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Abstract We report herein the unambiguous synthesis of pure tetrameric branched oligonucleotdes A3 p5S G2 ’.;f_ségcl (13) found
.fg% (14) The

conformational features of branched tetramers 13 and 14 have been elucidated and compared by assesing temperature- and
concentration-dependent 18 and 31P chemical shifts, (C2"-exo and C3'-endo ) 2 (C2'-endo, C3'-ex0) equshibrium, and equilibrium
amongst staggered yand [ rotamers using various 2D homo- and heteronuclear correlanon, NOESY and ROESY experiments by 500

MHz NMR spectroscopy Subsequently the conformational features of 13 and 14 have been compared with those of A?;fscé (ref

naturally in gram-negative bacterium Stugmatella aurantiaca, and corresponding branched RNA analogue A3 pS G;

19) and U3pS A?:s% (ref 24) found as the branch-point in the laniat formed in the pre-mRNA processing reaction (Sphcing)

These studies have clearly shown that (1) the intramolecular geometries of both 13 and 14 are dominated by stacking along the axs
A3'— 5'G2'—5'dC(C), but the RNA-DNA conjugate 13 has a more defined tertiary structure than that of 14, (2) these branched
tetramers tend to associate intermolecularly above ~2 mM concentration producing an aggregate which 1s vertically stacked along the
axis A3'—5°'G2°—5'dC(C), (3) the G2'— 5'dC(C) stacking and the predominant S conformation of branch-point G found in 13 and

14 suggest that their structures are quite different from the ones found for U3 pS ’A_z3 ’;‘;‘g (ref 24) Note however that the structures

found for 13 and 14 are reminiscent of A2'—5°G stacking found in the branched trimer Ag’;‘;g (ref 19)

The 5”-end of the multiple single-stranded linear DNA ( msDNA) of the gram-negative bactenum Stigmatella
aurantiaca (Myxobactena)! 1s covalently attached by a phosphate ester inkage to an RNA ( branched-RNA )
This branched RNA consists of a tnnibonucleotide, 3 A-G-C/U?,, which branches out from the 2 -position at the
G residue, forming a 2°— 5° phosphodiester hinkage with the 5°-end of dC residue of the msDNA The branched
RNA part conststs of stem-and-loop structures, while the msDNA part 1s double-stranded The 3°-end parts of
both branched RNA and msDNA constitute the RNA-DNA hybnd structure This form of mature branched
RNA-msDNA molecule appears to be very stable in cells, which seems to play an important role during the life
cycle of myxobactena. The resemblance of the core branched RNA-msDNA structure 13 to the lanat RNAs that
are intermediates 1n RNA splicing19:24 has prompted us to devise 1ts synthesis and 1ts RNA counterpart 14 We
subsequently report our assessment of their solution structures by a comparative conformational study on this
unique branched RNA-DNA conjugate 13 and its RNA counterpart 14
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Chemistry. Since we wished to understand the differences 1n the conformational features between a branched
DNA-RNA conjugate 13 and a corresponding branched RNA 14 by high field NMR spectroscopy, we were
nterested to develop synthetic strategy which would produce large amount (~40 mg) of the pure branched
ohgonucleotide Clearly, an unambiguous synthetic route meeting this demand requires that all phosphate ester
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groups are regiospecifically introduced This 1s particularly important in reactions which involve the sequennal
phosphorylation of the vicinal 2°- and 3°-hydroxyl groups of the branch-pomnt nucleoside. Earlier studies have
shown that there are only two successful ways to introduce the second phosphate ester function regiospecifically
vicinal to a 2°- or 3”-phosphate of a cis-diol system as in the branch-point nbonucleoside: (1) introduction of a
S,S-diphenylphosphorodithioate at 2”-OH 1n NS-benzoyladenosine-3 -phosphorodianilidate 1n the presence of
mesitylenedisulfonyl chlonde?2, and (2) introduction of the second 2°-»5° or 3°>5” phosphate ester group vicinal
to a phosphodiester fuction by either phosphoroam1d1te3 or H-phosphonate4 methodologies. A survey of
synthetic methods3a:¢h devised for the preparation of tetrameric branched RNA reveals that the shortest route to
their synthesis involves the condensation of an appropnately protected 5°-H-phosphonate ester of a nucleoside3h
with a dumer such as 3 This allows the introduction of the vital diester linkage directly at the vicinal diol of the
branch-point of the resultant trinucleotide 1n one step However, during the development of this method3h, we
observed the loss of the acid-labile 2°-O-(9-phenylxanthen-9-yl) group during oxidation/work-up of the reaction
mxture although the consequence of such loss was quite harmless In the present work, we decided to use a
sequential phosphorylation for the synthesis of the core tetramer of the RNA-DNA conjugate 13 and its RNA
counterpart 14 Appropriately protected 3°—5" phosphotriester inked dimer 3 was first prepared 1n 75 % yield
by the regioselective condensation of N6-benzoyl-5°-O-(4-toluoyl)-2°-O-(3-methoxy-1,5-dicarbomethoxypentan-
3-yl (MDMP)3-3"-O(2-chlorphenyl)phosphodiester (1) with N2-1sobutyryl-2"-O-(9-phenylxanthen-9-yl) (2) in
the presence of 1-mesitylenesulfonyl-3-mitro-1,2,4-tnazole (MSNT)7 using the phosphotnester methodology3

