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Abstmct We hemn the synthesis of pure tetramenc branched olrgonuckohdes A3’p’i’~$$!~c1 (13) found 

naturally m gram-negattve bactenum Sttgmatella auranttaca. and correspondtng branched RNA analogue A3’pS’t$$ (14) The 

conformattonal features of branched tetramers 13 and 14 have been elucrdated and compared by assestng temperature- and 
concentratton-dependent IH and 31P chenucal slyfrs, (C2’-em and C3’-endo ) e (C2’-endo. C3*-exe) eqtuhbrtum, and equd&uun 
amongst staggered yand B rotamers tang various 20 honw- and heteronuclear correlahon, NOESY and ROESY expenments by 500 

MHz NMR spectroscopy Subsequently the conformational features of 13 and 14 have been compared wrth those of A3.p5.C 2’ps.G (rcf 

19) and u3j?5~2~‘G 3’ps.c (ref 24) found as the branch-mtnt in the lartat formed tn the pre-mRNA processing reactwn (Splacmg) 

These studtes have clearly shown that (1) the tntramokcuhar geometries of both 13 and 14 are domutated by stacktng along the axts 
A3’+ S’G2’+5’dC(C). but the RNA-DNA con/ugate 13 has a naora defined terttary structure than that of 14, (2) these branched 
tetramers tend to associate uttermolecularly above -2 mM concentrahon productng an aggregate whuh u vertxcaily stacked along the 
axts A3’+5%2’+5’dC(C). (3) tk G2’+ S’dC(C) stacktng and the predonunant S cot@matton of branch-point G found m 13 and 

14 suggest that therr structures are qutte dflerent from the ones found/w U3*p5 ,A2plic 3.p5.c (ref 24) Note however that the structures 

foundfor 13 and 14 are remtntscent of A2’+.SG stacking found tn the branched tnmer AypTg (ref 19) 

The 5’-end of the mulnple gngle-stranded linear DNA ( msDNA) of the gram-negatrve bactenum St~grnutella 

auranttaca (Myxobactena)’ 1s czovalently attached by a phosphate ester hnkage to an RNA ( branched-RNA ) 

This branched RNA consists of a atnbonucleotlde, 5 A-G-C/U3, which branches out from the 2’-posmon at the 

G restie, formmg a 2’+ 5’ phosphodlester linkage with the Y-end of dC residue of the msDNA The branched 

RNA part consists of stem-and-loop structures, while the msDNA part IS double-stranded The 3’-end parts of 

both branched RNA and msDNA constitute the RNA-DNA hybrid structure Thus form of mature branched 

RNA-msDNA molecule appears to be very stable m cells, which seems to play an Important role durmg the life 

cycle of myxobactena. The resemblance of the core branched RNA-msDNA structure 13 to the Ianat RNAs that 

are IntermedIates in RNA spbcmgl9~~ has prompted us to devtse its synthesis and its RNA counterpart 14 We 

subsequently report our assessment of their solution structures by a comparative conformauonal study on this 

unique branched RNA-DNA conjugate 13 and Its RNA counterpart 14 
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Fig 1 ’ 1D spectrum of A3’p5 Gypsc 2’ps’dc (13) at 35 “C and at concenuanon 1.8 mM 
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Fig. 3 HOHAHA spectrum of A~‘PS’G~,,,~~~ 2’pS’dC (13) at 35 “C and at concentration 1 8 mM 
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Fig 4 HOHAHA spectrum of A3’p5’%PS’C 2’pX (14) at 35 T and at concentration 18 mM 
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groups are mgiospecfically mtroduced This 1s partmularly mportant in reacttons which involve the sequexmal 

phosphorylanon of the vtcinal2’- and 3’-hydroxyl groups of the branch-pomt nucleoside. Earher studies have 

shown that them are only two successful ways to mtroduce the second phosphate ester function regospeclfically 

vtclnal to a 2’- or 3’-phosphate of a cu-&ol system as 1n the branch-point nbonucleosnie (1) 1ntroductron of a 

S.S-dlphenylphosphorodithioate at 2’-OH 1n N6-benzoyladenosmne-3’-phosphotiamhdate m the presence of 

mentylenechsulfonyl chlondez, and (2) introduction of the second 2’+5’ or 3’+5’ phosphate ester group v1cmal 

to a phosphodwster fuctlon by either phosphoroamldltef or H-phosphonate4 methodologies. A survey of 

synthetic method&@ devlsed for the pnpsrahon of tetramenc branched RNA reveals that the shortest route to 

thev synthens mvolves the condensation of an appropnately protected 5’-H-phosphonate ester of a nucleoslde3h 

with a &mer such as 3 This allows the introduction of the vital mesrer hnkage dnectly at the v1cmal &ol of the 

branch-point of the resultant mnucleonde in one step However, dunng the development of this methodjh, we 

observed the loss of the acid-labile 2’-0-(9-phenybtanthen-9-yl) group durmg oxnlaoon/work-up of the macuon 

rmxture although the consequence of such loss was quite harmless In the present work, we decided to use a 

sequenual phosphorylauon for the synthesis of the core tetramer of the RNA-DNA conjugate 13 and 1ts RNA 

counterpart 14 Appropnately protected 3’+5’ phosphomester linked &mer 3 was Fit prepared 1n 75 96 yield 

by the regloselecuve condensation of N6-benzoyl-5’-0-(4-toluoyl)-2’-O-(3-methoxy-l.5-~carbomethoxypt~- 

