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Abstract: Preparation offive novel phosphorylaled derivatives of adenosine. i.e. adenosine 2’.3’-bis(elhylphosphale) 
(II). adenosine 2’3’-bis(phosphale) (13). adenosine 2’.3’.S’-rris(erhylphosphare) (15). adenosine 2’,.5’- 
bis(ethylphosphate) (17), and adenosine 3’5’bis(erhylphosphare) (19) is reported. These compounds, along wirh 
methyl B-D-ribofuranosyl-bis-2’,3’-ethylphosphate (9). were used as reference sysrems for 31P and IH-NMR 
conformational studies on rhe branched RNA structures 20 - 30. Cornpout& II, 13,15,17. and 19 preserve rhe 
essential srructural elements of the branch point adenosine. while the in@amolecular base sracking interacdons are 
removed. The 31P-NMR chemical shi/s of 20 - 30, referenced against 9, II, 13. or 15. show a pattern that is 
generally con&rent with our previous results from variable temperature 31P-NMR experiments. The &a indicate that 
the contribution of gg around the P-03’(<) and P-OS’ (a) bonds is significantly greater for the 2*-phosphate group than 
for the 3’-phosphate group. These results point towards preferential 2’4 rather than 3’4’ base stacked structures in all 
of these synthetic models of the lariat. This is especially the case for the branched trimer 20 and the peniamer 27 which 
are pan of a naturally occurring lariw strucuue. Note that the srrongest 2’-ts’ stacking is however found in the unnatural 
trimers 22 and 23 in which the 2’4inked residue is a pyrimidine nucleodde. Compounds II, 13. and 15 were also used 
10 calibrate the ‘H-NMR oligomerizarion shifis of ihe H2 prorons of the branch-point adenosine. These data show a 
consistency with the results from variable temperature ‘H-NMR experiments, as well as with the results of 31P-NMR 

experiments. The results obtained with the series of compounds 20 (A~p~!$ ) 26a (UA2’p5’G 3.p5.U). 27 (A?$$), 28 

(CL’Ayp;$, 29 (CVA2j$-U;;). and 30 (CCUA2$;;fUj;) are Of special interest since these sIrucuues are 

constituents of rhe narurally occurring lariat in the excised inlron in Group II splicing of bl I of Yeast mitochondria. 
Qualitatively, the present IH- and 31P-NMR data on 26a, 27,28,29, and 30 show 2’+5’ base stacking of an 
ituermediale strength: 2’4’ base slacking is substanrially stronger for trimer 20 and penmner 27. This difference is 
ascribed to Ihe S-conformadonal transmission effect owing 10 the presence of a1 least one nucleodde upstream of rhe 
branch-point. S-Conformational transmission appears IO weaken the 2’-*5’ stacking at the expense of some 3’+5’ 

stacking. The experimental data on the conformadon of 20 (A yp$ r3’P and ‘H chemical shifts, vicinal ‘H-IH. IH- 

31P, and 13C31P coupling constants) formed the basis for a series of AMBER molecular mechanics calculations. These 
molecular modelling studies allowed us to conch& that gg conformation in the I’-phosphate group is primarily g‘([),g- 
(a). This is found LO be the only conformation that gives 2’4 base stacking as evidenr in rhe temperature &pet&n1 
chemical shif and in the oligomerization shift smdies. Modelling studiesjiuthermore showed hv~ energetically possible 
C and a torsions for the J’-phosphate group (g-(&g-(u) and g-(&(a)). The present use of reference compounds 9, II, 
13. IS, 17, and 19 has led to a refined and partially revised concept for rhe conformational description of oligomeric 
branched RNAs. 

The tertiary structure of nucleic acids is stabilized to a large extent by vertical base-base interactions, 
usually referred to as base stacking.’ Base stacking probably originates from dipole-dipole interactions 

695 



696 C. SUND et al. 

between polarized groups (e.g. C=O, NH2), and polarizable clouds of z-electrons.2 Much of our current 

knowledge on base stacking originates from crystal structural studies on oligonucleotides.th There is a vast 
body of spectroscopic evidence that the intramolecular base stacking is usually preserved for oligonucleotides 
in aqueous solution.lc Dinucleoside monophosphates of the type X3’pSY obviously form the simplest 
systems to study intramolecular base stacking in solution. Thermodynamic data concerning the stack @ destack 
equilibria have been measured by different techniques, and for different nucleoside bases X and Y. It has been 
established that the propensity to stack is in the order purine-3’pS-purine > purine-3’pS-pyrimidine = 
pyrimidine-3’pS-purine > pyrimidine-3’pS-pyrimidine. lb Much less is known, however, about stacking in 
dinucleoside monophosphates of the type X2’pSY. Crystal structures of A(N1H+)2’pS’U,3 

A~‘PSC!(N~H+),~ and C(N3H+)2’pSA5 have been reported in the literature. Analysis of A(NlH+Q’pS’U and 
A2’pSC(N3H+) show the stacking between the ribose oxygen 04’ and adenine; the purine is anti in the 
former,3 and syn in the latter.4 In both A(NlH+)2’pSU and A2’pSC(N3H+), the furanose puckering is C2’- 
endo, C3’-en&. On the other hand, in C(N3H+)2’pSA,5 the furanose conformation is C3’-endo, C2’-endo 
and it forms miniature righthanded double helix having f’+S-linked parallel strands. The two bases in these 
2’+5’-linked dimers are oriented parallel to each other but there seems to be an absense of intramolecular base 
stacking in contrast with the solution studies wherein 2-5’ base stacking is clearly established.6 It is by no 
means certain, however, that the stack propensities of different combinations of purine and pyrimidine bases 

are the same for 2’+5’ and 3’+5’ dinucleotides. 
In view of the above, it is of interest to examine the nature of base stacking in branched RNA oligomers 

ZpSY 
of the type X3,psZ. A priori, these systems can show 2 +5’ as well as 3’+5’ base stacking. There is much 

current interest in branched RNA structures, because of their occurrence in lariat type excised introns in Group 
II or nuclear mRNA splicing.7-9*12 Preferred 2’+5’ over 3’-+5’ base stacking has been reported for a variety 
of branched RNA trimers studied in aqueous solution. 7c,ijJtLn~9 Several lines of evidence led to this 
conclusion: (i) spectroscopic (tH-NMR, 7c*i&m~n temperature-dependent 3tP-NMR shifts,Tm and circular 

2’pSY dichroism%n) comparisons of trimers X3,p,,Z with the constituent dimers X2’pSY and X3’p5’2 showed a 

close correspondence between the trimers and the 2’-+5’ dimers 7c; these comparisons also comprised chemical 
shift (6) versus temperature profiles. (ii) it was observed that the &values of the branch-point residue are 
influenced by the 2’-residue, and vice versa, while the b-values of the 3’-residue are virtually independent of 
the nature of the branch-point and the 2’residue. (iii) the magnetic inequivalence of HS and ES’, if compared 

to the 5’-phosphorylated monomers, is larger for the 2’residues than for the 3’-residues,ga (iv) the observation 
that the C3’-03’ (E) bond resides mainly as the E- rotamer,TP which seems to prohibit 3’-+5’ stacking.oa A 

preference of 2-5’ over 3’+5’ base stacking, i.e. a conformation in which the 3’residue is essentially free, 
is found regardless of the nature of the 2-residue. It should be noted, however, that no clear conclusions could 
be drawn about the mode of base-base stacking in branched trimers in which either cytidine or uridine forms 
the branch-point.7” Discrimination between 2’-tS and 3’+5’ base stacking was almost exclusively based on 
comparisons with structural constituents. Obviously, this is a cumbersome approach, especially if one wants to 
study the conformation of branched RNAs beyond the trimer level. To address this problem, we have now 
studied whether the 1H and slP NMR ofigomeric shifts of the H2A and 2’- and 3’-phosphates can be used to 
identify which mode of stacking is operative. This means that the 1H and 3lP NMR chemical shifts of the 
oligomer are compared with those of the monomeric constituents at the same temperature. The reason for the 
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choice of H2A of the branch-point adenine moiety as a a neutral marker for assessing the base-stacking with 

neighbouring nucleobases is that it is remotely located from the 04’ of pentose sugar and the S-phosphate. On 
the other hand, 3tP chemical shifts constitute an independent and complementary marker of the phosphate-ester 
conformation in nucleic acids as was pointed out by Gorenstein. 7m*n. ** We realized that a comparative study 
of tH and 3tP chemical shifts within a series of branched RNAs requires a ubiquifou~ reference system. 

