of Dr. Kaoru
Harada.
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4 @lI DNA OERFEHREZMRLIZS NI H
DHERET B Z & TRV D TWB[1,2]. ¥ /%7
BI37 I BNT I MEE RTFRES) L
BEEEt, BE, 20 EEONEN SR 2k
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IRALFERVEE SN REIED 5 E A I N B il
BEANE, MMOANTYDBHEERFS 2. ¥ N
HEERTHT7I BT a-7I/BTHY, T
HALZENNCIT, -7 8, D-TI B 288
MALBICEETEDELTTH AN, FEEZ I &
W, URY —LPMEDHTREAY V-, T
NTL-Y I /JEBENSBRINTNS[3,4].

FR TR DOREN LS, FHEMIZH
F5EBHEDHAE6], BOAEMERIR[7-9])7:
EDNENS, T/ BOKREF I U T4 — D
FIZOWT, SEIEREBEHMTDODNTVEN,
HER EDOEMICESND t(RNA DT I /7)1
{LDOEREEDETINERNS, T3 JBEORT
US)F 4 —OROHBAICEBRLEEELRER
MHo7=. FNE, RNA S ZANY 9T ADFS
VBRI T I )T IMETHD, RNA &7 3
ENMEIUDTHEI ATy TICBWT, 73 /8
DEREFITVU T4 —DEREINZAJREM 2T <
KRBT 2 HDTH B[10-14].

REFTU T4 —OEIBICEDSHEL, EE
TV —NTHO, BEMNRERICIEDITNE,
FFEDIEMPNEDHERITIH LD,
RNA 2ZAU YT ADFIIIEIRKNTI )T
MBI RSN 5F I)VEIREL, ERRICED S
WEODT (RNA ET7I /B LA THT
DBOBEROEYTHD. BT, ko
ANZANT, EBEIZ L-7I JBNEIRENT
WBOMNMZDNWT, IR LRITE TR Z T
2y 2%

2. RNA S =AUV ZDOFI)IERNT I )
7 Ak

FIINBIRMOEREZ T BN, BELL-T
NBEFIIFEDHDIZDONT, BRICHIAL TH
SPHENRH D, ZOETIVE, EEPICHEICR
535 tRNA OF 3 )7 IIMERIENRED LS
WLTCENLTERZONZHENITZ2ENT
EEINTZ[10-14]. (RNA DT I )7 )Wk
DNA 23 F—L7- mRNA FOBEGEBRE, ¥
NI BIZHRTABOBERDIRIETH D
[15,16]. BMEOEDRIZBNTIE, 20 BHEO 7Y
I JBICHIE L tRNA &, FRFEND RNA 1T
WIET BT I ) 7)) tRNA &R (aaRS) &
WHY N EINEFEEL, aaRS DEEWRELSY
I )EEEIET S IRNAICHES S H TS (IRNA
D77 [1516]. LT, BEHIICY
2 )72 ENT RNA BURY—L ETY
IBEBRITEIEICE T, ¥ NI EMNER
ENBT EITRB2]. EdELODEICIE,
RNA 7=V REWVND HONEEL TWEEEX
ENTHD[17-19], RNA T—)L RRFETIE, XK
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DAFYTELTYUNTVBEOBEENEEN
TRBEEZSND. 5T, tRNADTI /)T
IEINE DN BERFR DML OROIZIED
7= BREND 5.

BT I ) 7 IEETIVTCLEL, (RNA SRR
WX AUy RIS HEETH—AREHD CCA K
L, 77N UEEA) IR VFFR
DOWH ORI BB S 2B T HEENSF
RN, 7IJBEA)IXIVAF RO VB
HEMASI =AY T AD VRWOTT )220
OH #EAN BB/ TNA[10-14]. 77X /)7
S UEEA)OXTVATF R, BEOTI )T
IAERIEDHREERTH BT I ) 7 )V AMP &
SIVILEGFTHY, ZORBIEIFIF—
MIHZ YT EIVRIGTH B[20]. ZDETIVRIC
BN, 22U T ADT I ) T7IERT T
J 2D 3-0H DERDIT, FIIVER (L-7 3
BB WWETD, L7 JEIE D-73 B
WWHARTHAEBIRACTI ) 7ML En
B EMESMNIIEo 7 (Fig. 1) [10-14].