3-yl (MDMP)s-3’-0(2-chlorphenyl)phosphodlester (1) wnh @-lsobutyryl-2’-0-(9-phenylxanthen-9-yl) (2)6 1n 

the presence of l-mes1tylenesulfonyl-3-n1tro-1,2,4-tnaxole (MSNT)7 using the phosphornester methodology8 

One part of this d1mer was coupled with the P-cyanoethylphosphoroamldlte9 block 5 by standard 

phosphoroarmdlte chermstrylo gwmg the desned fully protected mmer 6 (79 96) Treatment of this mmer with 

dry methylammet 11n dry pyndme for 11 h provided the desued d1ester lmkage wnh the intact vlcmal2’-0-p1xyl 

group12 111 the pamally-protected mmer block 7 (89 96) Parually-protected tnmer block 7 was then treated wuh 

a soluhon of 0 05 M mchloroaceac acid m 2 % ethanol-chloroform (v/v) at 0 Oc for 20 mm for the re@oselecuve 

removal of the 2’-0-p1xyl group 1n the presence of the acid-labile 2’GMDMPS group gv1ng the 2’-hydroxy 

mmer block 8 m 74 8 yield It should be noted that the success of this selecuve acidic removal of the 2’-0-p1xyl 

group 1n the presence of the acid-labile 2’-0-MDMP group 1n 7 to give 8 1s a consequence of the stab111xauon of 

the 2’-0-MDMP group exerted by the ncmal3’+5’ phosphomester linkage13 versus the vlc1nal phosphtiester 

group promoted lab1htyl4 of the 2’-0-p1xyl group Subsequent coupling of 8 with phosphoroamnhte 9 1n the 

presence of 1,2,3,4-tetrazole, oxidation by iodine 1n pyndine-THP-water 10 followed by punticatlon by short 

column chromatography afforded the denred pamally protected molecule 11 m 76 45 yield Deprotect1on of this 

tetramer (see expenmental) and punficatlon on DEAE-Sephadex A-25 column gave 709 Am o d units of the 

pure RNA-DNA conjugate 13 (33 95) The RNA counterpart 14, which 1s symmemcally lmked both at 2’45’ 

and 3’+5’ dlrectlons, was synthesized 1n the following manner the d1mer 3 was treated with 005 M 

mchloroacenc acid 1n 2 % ethanol-chloroform (v/v) at 0 OC for 8 h for the regloselecuve removal of the 2’-0- 

p1xyl group 1n the presence of the acid-labile 2’-O-MDMPS group gv1ng the 2’,3’-dlhydroxy Qmer block 4 1n 

58 8 yield The dimer 4 was subsequently coupled with a large excess (7 equ1v ) of the phosphoroamnbte block 

10 by standard phosphoroamld1te methodology’0 gv1ng the fully protected symmetrically 2’45’ and 3’+5’ 

linked tetramer 12 1n 84 % yield Subsequent deprotectlon (see expenmental) and anion excange 

chromatography gave 976 A260 o d units of the tetramer 14 (38 96) 

Asslgwnent of 1H and 31P resonances tn branched tetramers 13 di 14. All the sugar protons and non 

exchangeable base protons 1n teuamers 13 and 14 could be assigned from the interpretation of several 2D NMR 
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spectra such as HOHAHA*s (Ftgures 3 & 4), DQF-COSY1e (Figures 5 & 6), 2D lH-3tPz correlatton (Ftgures 

7 & 8) and NOESY (Fqures 9 & 10) and ROFSF (Ftgures 118~ 12) The branch-pomt guanosure residue m 

both tetrarners was easily asstgned due to the downfield shtft of tts H2’ and H3’ protons because of the presence 

of electron-wtthdrawmg 2’+ 5’ and 3i 5’ phosphodtester restdues The S-termmal adenosme residue ur both 

tetramers was tdenttfied by the uptield shift of its HS/HS’ protons and the downfield shtft of tts H3’ proton 

The two remammg sugars m tetramer 13 were &fferenttated by the Merent shtfts of the cross peaks of H2’ and 

H2” protons of deoxycyttdme m the HOHAHA spectrum (Ftg 3) In tetramer 14 the two remammg cyttdme 

residues were tdenttfied by the mterpretatton of a 2D tH-stP correlatton spectrum (Ftg 8) The 2’-+ 5 ’ 

phosphate 1s always the most shielded 31P signal and tt expenences a spin-spin couphng with the I-IS/I-W of the 