Clearly, the requirement for such a ubiquitous reference system demands that the effect of intramolecular base 
stacking interactions are eliminated with the preservation of all other structural elements. To this end, we have 
synthesized compounds 9 [methyl P-D-ribofuranosyl-2’,3’-bis(ethylphosphate)], 11 [adenosine 2’,3’- 

bis(ethylphosphate)]. 13 [adenosine 2’,3’-bis(phosphate)], 15 [adenosine 2’,3’,5’-tris(ethylphosphate)], 17 

[adenosine 2’,5’-bis(ethylphosphate)], and 19 [adenosine 3’S’-bis(ethylphosphate)] in order to examine 
which of these compounds can serve best for this purpose. Use of either 9, 11, 13. or 15 as reference 
systems confirmed the preference for 2’+5’ over 3’-+5’ base stacking in a series of trimeric7c,ij,m.n, 
tetrameric7.e&, penta- and heptameric%s, and nona- and decameric 7n branched-RNA which model the lariat 
formed in the penultimate step of the ligation of two exons in the Group II mRNA splicing of intron. Hence it 
is concluded that these four reference compounds provide a new independent tool for conformational analysis 
of branched RNAs. Furthermore, we report a comparative conformational analysis of reference compounds 9, 
11,13,15,17 and 19, based on vicinal 1H - ‘H, tH - 13C, and 1H - 3lP coupling constants. 

RESULTS AND DISCUSSION 

Preparation of the reference compounds 9, 11, 13, lS, 17 & 19. Synthesis of symmetrical 
2’,3’-bis(phosphotriester), 2’,3’-bis(phosphodiester) and 2’,3’-bis(phosphomonoester) derivatives of 
nucleosides requires a highly reactive phosphorylating or phosphitylating species in order to avoid the 
formation of 2’,3’cyclic phosphate due to the neighbouring group participation of the vicinal diol system in a 
ribonucleoside. Certain P(II1) species such as (dialkoxy)-(N,N-dialkylamino)phosphines and alkyl-N,N- 
dialkyl phosphoramido chloridites meet this requirement. In the synthesis of 2’,3’-symmetrical branched 

trimersto-12, the ribonucleoside 2’,3’-bis(phosphotriester) and 2’,3’-bis(phosphodiester) linkages have been 

introduced by reacting an appropriately protected 2’,3’-dihydroxy ribonuclwside with an appropriately 
protected 5’-phosphoramidite of a ribonucleosidel lJ2 in presence of an activating agent. Alternatively, the 
reaction of the 2’,3’-dihydroxy ribonucleoside block with 2-cyanoethyl-(or methyl-)-N,N-diiso 
propylphosphoramido chloridite gives the corresponding 2’,3’-bis(phosphoramidite) which is then coupled to 
the 5’-hydroxy function of an appropriately protected ribonucleoside block”. For the synthesis of 0-alkyl 
phosphatemonoesters, a procedure was developed by Yoshikawa er 01 13 using neat POCl3 at low 

temperatures. An N-phosphoryl-N’-methylimidazolium salt was also used by Takaku er al 14 for the same 

purpose. Furthermore, a number of phosphotriester functions with easily removable protecting groups have 
been introduced in order to generate 0-alkyl phosphates, such as the (0-alkyl)-dibenzylphosphotriester15, (O- 
alkyl)-diallylphosphotriestert6, (0-alkyl)-bis[(2-cyanoethyl)phosphotriesterJ 17, (0-alkyl)-bis(t-butyl)phospho 
triester*g, (0-alkyl)-0-aryl-S-methyl phosphorothioatetg and the (O-alkyl)-phosphoro-bis(anilidate)*o 
functions. However, all these phosphorylating agents have only been used to give 3’- or 5’- 
phosphomonoester. In our present work, we have successfully used (bis(2-cyanoethoxy))-(N,N- 
diisopropylamino)phosphine 7 for the synthesis of the adenosine 2’,3’-bis(phosphomonoester) 13. Earlier, 
Bannwarth er ~1.‘~ introduced 7 for their synthesis of 5’-phosphomonoesters of DNA and phosphomonoesters 
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of oligopeptides. For the synthesis of the target O-ethyl phosphodiester analogues 9,11,15,17 and 19, we 

have employed (2-cyanoethoxy)-(ethoxy)-(N,N-diisopropyl~ino)phosphine 6 as a reagent for the first time. 
Reagent 6 was prepared in a similar manner as described for 717, using ethanol instead of 2-cyanoethanol in 
the second reaction step, and was isolated by silica gel chromatography in 76% yield (6 3lP = +146.89) as a 

colorless oil. This reagent was then used for phosphorylation of blocks l-5 according to the procedure 
described earlierTh (5 eq of 6 and 15 eq of tetrazole for each hydroxyl function in the substrate). The reactions 
were carried out in DMF-MeCN solution at room temperature under argon and standard aqueous iodine 
oxidation of the intermediary phosphite triesters gave the corresponding phosphotriesters: 1+6 + 14 (80%, 6 
3tP = -1.75 to -2.78), 2+6 + 18 (85%, 6 3’P = -1.83 to -2.58), 3+6 --t 16 (97%, 6 3tP = -1.71, -1.81, - 
1.86), 4+6 + 10 (93%, 6 3tP = -2.12 to -2.70) and 5+6 + 8 (90%, 6 3tP = -2.15 to -2.68). In a similar 

manner, 4 was reacted with 7 to give the protected adenosine 2’,3’-bis(O,O-bis(2-cyanoethyl)phosphate 12 
(75%, 6 3tP= -2.95, -3.05). Complete deprotections of these fully protected blocks 8, 10, 12, 14 , 16 and 

18 were carried out using standard conditions to give 9 (quantitative), 11 (65% ), 13 (75%), 15 (92%). 17 
(49%) and 19 (65%), respectively (see experimentals). 

Conformational studies on the reference compounds 9, 11, 13, 15, 17 and 19, and their 

use in the structural analysis of the branched RNAs. IA] 3lP-NMR studies. Compounds 9, 11, 

13, 15, 17, 19 were first studied with 3lP-NMR at 202 MHz. Unambiguous assignments of the slP 
resonances of 9,11,13, and 15 were based on the two-dimensional slP-lH correlation spectra, displayed in 
Figures 1 - 4. Table 1 lists the 3lP chemical shifts of the phosphate groups, as recorded at 10 ‘C and 80 ‘C. 
The order of the phosphate shielding is found to be 6(2’P) < 6(3’P) c 8(5’P) in each case. Furthermore, all 

3tP resonances move downfield when the sample is heated from 10 * to 80 ‘C.7m.n The theories on 3tP 

chemical shifts as 

Table 1.3tP NMR chemical shifts measured for reference compounds 9,1P, 13,15,17,19 in DzO. 3tP 
resonances were referenced against adenosine 3’,5’-cyclic monophosphate (6 = 0.000 ppm) as an external 
reference, at the same smmrature (ref. 21). 

1.19 - 1.40 1.65 - 
1.29 - 1.74 - 

1.65 - 

developed by Gorenstein et al. provide a qualitative explanation for these observations.22 It was concluded that 
stereoelectronic effects have a predominant impact on the 3lP chemical shift of a phosphodiester group. 
Therefore, phosphodiesters with gauche-gauche conformation (g- g-, g- g+, g+ g-, g+ g+) about the c (P-03’) 
and a (P-OS) bonds resonate several ppm upfield from phosphodiesters with gauche-tram (g- t, g+ t) or 

tram-gauche (t g-, t g+) conformation. Structural models of reference compounds 9,11,13.15,17 and 19 
clearly show that rotations around P-05’ or P-OCH2CH3 in the S-phosphate groups can easily be 

accommodated. On the other hand, rotation around the bridging P-O bonds in the r-phosphate groups is 
relatively difficult because of the proximate adenine base and the vicinal3’Jinked phosphate group. This is in 
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Figure 1. Tw~dimension~ 3%tH het~onncle~ correlation spectrum of compound 9 in QO. This 
spectrum was recorded in the inverse mode (absolute ~~~).acc~ng to the method &scribed in ref. 31.256 
JZxperiments of 8 scans consisting of 1K real data points were accumnlated.Zkro-filling to 512 real data points 
in the fl ~mension, and application of a sine window function in both ~mensions preceded Fourier 
transformation. 

