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ABSTRACT: The change of the electronic character of adenin-9-yl in adenosine 3',5'-bisphosphate (EtpApMe, 1) in
the neutral versus protonated form, in contrast to its abasic counterpart [Etp(apurinic)pMe, 2], is transmitted to
modulate the sugar conformation by an interplay of stereoelectronic anomeric andgaucheeffects, which in turn
dictate the phosphate conformation by tuning the 3'-O—P—O(ester) anomeric effect. It was found that with the
change of protonation� deprotonation equilibrium the electronic character of the aglycone changes, which is evident
from the change of the pD-dependent chemical shift of the aromatic protons (�H2 and�H8). This change in chemical
shift (�H2, �H8) is linearly correlated with the pD-dependent change ofDG° of the N� S pseudorotational
equilibrium of the sugar moiety (fromÿ2.8 kJ molÿ1 at pD 7.9 toÿ1.7 kJ molÿ1 at pD 1.0), as well as with the pD-
dependent change ofDG° of the two-stateet� eÿ equilibrium along the phosphate backbone (fromÿ1.9 kJ molÿ1 at
pD 7.9 toÿ1.5 kJ molÿ1 at pD 1.0). Finally, the pD-dependent change ofDG° of the N� S pseudorotational
equilibrium is also linearly correlated with that of the pD-dependentet � eÿ equilibrium, thereby unequivocally
showing that the pD-dependent change of the electronic character of adenin-9-yl moiety (to its protonated form) is
indeed propogated to drive the constituent sugar and phosphate backbone conformations in a concerted manner. The
absence of such a correlation in the apurinic phosphodiester 2 implies that the change of the sugar conformation in 1 is
independent of the electronic character of the phosphate. This tunable one-way stereoelectronic transmission is
modulated intramolecularly by a cascade of orbital overlaps basing on the donor and acceptor properties of various
bonding, non-bonding and antibonding orbitals, which cause a single-stranded RNA to behave as molecular wire.
Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The cooperativity of the three essential components of
DNA and RNA, the pentofuranose, nucleobase and
phosphodiester units, gives the intrinsic dynamic and
architectural flexibility of nucleic acids1a, which man-
ifests itself into specific biological functions. The inter-
play of stereoelectronic gauche2a,d–g,l,m and anomeric
effects2b,j,l,m,o,p energetically drive the two-state North-
type (N, C2'-exo-C3'-endo) � South-type (S,C3'-exo-
C2'-endo) pseudorotational equilibrium1a2cdci3 (Ref. 3a,
pp. 27–29 for the two-state N� S pseudorotational

equilibrium model and references 241–246 cited in this
monograph; see pp. 5–23 of this monograph for the
anomeric andGauche effects) (Fig. 1). A detailed
dissection2 of variousgaucheand anomeric forces has
shown that the electronic nature of various pentose sugar
substituents dictates its overall conformation. The
chemical nature of many of these sugar substitutents
(i.e. the aglycone, the phosphate backbone, and the 2'/4'-
substitutents) can be altered and tuned by the pH of the
medium as well as by complexation with an appropriate
ligand present in the solution14.

We report here our studies on the pD-dependent
conformational analysis2–oq,13,14 of adenosine 3',5'-
bisphosphate [EtpApMe) (1)], which serves as a model
trinucleoside diphosphate13 mimicking the central nu-
cleotide moiety in a single-stranded RNA. A complete
interdependence of conformational preference of the
sugar N� S pseudorotational1a2 and the 3'-phosphateet

� eÿ equilibrium1a,2o in EtpApMe (1) has been found
with the change of the protonation� deprotonation
equilibrium at the N12o of adenin-9-yl in1 as a function
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of pH, compared with the complete absence of such
effect in the apurinic counterpart [Etp(apurinic)pMe (2)].
It has been demonstrated that as the electronic character
of adenine moiety in1 changes as a function of change of
the protonation� deprotonation equilibrium2o at N1, the
strength of the anomeric effect (nO4'→ s*C1'—N9 orbital
mixing 2l,m,o,3a,4,13) is continuously modulated to induce
a change in the electron density at O4' (tunable nO4'→
s*C1'—N9 orbital mixing), which, in turn, dictates the
nature of the orbital overlap ofsC3'—H3' with s*C4'—O4' as
well as the stabilization energy of the newly formed
hybrid orbitals (the 3'-gaucheeffect:sC3'—H3' → s*C4'—

