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Synthesis of 2?-C-β-Methoxymethyluridine. Synthesis of 2'-C-β-methoxymethyluridine will be reported 

elsewhere. 

Synthesis of the uridine bisphosphates. 

3?,5?-Diphosphoryl-2?-C-β-difluoromethyluridine. 2?-C-β-Difluoromethyluridine[1] (50 mg, 0.17 

mmol) was stirred in anhydrous diphosphoryl chloride (0.24 ml, 1.7 mmol) under argon in an ice-bath. 

The reaction was allowed to warm to room temperature over ~4 hr. After TLC (n-PrOH:30% aqueous 

ammonia:H2O, 6:3:1, v:v:v) showed that the reaction was complete, ice-chilled water (5 ml) was added, 

and the mixture was kept at 0 oC for 10 min before the addition of ice-cooled aqueous 0.5 M 

triethylammonium bicarbonate (TEAB; 20 ml, pH 8.0). The colorless solution was concentrated under 

vacuum, maintaining the temperature below 30 oC. The residue was co-evaporated three times with 10 ml 

of 50% aqueous methanol, washed with chloroform (3 × 5 ml), dried under vacuum and redissolved in 

water (50 ml). The solution was adjusted to pH 7 with triethylamine, filtered and chromatographed on a 

DEAE cellulose column (2.5 × 25 cm) with a linear gradient of 0.15 to 0.5 M TEAB, pH 8.0 (700 ml). 

The fractions containing uridine bisphosphate (peak maximum around 0.35 M TEAB) were pooled, 

evaporated to dryness, and co-evaporated several times with 10 ml 50% aqueous methanol to remove 

TEAB buffer, giving 3?,5?-diphosphoryl-2?-C-β-difluoromethyluridine in 50% yield. 1H NMR (D2O) δ 

7.85 (d, 1H), 6.04 (s, 1H), 5.93 (t, 1H), 5.82 (d, 1H), 4.80 (m, 1H), 4.15 (m, 2H), 3.77 (m, 1H); 31P NMR 

(D2O; peak position changes with pH) δ 4.35 (triplet in proton-coupled 31P NMR), 3.47 (doublet in 

proton-coupled 31P NMR); 19F NMR (D2O) δ -129.07 (d), -134.90 (d); HRMS, found 455.0068 

(calculated for C10H14N2O12P2F2, M+H: 455.0068). 

3?,5?-Diphosphoryl-2?-C-β-methyluridine. Starting from 2?-C-β-methyluridine[2], the synthesis of 3?,5?-

diphosphoryl-2?-C-β-methyluridine followed a procedure similar to that described above. 1H NMR (D2O) 
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δ 7.93 (d, 1H), 5.87 (s, 1H), 5.81 (d, 1H), 4.34 (m, 1H), 4.10 (m, 3H), 1.14 (s, 3H); 31P NMR (D2O; peak 

position changes with pH) δ 3.50 (triplet in proton-coupled 31P NMR), 2.50 (doublet in proton-coupled 

31P NMR); HRMS, found 417.0053 (calculated for C10H16N2O12P2, M-H: 417.0100). 

3?,5?-Diphosphoryl-2?-C-β-fluoromethyluridine. Starting from 2?-C-β-fluoromethyluridine[3], the 

synthesis of 3?,5?-diphosphoryl-2?-C-β-fluoromethyluridine followed a procedure similar to that 

described above. 1H NMR (D2O) δ 7.84 (d, 1H), 5.98 (s, 1H), 5.78 (d, 1H), 4.49 (d, 1H), 4.38 (dd, 1H), 

4.37 (dd, 1H), 4.20 - 4.00 (m, 3H); 31P NMR (D2O; peak position changes with pH) δ 3.53 (triplet in 

proton-coupled 31P NMR), 3.01 (doublet in proton-coupled 31P NMR). 

3?,5?-Diphosphoryl-2?-C-β-trifluoromethyluridine. Starting from 2?-C-β-trifluoromethyl-uridine[4], the 

synthesis of 3?,5?-diphosphoryl-2?-C-β-trifluromethyluridine followed a procedure similar to that 

described above. 31P NMR (D2O; peak position changes with pH) δ 4.07 (triplet in proton-coupled 31P 

NMR), 2.62 (doublet in proton-coupled 31P NMR); 19F NMR (D2O) δ -76.3. 

3?,5?-Diphosphoryl-2?-C-β-methoxymethyluridine. Starting from 2?-C-β-methoxymethyl-uridine, the 

synthesis of 3?,5?-diphosphoryl-2?-C-β-methoxymethyluridine followed a procedure similar to that 

described above. 31P NMR (D2O; peak position changes with pH) δ 3.81 (triplet in proton-coupled 31P 

NMR), 3.06 (doublet in proton-coupled 31P NMR). 

