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We synthesized four diastereomeric isomers
[D-d(ApA), d(ADpAL), d(ALpAD), L-d(ApA)] of
2’-deoxyadenylyl-(3’-5")-2’-deoxyadenosine and
investigated the chemical and helical structures of the
dimers by means of enzymatic digestion, circular
dichroism (CD) and UV melting experiments of their
complexes with poly(U). The results of enzymatic
digestion experiments with nuclease P1 and snake
venom phosphodiesterase (SVPD) confirmed the
chemical structures of the dimers. The CD spectra of
the dimers suggested that heterochiral d(ALpAD) has
a right-handed helical sense as well as natural
D-d(ApA), whereas d(ADpAL) has a left-handed
helical sense as well as L-d(ApA), an unnatural
enantiomer of D-d(ApA). The right-handed
helix-forming ability of the dimers in the presence of
the complementary strand was also investigated by
UV melting experiments of the triple helices formed
by the dimers with D-poly(U). The results showed
that D-(ApA), d(ALpAD) and d(ADpAL) form
relatively stable triple helices with poly(U), whereas
L-d(ApA) is unable to hybridize with poly(U). Thus,
the propensities of D-(ApA), d(ALpAD) and
d(ADpAL) to form the right-handed helical structure
with complementary strands are not much different
from each other, in contrast, that of L-d(ApA) is quite
low. On the basis of these results, the chemical
evolution of RNA and the origin of the homochirality
of RNA were discussed.
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D 3-KigfFEEEDOF U 7 1 — M poly(U) & D =
HIHPRRAEIC KT TR RIZ RNA ¥ 1 X —DHH
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1. ¥#65

RNA (2l E N S U TLR, RNA VA
MOFEME ThH->7- &9 %5 RNA 7—)L R
MEEFINTEE [1]. LAL, TORNAT—
VRIGRICS, (1) s 2R DX S5 7 lbigm)
E#O RNA NEDXISITLUTHERKRLED, (2)
RNA O & Kb IE B Ak S A6 P D MR A TR
EENTVBREFTIUT 4 —NESIDLIDIC
LTCERSNZNENSZBENRINTND,
BT 2 ) BIIAFRERFEHL, Bl & LA
D 2 FONFBEMEARNEETHE T, FIA#ER BT
BEOLDBFIINMBELLUICERLEZTHS
IEEDTFIE, DRELED1: 1 DREMTH D
TLIRELTERLEZEZEZSND. BB
D-(FTAFINUR—ZAZRERBEE L= D-X U L
TFRNEAELEZRYY—T D-FEF T Y
F4—ZHLTVWS. 2O p-FREFSU T4 —
W3R D BRI E T R RE R B I A R2 D
DEZEZENTHD, FEFTUT 4 —DRENLTS
LICHREDOEM I AT LAOHBEILH D ERMho
ZEEZBLND. DFD, RNA U—)l Rg#iz
BIFLTWL ET, 9EIRKXTZLFF RN E
DEDIZLT D-FNEFTIVIBEENER L 725
& Y9 homochiral selection O[5 fE 1 F 8 VT TE AL
0,