O4' orbital mixing 2,13a,5,13). The change of electron
density at C3' due to the effective interplay of the 3'-
gaucheeffect further influences the electron density of
O3' and consequently the orbital overlap capability of its
lone pair with the antibonding orbital of P3'— O(ester) [a
tunable anomeric transmission of nO3'→s*P3'—O(ester)].
This tunable transmission of the charge density from the
aglycone, turning the conformational wheel across the
sugar–phosphate backbone, is influenced by the relative
donor–acceptor capabilities of bonding, non-bonding and
antibonding orbitals of various sugar atoms and sub-
stituents, thereby tuning the electron-density potential of
various donor and acceptor orbitals both by through-
space and through-bond effects13.

RESULTS AND DISCUSSION

The basis of our analysis is as follows. The mole fractions
of N- and S-type conformers from pD 1.0 to 7.9 were
calculated by the pseudorotational analysis2,3a,6–8(J. van

Wijk, unpublished results) of temperature-dependent
3JHH using the PSEUROT program (v. 5.4)7 based on a
generalized Karplus-type equation8a,bto giveDG° of the
two-state N� S pseudorotational equilibrium of the
sugar moiety at each of the seven pDs ranging from 7.9 to
1.0 (Table 1). The pD values correspond to the reading on
a pH meter with a calomel electrode, and are not

Figure 1. The dynamic two-state N� S pseudorotational equilibrium2bg3 of the b-D-pentofuranose moiety in adenosine 3',5'-
bisphosphate [EtpApMe (1)] and in its abasic counterpart [Etp(apurinic)pMe (2)] in¯uenced by the steric and stereoelectronic
forces depending upon the nature and relative orientation of various sugar substituents2,3a

Table 1. Determination of pD-dependent DG° of two-state
N � S and et � eÿ equilibrium from pseudorotational
analyses and EPSILON calculation, respectively, at 298 K for
EtpApMe (1)a

N� S equilibrium et � eÿ equilibrium

pD DG298 (s)b S(%) DG298 (s)b eÿ(%)

1.0 ÿ1.7(0.2) 67 ÿ1.5(0.2) 65
2.0 ÿ2.0(0.2) 69 ÿ1.6(0.2) 66
2.5 ÿ2.0(0.2) 69 ÿ1.6(0.2) 66
3.0 ÿ2.1(0.2) 70 ÿ1.6(0.2) 66
3.5 ÿ2.2(0.2) 71 ÿ1.7(0.2) 66
4.0 ÿ2.4(0.2) 73 ÿ1.8(0.2) 67
4.5 ÿ2.7(0.2) 75 ÿ1.9(0.2) 68
4.8c ÿ2.8(0.2) — ÿ2.0(0.2) —
7.9 ÿ2.8(0.2) 76 ÿ1.9(0.1) 68

aFor the experimental procedure used to calculate the values see the
supporting information.
bDG298 in kJ molÿ1 of N� S andet� eÿ equilibrium was calculated
directly from the average logarithm lnav [xa/(1ÿ xa)] by using the
Gibbs equation,DGT =ÿ(RT/1000) lnav [xa/(1ÿ xa)] with 1ÿ xa = xb,
wherexa = xS or xeÿ andxb = xN or xe1, respectively, andR is the gas
constant andT is the absolute temperature. Standard deviations are
given in parentheses.
cOwing to the overlapping of H2' and H3' peaks with the residual water
signal at 298 K for pD = 4.8, the coupling values could not be used in
any conformational analyses, so in order to calculateDG298 the value
of lnav [xa/(1ÿ xa)] at pD 4.8 was extrapolated.
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corrected for the deuterium isotope effect. As the medium
becomes more acidic, N1 of adenin-9-yl becomes
protonated2o, and the electron density at N9 is reduced
owing to the drainage of charge density from the
electron-rich imidazole to the electron-deficient pyrimi-
dine part, causing an increase in the strength of the
anomeric effect [nO4'→ s*C1'—N9 orbital mixing]2l,m,o.
The conformational outcome of this is that the aglycone
takes up the pseudoaxial orientation and the N� S
pseudorotational equilibrium for EtpApMe (1) is gradu-
ally shifted towards N-type (from 76% S at pD 7.9 to 67%
S at pD 1.0), which is reflected from the change ofDG°
(at 298 K) from ÿ2.8 kJ molÿ1 at pD 7.9 to
ÿ1.7 kJ molÿ1 at pD 1.0 (Table 1).