Ligation of uridine bisphosphates to the 5? fragment (synthesis of (dN)nrU2?X). In a total volume of 10 

µl, 3 mM uridine bisphosphate, 0.3 mM 5? DNA fragment [HO-d(CTGTCACCGAAA)-OH, designated 

as (dN)n], 0.4 mM ATP, 8 mM spermine, 1 mM creatine phosphate, 10 mM MgCl2, 10 mg/ml BSA, 1 

mM hexaaminecobalt (III) chloride (HCC), 20 mM DTT, 170 units/ml myokinase, 175 units/ml 

phosphocreatine kinase, 2000 units/ml T4 RNA ligase were incubated in 50 mM Tris-HCl, pH 8.0, at 25 

oC for 3 days. After the ligase was deactivated by incubating at 100 oC for 5 min, 1 µl of 10× alkaline 

phosphatase buffer (500 mM Tris-HCl, pH 9.0, 10 mM MgCl2) and 1 µl 30units/µl calf intestine 

phosphatase (CIP) were added to the solution and incubated at 37 oC for 30 min to remove the 3?-

phosphate. The phosphatase was deactivated in the same manner as above, and the reaction mixture was 
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purified by 20% dPAGE.  The correct band was located by UV shadowing, excised with a clean razor 

blade, and eluted in TE buffer (10 mM Tris, pH 8.0; 0.1 mM EDTA) at 4 oC overnight. The eluant was 

extracted with phenol:chloroform:isoamyl alcohol (25:24:1), precipitated three times with n-butanol, 

dried in a speed vac, and redissolved in water. For the oligonucleotide containing methyl, 

monofluoromethyl, difluoromethyl, and methoxymethyluridine, we usually obtained 80-90% conversion 

yield as monitored by 32P labeling before gel purification. Under the same conditions, we obtained less 

than 5% yield for the trifluoromethyl derivative. By replacing the corresponding components in the 

reaction mixture with 0.2 mM ATP, 4000 units/ml T4 RNA ligase and adding 10% DMSO, we improved 

the yield for the trifluoromethyl-uridine oligonucleotide to 35%. 

Synthesis of the full length substrates: (dN)nrU2?Xp(dN)m (S2?X). To prepare the full length chimeric 

RNA substrates, 5? fragment ((dN)nrU2?X, final concentration 20 µM), 3? fragment 

[pd(ACACGCAAGATG), designated as p(dN)m] and splint DNA template (HO-

dCTTGCGTGTATTTCGGTG-OH) were pre-annealed in T4 DNA ligase buffer (1x containing 50 mM 

Tris-HCl, 10 mM MgCl2, 10 mM DTT, 1 mM ATP, 25 g/mL BSA) by incubating at 90 oC for 1 min 

followed by slow cooling to 4 oC. HCC (1 mM) and 8 pmol/µL T4 DNA ligase were added and incubated 

at 16 oC overnight. The full length chimeric RNA product was purified and precipitated by the same 

procedure as described above for the 5? fragment. 

Kinetic assays. For typical assays, 19.5 µl of reaction buffer at appropriate pH (between 9.0 and 14.5) 

was added to 0.5 µl 5? 32P labeled substrates (final concentration, ~5 nM) and incubated at 23 oC in a 

circulating water bath. At pH between 12.0 and 14.5, reaction buffer was made by mixing appropriate 

amount of KOH (3.16 M, pH 14.5) and KCl (3.16 M) stock solution to establish the desired pH. For pH 

values below 12, solid 2-(cyclohexylamino)ethanesulfonic acid (CHES; pH 9.0 to 10.0; 50 mM) and 3-

(cyclohexylamino)-1-propanesulfonic acid (CAPS; pH 10.0 to 12.0; 50 mM) were dissolved in 3.16 M 

KCl stock solution and pH adjusted by 3.16 M KOH stock solution. Total concentration of ionic 

potassium (K+) was maintained at 3.16 M. At intermediate pH (pH 10.0 and 12.0), kinetics was 

performed in both buffers to evaluate the buffer effect (no significant buffer effect was observed, Figure 
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2). Reaction aliquots were removed at various time points, quenched with an appropriate amount of 

aqueous HCl and diluted into two volumes of gel loading buffer (final concentration: 50 mM Tris-HCl, 

pH 8, 3.5 M urea and 0.0025% (w/v) each of bromophenol blue and xylene cyanol). The samples were 

kept on ice before loading on 20% dPAGE. The radioactive gel was dried and visualized by 

phosphorimaging, and the reaction yield was quantified using ImageQuant software (Molecular 

Dynamics). 

Determination of rate constants. Figure S1a is a typical gel image showing the cleavage reaction of 

S2?CH3 at pH 12.5. A single cleavage product band formed over time, consistent with the presence of only 

one ribonucleotide linkage in the substrate sequence. The consummation of the starting material was fit to 

single exponential decay (Figure S1b) from which kobs was obtained. Since cleavage reactions proceeded 

to completion (monitored at higher pH, data not shown), no correction for uncleavable substrate was 

necessary. Data shown in Figure 2 are representative of at least two separate experiments carried out on 

different days. At higher pH (> 11.5), the values of each repetition differed by less 20%. At lower pH 

(<11.5), when the cleavage rate is slower, the values for each repetition could differ by up to 50%. Data 

used in Figure 3 are the average values from the curve fit for two separate experiments. Error bars reflect 

the larger value of the difference in the experimental value from the average value or the error in the 

curve fitting. 