2’-cyadme and H2’ of guanosme The non exchangeable base protons m both tetramers were asslgned with the 

help of NOESY and ROESY spectra 

Table 1 Chemtcal shrfts of branched RNA-DNA conjugate 13 

-- 
Temp Hl’ H2’ H2” H3’ H4’ H5’ H5” H8 H2 H6 H5 

Ap WC 584 464 - 464 423 368 817 809 - - 
6OT 590 466 - 464 437 366 

:Ez 
8 18 814 - - 

pcp 3o’c 592 525 - 492 452 423 4 16 789 - - - 
WC 594 523 

pdC[Z’+S~ 3o’C 601 190 i22 
490 4 52 4 25 4 15 791 - - 
425 3 87 3 77 377 - - 7 56 ; 72 

6OT 602 191 223 427 421 386 386 - - 7 58 
pC[3’+5’] 3o’c 5 89 420 - 429 420 4 16 414 - - 784 :g 

6OT 5 88 419 - 420 4 19 4 12 412 - - 7 82 5 96 

Table 2 Chemtcal shifts of 14 

Temp Hl’ H2’ H3’ H4’ H5’ H5” H8 H2 H6 H5 
AP 3o’c 5 83 463 4 63 

6OT 5 89 465 464 
4 22 z 364 816 809 - - 
4 25 366 8 17 814 - - 

pGp 3OT 5 93 5 26 4 91 4 52 4 23 4 17 788 - - - 
WC 595 524 490 451 4 22 4 17 789 - - 

pC[T+S’] 3o’c 5 67 397 400 3 95 3 92 381 - - 7 57 i69 
WC 5 69 3 96 4 01 3 97 391 380 - - 7 59 597 

pC[3’+5’] 3o’c 5 89 420 4 23 422 426 415 - - 7 85 597 
6OV 5 88 4 18 4 22 421 423 414 - - 7 83 597 

Conformational analysis of branched tetramers 13 & 14. The proton and phosphorus chemical shafts 

of both tetramers were measured at different temperatures (25 - 80 ‘C) at concentrauons of 18 mM and 6 4 mM 

for 13, and 0 7 mM, 1 8 mM, 6 4 mM and 11.9 mM for 14 because the chermcal shifts of both aromattc and 

sugar protons were highly concentratton- and temperature-dependent Owmg to these reasons, we also obtamed 

the tH-tH and tH-3tP couplmg constants of tetramers 13 and 14 at two d&rent temperatures (30 and 60 ‘C) 

from DQF-COSYt6 and E-COSYt7 expenments wtth and wtthout phosphorus decouphng. E-COSY spectra 

have shown definite advantages m delmeatmg the coupling constants m the crowded H5’/H5” regton whrch ur 

DQF-COSY spectrum shows only complex overlap (Ftg 18) 

(‘4) Temperature-dependence qfchemlcal sh@s The I-values of the non-exchangeable base protons and the 

anomenc protons are highly sensmve to rmg current effects exerted by spaualy proxunate bases Therefore, the 

temperature-dependent aromattc and anomenc chemtcal shtfts provtde a suitable probe to observe stackmg 

phenomena 111 oltgonucleottdes. In parttcular, protons resldmg above or below the plane of a punne base 

expenence considerable shddmg These protons are expected to show large M values upon increasing the 
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Fig. 7 1H-31P correlation spectrum of A3*pS’GzfldC 3’,,sc (13) at 35 T and at concentranon 1 8 mM 

A~‘DSG G3WC G2’pSC 

-3 

1 - I ’ 1 ’ . 

4 4 
I 

-1 s 

lH-31P ccnxla~~ specaum of A3’p5’gwC 

, 

-1 a 

Fig. 8 .psc (14) at 35 T and at concentraaon 1.8 mM 



Tetrunenc Iranched RNA-DNA conjugate 
7143 

(A) 

===i 

HEG 

0 
Hl’G l-b’) 

@ 
IDG 

0 d d 
HlF II2’G WG 

‘0 HI’A .* - m 
i 

0.8 ‘0 3, ,a II ,I ,I 4, n ** 

Fig 10 NOESY spectra of 14 at 30 ‘C (A) at 1 8 & 
(B-l),(B-2)at64mM.(C-l)and(C-2)at119mM 



7144 
A. F&LWI et al 

temperature, wtth gradual dtsrupaon of the stackmg mteracnons. Especially H2A and H5c/dC a~ good markers 

for detectton of base-base stackmg mteractton, mterpretation of & for H6C/dC, H8A and H8G is more *cult, 

smce the chenucal shtfts of these protons also depend on the conformaaon around the glycosldlc bond18 The 

temperature dependent stu&es of both tetramers have been made at 1.8 mM concentration. The A8 for all non- 

exchangeable base protons and anomenc pmtons for both tetramers axe even m Table 5. Figures 13 and 14 

Table 4. Couphng constants of 14 obtamed from DQF-CGSY at 500 MHz* 

T J J 1 I Jc5,, Jy5m J , 1 J I B J4 s Js, I 

AP 3TC :Y 5Y 3Y 4 558 a -29L_iiiip3 - *II - .P5 -5” p5 

60”~ 56 56 36 61 a 61 - - - 

pop 300C 53 50 40 19 94 93 19 a 91 

600~ 59 53 39 26 51 116 86 71 a 46 41 

pC2p 300~ 21 55 67 21 18 114 - - - 41 20 

60”~ 31 50 67 28 28 114 - - - 52 49 

pC3’p 30°C 43 54 a 23 34 119- - - 42 61 

600~ 43 49 a 25 35 118 - - - 56 50 

* resolut~oon 1 Hz/pomt. (a) could not be detemmed 

Table 5 6 and AS-values at 25 & 80% for the aromatic and the anomenc protons of 13 and 14 

rH2 IH8 I H6 rH5 I Hl’ 
ReSKiWS 25’C 8OT As* 25’C WC Afi 25’C 8OT AS 25’C 8O’C ti WC WC As 