The plot of pD-dependentDG° values2l,n,o,qof the N�
S equilibrium in EtpApMe (1) [in Fig. 2 (A) has the
typical sigmoidal shape with a value of 3.8 at the
inflection point which is identical with the pKa of the
constituent adenin-9-yl, determined independently from
the plot of pD-dependent H2 and H8 chemical shifts [Fig.
2 (B)]. The pKa value for EtpApMe (1) was confirmed by
the Hill plot2l,n,o,q(Fig. S1 in the supporting information)
showing the characteristics of a single protonation site.
As a control experiment, the difference in 3JHH values
between neutral and acidic pDs at 298 K (Table S5 in the
supporting information) was found to be negligible
(�0.1 Hz over the whole pD range studied) in the
apurinic phosphodiester2, showing that in the absence of

the aglycone, its N� S equilibrium is unbiased and
remains unchanged at all pDs compared with1.

Since thee� conformer across the C3'—O3' bond is
energetically forbidden,9a and is not found in the crystal
data,9b the temperature-dependent3JC4',P3',

3JC2',P3' and
3JH3',P3' experimental coupling constants for1 have been
interpreted in terms of a two-stateet� eÿ equilibrium.2k

The temperature-dependent mole fractions of the two-
stateet� eÿ equilibrium have been calculated using the
program EPSILON2ek9,10 (See supporting information
for the experimental details). The logarithm of the ratio of
the resulting mole fractions ofeÿ and et gaveDG° at
298 K for theet � eÿ equilibrium for 1 at each of the
seven pDs ranging from 7.9 to 1.0, varying fromÿ1.9 to
ÿ1.5 kJ molÿ1 (Table 1) for the population ofeÿ (at 298
K) decreasing from 68% at pH 7.9 for neutral adenine to
65% at pH 1.0 for N1-protonated adenine. In the case of
our reference apurinic phosphodiester2, no change in
3JH,P and 3JC,P coupling constant values was observed
compared with that of purinic phophodiester1 over the
whole pD range (Table S4 in the supporting information),
thereby allowing us to conclude that the conformational
changes observed across C3'—O3' in 1 over the whole
pD range are a result of modulation of the electronic
character from the neutral adenine moiety to adenine-
N1H�. Interestingly, the plot of pD-dependentDG°
values of theet � eÿ equilibrium in EtpApMe1 also
gives a sigmoidal curve Fig. 2 (D), just as found for the

Figure 2. Plots of H2 chemical shift (� H2 in ppm) (B) and H8 chemical shift (�H8 in ppm) (C) of the constituent adenin-9-yl
nucleobase, the experimental DG° (kJ molÿ1) of the N� S pseudorotational equilibrium of the constituent pentofuranse moiety
(A) and DG° (kJ molÿ1) of the et� eÿ equilibrium (D) of the constituent 3'-ethylphosphate group in EtpApMe (1) as a function of
pD at 298K, showing sigmoidal curves. The sigmoidal curves are the result of the best iterative least-squares ®t of the pD-
dependent (i.e. nine pDs in the range 1.0±7.9) �H2 (B), �H8 (C), the experimental DG° values of the N� S equilibrium (A) and
the experimental DG° values of the et� eÿ equilibrium (D) to the Henderson±Hasselbach equation (see Experimental section for
details). The following values for the pD at the in¯ection point of each plot were obtained from this least-squares ®t: 3.8 (A), 3.9
(B), 4.0 (C) and 3.7 (D); these values (within the range of our experimental error, �0.3 unit) were veri®ed using corresponding
Hill plots (Fig. S1 in the supporting information)
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plot of the corresponding pD-dependentDG° values of
the N� S equilibrium of the constituent pentofuranose
sugar Fig. 2 (A). The value of pD (i.e. pD = 3.7) at the
inflection point of the graph shown in Fig. 2(D) is nearly
identical (i.e. within the accuracy of the measurements,
�0.1 Hz) with the pKa values of the adenin-9-yl obtained
by pD-dependent plot of�H2 (pKa = 3.9) and �H8
(pKa = 4.0) in EtpApMe1, which were also conformed
by the Hill plot analysis2l,n,o,q (Fig. S1 in the supporting
information). Thus, the pD-dependent conformational
reorientation of the C3'—O3' bond (reflected inDG°
values of theet �eÿ equilibrium) is directly dictated by
the electronic character of the constituent C1'-aglycone in
EtpApMe1.