-- 

““,“““l”,‘l”‘,“‘,“,‘,,“’ ““‘,‘,‘,,,’ 

PP@ 5 4 3 2 i 

Figure 2. Two-dimensional 3tP-lH heteronuclear correlation spectrum of compound 11 in D20. This 
~ec~rn was recorded as described in the Iegend of Figure 3, except that 40 scans were taken in each 
individual experiment. Note that H3’ coincides with the residual HDO peak, the F3’-H3’ cross peak is 
however clearly visible. 
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line with the observation that S(2’P) c &3’P) < S(SP) which qualitatively implies that the population of g,g is 

in the following order: 2’-phosphate > 3’-phosphate > S-phosphate. Accordingly, heating of the sample 
results in downfield shifts of the 2’-, 3’- and 5’-phosphate resonances which suggests that the elevation of the 

sample temperature further populates the g,t and t.g rotamers. In order to assess the effect of the proximate 9- 
adeninyl group on the vicinal T- and 3’-phosphates in 11, we have measured the chemical shifts of methyl 

HO 

20 : B’=A, B2=G,B3= u 

21 : B'=& BZ=G,B3= c 

22 : B’=A, B2=U.B3= G 
23 : B’=/,, B2=C.B3= G 
24: &=A, B2=G.B3= G 
25 : B’= B*= B3= A 

. . 
9 OH -o-pro 

HO OH 

t b/ ._____ 
-o--P=0 

A OQ u 
HOCH 

DIFFERENT SYNTHETIC MODELS 20, 26a, 27-30 
FOR THE LARIAT (BRANCHED-RNA) 

P-D-ribofuranosyl-2’,3’-b&phosphate 9 (Table 1). A comparison of 2’- and 3’-phosphorous chemical shifts 

in 9 and 11 reveals that the 9-adeninyl base has a small influence on the chemical shifts of the 2’-phosphate 

(uptield only by 0.07 ppm in 11 compared to 9) while a larger effect is noted for the 3’-phosphate resonance 

(upfield by 0.21 ppm in 11, compared to 9). These observations show that the 3’-phosphate group may 

experience some shielding due to the ring cutrent of the 9-adeninyl base. The shielding effect is virtually absent 

for the more proximate 2’-phosphate. This may be due to the fact that OMe group in 9 replaces the base in 11, 
which may have a subtle inductive effect on the 3*P chemical shift of the 2’4inked phosphate group. The 

comparison of 9 and 11 shows however. that one should be cautious in assuming that the 3’-phosphate group 

does not experience any shielding due to the base moiety. 22 
The 31P chemical shifts of the branched RNAs 20 - 30. as measured at low temperature (8 - 10 ‘C) and 

high temperature (80 - 81 ‘C). are compiled in Table 2. Most of these data were abstracted from previous work 
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IQ n n c 1, ’ 5 ’ 1 ‘I n a ‘I ’ “1 
1 

PPm 6.0 5.5 5.0 4.5 4.0 

Figure 3. Two-dimensional SIP-lH heteronuclear correlation spectrum of compound 13 in D20. This 
spectrum was recorded as described in the legend of Rgure 3, except that 16 scans were taken in each 
individual experiment. 

P2 

P3 

3 

Figure 4. Two-dimensional s*P-rH heteronuclear correlation spectrum of compound 15 in D20. This 
spectrum was recorded as described in the legend of Figure 3, except that 40 scans were taken in each 
individual experiment. Note that H3’ coincides with the residual HDO peak, the P3’-H3’ cross peak is 
however clearly visible. 
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in this laboratory.7m Data on the huger model systems (27 - 30) are new. A selection of the data of Table 2 is 
incorporated in Figure 5. This graph illustrates that the structures of bmnch~-RNA oligomers can be divided 
in two groups: one having predominant 2*--G base stacking (e.g. trimers 22 and 23, and pentamer 271, and 
the other having weaker 2’45 base stacking. Yet, the last group shows subs~tial~y stronger T+S stacking 
than 3’-+5’ stacking (vi& ir#Fa). The data in Table 2 allowed us to make two valuabie comparisons. First, it is 

Table 2.3lP-NMR chemical shifts measured low (8 - 10 “C) and high (80 - 81 l C) temperature for 
branched oligonucleotides 20 ” 30. 31P resonances were referenced against adenosine 3’,5’-cyclic 

ronophosphate (6 = 0.000 ppmj a 
Compounds 

tn external reference. at the same samnie temneratum (ref. 21’1. 

0.80 

0.13 

-0.27 

-0.34 

0.06 

0.14 

0.34 

0.28 

-0.24 

0.09 

0.15 

0.13 

0.38 

0.83 

0.60 

0.62 

0.73 

0.62 

0.68 

0.73 

0.45 

0.57 

0.60 

0.58 

0.51 

OS8 

0.70 

0.67 

0.65 

81°C 

0.61 1.11 - 

0.63 

0.38 

0.32 

0.61 

0.58 

0.75 

0.71 

0.31 

0.69 

a 

a 

0.86 

1.15 

1.10 

1.10 

1.12 

1.12 

1.03 

0.99 

0.75 

a 

a 

a 

- 
1.36 

- 

- 

- 

- 

- 

1.14 

1.11 

- 

a 

a 

a 

- 

seen that increasing the sample tem~mtu~ results in a larger down~eld shift (A&) for the ~-phosphate than 
for the 3’-phosphate in trimers 20 - 25. The ASpl values are given in Table 3. The obserwution rhut ~~~~~2% 
> dSp1(33 is CI strong ~rg~en?~ur prqferred 2’-+5’ &XX sracking over 3’-+5’ base stacking in the rrimers, as 

was concluded in a previous temperature dependent 31P-NMR study .7mJt It was also noted that the largest 
A$1 values are found for the r-linked phosphates in 22 and 23, for which the 2’4inked residue is a 
pyrimidine nucleoside.7m For tetramer 26, it was found that ASP@‘) r~ A&+‘), which was interpreted as an 

indication for the occurrence of ~ultaneous 2’-+5’ and 3’+5’ base stacking.7m At this point, it is of interest 
to examine the possible utility of compounds 9,11, 13, and 15 as reference compounds to determine the 
oligomerization 3lP-NMR shift for branched RNAs 20 - 30. We have applied all four standards for timers 
20 - 25, and the resulting 3*P-chemical shift differences Asp2 to A& are listed in Table 3. The data show 

that application of all four standards Ieads to a consistent picture for the models 20 - 25, i.e. the result appears 
to be insensitive to the choice of the reference. For the remaining set of compounds (i.e. 26 - 391, we made 
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only comparisons with the appropriate reference molecules, i.e. adenosine 2’,3’,5’-tris-(ethylphosphate) 15 
for 26,26a, 27 - 30, and adenosine 2’,3’-bis-(ethyl phosphate) 11 for pentamer 27. It may be noted that the 
use of compound 15 leads to Ah4 values for the larger branched structures 28 - 30, for which the parameter 
A$1 could not be measured due to severe spectral overlap in the 3lP-NMR spectra at high temperature which 

prevented unambiguous assignment of the 3IP resonances. This illustrates our point that use of the present 

Group I 

l 

l 

El 
Q 

Group II Grout) III 

-0,5 a I I I I I 1 I I I I I 

13 9 11 15 20 22 27 26a 28 29 30 
Compound numbers 

Figure 5. Plots of the 3IP chemical shifts for reference compounds 9.11.13, and 15. These reference compounds (Group I) 

show the most downfield chemical shifts for 2’+5’ and 3’+5’ phosphates indicating that tg and gt conformations are easily 

accessible in these compounds. Comparison of A3,pSV 2”’ (20). A;;$! (22) and A3,pS,I,C 2’p5’GU (27) show (Group II) that the gg 

populations dominate in 22 and 27 more than in 20 indicating that the strength of 2’+5 stacking is in the following order in this 

group: (20) c (22) = (27). Data on CUA3,psUC zp5’Gu (28). CUA?$!$: (29). CCUA”;‘p’yct (30) show that the relative blend 

of gg and (gt + tg) reaches a plateau which means that attachment of more nucleotide units is not expected to alter the nature of the 