13 A 806681580092815281750023- - - - - - 5807 5909 0102 
G 7885 7909 0024 - 
dC[2’-,5’] : : : _ _ - 7561 ;594 b033 ;683 ;834 b151 

5918 5958 004 
6019 6036 0017 

C[3’+5’] _ _ _ _ - - 7847 7814 0033 5958 5968 001 58% 5884 0012 
14 IA 18069 8159 009 8145 8171 0026/- - - I- - - 5798 5904 0106 

&5’] : : : 7869 _ 7894 _ 0025 - 7568 - 7600 - 0032 - - 5.673 ;812 0139 5926 5673 5960 5719 0046 0034 

C[3’+5’] _ _ _ _ - - 7862 1822 004 5.980 5980 0 5902 5884 0018 
*A6 = &I at SOT - 6H at 25’C 

show the 6 vs temperature profiles for tetramers 13 and 14, respectively Both tetramers showed an almost 

tdenncal behavlour upon increase m temperature (25 - 80 ‘C) Among the base protons, we could observe a 

large downfield shift of H2A (A& = 0 09 ppm for both 13 and 14) and H5 of the 2’+ 5’ lmked restdue (A6 = 

0 151 ppm for dC m 13 & 0 139 ppm for C in 14) mdlcatmg that these two residues are part of the stacked 

geometry The large A8 of H2A could be explamed by the nng current of the branch-point G, the downfield shift 

of the H8G suggests (As = 0 024 ppm for 13,0 025 ppm for 14) that G IS also stacked m both tetramers Note 

that 111 the naturally-occumng branched mnbonucleoade gg: the H8G has a A6 of 0 042 ppm 

Table 6 Phosphorus chermcal shifts (at 10 ‘C and 80 ‘C) and A&values for 13 and 14 

A3*p5 ‘G;;;:E (14) 

TWllperature G3’p5% 1 A3bSG G2’pSC G3’pSC 
WC -1837 -2 640 -1550 -1668 -2 713 -1668 
8O’C -0641 -1230 -0 901 -0 688 -1451 -0 895 

A6 1 196 141 0649 098 1262 0773 

A8 = a31P at SOT - S31P at WC 
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pomt guanosme remam almost unaffected upon an mcrease m concentration while at the same tune the adenosme 

and the 2’+ 5’ hnked dC or C residue show considerable shleldmg 

(C) Conformation of the sugar ring In aqueous solution, the sugar nng of a nbonucleohde or a 

deoxynbonucleonde 1s known to exist m an eqmltbnum of two rapidly mterconvertmg conformers denoted by 

North (C2’-exe and C3’-endo ) and South ((X-en& CT-exe) The geometnes of the North (N) and South (S) 

conformers are expressed as then phase angles of pseudorotatlon (pN = 0” I 36” and Ps = 144’ I 190”) and 

their puckermg amplitudes (@IN and $s) are generally around 36 - 40” The molar fractions of the N and S 

pseudorotamer population can be deduced from the tH-‘H couplmg constants27 Jtv2’. J2y and Jye for nbo- and 

51’7, Jt~w, Jzy, Jyy, Jy41 for deoxynbonucleonde usmg the program PSEUROT20 In RNA and DNA a full 

Table 8- Chermcal shafts and A&values* of 14 at d&rent concentrations at 25 “C 

IFI2 1 H8 I H6 IH5 I Hl’ 
residue 107M 119M ti 107M 119M ALi 107M 119M A8 107M 119M A8 [07M 119M A8 

I I 
A 8080 7995 0085 8160 8067 0093 - - - - - - 5 825 5 597 0228 
G _ _ _ 7873 7866 0007 - 5 930 5914 0016 
C[2’._&] _ _ _ _ _ _ 7570 ;576 0006 i670# ;385 6285 5662 5807 0145 
qj’_.&] - _ - - - - 7853 7943 0090 5970 6093 0123 5900 5988 0088 
# 18 mM concentration. *A8 difference of chemical shtfrs at 0 7 mM and 119 mM 

pseudorotational analysts requires the measurement of the coupling constants at different temperatures but the 

overlap of sugar proton absorpfions often makes an accurate detennmatton of all couphng constants dtffcult It 1s 

however, possible to estimate the population of N type conformer from the Jlez couplmg constant for RNA and 

from the Jlpz and Jly couplmg constants for DNA using the equahons 1 & 221 

%N = lOO((7 9 - J1’2’)/6 9) (1) 
%N = lOO(1 - ((Jt2’+J1’2”-9 8)/5 9)) (2) 