Joyce 5% RNA ZFHRICH W T IkE /
X7 L AF ROEBENES G ERGFL (2],
FIERIC D BIE /) XV L AF REESIEEEE
EHAR, ZOEENENPBIHIKTT 5 L2H
ELTWS 3]. 20 TZF>FAREHE] O
B DL P25 X5 LT, EEBD
REFSUT 4 —DRNEEZD ETHHRERDKR
ZREED1IDTHS. EESEITIIRET /X
JLAF ROEBZENESKINICER L, K18k
YaEfiElCHWT I EIRE /Y —DELS NG
oL A, MABERMEAR L EDIT, K
EXFI)N A AY—E D-X VL FFRE L-X
JULFFRERBETAATFOFI ) AT
R—MNERTHEEZHASMHICLE [45]. 2O
X DIZ RNA DILZENLDBETEELZTH A
ANTHF TV RNA AY I —EFREFII
72 RNA AU I~ — OREELFRPEE OAHEN,
TEIRE) XV VFF RNS D-REF T IV
RNA NOILZELICE 5 LUz nlREtE 2 MEET 5
HHT, mEFIINBIEANTOFT)L7 RNA
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A —D5HEABRREEZ kst L LT
E [6,7]. RABMTYTNVBO_EIKTHS
adenylyl(3’-5”)adenosine [P D-(ApA)] I$HEEE
SRBAZERL, TOILF > FFI—TH>3
L-ApA) I EEBEEZS B AZREKR T S 2 &3
Tazawa HICHOMEINTWBN [8], EFEHS
lEAT O3+ )17 ALpAD, ADpAL TIIZ D 3K
AR EDOF T T4 —IMEFADEZH &R
TFLTWBIZEEZHSNZL, 2O ENgER %
AWkt IkEt /) XV LAF ROEBEEME
BRI RIFTHE I OWVWTERLE [7].

4r[al, RNA 7Y, RNA U —)L ROFEHREL T
MEEZRDODAHCER D T LT, RMEH
EREOURYA LEL TEELEZR T CTER
HRIZ, TOEELFRITEEN DNA SIXED K
DITHIEL TWENZEFARSLHWT, DNA 1
X —T®H 5 dApA) D 4 T D 2 B 1K

[D-d(ApA), d(ADpAL), d(ALpAD), L-d(ApA)] Z &
L, 26 OEEIEENEEICDOWTEL T O
MEfTok.

2. EB
2.1, i3
Nuclease

Pl B & T snake venom

phosphodiesterase (SVPD) (3 -EIV < 5 H,

N—1) o H—#8EH W=, PolyOT7 ¥+
L7 7RI THEER W, 2- T4 F LT
T REFHRSDERFE LI AEICLDARL
(9], F7/z, & dApAIEFEMIK [D-(ApA), ~
TTFI)I, LT ARSI TT ) ENEER S
LTU BN T ZATIIVEICKDERL 7=,

2.2. BB RI%ESRIT K D 00 iR RS
(a) Nuclease P1 {Z & % 7 fi#

RS EE U 72 d(ApA)EIE/R (1 OD unit) 12
MilliQ 7K 10 ul, 0.2 M EEfigY > E=" L (pH 5.0)
4 ul ZMMZ, nuclease P1 (1 mg/ml) 2 ul i Z,
37°C T 3h RIS B 72, 30 mM EDTA 4 ul Z il
ATz,

(b) Snake venom phosphodiestrase (SVPD) IZ &K%
aniid

MAERL I U 7245 d(ApA) RAER (1 OD unit) 1T
10 mM MgCl,, 50 mM Tris-HCI (pH 8.0) 14 ul % il
Z, SVPD (0.5 mg/ml) 1 ul #M%, 37 °C T3h
S E72%, 30mM EDTA 4 ul 2l A 7=.

L b o B %5 f& % %Z Millipore £ 8
Ultrafree-MC (10,000 NMWL) % i\ CTERAL 5 i
%, BEEERTE LC-10A > A5 A% Wz &
Wk Ox v 5 74— (HPLC) IZX DML
7=. 719 L3 Waters #uBondasphere 5C18 100A
(®3.9 x 150 mm)Z AW, EHIE 50 mM KH,PO,
(PH 4.0)Z2 &0 7 = b UL OE KRR E LR

(0-10%/20min) TIiT>7=.