3. MEEENKINIRITTRE
—EBOETINERICBWETI )T ib-U >
AU I LFFRICBNT, 73/ BITE
EENMLTY VBRELEEGL TNWS. 5T,
trans-gausche Ao EEIZEE D < A1 50 OBIRENTE
ETLREEEIHZBOD, ZOT7I BT, I
BHEHIC, EEMOED ZEETEDIETTTH
5. ZOWRWT, FIN L-7 I EBEOBMNEEE
AHLTNWBHOMN?
CDEIBHEEEEN LSS OAKRE B
DFFEREZHEL T, D FENEEIT S THRNE
MEZEFHFESNRWN. BT DI, RETRENE
DT AF 2, K OFRBRET, EOEHITT

A

Minihelix 5
{Primordial tRNA) HO

/ ¥ :
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HERILES B> TLES. T, &5
L7 BWh ik DI, ERICERZITH T,
FORRN Y ELEERTODON—BTHS.
TI/)TIN-DCEBE-F TR L FF RIC
EBRNA DT I )T IIBIZBNWT, FI5)E
REICRBEZEZTWATHAD, 73 bR

B OXZ VA FROO T —A—alk

BILEEBIET, FOLDIBEERHEZONE
BN, Kb AT XA DBEANDFENND I/
ZhblLnan. FROETF IV AFARRBNT,
TIJEBNEELTVWS SAOXT L A4F Rit
dT TH>3. ZOHFEEZTATHD, ThY -
Uy IRIOMEEREL TV, 5T, HE
FE LTI AT-A E N2 b DT3B, ZF 2 THOD
o E->~Z<ECIILT, Z0HEETORE
dT-G WS T3 TIIVEEIC U TERETH /-,
dT-G WCEFET 2 & T, HERORICELNE
U, ZOEADEDHITHIERZ SN M2 E
B E ST, KIRICED L DI BENE S OMN
EHEERLE (Fig. 1). TORE, BnwizZ iz,
D-Ala 7 X /)7 I)MBICIRIZEAEEEZ S
2T, L-AlaD7 I )7 EE L BALEE
7= (Fig. 2). D¥ED, dT-G DE AL ST, L-
2B D-TI BIDBETI )Y
ML ENBL oD THD. BRELT, L
ED OFIINERENFELEZ &S
[21,22].

dT-G QDEE ALY, FILOAFIEITI-E
S5FADHAANERDHET I ENEZENS (Fig
. L-Ala®7 2 ) 7ML ORME, ZOF2
COAFIIEE L-Ala DAFIELEDINIKBEE
THBEEZLOND. ZO—8”, FETAFI)
BIREPEROBEEN, 7I )T VIIMEOBOT 2
JEBONAERBOREICRELREREZE D &

Figure 1. (A) Scheme for aminoacylation of an RNA minihelix with an amino acid donor oligonucleotide (acyl
phosphate oligonucleotide) and a bridging oligonucleotide. Watson-Crick (dT-A) pairing was replaced with wobble
base pairing (dT-G) at the position closest to the amino acid attachment site. (B) Introduction of the dT-G wobble
base pair causes distortion of the double helix and shifts the position of CHj.
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Figure 2. Chiral preferences of Ala aminoacylation by
using Watson-Crick (dT-A) and wobble base pairs
placed closest to the amino acid attachment site. The
different font sizes correspond to relative activities of
aminoacylation.

IZ/zo 7. dT-G DEAICL D L-Ala DY 2

ST
SIALDIEHE TN S, L-Ala D AFIVEETTF

COAFNEOELIMEL TWAS I & &,
D-Ala DAFNHWETTI /)T NEDOHETHS
ToAY T ZARAWIBIREELTWS I L
NFEENS (Fig. 3) [21,22].

F) CFINRBRICBITBF FIVRREIL, Ala
DTI)EETEFIVETTOy I LEHEI
BWTHARETH 7 (L>D)[21]. 7U—D Gly,
B, N7 EF)-Gly DEBEEIT Na'1 4 > N[A
U & 517 bidantate mode THIALT D Z EWREN
TH[23], FOXDREANIREE Ala DRITH
THNE, Ala (BLXON-TEZFI-Ala) OF
I )HEEAINRDIVEEEEOMIZ, Na™fF W
bidantate mode TERAIL TWB EEZLND. B
12, DNA R AT — L HE OEEHITOHERE
MNEBELSMNEEDIT, HIIVRZIVEREY VEE
HEOEEZERICIT MZDEIL TWA NS
<[24,25], ZNH5DHF A > OEALIC K D AKE
EEEETBHE, VTIJBOT I )EOHSIL,
TESBAOAAICEBINTNSEEZADL T
ENTES (Fig. 4). ZDBEMEIL L-Ala, D-Ala
DEIBED AFIEN, FNFHN, IZTAUY TR
MEBENREE, BXY, T =AU w o AUTEW
REEICMNBELTWEZEEFEL TV (Fig.
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Figure 3. Schematic representation of the

stereochemical positioning, of (A) L-Ala and (B)
D-Ala. The positioning of the CH; of Ala relative to
that of the 3'-OH of the minihelix and to that of the
CH; of thymidine deterimines the chiral preference
during aminoacylation.
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Figure 4. Bidentate coordination of Na* (A) between
the carbonyl and amino groups of Ala and (B)
between the 2 carbonyl O-atoms of N-acetyl-Ala.