Determination of the 2?-OH pKa values of the free nucleosides by NMR. Uridine and 

difluoromethyluridine were dissolved in 400 µl of the same buffers as used in the kinetic assays. And to 

the resulting solutions was added 100 µl of D2O (with 0.1% 2,2-dimethyl-2-silapentane-5-sulfonate, DSS 

as a internal reference). 1H NMR was then performed and chemical shifts of 2?-H and -CF2H were 

recorded for free uridine and difluoromethyluridine, respectively. Trifluoromethyluridine was dissolved 

in the similar buffer but was referenced to CFCl3 (sealed in a small glass tube and inserted in the NMR 

tube).  19F NMR was performed and chemical shifts of -CF3 were recorded. Chemical shifts were plotted 

against the pH of the buffer, and the curves were fit to the following equation: 

δobs = δ1  + (δ2 - δ1)/(1 + 10pKa-pH) 



 5

where δobs is the observed chemical shift in ppm, δ1 is the low pH limit of the chemical shift, and δ2 is the 

high pH limit. For KOH-KCl buffer, the pH values were adjusted according to the appropriate [OH-] after 

D2O dilution. All other pH values were used without any correction. For methyluridine, the chemical shift 

curve showed no sign of a plateau at 14.5, so we did not determine its pKa. The pKa of the 2?-OH of 

fluoromethyluridine also was not determined due to the limited quantity of the material. 

Estimation of βeq of phosphodiester bond cleavage. βeq describes the substituent effect on the overall 

equilibrium constant, and its value equals the effective charge change on the relevant atoms for the 

overall reaction. In the bond breaking case, βeq equals the effective charge on the 5?oxygen subtracted 

from –1 (the 5?-oxygen bears an effective charge of –1 in the product state). The effective charge of the 

5?oxygen in the alkyl phosphodiester is not known, but it is assumed to be the same as that on the alkyl 

oxygen of R-O-PO3H-, which can be calculated by the following equilibrium: 

R-O-PO3H- R-O-PO3
2- + H+

β'
eq ?

(?) (+0.35)  

With the known value  (0.35) of the effective charge[5] on the bridging oxygen of a alkyl 

phosphomonoester dianion, and the β?eq (-0.21) calculated from the secondary pKa of alkyl phosphate 

(Figure S3, data taken from O’Brien and Herschlag[6]), we obtained the effective charge ε = 0.56, giving 

βeq = 1.56. 

 For the 2?-oxygen, βeq need not be the same as for the 5?-oxygen. First, the 2?-oxygen is bonded to a 

secondary carbon center (or tertiary carbon center in the case of our analogues) whereas the 5?-oxygen is 

bonded to a primary carbon center. Second, the 2?-oxygen reacts intramolecularly to produce a “high-

energy” cyclic phosphodiester. However, for reactions of sulfonate esters[7], which also proceed through a 

trigonal bipyramidal transition state, the shift from intermolecular to intramolecular (forming a 5-member 

ring esters) reaction has only modest effect on βeq. Therefore, despite the caveats above, we use βeq = 1.56 

for the 2’-oxygen to obtain a crude measure of transition state structure.[7] 
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Figure S1. (A) Gel image showing the base catalyzed cleavage reaction of S2?CH3 at pH 12.5. S indicates 
starting material S2?CH3 and P indicates product 5? fragment. (B) Single exponential consumption of S2?CH3. 
Data were fitted with the equation: %S/(S+P) = exp (-kobs × t) to obtain kobs. 
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Table S1: pKa and kmax of  chimeric RNA substrates and corresponding free nucleosides. 

 S2?CH3 S2?CFH2 S2?CF2H S2?CF3 S2?H 

pKa 14.3 13.2 12.2 10.9 13.8 

kmax (min-1) 0.33 0.058 9.38×10-3 1.31×10-3 0.057 

pKa (free)a ndb nd 12.79 10.65 13.98 

a) pKa of the 2?-OH of the free nucleoside determined by NMR b) no data were    
    obtained. 
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Figure S2. (A) S2?H and S2?CH2OCH3 are very close to the Bronsted plot of the series: S2?CH3, S2?CFH2, S2?CF2H 
and S2?CF3. (B) S2?H and S2?CH2OCH3 are scattered around the series when the reactivity was plotted against 
the solvent excluded volume of the substituent. The solvent excluded volume of the substituents were 
calculated in CS Chem3D Ultra 7.0 and referenced to that of a hydrogen atom. 
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Figure S3. Plot of the secondary pKa values of the alkyl phosphate monoanions (ROPO3H-), ethyl 
phosphate (6.36), 2-fluoroethyl phosphate (6.03) and 2,2,2-trifluoroethyl phosphate (5.62) against the pKa 
values of the corresponding alcohols, 16.0, 14.3 and 12.4 respectively. 
 