2.3, d(ApA)EMEARD B IV ERE DOHIE
L-d(ApA) IS D& d(ApA)RIERIZDNT, 6
AORY TOEL > EHBRE ICIEMIC 2.5 OD
units T OMMEEIEL, DI H 3ARF L EF
FRIZ nuclease P1 & % W d SVPD T &k 5B K s
WML, TAFITFT )& 5°-dAMP ITEE
DREUTZ RO D 3ARIIERE AW LS
13FE S =< FERRICERIEL, KR 0.1 M NaCl, 10
mM NaH,PO, (pH 7.0) 3 ml IZVAfE L, 260 nm 1235
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1% 25°C TOMNELZRE L. TAFTT
J 22 &5-dAMP OB IVIEREIT, M RIC K o
TH U % hyperchromicity Z&ZEL THEY 1 X —
DEINVHHZREZ KD 7=, D-dApA) B LV
d(ALpAD)IZ nuclease P1, d(ADpAL)I% SVPD IZ XK
O RRISEIT S 120, WITNOBEICHEED
i S 17320 L-d(ApA) D BILIER ST D-d(ApA)
EFR—ERELRZ. & dApA)BIEEKRD BT
% 13 Dp-d(ApA); 25,700, d(ADpAL); 26,800,
d(ALpAD); 27,200, L-d(ApA); 25,700 [L/mol.cm] T
HoTz.

2.4.CD A7 ML OHEE

BAEHL R U724 d(ApA)EMERIZ 0.1 M NaCl,
10 mM NaH,PO, (pH 7.0) Z/Nx, %1 ~—iBE
40mM & L 7= FIVIRIEZE I E 1em DIV
ZHWTO0 °C THlE L7z, HIEIE A ekl
J-820 AR #EHT X DT 2.

2.5. UV {2 & Hh#g

X LA F RERERBEN 120 uM &E725 K
HIZ4 d(ApA)FBAIEIR & poly(U)ZIRE L 0 %) 5
100 %O #HPE THERAG LY > 7IVE 10 mM
MgCl,, 10 mM Tris-HCI (pH 7.5)ICIEfE L, JtE
lem OE)LZFWTO0 °C T260 nm I[2HB1F 50
HEERE L. HIEIEHARS AR Ubest-55
DIHHEFHZ L DT 7=,

2.6. bR ERAR OHIE

X7 LA F REERED ApA 40 uM, poly(U)
80 uM &725 K5 10 mM MgCl,, 10 mM Tris-HCI
(pH 7.5) ICIEMR L 7= > I ENEE1lom Ot
IChZ, BEI>  Oo—) )Ly haEHELE
H AR 73 M 4L 8 Ubest-55 73 YR EFHC L Do 7=,
REIX0°C /75 30 °C £T0.5°C /min DEET
FYRE L, 0.2 °C 12 260 nm 12 BV 2 WG 2
E L7z, BUMRIEE (TmE) 1375 5 N7 Bl eh
1 RMm LU TRD .

3. MERBLUER

?;1& % d(ApA) BNEARIT KT 2 BLEE 79 it 19 352 D [
TNk

Bk U 72 d(ApA)EIEARORGE 2R T 2 HWY
T, nuclease P1 BL N SVPD 12 & 2 705N i %
fro 7z (Fig. 1). RAELD p-d(ApAIZ VTN DR
R THREEBIIHMIN, T H74F
7T ) rBXUS-dAMP & 5 2 7=0Y (Fig. 1A),
ZOEBARTH D L-(ApAITNTNOEREEITH L
THIFIEFZEeREPIMEZR L (Fig. 1B). —4,
ANTOFINBYAY—DD B dADpAL) I
nuclease P1 IZ & D BT IN/=H, SVPD IZ
WHEH L (Fig. 10), T OHEBIKRTH S d(ALpAD)
(d3%IZ SVPD IZD AR E 7z (Fig. ID). 2D
FEFRIZIRNA ¥ 1 X —Th 5 ApA BIEKRDOEER
fRFEER SR OMEM %2R L TPH D, 3 -exonuclease
Td % SVPD I 3>- KO X 7 LA F RiEH %
ik L T d(ALpAD)Z 73T 5 H DD, 3°- Kl
DX LAF RREEMN LRI TH 5 d(ADpAL) & i
MTERWZ EZERMLTWS., £,
endonuclease T % nuclease P1 %' d(ADpAL)% 43
LT Z &3, TOBEDNKSHET 2 2P
IATIVES D S-Kimflo X7 LA F Rk %
Bl TWBZEZRLTNWS. U EOFERITE
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Figure 1. Reversed-phase HPLC analyses of D-d(ApA) (A), L-d(ApA) (B), d(ADpAL) (C) and d(ALpAD)
(D) and their reactions with nuclease P1 and snake venom phosphodiesterase (SVPD). Elution was
carried out on a column of ¢pvBondasphere C18-100A (Waters) with a linear gradient of CH;CN (0-10%)