The pseudorotahonal parameters for 13 and 14 were calculated usmg the program PSEUROT 20 and are ltsted m 

Table 9 Both tetramers exhlblt smular behavlour, the sugars of adenosme and guanosme seem to be onented 

toward the S conformauon (-75% S for both adenosmes and -66% S for both guanosines), the 3’+5’lmked 

cyhdme of both 13 and 14 does not show any preference for the N or S type conformation Upon mcfease m 

temperature neither of these sugars seems to be affected to any great extent The sugar of the 2’+ 5’ linked 

cyndme m tetramer 14 prefers the N conformation and the increase m temperature results in a decrease of the 

polulatlon of the N conformer In tetramer 13 the 2’-+ 5’ sugar of deoxycyndme does not show any preference 

for the N or S conformauon and 1s not to any great extent affected by any mcerase m temperature 

Table 9 Pseudorotanonal parameters P, 0 and populatton of N type conformer (%) from PSEUROT progam 

T 12 -4’ a 18’ T -5 a 
38 35’ 40 a 36’ 39’ 35 a 

ii 158 162 171’ a 154’ 150 137 a 
35’ 36’ 41’ a 35’ 38’ 39 

%N at 3o’C 24 34 53 a (54). 81 : (52)* 
%N at 6OT 21 27 48 a (52)* 

ii ZI 
73 a (52)* 

(a) could not be determmed, * calculated usmg formula %N = lOO((7 9 - Jly’)/6 9) 
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(0) Conformanon across the glycosrdrc bond At 500 MHz, 2D NOESY and ROESY expenments were 

performed on tetramers 13 and 14 at d&rent concentraaons (18 mM and 6 4 rnM for 13, and 1 8 mM, 6 4 

mM and 119 mM for 14) Typical examples of these NOESY and ROESY spectra are shown m Figs 9, 10.11 

and 12 From these expernnents, the OnentatlOn of the base (syn or am ) with respect to Its own sugar nng was 

determmed A nucleoslde 1s considered to prefer an anti confomanon when a strong NOE between Its H8 (H6) 

and its H2’ together with a weak NOE between its H8 (H6) and its Hl’ proton 1s observed In both 13 and 14, 

at low concentrahon (1 8 mM), the H8 of adenosme shows a strong NOE with Its I-V/I-U suggestmg an anti 

conformation, at higher concentrauon (6 4 mM for 13,6 4 mM and 119 mM for 14) the H8A only showed 

NOE with its Hl’ proton implymg that it has a syn conformation The H8 of guanosme and H6 of the 2’+ 5’ 

linked residue m both tetramers show strong NOE wth their respective I-U and H3’ at both low and high 

concentration, which suggests an anti conformation For the 3l-15’ linked cytosme m tetrarner 13 we could 

observe NOE between its H6 and Its Hl’, I-W and H3’ protons at 1 8 mM concentration suggestmg an ant1 

conformation In all other cases for the 3’+ 5’ linked cytosme in tetramer 13 and 14 we could only observe 

NOE between Its H6 and Its Hl’ proton or no NOE at all between the base and the sugar 

fE) Conformatton of C4 ‘-CS ’ bond (r) The conformattonal behavlour of W-W bonds 1s monitored by 

means of the measurement of the vlcmal ‘H-1H couplmg of J#s and Jq’y The populahon of the v rotamer can 

be calculated22 usmg equaaon 3 

%y+ = lOO( 13 3 - (Jyy + J4’5”))/9 7 (3) 

The data m Tables 10 and 11 show that most residues are highly populated ~th -y+ In both tetramers an mcrease 

In temperature has a considerable effect on the p populaaon of the 2’45’ lmked residue In tetrarner 14 there 1s 

only a small change m v populanon of the other sugar residues Note that in tetramer 13 there 1s also a change 

m v populations for the 5’-termmal adenosme residue (72% at 30 ‘C to 62% at 60 ‘C) and the guanosine residue 

(61% at 30 ‘C to 52% at 60 ‘C) The observed decrease of p populations when temperature 1s Increased 

(especially for the 2’-+5’ lmked residues) can be atmbuted to a destackmg of the molecule along the A3’+ 

5’G2’+ 5’dC (or C) nucleoades m the tetramers, it 1s however more preponderant m the case of 13 

Table 10 Calculation of %p, %pt and %N from coupling constants observed at 500 MHz spectra of 13 

C-residue [3 ‘+5 7 

30°C 6o”c 30°C 6o”c 1 3o”c 6o”c 1 3o”c 60°C 

52 90 14 68 65 

81 99 85 80 80 
39 63 56 54 52 
21 53 48 

* calculati usmg formula %N = lOO((7 9 - Jly)/6 9) for rho-sugars and %N = lOO(1 - ((Jl*y+Jly-9 8)/5 9)) for deoxynbsugar 