2-5’ stacked state prevaIent in this group. 

reference molecules can sometimes lead to structural information which is not obtainable from variable- 

temperature 3lP-NMR experiments. Use of compounds 11 and 15 as a standard for comparing 31P- 
NMRchemical shifts may be hampered by the possible occurrence of intramolecular association between 
adenine and spatially close ethyl groups. This has been found in e.g. the‘crystal structural analysis of 
adenosine S-0-diethyl phosphate23, and NMR data have shown that adenine-ethyl association is also possible 
in solution.2‘l We realize that the molecular conformation of reference compound 11 may also be influenced in 
part by association of the adenine base. and the ethyl group of the 2’-phosphate. This idea was reinforced by the 
observation of a relatively large chemical shift difference for the methylene protons of the ethyl group of the 2’- 
phosphate (-CH2- chemical shift difference = 0.12 ppm for the ethyl group on the 2’-phosphate, and only 0.01 

ppm for the ethyl group on the 3’-phosphate). Nonetheless, it is gratifying to see that there is a clear 
consistency between (i) use of A&,1 values (obtained from variable temperature 3tP-NMR measurements on 
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20 - 26 shown in Tables 2 and 3, vide supra) and (ii) use of Asp2 values (obtained by comparison with 

reference compound 11). Thus, we feel that use of compound 11 as a standard is a new and independent way 
of identifying the preferred mode of stacking in branched RNA structures. Use of reference compound 13 has 
the advantage that the possibly disturbing adenine - ethyl association is eliminated. However, this is realized at 
the cost of incorporating phosphomonoesrers instead of phosphodiesters in the reference system. The 
parameters Ah, i.e. A& = [@P, 2’/3’) in 13 ] - [8(31P, 2’/3’) in 20 - 261, are also listed in Table 3. It 
is clear that these data are entirely consistent with the values for Ah i.e., we see no indication of adenine- 

ethyl base stacking as an important determinant in the conformation of 11. This means that reference 
compound 13 is also a useful standard for SIP-NMR studies on branched RNA oligomers. Reference 
compound 15 was found to be useful for studies on larger branched RNAs, since it also provides information 
about the S-phosphate. This is demonstrated for branched-RNA 20-30 (Table 3, parameter A&4, i.e. Ah4 
= [8(3tP, 2’/3’/5’) in 151 - [S(31P, 2’/3’/5’) in 20 - 301). The A&4 data are completely in line with A& 

observations (vide supra). Of course, use of reference compound 15 is also associated with the possible 
danger of intramoleculsr adenine - ethyl association (via’e supra). Compound 9 is a reference species in which 
both intramolecular base stacking and the possible occurrence of a ring current effect on the 2’- and 3’- 3tP 
resonances are eliminated. Examination of the ASPS data (Table 3) i.e. A&V, = [8(3tP, 2’/3’) in 93 - [8(31P, 

2’/3’) in 20 - 261 shows a clear consistency with respect to the use of the other standard molecules, i.e. 11, 

13, and 15. 

[B] *H-NMR studies. Table 4 shows the ‘H-chemical shifts of reference compounds 9,ll. 13,15, 

17. Table 5 compiles their ~JRH and 3JpR coupling constants measured at 20 “C and 60 ‘C. The J-coupling 

constants (Table 5) were abstracted from the one-dimensional spectra; non-first order subspectra were analyzed 

with the help of a computer simulation algorithm. 

Table 4: tH-chemical shifts of reference compounds 9,11, 13,15, 17 at 20 ‘C using 

r 
:CH3CN) = 2.1 

;;: 
H3’ 
H4’ 

:;: 

g (Me in 9, 

D ppm as internal reference 
9 11 13 15 17 19 

5.034 6.183 6.171 6.242 6.214 6.121 
4.510 5.771 5.240 5.176 5.098 4.744 
4.415 4.761 4.711 4.75 1 4.568 4.861 
4.121 4.513 4.508 4.552 4.358 4.512 
3.845 3.851 3.840 4.043 4.056 4.036 
3.571 3.851 3.840 4.025 4.056 4.036 
3.358 8.718 8.202 8.198 8.226 8.207 

8.311 8.322 8.445 8.439 8.423 

The ribose ring conformations were analyzed in terms of a rapid South-type (C2’-endo) / North-type (C3’- 
endo) equilibrium. We used the program PSEUROT, and the couplings Jtoz, Jz31, and J314’ as experimental 

input values. The results of these analyses (Table 5) clearly show that the ribose rings in 11, 13.15.17 and 
19 preferentially adopt a South type conformation, but it is predominantly North type in 9. This difference in 
sugar conformation in 9 from the rest (11, 13, 15, 17 and 19) can be most probably attributed to the 
anomeric effect. The coupling constants J~QY and 54’5” were used to analyze the conformation of the C4’-C5 
backbone bond. For this, we used the equation: S(p) = 100 x (13.3 - Z) / 9.7, with Z = 54-5’ + J4r**.lc It is 
found that f is predominant, except in 9 (Table 5). For compounds 1517, or 19 which bear a phosphate 
group on the 5’-terminus, it was also plasible to examine the conformation around the C5’-OS (p) bond. For 
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this, we used the formula: 46 pt = 100 x (23.9 - X’) / 18.9, with z’ = Jglp + Jg”p.tc These results (Table 5) 
clearly show that pt is the predominant rotamer in 15,17, and 19. which is also completely in line with 

available data on other S-nucleotides. As a complement to our previous studies on base stacking in branched 
RNA oligomers, we have now determined the oligomerization shift (designated as A&) (see Table 6) of the 

base protons H2A (branch-point), HXJ (3’-linked nucleotide), and H8G @‘-linked nucleotide) in the series 

20,26a, 27 - 30. The residues A (branch point), U (T-linked nucleotide) and G @‘-linked nucleotide) are a 
constant structural motif in the series 20,26a, 27 - 30. The data in Table 6 also allow comparison with other 
related branched and linear RNA oligomers. It is well known that H2A and H5 of U or C can serve as 

valuable probes for studies on base stacking, especially when a purine base, having a relatively strong ring 
current, is located in a proximate position in the stack.l Use of HSA/G or H6U/C is more dangerous, since the 
conformation around the glycosidic bond also influences the H8 or H6 chemical shifts. In order to assess the 
relative 2’-tS versus 3-5’ stackings in the branched RNA& we have considered both the oligomerization 
shift of H2A, H5U and H8G (AZ+) at 20 “C (Table 6) and at 40 ‘C (data not shown due to the analogous 
trend) and the temperature-dependent change of 6(H2A), &H5U) and 6(H8G) in the range 10 - 80 ‘C (A&$ 
(Table 6). A perusal of A6tH2A and ASlHSG in A3’p5’G (A6IH2A = 0.114 & A6IH8G = 0.258) and 

A2’p5’G ( A6IH2A = 0.392 & A6lH8G = 0.459) clearly shows that the mutual diamagnetic shielding of 

guanine residue by the adenine and vice versa is stronger in A2’p5’G suggesting a stronger base-base stacked 

interaction in the latter. Now, a comparison of A&H2A and A&H8G in A2’pSG with those of %pSU *WG (20) 

(A6tH2A = 0.420 & AGtHSG = 0.450) and A’p5’GU 3’psuc (27) (A6lH2A = 0.513 & A6tH8G = 0.499) shows 

that they belong to the same category of A2’+5’G base-stacked conformation, while the family of IJA$$g 

(26a) (A6$-I2A = 0.219 & A61H8G = 0.433), CUAi:$IgE (28) (A&H2A = 0.260 & AZ1H8G = 0.453), 

CI_lA$;,$i; (29) (A6IH2A = 0.305 & A6IH8G = 0.471), CCUAyp;;;! (30) (A6+2A = 0.296 & 

2’psGU AS1H8G = 0.460) belong to a slightly different type. Note that the A&H5(5’-pU) in G$$ (20). AYpsUC 

(27), UAT$z (26a), CUA~!$$~ (28), CUAyp;$gz (29), CCUA*j”p’;$!? (30) are respectively 