for 20 min in 50 mM KH,PO,, pH 4.0.

FElE 7 R SR D RNA & 1 < — b9 2 B aRe%
etk EFART [7], B L72% d(ApA)EZMAD

LG 2R T 2 2 EMNTE .

3.2, & d(ApA)EMEAED 5B Ak
FRDESIZ RNA ¥4 X —Tdh5 ApA |3H
MTHEARRBEZEMRL, CD AXRT M5
D-(ApANIHEEEZ D, L-(ApAIIEEZ D 5 M
EEEZNZTNERT S E, ANTOFF )17 ApA
ZDOWTIEZD 3IRHAFEEDOF I U T 4 =N
S5HEADEZHEHRELTBO, ALpAD 1345
=, ADpAL IEEBZDLHAMEETNZENIE
S5 ZENHSNIIR>TWS [6,7]. £ T,
DNA ¥ 1 X —TdH 5 d(ApA)D AL D CD A
Nﬁhw%wﬁbt& % (Fig. 2), D-d(ApA)T
13269 nm & 250 nm ICENENIEEAICHHL 7=
FIZ[F5EE @ Cotton band 277 L, d(ALpAD)H <
PHEIIETL TWSHDODOEAMITIEFEED
AR RVERLEZENS, INSITEEED
SHAMEZ LSO TWD I ENRINZ. —7,
L-d(ApA) & d(ADpAL)IE Z N1 Z 31 D-d(ApA) ®
d(ALpAD) E X FRAY7R A X7 ML ERLTHO,
INHIEEBZOSHAEBRL TNWDS I EN
WTERE. ZOLDIZ, DNA Y1 X—Th>
d(ApA) DB TR D ART FIVITH T 5 RNA

-5] -

YA —TdhH5 ApA DERMAKOZNEFEBIL
THD, DNA OHEEICH 3RiFAIEREDF S
FA—INTAR—DEBADEZTHZHELT
WBZEDNHLENTRo T,

3.3. % d(ApA)BIEIR D poly(U) & D = $HIE KR AE
RNA % 1 < — THD ApA D F R
poly(U)E =E S5 HAEZKT 5 Z & 28I
W L7722 [6,7], DNA ¥ 1 ~X—TdH 3 d(ApA)
DB BMEENHEHE EEEEREERT 50 E T
39»@@20%%«&@%mmfﬁ%btﬁ
@A@@ww WERD NN 2728, KDLE
ICEEKRZRRT 5 Z ENHRHFTE S poly(U) %
mmf@ﬂ%ﬁDtF@3i§ﬂMM%@¢&
poly(U)yE®D UV {BEHIFREZRL TW5. Bkl
THFECSEHEAR SO RS AR ER T S & UV
W R E N T T 2% AENRBH 5N 5.
d(ApA)D B FBNMAR 2 bk 2 712 EI1E T poly(U) &R A
9% &, D-d(ApA), d(ADpAL)B LN d(ALpAD)IT
DNTIFA L UDEEEBINENK1:20EZA
TUOLEOR/NME GREROMRAME) 27D 5N
@g3ABmmO,#$ﬁ€WﬁLTMé e
Wons. —%, FUEHET L-d(ApA)DIHZAEIT
W NMEILRRD 5419, poly(U) & DT H#H
PEHEHMHOBRIZE W ENbMh oz (Fig. 3D).
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Figure 2. CD spectra of homochiral D- (solid line) and L-d(ApA) (dotted line) (A), and heterochiral
d(ALpAD) (solid line) and d(ADpAL) (dotted line) (B). Concentration of dimers is 40 uM in 0.1 M
NaCl, 10 mM sodium phosphate, pH 7.0. Measurements were carried out at 0 °C.
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Figure 3. UV-mixing curves of D-d(ApA) (A), ALpAD (B), ADpAL (C) and L-(ApA) (D) with
poly(U) in 10 mM MgCl,, 10 mM Tris-HCI, pH 7.5 at 0 °C. Total nucleotide concentration is 120