# calculated usmg PSEUROT program, F calculated usmg formula %F= loo(13 3-(J~5+Je5-))/9 7, pt calculated usmg formula 

%@ KKK25 ~_(JH~‘P~‘+J+JH~~*~~~)/zo))~ 5 

(F) Conformatron of CT’-05 bond (p) The rotamer population about the CS-OS bond can be monitored 

by the lH-31P coupling constants J~spy and JH~“P~’ The populaaon of the preferred trans conformer (pt) can 

be estnnated from the JH~ couplings using equation 423 

%pt = lOO(25 5 - (JHs’P~’ + J~5”p5’))/20 5 (4) 
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Tables 10 and 11 show the poulatlon of pt rotamer for 13 and 14 calculated from the tH-3tP couplmg 

constants The trans rotamer 1s highly populated for all residues This preference for the trans conformation 1s a 

general feature for stacked ohgonbonucleotldes In both tetramers the 2’+5’ lmked residue IS more populated 

than the rest and it IS also the one that IS most affected by an mcrease in temperature 

Conclusion. Companson of conformahons between 13 and 14 by 500 MHz IH- and 202 MHz 3lP-NMR 

spectroscopy clearly showed that they exist as unaggregated monomers with mtramolecular stackmg along the 

A3’+ SG2’+ SdC axis m 13 or A3’-+ SG2’+ SC axis In 14 at concentration below 1 8 mM (Fig 19a) 

Table 11 Calculation of %q+, %pt and %N from coupling constants observed at 500 MHz spectra of 14 

--- 
A-residue I G-residue 

3o”c 60°C 3o”c 60°c 1 3o”c 60°c 1 3o”c 60°c 

17 14 55 52 19 78 15 
78 80 73 72 70 

;i 
33 38 29 70 52 52 
28 34 29 73 

* calculated ustng formula %N = lOO((7 9 - Jt’~)/6 9). # calculated using PSEUROT program, p calculated using formula 

%y+= loo(13 3-(J~~+J~5~))/9 7, pt calculated usmg formula %I+ lOO(25 5-(J~~p5+J~5~~~~))/2i) 5 

Severe aggregation of these tetramers, leading to vertically stacked structure, however takes place at a higher 

concentranon (Fig 19b) Thus aggregation at a higher concentranon does not however senously Qsrupt the 

geometry of the monomer structures that are found m dilute soluaon, except for the transItion from unto to syn 

glycosyl torsion for the 5’-termmal A, as evident by the analysis of J couplmg constants, NOESY and ROESY 
1 , 

spectra Note that m our earher studies with naturally-occunng branched tetramer U3 p5*A$$p mvolved m 

the pre-mRNA processmg of mRNA (Sphcmg), such mtermolecularly stacked structure was not detectable up 

A 

C G 

WC) 

(a) A3’+5’G2’+SC(dC) stacked 
model for branched tetramer 
13 or 14 at -18 mM soluaon 

C G 

WC) _____________ 
VA 

C G 

WC) 

C G 

WC) 
(b) Intermolecular vertzally stacked structure 

for branched tetramer 13 or 14 at -3 mM 
sohmon 

Figure 19 

(c) 3’+S stacked model for 

U3,p,AzPyG 3’ps’c (s= ref 24) 

to 5 mM concentratlon24 The presence of mtramolecular stacking along the A3’+ 5’G2’+ SdC axis m 

A3 pS+G~~~’ (13) was also clearly absent m naturally-occumng branched tetramer U3pS’A$$~ m which we 
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observed a two-state stacked structure m eqmhbrmm along the [u3’+ 5’A2’+ SC] 2 [U3’+ 5’A2’-+ 5’C] axis 

(Fig 19~)~~ that are remmiscent of A-RNA type structure In both 13 and 14, G2’-+ S’dC(C) stacking IS 

absolutely preferred unhke the counterpart A2’-t SG m U3’pS’%,,,,, 2’psG 24 Note that this W-t S’dC(C) stacking 

and predommant S conformanon of the pentose of the branch-pomt G m 13 and 14 1s rermmscent of A2’+5’G 

2’psG 19 stackmg which we found m the branched tnmer %,p5,c This unusual 2’+ 5’ stacked structure found for 13 

may actually be a representative of the structure that actually emsts m the branched RNA-msDNA m Sngmatella 

aurantzaca (Myxobactena), and therefore 1s not recognized and &gested by the endccellular enzymes which may 

explnn its unusual statxhty that seems to play a quite Important role durmg the hfe cycle of myxobactenal 

Experimental 

Chemistry IH-NMR spectra were recorded in 6 scale with a Jeol FX 90 Q and Bruker AMX 500 spectrometer 

at 90 and 500 MHz, respectively, using TMS (0 0 ppm) or residual HOD peak (set at 64 7 ppm) as the internal 