3). T/, ZOEBIZBWT, dT-A 256 dT-G
ANDBRITHENWBEREZIEND, FIDOAFIV
HOEODHLICES L-Ala DAFIVFEEDIIK
EEICELTH, FERSHBETES (Fig. 3)
[22].
FIDOAFINEDEOHLIZES L-Ala O

-41 -
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AF ) EEDOITAREEICEBL T, FI202 Y
DA UG YT T, L-AladTY I )T
VILIEEENTICRE S Z &6 HEEBRENES
N3 (Fig. 2). —4, dT-G LR C &L ico %7
IWVHEENZERL, dT-G EFRBERFICDAF
NWHDOBROHLUMREMHETELEIRTELT
dT-1 (I1: 1 /2 2) b DB, dT-G T 4 TIVIEH
SHZBWT, GO 1LAIO NH & 6 LD C=0 % dT
D2HD C=0 & 3 LD NH & FNFNKELES
ZHRTAEZIET, GD2MNDT I ENZES
FADIAFT =TI —THICROHL, BEDY
Y- )y IIEENICHANT, 5HEANED
ZEITRB. IWEGO2MDT I ) EEKEERET
TEEBAT-HOTHD, dT [T BKEREE
OB AN HIE, dT-G & dT-1idE-> =< [
B TIIERENERRTS. LOLENS,
dT-1 OB E, dT-G DHFEED I D7z, L-AlaDY
2T VIMEDEMIR S o 72 (Fig. 2)
[21,22). 2D AT-G L AT-1DBEDT I )T )b
{LOERDODEBNVWEMEERTZDEASIN?

4. UR—=ZADNNw Y 7ET73 )72

VAR—2&Ed275 /-5 88BI3IER
BETidhaWn, TEMNSROEL TWAEFOS
B, CSERUMICH D H D% endo &ML, K
MIZHBHDE exo EMFATNS[R6]. TNT,
O ) T EERETDH. VR—AD2D0
FElNXNy Y TR, Cendo BEW
C3'-endo TH 5 (Fig.5) [26].

tRNA QY >F O R OEMDY) 2 DFEEIC
ED, x0°U BOEAIT C2-endo BIEZTFELL,
xm’U B DERIT C3'-endo B AL EL T2 &
MHISNTNWA[27,28]. BEEE, ZDXD7/8
W A TICEBENN, BIETRNE, dT-G
& dT-1 DFEDREDEWVWIIERGRL TWEDT
72?2 INEHSMIT B0, Ala N
CEEENLUTHEALTWS T OO 2 DA E

3
HO

L

AC
( IRERRRERR] lé
u
53
“ e =dT
sl :
Uy S=QG
K H H
o:z CH3H.\(:'
. N
\ AP % -f 9
VR e e
4'VY'? e H=R
Io ..... H—O\H H
C2-endo
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I O-CH; %8 AT 3 L&A~ (Fig. 6)
[21,22]. 2-O-CH; ZDOEAIZ LD, BD/Sy )
> C3endo BIICETEIND Z ENHNT
W3 (Fig. 6) [29]. Z® T(2'-O-CH3)-G & WS
ERA OGS, dT-G RN L-Ala DY I )T
VIMEDETIRESNT, ZN5id dT-G O dT
DN FY 2T M C3-endo BITIE72 <, C2'-endo
BTHD I ELERBL TS (Fig. 6) [21,22].
C2'-endo # & C3'-endo BDE WD 1 DI,
CA-CS'FEAD) R —ZARITH T BEE DFENN
EIF5NB[26]. C2-endo BIDBEE, C4-CS'§E
GEHBICHLTE > RETHZDITH L,
C3-endo B DFE, CA-CHHERETBICHL TE
T35 (Fig. 5) [26]. CS'XU VEBEEZ ML T Ala
KRG LTNSDT, BRI Ala DB E WS
HDITERITZMNS CA-CSHEEDEVHICE-ST
FEIND. C3-endo BITH 3 T(2-0-CH3)-G D

C3’-endo

Figure 5. Schematic representation of typical
puckering of the ribose ring (Saenger, 1984).