uM.
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5. ZOHT D-d(ApA)-2poly(U)I A E I E W EL
ZEMERLTHBD (Tm fE 162 °C), KNT
d(ALpAD) - 2poly(U) & d(ADpAL) - 2poly(U) /N JE AL
@O TmfE (13.2°C, 11.8°C) ZmRL, L-d(ApA)T
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Figure 4. UV-melting profiles of the triplexes of
D-d(ApA) (closed circles), ALpAD (open circles), ADpAL
(closed triangles), and L-(ApA) (open triangles) with
poly(U). Nucleotide concentration is 40 uM for dimers
and 80 uM for poly(U) in 10 mM MgCl,, 10 mM
Tris-HCI, pH 7.5. The Tm values in the text and Figure 5
were determined from the first-derivative plots of the

profiles.

poly(U) & Dl T @ K& 1SR E 97, poly(U)H
MTOR/ME BT 2@MBHERENE S NTZDH
Td > 7= (Fig. 4, open triangles).

— 5T, piEESMN#E L/ZLDICRNA Y
- X — T p-(ApA)-2poly(U) & ALpAD-2poly(U)
MEEREOEWLEEZAGL (Tm; 14.7 °C,
13.7 °C), ADpAL-2poly(U) & L-(ApA)-2poly(U)id
EBITEEMENRKE KT (Tm; 6.6 °C, 5.7 °C)
LTWeE=ZEMNS (Fig. 5B) [6,7], d(ApA)&#
MEOLEEZSHAFKEICDODNTROLDIC
ERTES. D-d(ApA)-2poly(U)Id ik H B WL E
MERLEZZENS, D-dAPA) TR D ENAEE
SHABKIEEZFLTHO, RKWT d(ALpAD)-
2poly(U) & d(ADpAL)- 2poly(U) ARl %5 D 2 5E 1% 2
RUE. TOZEMNS d(ALpAD) & d(ADpAL)I,
INSHMTIEENETNLEES, EEZD5EA
L TWBN, poly(UFEFE R Tld p-d(ApA)
IZIIRe%5 250D IFERABEEDHEE S HA
FREEZG L TNWS ZENDMND. ZHICHL T
ZHEHEER LN o 72 L-d(ApA) I D FIEK
EHRGEZSHBABKRENEL ETFLTW
572912 poly(U) & @ RiEZ R TE/an - /-
EEZH5ND. Fig SITRLTWAXDIZ, 4
D DNA ¥ A1 X —TO#RIZ, NTOFT)722
fED & A ~— [d(ALpAD), d(ADpAL)] @ poly(U)
EO=FEHHREENHELIL TV B (Fig. 5A), N\
FH0F F )72 RNA ¥ ¥ — [ALpAD, ADpAL]
DZFIUIHEHF TR/ > TW5D (Fig. 5B) = CTH
RER .

3.4. % dApA)BIEKRD 58 Al & HEER Y
T DAL HEALICEE T 2 B 5

HEEY DO DNA ®° RNA OEEKK BT
53 HMICEHOMENTONTH D, EamitE
DLt H EE B8y F Ofb22 L ® [k D I
BREREAN SN I ZEEZ D E, 5RO
FERNSRDIDBERNURETH A 5. DNA
& RNA Z B9 % &, RNA OF 5 N ERfsRE
BRI BRELEITTHEINTWBA[11],
homochiral selection D& S S IFHICE S XIBE)

RETTRL, AEOFITI T4 —2FDE/
X—F ) AXV—MTORISHIRE, RO+
V54— DFNS5 OB TOMISIEREDLL
MEHE|Z/R->TL 5.