0.113,0.064, 0.143, 0.062, 0.163, and 0.176 ppm. In conjunction with the above data, an examination of 
A6IH2A and ASIH5(5’-pU or PC) in A3’p5’U ( A6+I2A = 0.005 & ASlH5U = 0.354) shows that (i) the 

diamagnetic shielding of H5 of 5’-pU residue by the branch-point A in all of these oligomeric branch-RNA is 
rather small compared to what is found in A3’p5’U, and (ii) the diamagnetic shielding of H8G of 2’-pG 
residue is at least as high as in A2’p5’G, (iii) the observed high diamagnetic shielding of H2A is therefore 
expected to arise from the 2’-pG residue. Furthermore, it may be noted that in Aq&_l and U3ps’As@J has a 
A&H5(5’-pU) = 0.35426 and 0.252 ppm*7. respectively, showing the reduced SpU stacking with A in the 

latter due to 5’-conformatiuonal transmission .30 The parameters A&H5(U3’p) are found to be 0.153 and 
2’psG 0.293 ppm in U3’ps’A and UY~SA~‘~SU, respectively, compared to those of the counterparts in UA3,psU 

(26a) (A&tH5(U3’p) = 0.115 ppm and AgIH5(5’-pU) = 0.064 ppm). This clearly shows that both U3’p and 

5’-pU are involved in the stacked interaction with central adenine residue in UY~BS’AY~SU*~, while these 
2’psG interactions along the 3’+5’ axis are much less important in UA3,pSU (26a). In fact, above comparison 
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shows that both U3’-WA and A3’+5’U stacking are weakest in 26a compared to WpsA, A.QIs’U and 

U3’psA3’ps*U. It may be noted that for UA,,uYC 2’psG (26). it is found that A6tH5(5’pC)>= 0.189 ppm (compare 

A61H5(5’pC) = 0.449 ppm in A3’pSC), which may indicate that some A3’+5’C stacking occurs in 26. 

[C] I%-NMR studies. Compounds 9.11,13,15,17, and 19 have been studied with ‘SC-NMR at 
125.7 MHz. Our main interest was to determine the three-bond carbon-phosphorus coupling constants 3Jpy. 
~4~,3Jp3l_a, 3Jp2’.~10, and 3Jp2’.~3’, which contain information about the conformation around the bonds 
03’-C3’ (E), and 02X2’ (E’). These data are summarized in Table 7. The Newman projections of the 
staggered rotamers around E and E’ are shown in Figure 2. Molecular models clearly indicate that the 
occurrence of the E+ and E’+ rotamers can be disregarded safely, since highly unfavorable steric interactions 

are encountered in these conformations. 7 P v9a Therefore, it has become customary to treat the C3’-03 
conformation as a two-state E- / &t equilibrium, and, analogously, the C!2’-02’ conformation as an E’- / &‘t 

equilibrium (Figure 6). The Newman projections around C3’-03’ show that three vicinal coupling constants 
contain information about the E-conformation: 3Jp3’_~4’, 3Jp31.~2’, 3Jm-l.l~. The relationship between torsion 

angles POCC. POCH and coupling constants are expressed in the following Karplus equationsa: 

3Jp30cF = 6.9 cos2($) - 3.4 cos($) + 0.7 
3Jp30W = 6.9 cos2($ - 120) -3.4 cos($ - 120) + 0.7 
3JpYHY = 15.3 cos2($ + 120) -6.1 cos($ + 120) + 1.6 [where, Q = [P-0-C!3’-Cl’]. 

Note that trigonal symmetry for the location of C2’, C4’, and H3’ with respect to the C3’-03’ bond is 
assumed. Values for 3J,3’_a, 3Jp3+.R3 s can be calculated for any combination of @(Et), @(E-), and x(e). For 
each set of @(et), @(E-), and X(E), a root mean square (r.m.s.) error can be calculated, identifying the 
agreement between the calculated and experimental values for 3Jp3’~~,3J~_~, 3Jm-l.~~ . Table 8 compiles 
the estimated regions of @(et), Q(a), and X(E-), which showed best agreement with the experimental results 
(minimal r.m.s. error). The data in Table 8 clearly show that F is preferred over Et for compounds 9,11,13, 
15, trimer 20, and tetramer 26 ( %(&t) ranges from 14 f 6 % to 40 f 20 %). It is noted that compounds 9, 
11,13,15, and trimer 20 show very comparable data with respect to the E conformational analysis. This 

H3’ 
-03P 

C4’ 
I5 

C2’ 
&- 

H2’ 
‘03P 

C3’ 
I5 

Cl’ 

& 
I- 

J5;- J& 

E tt PO3- *+ 
E 

Figure 6 : Newman projections along the 03’~C3’ bond (upper row), the 02’~C2 
bond (lower row) of the branch-point adenosine 
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strengthens our idea that compounds 9,11,13,15 are useful reference systems for conformational studies on 
trimeric branched RNAs. The a-conformational analysis on tetramer 26 seems to indicate that rotamer E- is less 
populated in comparison with compounds 9,11, 13,lS and trimer 20. Also, the a-conformational 
analysesam quite consistent with respect to the values for @(at) and $(E-); $(I$ is around 205’, and $(I?) is 
around 270’. which is in favourable agreement with literature data. Additional evidence for a preferred E- 

conformation in 9,11, 13, 15 and trimer 20 was provided by the fact that a small four-bond J-coupling (OS- 
1.5 Hz) is observed between P3’ and H2’ in these compounds, but not in 19 and 26. Such a four-bond 

coupling strongly indicates a planar W-type arrangement of the coupling path P3’-03’-C3’-C2’-H2’, i.e. a 
high population of the conformational combination E- (C3’-03’) and a South (C2’-endo) puckered ribose ring. 

An analogous approach was used for the analysis of the conformation around the C2’-02’ (E’) bond. The 

vicinal coupling constants are now : ~J~_cT, ~J~_cIP, 3Jp2’_Bz 1 which we used in the Karplus equations’@ 

3JwCr = 6.9 cos2(Q’) - 3.4 cos($‘) + 0.7 
3Jnc1e = 6.9 cos2($’ - 120) -3.4 cos(g’ - 120) + 0.7 
3JwHT = 15.3 co&@‘+ 120) -6.1 cos(@‘+ 120) + 1.6 [where, Q’ .= [P2’-O2’-C2’-C3’]. 

Again it is assumed that there is a trigonal symmetry for the location of Cl’, C3’ and H2’. The results of the 
r.m.s. calculations concerning the C2’-02’ bond are also given in Table 8. The results indicate that a’- domi- 

Table 8: C3’-03’ (E) and C2’-02’ (E’) torsional angles of 9, -11,13, 15 ,17, 19,20 and 26. 
3’P 

E- XEt R”S 
32ztlO 0.18 2OOk20 27Ok5 14ilO 0.76 
33ilO 0.29 2lOzt20 27of5 14flO 0.89 
481t20 0.75 204f20 271ct5 IsflO 0.89 
5@k5 0.53 202k20 266k5 131tlO 0.95 
4lklO 0.50 - 

205+20 i7ti.15 4Oi20 0.44 
25klO 0.56 2owo 268i5 14*10 0.81 
75fl5 0.24 205+20 265klO 31f15 1.09 

nates over a’t in the case of compound 9, 11 and trimer 20, while a’t dominates over I?- for the tetramer 26. 
Rotamers E’- and a’t have roughly equal populations for the remaining compounds (i.e. 13,15, and 17). The 
results in Table 8 led us to the following tentative conclusions: (i) the .a- rotamer around the CY-03’ bond is 

predominant for compounds 9,11,13,15 and trimer 20. This conformational preference is thus an intrinsic 
property of the 2’,3’ vicinal phosphate moiety, and not a reflection of base stacking. Diminished preferences 
for E- are found for 19 (in which the 2’-phosphate group is removed as compared to 15) and tetramer 26. (ii) 

The E- rotamer around C2’-02’ is preferred for compound 9 and 11, and trimer 20, but this is less clear for 
compounds 13,15, and 17. Tetramer 26 definitely shows a preference for at around the C2’-02’ bond. 

