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One of the most important features which distinguishes DNA
from RNA is the presence of the 2′-hydroxyl group in the latter.1a,b

The 2′-OH group has major structural implications in that it is
involved in recognition, processing, and catalytic properties of
RNA,1c-e such as the transesterification reactions involved in the
Group I and Group II splicing reactions,1c,eself-cleavage in lariat-
RNA,1e RNA catalysis in ribozyme1d and in ribonuclease1d action.
To understand why a specific phosphate function in a large RNA
molecule becomes chemically active toward stereospecific trans-
esterification reaction, it is important to address how the reactivity
of the 2′-OH group is modulated by the nature of the RNA folding
(with or without metal ion as cofactor). This is indeed a very
complex issue to tackle because the pKa of 2′-OH in an RNA
molecule is almost impossible to measure because of its inherent
lability under alkaline conditions,1f hence the experimental pKa

can only be obtained for small model molecules. There are only
a few reports thus far on the ionization process of the ribo 2′-
OH.2a-h The main disadvantage of these studies is that they give
inconsistent values for the same compound mainly because of
employment of different techniques.2a-h For example, the pKa of
12.35 was obtained for adenosine by thermometric titration,2a

whereas electrometric titration2e reported a value of 12.5. A
potentiometric titration of phosphorylated ribose2d gives a pKa of
2′-OH to be 13.9, whereas quantum chemical calculations2i

produced a value of 14.9. Clearly, the availability of accurate
pKa of 2′-OH for a wide set of ribonucleos(t)ides, measured under
uniform experimental conditions, will be of considerable value
to model and understand the chemical reactivity of large biologi-
cally functional RNA molecules, in general.

We here report the pKa values of 2′-OH group in ribonucleo-
sides (3, 10, 14, 16),3a their 3′,5′-bis-alkyl phosphodiester
derivatives3b (5, 11, 12, 17), 3′-monophosphates (6, 13, 15, 18),3a

adenosine 3′-ethyl phosphate (4),3b 3′-deoxyadenosine (8)3c as well

as those ofara-adenosine (7),3a aristeromycin (9),3a and the abasic
counterparts (1 and 2)3d by using simple pH-dependent proton
chemical shift measurements underidentical conditions(see
Experimental Section in the Supporting Information), showing a
pKa variation of 2′-OH of up to 1.5 units (12.17-13.59) with
maximum standard error of(0.07 pKa unit (Table 1). The 3′,5′-
bis-alkyl phosphodiesters (5, 11, 12, 17)3b have been used, as a
model for the native dinucleoside(3′f5′)phosphate, for pKa

measurement of the 2′-OH group because of their high alkaline
stability up to pD 14, mainly owing to poorer leaving-group
character of the ethyl group. It has emerged that the pKa’s for
2′-hydroxyl of the ribonucleosides and their phosphate derivatives
simply change because of different abilities of various sugar
substituents to stabilize the 2′-oxyanion.

The pH-dependent proton chemical shift (H1′, H2′, and H3′)
titration shifts for1-18were analyzed by nonlinear least-squares
curve fitting4a to the Henderson-Hasselbalch equation: [eq 1,
footnote of Table 1], and have simple sigmoidal shapes between
the deprotonated and the neutral states (see Supporting Informa-
tion for experimentals and for pH-dependent chemical shift
titration curves; Figure 1S). The13C NMR experiments conducted
for 13C-labeled adenosine, cytidine, and uridine (Figures 3S, 4S
in the Supporting Information) have shown that the pKa values
obtained by proton- and13C chemical shift titrations are the same
within the error (Table 1S), which is also evident from the pH-
dependent correlation plot ofδ1H1′ versusδ13C1′, -2′, or -3′,
giving correlation coefficient of 0.999 (Figure 5S in the Sup-
porting Information). The pKa values calculated from the eq 24b

(Table 1, footnote; Experimental Section and Figure 2S in
Supporting Information) nicely match the ones obtained by the
curve-fitting procedure4a of the experimental pH-dependent
chemical shifts with the exception of those for2, 13, 15, 18which
show incomplete ionization at pH 13.6. The pKa values of these
compounds have been estimated from the Hill slope4c values (see
Experimental Section in the Supporting Information) to be not
less than 13.55, 13.46, 13.55, and 13.59, respectively, for2, 13,
15, 18.

In general, any effect within the molecule that results in electron
withdrawal from the 2′-oxyanion has a stabilizing effect because
any delocalization of the charge reduces the energy of the system,
resulting in increased acidity of the 2′-OH group through either
H-bonding,2a through-space field effect,5a through-bond inductive
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effect,5a solvation,5b or stereoelectronic anomeric and gauche5c

effects. Reduction of the pKa in 3 compared to8 by 0.54 units is
a result of H-bonding2a between 2′-OH and 3′-OH with the 2′-
OH acting as a donor.6 The comparison of the pKa’s (Table 1) of
2′-OH in AMP (6) (13.38), adenosine 3′-ethyl phosphate (4)
(12.68), and adenosine (3) (12.17) to that of 3′-deoxyadenosine
(8) (12.71) reveals relative stabilization of the 2′-oxyanion by
the 3′-substituent: 3′-OH > 3′-H ≈ 3′-OPO2EtO- > 3′-OPO3

2-.
Interestingly, the pKa value for 2′-OH in AMP (6) increases by
0.61 units compared to those of4 and 8, thereby showing that
the 3′-phosphate dianion destabilizes the 2′-oxyanion