AR RES KNI EicE /X LA TF
RINEF| LU TEHAEWEITT 20, ¥ 1 — D4Rk
HENLDEHOFY IR —DERICEETH
LEOWMENHD [12]. 2O EiF, F1~<—
MR REAMINICBWT Y E/RD, 2Nz
RBBIZLTIODEHOAS Y IO —AREL TW
QT EZFRBLTWS, Z0Lk5k, F1v—N
“BrELUTEAMNMGELZME (771 <Y —iF
%) 2HTHINEND, SRR RES KIS DRNHE
EEATDEZERADIENTES. ERDXDIT,
% RNA ¥ 1 <X —& poly(U)D=F D&M
5, 3-KREANZ LD T T /2 2% HD L-(ApA)
B LU ADpAL TIFH A RNA & O =EHIHMNIEH
WCARLEIZIRD. #t-> T, SR RES NN THE
BT D 3R LI LAF RE2HEDY A
X — 3R & OB BRI ARIT K E S AFITE)
=, TIAR—EENZ UL, TNUBOMER
JEINFEE A EIETER WL, W, 3 RKIEANT D
BMO7 5 )22 %HD D-(ApA)BEI N ALpAD T
[ZFHMHSE RNA E DO =FHNLER=D, TI1
J—IEENE LS, TNLUBOESGS T T4 Y —K
U ENIRESTEDO R W D BOE ) Y —NE DA
F 319 <72 D homochiral selectivity 23FEH L
TNEBEZS5NS.

—7%, GEOE DNA 1 < —& poly(U)ED
—HEOLEMNIL, D-dAPA) DB EITHEDEMN S

=M, DWTATFTOF J)72 dALpAD) &
d(ADPAL) N FIRRE DR EMEZ/RLIZM, o
S 20
E (A)
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Figure 5. Histogram of melting temperatures of the
triplexes formed by each isomer of DNA dimer (A)
and RNA dimer (B) with poly(U).
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2EDOANTOFITIVY AT —D poly(U)& D=
B ELEEIT D-d(ApAYDEN ELER TR S D
DOPEELZEITRLS, TO3IFHDY 1 v —I1dHA
FIZRAL NIV DT 54X —1EEE2ETZEE X
5N5. o T, 791X —EHEEZ DY I~ —
ELT, -KuflIX 7 LA FREEDFS Y
TA—INERBDHONRET 5720, DNA O
E1Z1E RNA & EEX homochiral selection DS T
RFNClsEEZ5NS. U LEORERIZ, BHOHE
#HOTFOILFEREE Z 5 LT, BEE3NE, fill
TGS HE O & LAYMIZ homochiral selection D 5312
BWNTH DNA KD RNA DMENTW S AJHedEN
HolZl LERTHDT, BEOEELENS 2
JFaAHER T3 25 L7z RNA OE-ED, TDOH
CHEHMDYTFE L TOEERD H T Z LA
BHETATRTHoT=MDH LANTRNN.

4. FEG

d(ApA)D 4 FE D RIMEAED 5 ARG 2
CD AR BVIZK DL, T 51T poly(U) &ED
“HHEOAZEEOEIZE DS dApA)RIEAE
DAEEBEEZSBANZMLUZE. ZO/RKRENS, £
X UVFAFROBRBREGKIGICBIT S
homochiral selection D EZH 2 5 &, HOEH
D FELTDNA KDL A RNA ITEMIEND
D, Z5L7=MlEN5 D RNA WNAEMOFTERYE
ELTZENLZET B RNA T—)L RIEFHD
BN RN,

BE R
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