[D] Molecular modelling of the branched trimer A$$$, (20) based on the NMR data. Energy 

minimizations using the AMBER program 29 (version 3.OA) were performed on several starting geometries 
based on the NMR-data.7P From ‘H-NMR coupling constants in combination with the program PSEUROT the 
starting sugar conformations were determined for adenosine ( P = 162’. am = 38, Xs = 74%), guanosine (P 
= 0, Q,,, = 38’, or P = 143’, am = 41’, Xs = 56%) and for uridine (P = -15’, am = 36’, or P = 149, orn = 
37’, Xs = 59%). The endocyclic torsional angles were then calculated from the P and cPtn values.7P Based on 
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ROESY-experiments the glycosidic bond torsions were set to syn (x = 45’) for adenosine and anri (x = - 

150’) for guanosine and uridine.7p Analysis of the 31P-13C and 31P-1H coupling constants showed a 
preference for E- (C3’-03’) and E’- (C2’-02’) conformations (vi& supra). For all three residues it was found 
that the f-rotamer is preferred, and for the uridine and guanosine residues the p%otamer predominates.7P 

Table 9: AMBER calculations on %,usU T’S’ (20), starting structures were constructed 
based on our NMR spectroscopic data isee text) 

r Energy minimized conformation (Fig. 3) 

-G- 
“1 
“2 
“3 
“4 
P 
@m 
X 

; 
Y 
6 
6, a 
E 

E’ 

i_“- 

se I (E = -7.22 kcal/mol) 
A G U 
-34.4 -4.1 -21.5 
43.6 -20.8 34.1 
-35.1 35.3 -32.8 
16.4 -39.4 21.7 
11.1 27.7 -0.4 
146.1 24.9 161.7 
43.4 40.0 35.6 
45.1 -157.8 -159.1 

-66.5 -59.4 
i5.5 59.8 175.8 64.8 -176.4 

139.1 80.9 145.8 
-155.9 -81.0 -152.6 
-82.5 - 
-94.4 - 
-74.6 - 
-75.7 - 

Structure II (E = -7.17 kcal/mol) 
A G U 
-34.6 -6.5 -23.2 
43.4 -19.1 35.9 
-34.4 34.7 -34.1 
15.6 -40.2 22.1 
11.6 29.7 0.5 
145.0 28.2 160.3 
43.1 40.5 37.3 
42.8 -157.3 -161.8 

-73.6 -176.6 
179.2 -172.5 

57.7 59.3 56.2 
138.4 79.7 145.9 
-153.6 -81.7 -153.8 
-77.4 - 
-99.0 - 
-76.9 - 
-67.0 - 

a 68 = [c4~-c3~-a-o2q 

Several conformers were generated based (i) on S or N sugar conformation for G and U, (ii) both c and a for 
the 2’-phosphate were set to -60’. It was realized that only g-(<),g-(a) conformation for the 2’-phosphate can 

yield an A2”SG stacked structure in agreement with the observed ‘H-NMR chemical shifts. 31P-NMR 
chemical shifts also support a conformation with a relatively high contribution of g-(t&g-(a) for the 2’- 

phosphate. (iii) The sugar of A was set to South. (iv) [ and a for the 3’-phosphate group were set to -6o’, 
+60’ or 180’. (v) y and p for all residues were set to 60’ and 180’ respectively. These 36 structures were then 

energy minimized by AMBER. Inspection of the molecular energies shows that two structures (designated as I 
and II in Table 9) are preferred over the others. Structures 1 and II have a virtually equal stability (E(I) = -7.22, 

and E(I1) = -7.17 kcal/mol; the next-lowest energy structure has E = -5.63 kcal/mol). The torsion angles 
describing the geometries of structures 1 and II are listed in Table 9, and both structures are displayed in Figure 
7. The most important difference between structures I and 11 is the conformation of the 3’-phosphate group, 
which is g-(c),g-(a) for I, and g-(c)J(a) for II. Both models show A2’-WG stacking, while the U-base is not 

involved in stacking. These geometries explain the experimental spectroscopic data. 

CONCLUSIONS 

The present systematic compilation of the 3tP chemical shifts of the branch-point 2’+5’ and 3’+5’- 
linked vicinal phosphate groups shows that @‘P(2) c @tP(3’) for all branched RNA oligomers studied in 
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this work. This implies that a g(<),g(a) conformation is more dominant in the 2’-phosphates than in the 3’- 

phosphates. The obvious explanation for these findings is that 2-5’ stacking prevails over 3’+5’ stacking 
around the branch-point. Model building studies .revealed that 2’+5’ stacking is compatible only with g 
([),g(u) conformation of the 2’-phosphate group. On the other hand, AMBER calculations along with 3*P- 

Figure 7. Structures I and II, as calculated with the AMBER program. The 3’-phosphate group has g(u,g 
(a) conformation in structure I, and g(Qt(a) conformation in structure II (see text). 

NMR data show that the 3’-phosphate group has a higher population of g-(c)J(a) conformers. The 
largestpopulation of g-(c),g-(a) in the 2’-phosphate group is encountered in trimers 22 and 23, and pentamer 

27 (Tables 2 and 6, Figure 1). It is important to note that 3lP-NMR was used in two respects: (i) comparisons 
of 8(31P) values with the appropriate reference compounds, leading to 3tP-NMR oligomerixation shifts, and 

(ii) temperature dependent 3lP-NMR measurements. Both approaches consistently led to the above 
conclusions. Use of lH-NMR oligomerization shifts (As1 estimated against an appropriate reference 

compound as described in the footnote of Table 6), and the data from variable temperature 1H-NMR 
experiments (A$, Table 6) are mutually consistent: relatively high values for AS1 are usually accompanied by 

relatively high values for AS2. Notable exceptions to this are the unnatural trimers 22 and 23 (Table 6). for 

which relatively high values of ASl(H5 S-pU) are accompanied by low values for A62(H5 S-pU). 

Apparently, this is because elevation of the sample temperature from 20 to 80 ‘C hardly diminished 2’-+5’ 
base stacking in these compounds. Compilation of the A81 and A& values (Table 6) provided ample support 

for the conclusions based on 31P-NMR. W e wish to emphasize that compounds 20,26a, 27 - 30 feature 

A2’-+5’G rather than A3’+5’U base stacking. We feel that this conclusion is of special importance since 

Table 10 : Relative strength of 2’+ 5’ stacking versus 3’-+ 5’ stacking in the naturally occurring branched- 
RNAs 

Relative TpS’GU 
strength %psuc cu$$y~ cuAg$ 

CmA2’p5’GUG 
3’pYUCA 

of stacking (27) (28) (29) (30) 
2’+ S’stacking ++ + + 
?‘-+ ‘&tart&o I -0 0 To 0 0 
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structures 27 - 30 can be regarded as representative models for the biologically occurring lariat structure. Table 

10 summarizes the conclusions with regard to 2’-+5’ and 3’-+5’ stacking in 20,26a,27 - 30. Interestingly, 
removal of the S-linked uridine, as in trimer 20 and pentamer 27, leads to stronger A2’+5’G stacking. This 
means that S-linked uridine residue makes a choice as regards its participation in the stacked interactions along 
the 2’+5’ or the 3’+5’ axis. Our present study clearly shows that it prefers to promote a ” S-conformational 
transmission effect” along the 2’+5’ leg over the 3’-+5’ in the branched-RNAs 20,26a, 27 - 30 compared to 
the linear 3’-+5’-linked oligo-RNAs such as in AUA. AAUA, U4U&30 and UAUz7 in which such ” 5’- 
conformational transmission effect” can only be dictated along the 3’-+5’ axis. 