One part of this dimer was coupled with the B-cyanoethylphosphoroamidite? block 5 by standard
phosphoroammdite chemustry!0 giving the destred fully protected trimer 6 (79 %) Treatment of this trimer with
dry triethylamine!l 1n dry pyndine for 11 h provided the desired diester hinkage with the mtact vicinal 2°-O-pixyl
groupi2 1n the partially-protected trimer block 7 (89 %) Partally-protected trimer block 7 was then treated with
a solutton of 0 05 M trichloroacetic acid 1n 2 % ethanol-chloroform (v/v) at 0 °C for 20 mun for the regioselective
removal of the 2°-O-pixyl group 1n the presence of the acid-labile 2°-O-MDMP3 group giving the 2"-hydroxy
trimer block 8 1n 74 % yield It should be noted that the success of this selective acidic removal of the 2°-O-pixyl
group 1n the presence of the acid-labile 2°-O-MDMP group 1n 7 to give 8 15 a consequence of the stabilization of
the 2°-O-MDMP group exerted by the vicinal 3°-5” phosphotniester linkage!3 versus the vicinal phosphodiester
group promoted lability!4 of the 2°-O-pixy! group Subsequent coupling of 8 with phosphoroarmdite 9 in the
presence of 1,2,3,4-tetrazole, oxidation by 10dine 1n pyndine-THF-water!0 followed by punfication by short
column chromatography afforded the desired partiaily protected molecule 111n 76 % yield Deprotection of this
tetramer (see expertmental) and punfication on DEAE-Sephadex A-25 column gave 709 Agp 0 d units of the
pure RNA-DNA conjugate 13 (33 %) The RNA counterpart 14, which 1s symmetrically linked both at 2°-5"
and 3’55’ directions, was synthesized 1n the following manner the dimer 3 was treated with 005 M
trichloroacetic acid 1n 2 % ethanol-chloroform (v/v) at 0 °C for 8 h for the regioselective removal of the 2°-O-
pixyl group 1n the presence of the acid-labile 2°-O-MDMPS group giving the 2°,3"-dihydroxy dimer block 4 1n
58 % yield The dimer 4 was subsequently coupled with a large excess (7 equiv ) of the phosphoroammdite block
10 by standard phosphoroamidite methodology!® giving the fully protected symmetrically 2°—5" and 3°>5°
linked tetramer 12 in 84 % yield Subsequent deprotection (see experimental) and anion excange
chromatography gave 976 A,gp 0 d umits of the tetramer 14 (38 %)

Assignment of 1H and 31P resonances in branched tetramers 13 & 14. All the sugar protons and non
exchangeable base protons in tetramers 13 and 14 could be assigned from the interpretation of several 2D NMR
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spectra such as HOHAHA!S (Figures 3 & 4), DQF-COSY6 (Figures 5 & 6), 2D 'H-31P26 correlation (Figures
7 & 8) and NOESY (Figures 9 & 10) and ROESY?5 (Figures 11 & 12) The branch-point guanosine residue 1n
both tetramers was easily assigned due to the downfield shift of 1ts H2' and H3' protons because of the presence
of electron-withdrawing 2°— 5” and 3°— 5° phosphodiester residues The 5'-termunal adenosine residue in both
tetramers was 1dentified by the upfield shift of 1ts H5'/H5" protons and the downfield shift of its H3' proton
The two remaiming sugars 1n tetramer 13 were differentiated by the different shifts of the cross peaks of H2' and
H2" protons of deoxycytidine 1n the HOHAHA spectrum (Fig 3) In tetramer 14 the two remaining cytidine
residues were 1dentified by the interpretation of a 2D 'H-3!P correlation spectrum (Fig 8) The 2°—» §°
phosphate 1s always the most shielded 3P signal and 1t experiences a spin-spin coupling with the HS'/H5" of the
2'-cytidine and H2' of guanosine The non exchangeable base protons in both tetramers were assigned with the
help of NOESY and ROESY spectra

Table 1 Chemical shifts of branched RNA-DNA conjugate 13

Temp HI1' H2' H2" H3" H4 H5S' HS" HS H2 Ho H5

Ap 30°C 584 464 - 464 423 368 368 817 809 - ;
60°C 590 466 - 464 437 366 366 818 814 - .
pGp 30'C 592 525 - 492 452 423 416 789 - . .
60°C 594 523 - 490 452 425 415 791 - - -
pdClz—s] 30°C 601 190 222 425 38 377 377 - - 75 ST
60°C 602 191 223 427 421 38 38 - - 758 580
pCl3—51 30°C 589 420 - 429 420 416 414 - - 784 595
60°C 588 419 - 420 419 412 412 - - 782 596

Table 2 Chemical shifts of 14

Temp HI’ H2' H3' H4' HS' HS5" HSY H2 H6 H5

Ap 30°C 583 463 463 422 364 364 816 809 - -
60°C 58 465 464 425 366 366 817 814 - -
pGp 30'C 593 526 491 452 423 417 188 - - -
60'C 595 524 490 451 422 417 789 - - -
pClz»s] 30°C 567 397 400 395 392 381 - - 757 569
60'C 569 39 401 397 391 380 - - 75 597
pCl'—»57 30°C 589 420 423 422 426 415 - - 78 597
6/C 588 418 422 421 423 414 - - 783 597