The comparison of pKa for 2′-OH in 1-deoxy-D-ribofuranose
(1) (13.05) with those of nucleosides (3, 10, 14, 16) (12.7-12.62),
and 1-deoxy-D-ribofuranose 3,5-O-bis-ethyl phosphate (2) (13.55)
with those of nucleotides (5, 11, 12, 17) (12.68-13.08) clearly
shows that the C1′-aglycons, depending on their chemical
character, have varied influence on the stabilization of the 2′-
oxyanion. The 2′-OH in adenosine (3) and its 3′,5′-bis-ethyl
phosphate derivatives (5) is the most acidic (Table 1) because
adenin-9-yl is a better stabilizer for the 2′-oxyanion (by 0.08-
0.45 pKa units) compared to any other aglycons in the nucleoside,
3′-phosphomonoester, 3′-phosphodiester, or 3′,5′-bis-phosphodi-
ester series. In addition to the effect of aglycon, the acidity of
the 2′-OH is further modulated by the nature of the 3′-substituent,
that is-OH versus-PO3

-2, with virtually no effect for 3′-PO3-
(Et)-1.

It is also likely that the pKa of 2′-OH of different ribonucleotide
units in an RNA molecule is steered by the variation of the local
microenvironment and its hydrophobic character, depending upon
the nature of RNA-folding, as observed for the aglycons in at
least two-folded RNAs7a and for a DNA triplex.7b It is also
possible that the different reactivities of phosphodiester functions,

as observed in the pre-mRNA processing reaction (splicing)1c,e

or in RNA catalysis (ribozyme),1d are steered by different acidities/
basicities of the 2′-OH, dictating the site-specific 2′-OH-assisted
transesterification reactions, in general. Finally, the absence of
the ring oxygen in aristeromycin (9) (13.03) results in an increase
of pKa of 2′-OH by 0.86 units compared to that in adenosine (3)
(12.17) and in the abasic sugar (1) (13.05). This means that the
substitution of pentose sugar by a cyclopentane moiety in an RNA
molecule will make the general acid-base-catalyzed 2′-OH-
assisted transesterification reactions slower in the latter compared
to the former. This again shows the importance of the pentoses
vis-à-vis the cyclopentane-based RNA-world.
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Table 1. The pKa Values with Standard Error at 25°C for Sugar 2′-Hydroxyl Dissociation in Various Nucleosides, Their 3′-Monophosphates,
Nucleotides, Their Abasic Counterparts as Well as 3′-Deoxyadenosine,ara-Adenosine and Aristeromycin.

pKa for 2’-OH from δH1’ pKa for 2’-OH from δH2’ pKa for 2’-OH from δH3’

cmpd
titration curves

(eq 1)b
calculated,
using eq 2

titration curves
(eq 1)b

calculated,
using eq 2

titration curves
(eq 1)b

calculated,
using eq 2

Overall
average pKa

1 13.02( 0.03 13.12( 0.01 12.94( 0.03 13.05( 0.02 13.02( 0.03 13.12( 0.01 13.05( 0.03
2a 13.55( 0.11 13.61( 0.12 13.50( 0.10 13.55( 0.03
3 12.14( 0.04 12.15( 0.04 12.19( 0.05 12.14( 0.03 12.21( 0.05 12.18( 0.03 12.17( 0.01
4 12.55( 0.01 12.59( 0.01 12.88( 0.06 12.86( 0.02 12.58( 0.02 12.61( 0.01 12.68( 0.06
5 12.63( 0.03 12.70( 0.02 12.76( 0.06 12.72( 0.04 12.58( 0.02 12.66( 0.02 12.68( 0.03
6 13.22( 0.03 13.50( 0.02 13.25( 0.04 13.46( 0.02 13.25( 0.04 13.59( 0.01 13.38( 0.06
7 12.55( 0.07 12.31( 0.03 12.41( 0.04 12.31( 0.02 12.40( 0.06
8 12.53( 0.03 12.80( 0.02 12.66( 0.05 12.64( 0.04 12.72( 0.06 12.90( 0.01 12.71( 0.05
9 13.01( 0.05 12.99( 0.01 13.11( 0.08 13.05( 0.01 13.00( 0.04 12.99( 0.01 13.03( 0.02

10 12.47( 0.02 12.54( 0.02 12.54( 0.02 12.54( 0.04 12.54( 0.04 12.52( 0.01 12.53( 0.01
11 12.87( 0.03 13.06( 0.01 12.85( 0.05 12.88( 0.04 12.84( 0.02 12.93( 0.01 12.91( 0.03
12 12.85( 0.03 12.95( 0.05 12.83( 0.08 12.84( 0.02 13.02( 0.01 12.90( 0.04
13a 13.43( 0.06 13.40( 0.08 13.55( 0.12 13.46( 0.05
14 12.52( 0.02 12.66( 0.01 12.55( 0.02 12.66( 0.02 12.62( 0.01 12.73( 0.02 12.62( 0.03
15a 13.47( 0.06 13.62( 0.11 13.57( 0.09 13.55( 0.04
16 12.40( 0.02 12.46( 0.02 12.49( 0.02 12.58( 0.03 12.53( 0.02 12.63( 0.02 12.52( 0.03
17 12.95( 0.04 13.12( 0.01 13.04( 0.04 13.25( 0.01 12.95( 0.04 13.16( 0.01 13.08( 0.05
18a 13.44( 0.10 13.67( 0.20 13.65( 0.18 13.59( 0.07

a The pKa values for2, 13, 15, and18 were estimated to be not less than 13.55, 13.46, 13.55, 13.59, respectively.b pH ) pKa + log [A-]/[AH]
) pKa + (1-R)/R ..... equation 1.c pKa ) pH + log(δh - δobs)/(δobs - δl) (2) ..... equation 2.
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