EXPERIMENTAL 

lH-NMR spectra were recorded in 6 scale with Jeol FX 90 Q and Bruker AMX-500 spectrometers at 90 
and 500 MHz respectively, using TMS or Hz0 (set at 4.7 ppm) as internal standards. 31P-NMR spectra were 
recorded at 36 and 202 MHz in the same solvent using 85 % phosphoric acid or CAMP (for compounds 
described in Tables l- 3)as external standard. TLC was carried out using pre-coated silica gel Fm plates in the 
dichloromethane-methanol mixture: (A) 90: 10 (v/v). Dry pyridine was obtained by successive distillations 
over CaH2 and 4-toluenesulfonyl chloride. Acetonitrile was distilled from P20, under argon. 
Dimethylformamide was distilled over CaH. The column chromatographic separations of all the protected 
intermediates were carried out using Merck G 60 silica gel. Preparative thin layer separations were carried out 
using pre-coated silica gel Fzs4 plates (200 x 200 x 2 mm) and DEAE-Sephadex A-25 from Pfiarmacia was used 
for the ion exchange chromatography for the deprotected materials 
5’-O-Fluorenmethoxycarbonyl-P_methyl-D-ribofuranoside (5). A mixture of a/P-methyl-D- 
ribofuranoside (- 25:75 ratio) (250 mg, 1.52 mmol) was coevaporated with dry pyridine and redissolved in 
dry pyridine (15 ml). Fluorenmethoxycarbonylchloride (511 mg, 1.98 mmol) was dissolved in dry 
dichloromethane (15 ml) in a dropping funnel. The pyridine solution was cooled to 0 OC and then the 
dichloromethane solution was added dropwise over 3 h. After complete addition the reaction mixture was 
stirred for another half hour at 0 Oc. The reaction mixture was poured into ammonium bicarbonate solution and 
extracted with dichloromethane (3 x 50 ml). Silica column chromatography (1% EtOH/ 0.5% pyridine in 
CH2C12) yielded 132 mg (30%, talc. from 75% - content of p-isomer in the starting mixture) of 5. Rf (A): 
0.55; lH-NMR (CDC13): 7.82-7.21 (m, 8H) arom.; 4.86 (s, 1H) H-l’; 4.49-4.01 (m, 8H) H-2’, H-3’, H-4’, 
-5’, -5”& -CHCH2- of fluorenmethoxy-; 3.34 (s, 3H) -0CH3; 2.82 (br, 2H) 2 x OH; 
5’-O-Fluorenmethoxycarbonyl-P_methyl-D-ribofuranoside-2’,3’-bis(O-(2-cyanoethyl)-O- 
ethyl phosphate) (8). Phosphoramidite reagent 6 (257 mg, 1.04 mmol, 10 eq) was weighed into a dry 25 
ml round bottom flask and dry 15 % dimethylformamide / acetonitrile solution (3.5 ml, 0.9 mm01 tetrazole / 
ml) was added under argon (argon balloon). Then dry and sublimed tetrazole (218 mg,3.11 mmol. 30 es) was 
added under stirring and it rapidly went into solution followed by a quick formation of a precipitate. After 3 
min stirring dry solid 5 (40 mg, 0.104 mmol, 1 eq) was added to the colorless suspension and the clear 
reaction solution was then stirred for 40 min at room temperature under argon. 0.1 M 12 / tetrahydrofuran / 
pyridine / Hz0 (7:2: 1 v/v/v) (11 ml) was added and the reaction solution was stirred for 15 min and was then 
poured into 0.1 M sodium thiosulfate / concentrated ammonium bicarbonate solution and extracted with 
dichloromethane (3 x 50 ml). The pyridine-free gum obtained after toluene co-evaporation of the organic 
residue was then purified by short silica gel column chromatography (O-5 % EtOH in CH2C12, in(40 mg, 
0.104 mmol, 1 eq) 1 % increments) to finally give the title compound as a white powder after co-evaporation 
with toluene and cyclohexane (66 mg, 90%). Rf (A): 0.64, IH-NMR (CDC13): 7.82-7.21 (m, 8H) arom.; 
5.05-4.71 (m, 3H) H-l’, H-2’& H-3’; 4.58-4.05 (m, 14H) H-4’, -5’, -5”, -CHC!H2- of fluorenmethoxy-, 2 
x -0CHzCH3 & 2 x -GCH$!H$N; 3.36 (s, 3H) -0CH3; 2.81 (m, 4H) 2 x -GCH$H2CN, 1.38 (m, 6H) 2 
x -OCH$H3; 3lP-NMR (CDC13): -2.15, -2.25, -2.39, -2.46, -2.51, -2.63, -2.68 ppm. 
6-N-Benzoyl-5’-O-(4,4’-dimethoxy)trityladenosine 2’,3’-bis(O-(2-cyanoethyl)-O-ethyl 
phosphate) (10). 4 (200 mg, 0.297 mmol, 1 eq) was treated with 6 (734 mg, 2.97 mmol, 10 eq) and 
tetrazole (624 mg, 8.91 mmol, 30 eq) in a corresponding way as for preparation of 8 and the intermediary 
2’,3’-bisphosphitetriester was oxidized with iodine solution (31 ml). 10 was isolated by silica gel 
chromatography. (274 mg. 93%). Rf (A): 0.55; IH-NMR (CDC13+2,6_lutidine): 9.33 (br. 1H) NH, 8.69 (s, 
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1H) H-8; 8.26 (s, 1H) H-2; 8.04-6.76 (m, 18H) arom.; 6.37 (d. Jt’,x’= 5.85Hz. 1H) H-l’: 5.89 Im. 1H) H- 
2’; 5.33 (m, 1H) H-3’; 4.49 (m, 1H) H-4’; 4.34-3.91 (m. 8H) 2 x -OCH~C__,__ __ ~~ 
6H) 2 x -0CH3; 3.53 (m, 2H) H-5.,-5”; 2.84-2.62 