Conformational analysis of branched tetramers 13 & 14. The proton and phosphorus chemical shufts
of both tetramers were measured at different temperatures (25 - 80 °C) at concentrations of 1 8 mM and 6 4 mM
for 13,and 07 mM, 1 8 mM, 6 4 mM and 11.9 mM for 14 because the chemical shifts of both aromatic and
sugar protons were highly concentration- and temperature-dependent Owing to these reasons, we also obtained
the 1H-1H and YH-31P coupling constants of tetramers 13 and 14 at two different temperatures (30 and 60 °C)
from DQF-COSY16 and E-COSY!7 experiments with and without phosphorus decoupling. E-COSY spectra
have shown definite advantages 1n dehineating the coupling constants 1n the crowded H5'/HS" region which 1n
DQF-COSY spectrum shows only complex overlap (Fig 18)

(A)  Temperature-dependence of chemical shifts The §-values of the non-exchangeable base protons and the
anomeric protons are highly sensitive to nng current effects exerted by spataly proximate bases Therefore, the
temperature-dependent aromatic and anomenc chemical shifts provide a suitable probe to observe stacking
phenomena 1n oligonucleotides. In particular, protons residing above or below the plane of a purine base
expenience considerable shielding These protons are expected to show large As values upon increasing the
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temperature, with gradual disruption of the stacking interactions. Especially H2A and H5C/dC are good markers
for detection of base-base stacking interaction, interpretation of AS for H6C/dC, H8A and H8G is more difficult,
since the chemical shufts of these protons also depend on the conformation around the glycosidic bond!8 The
temperature dependent studies of both tetramers have been made at 1.8 mM concentration. The A for all non-

exchangeable base protons and anomeric protons for both tetramers are given 1n Table 5. Figures 13 and 14

Table 4. Coupling constants of 14 obtamed from DQF-COSY at 500 MHz*

Temp Jyo oz Jya Jos Jes Jsst Jepy Jypy Jyps Jsps Jsmps
Ap 30°Cc 54 58 34 58 a - 61 - - -
60°C 56 56 36 61 a - 61 - - -
pGp  3goc 53 SO 40 79 94 93 79 a 91
60°C 59 53 39 26 57 116 86 71 a 46 41
pC2D 3g90c 21 55 67 21 18 114 - . - 41 20
60°C 31 50 67 28 28 114 - - . 52 49
pC3p 30 °C 43 54 a 23 34 119 - - - 42 61
60°C 43 49 a 25 35 18 - - - 56 50

* resolution 1 Hz/pomnt, (a) could not be determined

Table 5 &- and As-values at 25 & 80°C for the aromatic and the anomeric protons of 13 and 14

| H2 H8 Hé H5 Hl'
Resdues {25°C 80'C Ad* §25°C 80'C A0 {25°C 80°C Ad {25°C 80°C Ad 25°C 80°C Ab
13 A 8066 8158 0092{8152 8175 0023} - - - - - - 5807 5909 0102
G - - - 7885 7909 0024} - - - - - - 5918 5958 004
dC[2'>57 ¢ - - - - - - 7561 7594 0033;5683 5834 0151{6019 6036 0017
C[3—>51] | - - - - - - 7847 7814 0033i5958 5968 001 {5896 5884 0012
14 {A 8069 8159 009 {8145 8171 0026§- - - - - - 5798 5904 0106
G - - - 7869 7894 0025j- - - - - - 5926 5960 0034
C[2—>5] |- - - - - - 7568 7600 0032}5.673 5812 0139{5673 5719 0046
C[3'>51] |- - - - - 7862 7822 004 {5.980 5980 0 5902 5884 0018

*Ad = 5H at 80°C - 8H at 25°C

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

dentical behaviour upon 1ncrease 1n temperature (25 - 80 °C) Among the base protons, we could observe a
large downfield shift of H2A (A5 = 0 09 ppm for both 13 and 14) and HS of the 2°—> 5° linked residue (A8 =
0151 ppm for dC 1n 13 & 0 139 ppm for C 1n 14) indicating that these two residues are part of the stacked
geometry The large A5 of H2A could be explained 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 1s also stacked 1n both tetramers Note

that 1n the naturally-occurring branched trinbonucleotde Aaz'gg'.g

the H8G has a A of 0 042 ppm

Table 6 Phosphorus chermical shafts (at 10 °C and 80 °C) and As-values for 13 and 14
v cx2P5dC o 2p5C
A3ps G3‘p5'C (13) A3pSG p5'C 14)

Temperature A3'p5'G G2'pS'dC G3'p5'C A3p5'G G2p5'C G3p5'C
10°C -1837 -2 640 -1 550 -1 668 -2713 -1 668
80°C 0641 -1230 -0 901 -0 688 -1451 -0 895
Ad 1196 141 0649 098 1262 0773