fula

ps

s ¥
gaaramrmram

Vi

C3’-endo

Figure 6. Possible differences in the positioning of L-Ala based on differential ribose puckering with dT-G and
T(2'-0-Me)-G at the position closest to the amino acid attachment site.
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BE, O-CA-C3THRENB Iz 5 Cc4-CY
O AEL, C2'-endo DHE I D HKENTZDIT,
L-Ala DAFINEDOMBIZTF I VDAFIVEEST
EEEIZELBRNSEVNELSITMEBEL TNSIZ
Bz, Zhnicxtl, dT-G TL-Ala D7 3/
T I)MEMEA U DL, L-Ala D AF)VEEF
SUDAFNEDI Ty allLBbDTHY,
dT-GOAT DIy 1Y) TR C2-endo LD 7=,
CA-C5EBEBICHLTY>TBD, mMAFI
HEDOEHE NS ESHTVWDAEENREZLS
1% (Fig. 6). T(2'-O-CH3)-G 7' O-CH, EARED
A T4 —A—a OO HIZ C3'-endo
BMEEETBLDIT, dT-G HEEMITBITS 4T
DINYH) 7 H C2-endo BIZEBT=DITIL,
AEMOEENFEN2TNERER N, dT D
C2WTIIAKRBRFN 2 OA LTV AICEE 2w
=, FOREY OSEEE LS. —F, C3
WIS ERFRNEESL TR, RAKRYZ ATV
HEADOERIZEE L TWA., F7-, d1-G BEN
D GIBEELDE, w4 =N —T Rk
DHILTZ 20007 2 VEREFEELTREY, 207
I EL AT O 3-0 OEICEEN LR EKE R,
dT ® = 7 — A —3/ 3 0% C2'-endo BT /05
LEZENS. EFE, NMRIZED AT-dAG 25T
FVIXZ LAF RBBENHLSMNIENTNDS
M, 2O AT O/ Y > 1d C2'-endo BT,
AT D Y0 EFTFZ2D2/MDT I ) EDH DI
B 72ATH B[30). ZHUIKN 1L HDTFADR
B, IKEHEEZERTH OICEBOREETH 5.
DK TFIT X BKEREE C2'-endo B >
T —A—2 g &EEEL TWBAREND 5
(Fig. 6). 2D dT-dG LAY IX T LA F B
DI B TR ERRFHEOEBOERIL,
— 73 BBESLUEEMICAT-GER T S54
IXVFFREZEWEZY I )7 IUMEET IV
g@#?»%%%%%%?éﬁ%ﬁfw&t%
&5,
NWFNicEd, vV 7Yy 7EOMEE
AEZALTTESTASEEEZERL TS Z
DETFIVEISRIZBNT, L-7 I/ BoAEIZI=
ANY w7 2 U TR E L, D-7 2 B
OREIZI A w P ZOHELSICHELTVS
ENDH T ENBEEN T, ZOEDIT, D-
VI EBOABEONAEEEICL ST, D-TI B
DBENHEINTNSENS ZEICRD (Fig
3).

5. BbDiC
EMROFREF S 57 —ORRIL, EaDiR
KERFHED 1 DTHS. COBBEBORHFIL, F
EHHANRINTNED, BEOEMOEHR T
HBYNITEERRDODERRKDAINTHD
tRNA D7 3 )7 VI OBIRIC, TOMEM<
BEMPHBEENWI T LW, O TEETHBEAD
[10-14]. £HOEIEZEZ D LTY, ELDOXIH
DT RNA ML E7257 RNA T—JV R &
ERREHANH -2 THAD 2 EITHEENR
NWEEDNSE RNA T—)L RNEMOERTH
BEMEIMIMELT). KBTRLETI T
VLB TRONAF I IINBERETRBERE
SREERImRICE DO NWTRY, BET, &5
MZOEBREREFERSHATEHEIL I
PIAMICE 2 b, i, RiaHEk ETHER
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SN a T Oy 7 aFAMEE RIS J )L
BEAMTIETAY— M LEAREENEZ S
N5, £EHOREOSEBEET LZDICE, To
W ERBINGTFRED LS ITEREINIZDOMN
ENWIHBRE, FNOSNEDLDICHAEERAZHE
BLIRDZDONENDBED, 2 D0/ENS T
TO—FTHRENRDS. MEICELT, HRE
SN S NEEILIEE IR EN[31-33]. Ly
L, 51308 EL MEWE<BEOMETHD,
ERMOEEORPD DI ELHTEDFEREMN
KROENBTHAS.

A

The Scripps Research Institute ¢ Paul Schimmel
BLICARCHEZBO, £k, FEpihixi
MR - &M (RNA SRR, BXRY, X
A RN R IR RO T BRI B R 3

LB EWEEWE, ZICERHEOEREERL
7=,
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