JHXN Br 2 x -OCH$I-Q 3.76 (s, 
(m, 4H) 2 x -OCH2CH$N; 1.52 !-1.07 (m, 6H) 2 x - 

0CH2CH3 ; +NMR (CDC13+2,6_lutidine) : -2.12, -2.19, -2.31, -2&t.--2.56, -2.61, -2.70 ppm. 
6-N-benzoyl-5’-0-(4,4’-dimethoxy)trityladenosine-2’,3’-bis(O,~-di(2-cyanoethyl) 
phosphate) (12). 4 (100 mg, 0.149 mmol, 1 eq) was treated with 7 (368 mg, 1.49 mmol, 10 eq) and 
tetrazole (3 12 mg, 4.46 mmol, 30 es) of in a corresponding way as for preparation of 8 and the intermediary 
2’,3’-bisphosphitetriester was oxidized with iodine solution (15.6 ml). 12 was isolated by silica gel 
chromatography (112 mg, 75%). Rf (A): 0.45; rH-NMR (CDC13+2,6-l&dine): 9.07 (br, 1H) NH, 8.72 (s, 
1H) H-8; 8.24 (s, 1H) H-2; 8.08-6.77 (m, 18H) arom.; 6.39 (d, J1,2’= 7.1OHz, 1H) H-l’; 5.89 (m, 1H) H- 
2’; 5.42 (m, 1H) H-3’; 4.52-4.01 (m, 11H) H-4’,-5’,-5”& 4X-~ti$H2C~ 3.78 (s, 6H) 2 x -0CH3; 3.57 
(m,2H) H-5’,5”;2.84-2.60 (m,4H) 4 x -OCH;?CH$N; 3lP-NMR (CDC13+2,6-lutidine): -2.95.-3.05 ppm. 
6-N-benzoyladenosine 2’,3’,5’-tris(O-(2-cyanoethylj-0-ethylphosphate) (14). Dry solid 6-N- 
benzoyladenosine (1) (150 mg, 0.404 mmol, 1 eq) was treated with 6 (1.5g, 6.05 mmol, 15 eq) and tetrazole 
(1.27g, 18.16 mmol, 45 eq) in 40% dimethylformamide / acetonitrile in a corresponding way as for 
preparation of 8 and the intermediary 2’,3’-bisphosphitetriester was oxidized with iodine solution (65 ml). 14 
was isolated by silica gel chromatography. (277 mg, 80%). Rf (A): 0.40; IH-NMR (CDC13): 8.67 (s, 1H) H- 
8; 8.27 (s, 1H) H-2; 7.98-7.39 (m, 5H) arom.; 6.28 (d, J 1’ 2,= ,4.64Hz, 1H) H-l ‘; 5.63 (m, 1H) H-2’; 5.35 
(m, 1H) H-3’; 4.53-3.87 (m, 15H) H-4’, -5’, -5”, 3 x -OChzCH$N & 3 x -0CH2CH3; 2.83-2.60 (m, 6H) 
3 x -OCH$H$N; 1.41-1.04 (m, 9H) 3 x -0CH2CH3 ; 3JP-NMR (CDC13): -1.75, -1.81, -1.93, -2.22, - 
2.27, -2.32, -2.37, -244, -2.51, -2.64, -2.69, -2.73, -2.78 ppm. 
6-N-benzoyl-3’-0-t-butyldimethylsilyladenosine-2 ,S’-bis(O-(2-cyanoethyl)-O-ethyl 
phosphate) (16). 3 (30 mg, 0.062 mmol, leq) was treated with 6 (153 mg. 0.62 mmol, 10 eq) and 
tetrazole (130 mg, 1.86 mmol, 30 eq) in a corresponding way as for preparation of 8 and the intermediary 
2’,5’-bisphosphitetriester was oxidized with iodine solution (6.5 ml). 16 was isolated by silica gel 
chromatography.( 49 mg, 97%). Rf (A): 0.49; IH-NMR (CDQ): 8.80, 8.79 (2 x s, 1H) H-8; 8.35, 8.33 (2 
x s, IH) H-2, 8.05-7.46 (m, 5H) arom.; 6.32 (d, Jr, 2’= 4.40Hz, 1H) H-l’;‘546 (m, 1H) H-2’; 4.78 (m, 1H) 
H-3’; 4.36-3.83 (m, 11H) H-4’, -5’, -5”, 2 x -0dH2CH2CN & 2 x -OCH+H3; 2.78-2.61 (m, 4H) 2 x - 
OCH$H$N; 1.37-1.17 (m, 6H) 2 x -0CH2CH3 ; 0.92 (s, 9H) t-butylsi-; 0.16 (s, 6H) 2 x CH$i-; 31P- 
NMR (CDC13): -1.71, -1.81, -1.86 ppm. 
6-N-benzoyl-2’-0-pixyladenosine 3’,5’-bis(O-(2.cyanoethyl)-0-ethylphosphate) (18). 2 (63 
mg, 0.1 mmol, 1 eq) was treated with 6 (247 mg, 1 mmol, 10 eq) and tetrazole (210 mg, 3 mmol, 30 eq) in a 
corresponding way as for preparation of 8 and the intermediary 3’,5’-bisphosphitetester was oxidized with 
11 ml of iodine solution. 18 was isolated by silica gel chromatography (80 mg. 85%). Rf(A): 0.54; tH-NMR 
(CDC13+2,6_lutidine): 9.09 (br, 1H) NH; 8.62 (s, IH) H-8; 8.12-6.26 (m, 19H) arom.& H-2; 6.03 (d, 
Jt,,2,= 7.57Hz. 1H) H-l’; 5.17 (m, 1H) H-2’; 4.60-3.99 (m, 12H) H-3’,-4’, -5’, -5”, 2 x -OCH$H$ZN & 
2 x -0CHzCH3; 2.89-2.62 (m, 4H) 2 x -OCH$H$N, 1.53-1.20 (m. 6H) 2 x -0CH2CH3 ; 3tP-NMR 
(CDC13+2.6-lutidine): -1.83, -1.88, - 2.00, -2.12, -2.49, -2.58 ppm. 
Deprotection of compound 8. 8 (66 mg, 0.093 mmol) was treated with concentrated aqueous NH3 (25 
ml) for 16 h at room temperature. After evaporation of the solvents the residue was dissolved in 
water/dichloromethane.The water phase was extracted in a Falcon tube’three times with dichlommocthane.The 
water phase was transferred to a round flask and evaporated. The material was sodium exchanged by elution 
through a Dowex column (1 x 20 cm, Na+ form) with distilled water. The collected water solution was 
evaporated and the residue was lyophilized from distilled water. The aqueous phase was evaporated to dryness 
to give 33 mg (quantitative) of 9. 3lP-NMR (D20): -0.05, -0.34 ppm. 
Deprotection of compound 10. Concentrated aqueous NH3 (40 ml) was added to compound 10 (274 
mg, 0.275 mmol) in a 100 ml flask and distilled dioxane was pipetted to the mixture until a clear solution 
emerged. After stirring for 24 h at room temperature the solvents were removed by evaporation and the residue 
coevaporated once with water. The residue was dissolved in aqueous 80% acetic acid (30 ml) and stirred for 20 
min at room temperature. After evaporation and co-evaporation with distilled water the residue was dissolved 
in of distilled water (20 ml) and extracted with diethylether in a Falcon tube. The residue was redissolved in 
distilled water (3 ml) and the solution was applied onto four preparative TLC plates and the plates were eluted 
with a acetonitrile/water (4: 1 v/v) solution. The appropriate band was collected from each plate and the material 
washed off by filtration from the silica with distilled water. The combined water solution was evaporated and 
the residue was redissolved in distilled water and centrifuged. The supernatant was loaded onto a short DEAE- 
Sephadex A-25 column (4 x 3 cm, HCO3- form) and the column was eluted with a linear gradient 0.001 - 
0.005M (200 ml/200 ml), 0.005 - O.lOM (200 ml/200 ml), 0.10 - 0.2M (200 ml/200 ml) ammonium 
bicarbonate solution, pH 7.5. The appropriate fractions were pooled, evaporated and co-evaporated with 
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distilled water a few times to remove the salt. The material obtained was sodium exchanged in the same way as 
for 9 to give ll(85 mg, 65% as Na+ form after Dowex H+ exchange) . 3lPNMR (D20): -0.37, -0.68 ppm. 
Deprotection of compound 12. 12 (112 mg, 0.112 mmol) of was treated with concentrated aqueous 
NH3 (50 ml) for 26 h at 55 Oc followed by treatment with aqueous 80% acetic acid (30 ml) in the same way as 
described for 10. Acetonitrile/water (211 v/v) was used as eluent for preparative TLC purification. A linear 
gradient [O.OOl - O.OOSM (200 ml/200 ml), 0.005 - 0.2M (200 ml/200 ml), 0.2 - 0.4M (200 ml/200 ml)] of 
ammonium bicarbonate solution (pH 7.5) was used for the DEAE- Sephadex A-25 purification to give 13. (43 
mg, 75% as Na+ form after Dowex H+ exchange). 3lP-NMR @O): +1.73, +l.OO ppm. 
Deprotection of compound 14. 14 (277 mg. 0.323 mmol) was treated with concentrated aqueous NH3 
(40 ml) in the same way as for 10. Acetonittile/water (3:1 v/v) was used as eluent for preparative TLC 
purification. A linear gradient [O.OOl - 0.005M (200 ml/200 ml), 0.005 - 0.15M (200 ml/200 ml), 0.15 - 0.3M 
(200 ml/200 ml)] of ammonium bicarbonate solution (pH7.5) was used for the DEAE-Sephadex A-25 
purification to give 15 (197 mg, 92% as Na+ form after Dowex H+ exchange). 3lP-NMR (D20): +0.32, - 
0.29, -0.66 ppm. 
Deprotection of compound 16. 16 (49 mg,0.061 mmol) was treated with concentrated aqueous NH3 in 
the same way as for 10. The residue obtained after the evaporations was dissolved in distilled tetrahydrofuran 
(1 ml) and 320 pl 1M TBAF x 3H20 (5 eq.) in tetrahydrofuran was added and stirred for 20 h at room 
temperature. The reaction solution was evaporated and dissolved in a small amount of water and applied to 
preparative TLC as for 10. Acetonitrile/water (4: 1 v/v) was used as eluent. A gradient 0.001 - 0.005M (200 
ml/200 ml), 0.005 - O.lM (200 ml/200 ml), 0.1 - 0.2M (200 ml/200 ml) ammonium bicarbonate solution, pH 
7.5 was used for the DEAE- Sephadex A-25 purification to give 17 (26 mg, 49% as Na+ form after Dowex 
H+ exchange). 3lP-NMR (D20): +0.37, -0.39 ppm. 
Deprotection of compound 18. 18 (80 mg, 0.085 mmol) was treated with concentrated aqueous NH3 
(40 ml) followed by treatment with aqueous 80% acetic acid (30 ml) in the same way as for 10. 
Acetonitrile/water (41 v/v) was used as eluent for preparative TLC purification. A gradient 0.001 - 0.005M 
(200 ml/200 ml), 0.005 - 0. 1M (200 ml/200 ml), 0.1 - 0.2M (200 ml/200 ml) ammonium bicarbonate solution, 
pH 7.5 was used for the DEAE-Sephadex A-25 purification to give of 19 (49 mg, 65%, as Na+ form after 
Dowex H+ exchange). SIP-NMR (D20): +0.22,0.00 ppm. 
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