A8 =831P a1 80°C - 83!p at 10°C
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which has been implicated as the moderately flexible 2" 5” stacked state between A and G residues!® The
stacking along A3'- 5'G2'- 5'dC 1n 13 or A3'—> 5'G2'- 5'C 1n 14 1s also supported by the fact that the
HI'A (A5 =0 102 ppm for 13, 0.106 ppm for 14), H1I'G (A5 = 0 04 ppm for 13, 0 034 ppm for 14) and the
HI' of the 2°-» 5° hnked residue (A5 = 0.017 ppm for 13 (dC), 0 046 ppm for 14 (C)) undergo a clear
downfield shift upon 1ncrease of temperature from 25 - 80 °C Looking at the temperature-dependent phosphorus
chemucal shifts (Table 6, Fig. 15) we find that the A3'p5'G (A3 = 1 196 ppm) and G2'p5'dC (A5 = 1 41 ppm )
mozeties 1n 13 or A3'p5'G (As = 0.98 ppm) and G2'p5'C (AS = 1 262 ppm) moieties 1n 14 show the largest
shift upon increasing the temperature from 10 to 80 *C , which again supports the A3'- 5'G2'> 5'dC (or C)
stacking in these branched tetramers Foregoing comparnison of the As-values for the aromatic and anomeric
protons and for phosphorus in the two tetramers showed that the branched tetramer 13 1s clearly more affected
upon an increase 1n the temperature than the tetramer 14, suggesting that the former has distinctly more
pronounced intramolecularly stacked structure than the latter. Further charactenistic evidence for G2'- 5°dC
stacking in 13 or G2'- 5'C stacking in 14 came from our NOESY and ROESY expeniments at 900 ms (at 1 8
mM and 6 4 mM concentrations) which showed NOE or ROE cross peaks between H6C(or dC) and HI'G and
H2'G (Figs. 9, 10 and 11, 12)

(B) Concentration dependence of chemical shifts A study of the concentration dependence of chemical
shifts was carned out on tetramer 13 (1 8 mM and 6 4 mM) and 14 (0.7 mM, 1 8 mM, 6.4 mM and 11 9 mM)
The A$ for all non-exchangeable base protons and anomenc protons for both tetramers are given in Tables 7 and
8 Figures 16 and 17 show the § vs concentration for both tetramers Again both tetramers showed an almost
wdentical behaviour We could observe an upfield shift of H2A (AS = 0 033 ppm for 13, A5 = 0 085 ppm for
14), the H5 of the 2'- 5' Iinked residue (AS = 0.075 ppm for 13, A5 = 0 285 ppm for 14) and the H1'A (A5 =
009 ppm for 13, A5 = 0228 ppm for 14), indicating an increased shielding of 5”-termunal adenosine and the
2'— 5' inked terminal C or dC residue upon an increase of the concentration At the same time the chemical
shifts of H8 and H1' of guanosine show only small changes (A8 = 0 03 ppm for H8 and 0 01 ppm for H1' in
13, A = 0 007 ppm for H8 and 0 016 ppm for H1' in 14) and the H5 and H1' of the 3'> 5' linked cytosine are
shifted downfield (A8 =0 05 ppm for H5 and 0 02 ppm for H1' in 13, A5 = 0 123 ppm for H5 and 0 088 ppm
for H1'in 14) so 1s the H1' of the 2'—> 5' hnked residue (A5 = 0.01 ppm for 13, A5 = 0 145 ppm for 14) A
logical explanation for this behaviour 1s that upon the concentration increase the tetramers start to aggregate by
stacking on top of each other 1n a vertical manner, meaning that the 2'— 5' linked residue (dC or C) of one
molecule of the branched tetramer stacks vertically on top of the 5'-terminal adenosine of a second molecule of
the branched tetramer, while at the same time retaining an intramolecular conformation which 1s closely similar to
the ones found at the monomeric state at a diluted concentration (1.8 mM) This vertically stacked geometry of
the aggregate state due to intermolecular association clearly explains why the chemical shifts of the core branch-

Table 7  Chemical shifts and AS-values* of 13 at different concentrations at 35 "C

H2 H3 H6 Hs H1'
residuc 18M 64M Ab 18M 64M A3 18M 64M Ad 18M 64M Ad 1.8M 64M Ad
A 8100 8067 003318170 8120 00S |- - - - - - 5860 5770 009
G - - - 7900 7870 003 |- - - - - - 5930 5920 001
dC2'-5114 - - - - - - 7560 7570 001 |5740 5665 0075 6005 6015 001
C[(3'>57] - - - - - - 7830 7840 001 {5950 6000 005 5880 5900 0.02

*Ad difference m chemical shift at 1.8 mM and 6 4 mM
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point guanosine remain almost unaffected upon an increase in concentration while at the same time the adenosine
and the 2'- 5' linked dC or C residue show considerable shielding

(C)  Conformation of the sugar ring In aqueous solution, the sugar ring of a ribonucleotide or a
deoxynbonucleotide 1s known to exist in an equalibrium of two rapidly interconverting conformers denoted by
North (C2'-exo and C3'-endo ) and South (C2'-endo, C3'-ex0) The geometries of the North (N) and South (S)
conformers are expressed as their phase angles of pseudorotation (PN = 0° < 36° and Pg = 144° < 190°) and
their puckering amplitudes (¢N and ¢g) are generally around 36 - 40° The molar fractions of the N and §
pseudorotamer population can be deduced from the 1H-!H coupling constants27 J1+2, Jo'3 and J314 for ribo- and
I, Ji2r, I3, Jar3:, J3 for deoxynbonucleonde using the program PSEUROTZ0 In RNA and DNA a full