standards 31P-NMR spectra were recorded (m 6 scale) at 36 MHz and 202 MHz m the same solvent using 85 
% phosphonc acid or CAMP as the external standard TLC was camed out using Merck pre-coated silica gel 
F254 plates in the followmg solvent systems (A) methanol-dlchloromethane (5 95, v/v), (B) methanol- 
chchloromethane (10 90, v/v), (C) methanol-&chloromethane (20 80, v/v) The short column chromatographlc 
separations were camed out usmg Merck G60 slhca gel DEAE- Sephadex A-25 from Pharmacla was used for 
the amon excange chromatography After punficanon on DEAB-Sephadex column, the ammomum countenons 
in branched tetramers 13 and 14 were replaced with Na+ by passing the compounds through a Dowex (Na+ 
form) column then were repeatedly freezy-dned from 2H20 
Synthesis of the dimer 3: Diester block 1 (0 192 g, 0 19 mmol) and chhydroxy block 2 (0 129 g, 0 21 
mmol) were repeatedly coevaporated with dry pynchne then dissolved m 3 ml of the same solvent, l- 
mesitylenesulfonyl-3-mtro-1,2,4-tnazole (MSNT) was added (0 171g, 0 58 mmol) and the rmxture stmed for 
45 mm Usual work-up and column chromatography gave compound 3 (0 211 g, 75 %) Rf 0 49 (System B) 
3’P-NMR (CDC13 + DABCO) -7 81, -8 49 
Synthesis of the dimer 4: Dimer 3 (0 244 g, 0 16 mmol) was &solved in chloroform (16 ml) and cooled 
to 0 OC To dus solunon 0 1 N mchloroaceuc acid (16 ml ) in 4% etanol/chloroform was added and stmed at 0 
OC for 8 h, then work-up with saturated sodmm bicarbonate and chromatography yielded Elmer 4 (0 12 g, 58 %) 
Rf 0 30 (system A) 3lP-NMR (CDCl3) -7 15, -7 76 
Preparation of the fully protected trimer 6: Compound 3 (0 3 1 g, 0 21 mmol), compound 5 (0 40 g, 
0 63 mmol) and 1,2,3,4-tetrazole were dissolved m dry acetommle (10 ml ) and stmed for 70 mm under dry 
condmon, then 0 1 M mdme solution m THF pyndme water (7 2 1, v/v/v) was added until the mdme colour 
remamed unchanged After 20 mm, the reacnon rmxture was worked up m the usual way, product was punfied 
by short column chromatography with 1% pyndme in the eluant system Yield 0 34 g (79 %) Rf 0 40 (System 
B) 3tP-NMR (CDC13 + DABCO) -1 93, -2 34, -2 49, -2 88, -8 52, -8 67, -8 79 