Table 8- Chemucal shifts and As-values* of 14 at different concentrations at 25 °C

H2 H8 H6 HS Hl'
residee {07M 119M A8 jO07M 119M A8 {07M 119M AS 07M 119M Ad 07M 119M Ad
A 8080 7995 0085{8160 8067 0093{- - - - - - 5825 5597 0228
G - - - 7873 7866 0007 |- - - - - - 5930 5914 0016
C[2—-57}- - - - - - 7570 7576 0006 | 5670# 5385 (0285 {5662 5807 0145
C[3'-»5'] | - - - - - - 7853 7943 0090 5970 6093 0123 {5900 5988 0088

# 1 8 mM concentration, *Ad3 difference of chemical shifts at 0 7 mM and 11 9 mM
pseudorotational analysis requires the measurement of the coupling constants at different temperatures but the
overlap of sugar proton absorptions often makes an accurate deterrmnation of all coupling constants difficult It1s
however, possible to estimate the population of N type conformer from the Jj+' coupling constant for RNA and
from the Jj' and J1+2» coupling constants for DNA using the equations 1 & 221

%N = 100((7 9 - J12)/6 9) (¢))

%N = 100(1 - ((J12+J12"-9 8)/59)) 03
The pseudorotational parameters for 13 and 14 were calculated using the program PSEUROT 20 and are listed 1n
Table 9 Both tetramers exhibit similar behaviour, the sugars of adenosine and guanosine seem to be onented
toward the S conformation (~75% S for both adenosines and ~66% S for both guanosines), the 3'-5'linked
cytidine of both 13 and 14 does not show any preference for the N or S type conformation Upon increase 1n
temperature neither of these sugars seems to be affected to any great extent The sugar of the 2'> 5' linked
cytidine 1n tetramer 14 prefers the N conformation and the increase 1n temperature results 1n a decrease of the
polulation of the N conformer In tetramer 13 the 2'-» 5' sugar of deoxycyudine does not show any preference
for the N or S conformation and 1s not to any great extent affected by any incerase in temperature

Table9  Pseudorotational parameters P, ¢ and population of N type conformer (%) from PSEUROT progam

2p5'dC 2p5'C
A3psCyoge (13) AYPSCyboc (14)

Ap pGp  pdCl[2'-5] pC[3'>5] Ap pGp pC[2-s] pCl3—5]

PN 2° 12° 4 a 18° 7 -5 a
ON 38 35° 40 a 36 39 35 a
Pg 158° 162° 171° a 154° 1500 137° a
23 35 36* 41° a 35° 38° 39° a
%N at 30°C 24 34 53 a(54)* 28 34 81 a(52)*
%N at 60°C 21 27 48 a(52)* 28 29 73 a(52)*

(a) could not be determined, * calculated using formula %N = 100{((7 9 - J1'2)/6 9)
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(D)}  Conformatnon across the glycosidic bond At 500 MHz, 2D NOESY and ROESY experiments were
performed on tetramers 13 and 14 at different concentrations (1 8 mM and 6 4 mM for 13, and 1 § mM, 6 4
mM and 11 9 mM for 14) Typical examples of these NOESY and ROESY spectra are shown in Figs 9, 10, 11
and 12 From these experiments, the onentation of the base (syn or anti ) with respect to its own sugar ring was
determined A nucleoside 1s considered to prefer an anti confornation when a strong NOE between 1ts H8 (H6)
and 1ts H2' together with a weak NOE between 1ts H8 (H6) and 1ts H1' proton 1s observed In both 13 and 14,
at low concentration (1 8 mM), the H8 of adenosine shows a strong NOE with 1ts H2'/H3' suggesting an ant
conformation, at higher concentration (6 4 mM for 13, 6 4 mM and 11 9 mM for 14) the H8A only showed
NOE with 1ts HI' proton implying that it has a syn conformation The H8 of guanosine and H6 of the 2'- §'
linked residue 1n both tetramers show strong NOE with their respective H2' and H3' at both low and high
concentration, which suggests an anti conformation For the 3'— 5' linked cytosine 1n tetramer 13 we could
observe NOE between its H6 and 1ts H1', H2' and H3' protons at 1 8 mM concentration suggesting an anti
conformation In all other cases for the 3'- 5' linked cytosine 1n tetramer 13 and 14 we could only observe
NOE between 1ts H6 and 1ts H1' proton or no NOE at all between the base and the sugar
(E)  Conformation of C4°-C5” bond () The conformational behaviour of C4'-CS' bonds 1s monitored by
means of the measurement of the vicinal 1H-1H coupling of J4'5 and J4'5* The population of the y* rotamer can
be calculated?2 using equation 3

%yt =100(13 3 - (Jg's + Ja'5))/9 7 3
The data in Tables 10 and 11 show that most residues are highly populated with y* In both tetramers an increase
1n temperature has a considerable effect on the Y+ population of the 2'—5' linked residue In tetramer 14 there 1s
only a small change 1n y* population of the other sugar residues Note that in tetramer 13 there 15 also a change
in y* populations for the 5 -termunal adenosine 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 y* populations when temperature 1s increased
(especially for the 2'—5' linked residues) can be attnbuted to a destacking of the molecule along the A3'—»
5'G2'- 5'dC (or C) nucleotides 1n the tetramers, 1t 1s however more preponderant 1n the case of 13

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

A-tesidue G-residue dC-residue [2°557] C-residue [3'>57]

30°C 60 °C 30°C 60 °C 30°C 60 °C 30°C 60°C
%yt 72 62 61 52 90 74 68 65
BBt - - 72 81 99 85 80 80
JoN* 30 28 38 39 63 56 54 52
HN* 24 21 34 27 53 48 - -

* calculated using formula %N = 100((7 9 - J112)/6 9) for ribo-sugars and %N = 100(1 - ((J12'+J172"-9 8)/5 9)) for deoxyribo-sugar;
# calculated using PSEUROT program, y* calculated using formula %y*= 100(13 3-(J4'5+J4'57)9 7, Bt calculated using formula
%= 100(25 5-(JH5-p5-+JH5"p5'))/20 5

(F)  Conformation of C5°-05 bond (f) The rotamer population about the C5'-O5' bond can be monitored
by the 1H-31P coupling constants Ju5ps' and Ju5"ps: The populanon of the preferred trans conformer (Bt) can

be estimated from the Jyp couplings using equation 423
%Pt =100(25 5 - Jusps + Jusps))/20 5 @
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Tables 10 and 11 show the poulation of Bt rotamer for 13 and 14 calculated from the 1H-3!P coupling
constants The trans rotamer 1s mghly populated for all residues This preference for the trans conformation 1s a
general feature for stacked oligoribonucleotides In both tetramers the 2'-5' inked residue 1s more populated
than the rest and 1t 1s also the one that 1s most affected by an increase in temperature

Conclusion. Companson of conformations between 13 and 14 by 500 MHz H- and 202 MHz 31P-NMR
spectroscopy clearly showed that they exist as unaggregated monomers with intramolecular stacking along the
A3'> 5'G2'> 5'dC axis 1n 13 or A3'> 5'G2'> 5'C axis n 14 at concentration below 1 8 mM (Fig 19a)

Table 11 Calculation of %y*, %B' and %N from coupling constants observed at 500 MHz spectra of 14

A-residue G-residue C-residue [2°>57] C-residue [3"—57]

30°C 60 °C 30°C 60 °C 30°C 60 °C 30°C 60 °C
%yt 77 74 55 52 97 79 78 75
%Bl - - 78 80 94 73 72 70
ToN* 36 33 38 29 84 70 52 52
oN* 28 28 34 29 81 73 - -

* calculated using formula %N = 100((7 9 - J1'2')/6 9), # calculated using PSEUROT program, y* calculated using formula

%yt= 100(13 3-(g5+J4'5))/9 7, Pt calculated using formula %ft= 100(25 5-(Jgg5ps+] HS5"psN/20 5

Severe aggregation of these tetramers, leading to vertically stacked structure, however takes place at a higher
concentration (Fig 19b) This aggregation at a lgher concentration does not however seriously disrupt the
geometry of the monomer structures that are found 1n dilute solution, except for the transition from anti to syn
glycosyl torsion for the 5'-termunal A, as evident by the analysis of J coupling constants, NOESY and ROESY

spectra Note that 1n our earlier studies with naturally-occuring branched tetramer U3 pS ’Ag.gg.(éz“ mvolved 1n

the pre-mRNA processing of mRNA (Splicing), such intermolecularly stacked structure was not detectable up

A
’ c G @—u
c G o) — 4
----------- ——— G
C(dC) A f&
c 6 @ g ¢
@ ATSGILTCEC) sacked @~ 0(4c) (© 35 sacked model fr
~ A .
13 or 14 at ~1 8 mM solution U3'p5'A2p50 (see ref 24)
C G 3’p5'C
C(dC)

(b) Intermolecular vertcally stacked structure
for branched tetramer 13 or 14 at ~3 mM
solution

Figure 19

to 5 mM concentraton24 The presence of intramolecular stacking along the A3'— 5'G2'— 5'dC axis 1n

A3 pS 'Ggfgg.[gcl (13) was also clearly absent 1n naturally-occurring branched tetramer U3'p5'A§:B§:(C} in which we
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observed a two-state stacked structure in equilibrium along the [U3'- 5'A2'5 5'C] 2 [U3'> 5'A2'— 5'C] axis

(Fig 19c)?4 that are renmmscent of A-RNA type structure In both 13 and 14, G2' 5'dC(C) stacking 1s
absolutely preferred unlike the counterpart A2'~» 5'G U3‘pS’A§.g§% 24 Note that this G2 5'dC(C) stacking

and predomnant S conformation of the pentose of the branch-point G 1n 13 and 14 1s renuniscent of A2'—5'G
stacking which we found 1n the branched trimer Agggg 19 This unusual 2'- 5' stacked structure found for 13

may actually be a representative of the structure that actually exists in the branched RNA-msDNA n Stugmatella
aurantiaca (Myxobactera), and therefore 1s not recogmzed and digested by the endocellular enzymes which may
explain 1ts unusual stability that seems to play a quite important role during the life cycle of myxobactenal