Removal of the P-cyanoethyl protecting group from compound 6: Compound 6 (0 34 g, 0 17 
mmol) was dissolved in dry pymhne (6 8 ml ) then dry methylarnme (0 47 ml, 3 4 mmol) was added and the 
mixture steed under dry condmons After 6 h, another 10 equ~ of methylamme was added After 11 h of total 
reaction time, volatile matenals were evaporated, the resulting foam was subJected to short column 
chromatography with tnethylarnme m the eluant, followed by preapltauon from cold hexane to give 7 (0 31 g, 
89 %) Rf 0 48 (System C) 31P-NMR @DC13 + methylamme) -0 76, -1 12, -8 28, -8 62 
Removal of the pixyl protecting group from compound 7: Deprotectlon of compound 7 (0 31 g, 0 15 
mmol) was performed m the same way as for compound 4 but it took 20 mm for compleaon After short 
column chromatography, the pure partially protected tnmer 8 was washed with 1 0 M TEAB buffer and 
precipitated from hexane ( 0 2 g, 74 %) Rf 0 44 (System C) 3lP-NMR (CDCl,) 0 59, -0 10, -7 52, -7 64 
Preparation of tetramer 11: To a mixture ot compound 8 (0 14 g, 0 078 mmol), compound 9 (0 22 g, 0 42 
mmol) and tetrazole (0 148 g, 2 11 mmol) was added dry acetommle (5 ml) m an argon atmosphere and the 
turbid rmxture was stmed for 50 mm Oxidation was performed as for compound 6, but mdme was &ssolved in 
THF pyndme water (8 1 1 v/v/v) After usual work-up, the product was punfied by short column 
chromatography followed by waslung ~th 1 0 M TEAB buffer Yield 0 15 g (86 8) Rf 0 60 (System C) 31P- 
NMR (CDC13) -0 37, -0 59, -0 98, -1 03, - 1 17, - 1 25, - 1 34, - 146, -1 68, -7 49, -7 64, -7 76, - 7 86 
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Deprotection of tetramer 11 Compound 11 (121 mg, 0 054 mmol) and syn-4-mtrobenzal@xIme (90 mg, 
0 54 mmol) were dissolved m &oxane-water rmxture (10 ml, 1 1 v/v) and 1,1.3,3-tetramethylguamdme (0 068 
ml, 0 54 mmol) was added After 20 h, 32% ammoma solution (18 ml) was added and stured at 52 “C for 38 h, 
then volatile matters were removed 1t1 vucuo, the residue was treated with 80% acetic acid (50 ml) for 5 h 
Volanle materials were removed, followed by coevaporations ~nth water to remove traces of a&, residue was 
chssolved m water and washed with dichloromethane The aqueous phase was evaporated then dissolved m a 
few ml of water and apphed to a DEAE-Sephadex A-25 column, eluted with linear gradient of 
ammonmmblcarbonate buffer (0 OM - 0 25M, 0 25M - 0.5M. 500 ml each) Appropnate fractions were pooled, 
evaporated and coevaporated mth &snlled water until complete removal of the buffer salt to @ve 13 Yield 709 
A260 umts (33 %) 
Synthesis of tetramer 12 Dlmer 4 (0 115 g, 0 09 mmol), phosporoam&e 10 (0 39 g, 0 63 mmol) and 
tetrazole (0 46 g, 6 3 mmol) were dissolved m dry acetomtnle (5 ml) for 50 mm Oxidation as for compound 9 
and usual work-up followed by short column chromatography afforded compound 12 Yield 0 168 g (84 %) 
Rf 0 45 (System B) SIP-NMR (CDCl3) 0 24.0 15, -0 59, -0 63, -0 68, -0 78, -0 90, -1 03, -1 17, 
-1 22, -1 34, -1 66, -1 88, -759,-7 64, -769, -776, -798, -8 11 
Deprotection of tetramer 12 0 14 g (0 063 mmol) of the tetramer was treated m the smular way as 
described for the deprotecnon of compouhd 11 Punfication on a DEAE-Sephadex A-25 colum with the same 
eluant system gave 924 Am umts of 14 (38 %) NMR sample preparations for 500 MHz NMR spectroscopy 
The NMR samples were lyophllized twice from 99 8% D20. The samples were then dissolved m 0 5 ml of 
99 96% D20 and transferred mto 5 mm tubes The sample concentration was 1 8 mM for all expenments The 
2D NOESY wluch was run at 1.8 and 6 4 mM for 13 and at 1 8,6 4 and 119 mM for 14 NMR aqzusrrrons 
All NMR spectra were recorded on a Bruker AMX-500 spectrometer IH-NMR spectra were collected with 32K 
data points and zero filled to 64K data points A trace of dry acetommle was added as an internal reference for 
chemical shift measurements (6 2 00 ppm) The 3lP-NMR spectra were acqmred with 8K data points and zero 
filled to 16K The 3lP chermcal shifts are relative to 3’5’-cychc AMP as an external reference (S -2 1 ppm) The 
following 2D NMR techniques were employed (1) HOHAHAIS These spectra were recorded m the phase- 
sensltwe mode at 35°C accordmg to the method of Bax et al The MLEV-17 sequence 1s applied for m~mg, and 
two different power levels were used for exchange and spm-lock A mixing time of 350 ms was used m all our 
HOHAHA spectra For each expenment we recorded 512 spectra of 2K real pomts (72 scans for both 13 and 
14), using a sweep width of 4000 Hz Quadrature detection m tl was actueved with TPPI The tl domam was 
zero-filled to lK, and a smesquare (x/4) wmdow was applied m both dimensions before Founer transformation 
(n) DQF-COSY l6 These expenments were performed m the phase-sensmve mode at 30 ‘C and 60 “C with and 
without slP decoupling In each case, we collected 512 spectra of 4K real data points (72 scans for both 13 and 
14), using a sweep width of 4000 Hz Quadrature detection m tl was achieved with TPPI. The tl domain was 
zero-filled to 2K, and a smesquare @t/4) window was apphed m both dunensions before. Founer transformation 
(m) 1H-31P correlation spectroscopy~ These expenments were run m absolute value mode J(XH) = 6 Hz was 
used to calculate the delays 256 expenments were recorded, for each expenment we recorded 96 scans of 1K 
real data points The spectral range used was 1000 Hz m the t2 dIrection and 4000 Hz m the tl The spectra was 
zero-filled to 512 data points in tl and a sinesquare (x/4) window was applied m both dimensions before Founer 
transformation (iv) E-COSY 17 We recorded E-COSY expenments m the phase-sensmve mode at 6o’C with and 
without 31P decouphng The expenments were run to help to extract the coupling constants that were impossible 
to get from DQF-COSY due to overlap of resonances at 60°C In each case, we collected 512 spectra of 4K data 
points (96 scans for both 13 and 14), using a sweep width of 4000 Hz Quadrature detecuon m tl was achieved 
with TPPI The tl domam was zero-filled to 2K, and a smesquare (1t/4) window was applied m both chmenslons 
before Founer transformation (v) NOESY We recorded NOESY spectra on both tetramers at different 
concentranons (1 8 mM and 6 4 mM for 13,18 mM, 6 4 mM and 119 mM for 14) at 30 ‘C with rmxmg ume 
of 900 ms, 5 12 tl Increments with 2K data points (72 scans for all expenments except those run at 1 8 mM were 
we used 96 scans) and a sweep width of 4000 Hz Quadrature detection m tl was achieved with TPPI The tl 
domam was zero-filled to lK, and a nnesquare (x/3) wmdow was applied m both dimensions before Founer 
transformation (~1) ROESY25 The expenments were recorded m the phase-sensitive mode at 3o’C A CW 
spmlock was used for rmxmg The rmxmg time was 900 ms. For each expenment we recorded 512 spectra of 
2K real points (72 scans for both 13 and 14), using a sweep width of 4000 Hz Quadrature. detection m tl was 
achieved with TPPI The tl domain was zero-filled to lK, and a smesquare (n/4) wmdow was applied m both 
dimensions before Founer transformahon 
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