Experimental

Chemistry 1H-NMR spectra were recorded i § scale with a Jeol FX 90 Q and Bruker AMX 500 spectrometer
at 90 and 500 MHz, respectively, using TMS (0 O ppm) or residual HOD peak (set at 84 7 ppm) as the iternal

standards 31P-NMR spectra were recorded (in & scale) at 36 MHz and 202 MHz 1n the same solvent using 85
% phosphoric acid or cCAMP as the external standard TLC was carnied out using Merck pre-coated silica gel
Fjs4 plates 1n the following solvent systems (A) methanol-dichloromethane (5 95, v/v), (B) methanol-
dichloromethane (10 90, v/v), (C) methanol-dichloromethane (20 80, v/v) The short column chromatographic
separations were carried out using Merck G60 silica gel DEAE- Sephadex A-25 from Pharmacia was used for
the amion excange chromatography After punification on DEAE-Sephadex column, the ammonium counterions
n branched tetramers 13 and 14 were replaced with Nat+ by passing the compounds through a Dowex (Na+
form) column then were repeatedly freezy-dried from ZH,0

Synthesis of the dimer 3: Diester block 1 (0192 g, 0 19 mmol) and dihydroxy block 2 (0129 g, 021
mmol) were repeatedly coevaporated with dry pyridine then dissolved 1n 3 ml of the same solvent, 1-
mesitylenesulfonyl-3-nitro-1,2,4-tnazole (MSNT) was added (0 171g, 0 58 mmol) and the muxture stirred for
45 min Usual work-up and column chromatography gave compound 3 (0 211 g, 75 %) Ry 0 49 (System B)
3IP-NMR (CDCl3 + DABCO) -7 81, -8 49

Synthesis of the dimer 4: Dimer 3 (0 244 g, 0 16 mmol) was dissolved in chloroform (16 ml) and cooled
to 0 °C To this solution 0 1 N trichloroacetic acid (16 ml ) in 4% etanol/chloroform was added and stirred at 0
OC for 8 h, then work-up with saturated sodium bicarbonate and chromatography yielded dimer 4 (0 12 g, 58 %)
Ry 030 (system A) 3IP-NMR (CDCl3) -7 15,-776

Preparation of the fully protected trimer 6: Compound 3 (031 g, 0 21 mmol), compound 5 (040 g,
063 mmol) and 1,2,3,4-tetrazole were dissolved 1n dry acetonitrile (10 ml ) and stirred for 70 mun under dry
condition, then 0 1 M 1odine solution in THF pyridine water (7 2 1, v/v/v) was added until the 10dine colour
remained unchanged After 20 mun, the reaction mixture was worked up 1n the usual way, product was purified
by short column chromatography with 1% pynidine 1n the eluant system Yield 034 g (79 %) R; 0 40 (System

B) 3IP-NMR (CDCl; + DABCO) -193, -2 34, -2 49, -2 88, -8 52, -8 67, -8 79

Removal of the B-cyanoethyl protecting group from compound 6: Compound 6 (034 g, 017
mmol) was dissolved 1n dry pynidine (6 8 ml ) then dry triethylamine (0 47 ml, 3 4 mmol) was added and the
mixture stirred under dry conditions After 6 h, another 10 equiv of triethylamine was added After 11 h of total
reaction time, volatile materials were evaporated, the resulting foam was subjected to short column
chromatography with triethylamine 1n the eluant, followed by precipitation from cold hexane to give 7 (0 31 g,
89 %) R¢ 048 (System C) 31P-NMR (CDCl; + triethylamine) -0 76, -1 12, -8 28, -8 62

Removal of the pixyl protecting group from compound 7: Deprotection of compound 7 (031 g, 0 15
mmol) was performed in the same way as for compound 4 but 1t took 20 min for completion After short
column chromatography, the pure partially protected trimer 8 was washed with 10 M TEAB buffer and
precipitated from hexane (02 g, 74 %) Ry 0 44 (System C) 31P-NMR (CDCl3) 059,-010,-752,-764
Preparation of tetramer 11: To a mixture ot compound 8 (0 14 g, 0 078 mmol), compound 9 (022 g, 042
mmol) and tetrazole (0 148 g, 2 11 mmol) was added dry acetomtrile (5 ml) 1n an argon atmosphere and the
turbid mixture was stirred for 50 min Oxidation was performed as for compound 6, but 10dine was dissolved 1n
THF pyndine water (8 11 v/v/v) After usual work-up, the product was purified by short column
chromatography followed by washing with 1 0 M TEAB buffer Yield 0 15 g (86 %) R; 0 60 (System C) 31p-
NMR (CDCl3) -0 37, -0 59, -098, -103, -1 17, -1 25, -1 34, -1 46, -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-nitrobenzaldoxime (90 mg,
0 54 mmol) were dissolved 1n dioxane-water mixture (10 ml, 1 1 v/v) and 1,1,3,3-tetramethylguamdine (0 068

ml, 0 54 mmol) was added After 20 h, 32% ammoma solution (18 ml) was added and stirred at 52 °C for 38 h,
then volatile matters were removed in vacuo, the residue was treated with 80% acetic acid (50 ml) for 5 h
Volatile matenals were removed, followed by coevaporations with water to remove traces of acid, residue was
dissolved 1n water and washed with dichloromethane The aqueous phase was evaporated then dissolved 1n a
few ml of water and applied to a DEAE-Sephadex A-25 column, eluted with linear gradient of
ammomumbicarbonate buffer (0 OM - 0 25M, 0 25M - 0.5M, 500 ml each) Appropnate fractions were pooled,
evaporated and coevaporated with distilled water until complete removal of the buffer salt to give 13 Yield 709
Aqgo umits (33 %)

Synthesis of tetramer 12 Dimer 4 (0 115 g, 0 09 mmol), phosporoanudite 10 (0 39 g, 0 63 mmol) and
tetrazole (0 46 g, 6 3 mmol) were dissolved 1n dry acetomtrile (5 ml) for 50 min Oxidation as for compound 9
and usual work-up followed by short column chromatography afforded compound 12 Yield 0 168 g (84 %)
R¢ 045 (System B) 31P-NMR (CDCl3) 024, 015, -0 59, -0 63, -0 68, -0 78, -0 90, -1 03, -1 17,
-122,-134, -1 66, -188, -759,-764, -7 69, -776, -798, -8 11

Deprotectlon of tetramer 12 014 g, (0063 mmol) of the tetramer was treated in the similar way as
described for the deprotection of compouhd 11 Punfication on a DEAE-Sephadex A-25 colum with the same
eluant system gave 924 Aygq umts of 14 (38 %) NMR sample preparanons for 500 MHz NMR spectroscopy
The NMR samples were lyophilized twice from 99 8% D,0. The samples were then dissolved 1n 0 5 ml of
99 96% D40 and transferred mnto 5 mm tubes The sample concentration was 1 8 mM for all experiments The
2D NOESY which was run at 1.8 and 6 4 mM for 13 and at 1 8, 64 and 11 9 mM for 14 NMR aquisitions
All NMR spectra were recorded on a Bruker AMX-500 spectrometer 'H-NMR spectra were collected with 32K
data ponts and zero filled to 64K data points A trace of dry acetonitnle was added as an internal reference for
chemical shift measurements (5 2 00 ppm) The 31P-NMR spectra were acquired with 8K data points and zero
filled to 16K The 3IP chemcal shifts are relative to 3'S'-cyclic AMP as an external reference (5 -2 1 ppm) The
following 2D NMR techmques were employed (1) HOHAHA!S These spectra were recorded 1n the phase-
sensitive mode at 35°C according to the method of Bax et al The MLEV-17 sequence 1s applied for mixing, and
two different power levels were used for exchange and spin-lock A mixing time of 350 ms was used 1n all our
HOHAHA spectra For each experiment we recorded 512 spectra of 2K real points (72 scans for both 13 and
14), using a sweep width of 4000 Hz Quadrature detection 1n t; was achieved with TPPI The t; domain was
zero-filled to 1K, and a sinesquare (n/4) window was applied 1n both dimensions before Founer transformation
(1) DQF-COSY!6 These experiments were performed 1n the phase-sensitive mode at 30 *C and 60 °C with and
without 31P 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 1n t; was achieved with TPPL. The t; domain was
zero-filled to 2K, and a sinesquare (n/4) window was applied 1n both dimensions before Founer transformation
(1) TH-31P correlation spectroscopy26 These expeniments were run 1n absolute value mode J(XH) = 6 Hz was
used to calculate the delays 256 experiments were recorded, for each expeniment we recorded 96 scans of 1K
real data pomnts The spectral range used was 1000 Hz 1n the t; direction and 4000 Hz 1n the t; The spectra was
zero-filled to 512 data points 1n t; and a sinesquare (7/4) window was applied 1n both dimensions before Fourier
transformation (1v) E-COSY!7 We recorded E-COSY expeniments 1n the phase-sensitive mode at 60°C with and
without 31P decoupling The experiments 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 detection 1n t; was achieved
with TPPI The t; domamn was zero-filled to 2K, and a sinesquare (7/4) window was apphed 1n both dimensions
before Founer transformation (v) NOESY We recorded NOESY spectra on both tetramers at different
concentrations (1 8 mM and 6 4 mM for 13, 1 8 mM, 6 4 mM and 11 9 mM for 14) at 30 °C with mixing time
of 900 ms, 512 t; increments with 2K data points (72 scans for all expeniments except those run at 1 § mM were
we used 96 scans) and a sweep width of 4000 Hz Quadrature detection 1n t; was achieved with TPPI The t;
domain was zero-filled to 1K, and a sinesquare (1t/3) window was applied 1n both dimensions before Fourier
transformation (vi) ROESY25 The experiments were recorded 1n the phase-sensitive mode at 30°C A CW
spinlock was used for mxing The mixing 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 in t; was
achieved with TPPI The t; domain was zero-filled to 1K, and a sinesquare (%/4) window was applied 1n both
dimensions before Fourier transformation
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