The correlation plot of pD-dependentDG° values of
the N� S equilibrium of the pentofuranose sugar as a
function of pD-dependentDG° values of theet � eÿ

equilibrium of the 3'-phosphate moiety in1 gives a
straight line with a high Pearson correlation coefficient
[R = 0.98, Fig. 3(A)]. This indicates that as the consti-
tuent adenin-9-yl nucleobase in1 becomes gradually
protonated in the acidic medium, the modulation of the
strength of the anomeric effect shifts the N� S
equilibrium toward N, which in turn dynamically shifts
theet� eÿ equilibrium towardet in comparison with the
neutral pD. Other important items of evidence for the
transmission of the free energy of the protonation–
deprotonation equilibrium of the nucleobase steering the

Figure 3. . (A) Plot of DG° (kJ molÿ1) of the N� S pseudorotational equilibrium at 298 K in 1 as a function of DG° (kJ molÿ1) of
its et� eÿ equilibrium at nine pD values ranging from 1.0 to 7.9 showing a straight line (R = 0.98) with a slope of 2.25 (� = 0.1)
and an intercept of 1.6 (� = 0.17). The vertical bars show the standard deviations (� = 0.2) at each pD. (B) Plot of DG° (kJ molÿ1)
of the N � S pseudorotational equilibrium in 1 as a function of �H2 (ppm) of the constituent adenin-9-yl at 298 K at nine
different pD values ranging from 1.0 to 7.9 showing a straight line (R = 0.98) with a slope 4.37 (� = 0.24) and an intercept of
ÿ38.62 (� = 1.97). (C) Plot of DG° (kJ molÿ1) of the N� S pseudorotational equilibrium in 1 as a function of �H8 (ppm) of the
constituent adenin-9-yl at 298 K at nine different pD values ranging from 1.0 to 7.9 showing a straight line (R = 0.95) with a
slope of 5.90 (� = 0.44) and an intercept of ÿ52.46 (� = 3.76). (D) Plot of DG° (kJ molÿ1) of the et � eÿ equilibrium in 1 as a
function of �H8 (ppm) of its adenin-9-yl at 298 K at nine different pD values ranging from 1.0 to 6.7, showing a straight line
(R = 0.97) with a slope of 1.89 (� = 0.12) and an intercept of ÿ17.46 (� = 0.97). (E) Plot of DG° (kJ molÿ1) of the et � eÿ

equilibrium in 1 as a function of �H8 (ppm) of the constituent adenin-9-yl at 298 K at nine different pD values ranging from 1.0
to 7.9 showing a straight line (R = 0.94) with a slope of 2.55 (� = 0.21) and an intercept of ÿ23.44 (� = 1.76)
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phosphate conformation through the change of the
conformation of the sugar moiety are the correlation
plots of pD-dependent H2 or H8 proton chemical shifts as
a function of (i) the pD-dependentDG° values of the N�
S equilibrium [Fig. 3(B) and (C)], (ii) the pD-dependent
DG° values of theet� eÿ equilibrium [Fig. 3(D) and (E)]
or (iii) the pD-dependent31P chemical shift of 3'-
phosphate [Fig. 4(C) and (D)] in1, all of which give
straight lines with high correlation coefficients (R = 0.98,
0.95, 0.97, 0.94, 0.96 and 0.96, respectively). In addition,
the plots of pD-dependent31P chemical shift of 3'-
phosphate either as a function of pD-dependentDG°
values of the N� S equilibrium [R = 0.97; Fig. 4(A)] or
as a function of pD-dependentDG° values of theet� eÿ

conformational equilibrium [R = 0.94; Fig. 4(B)] also
give straight correlations, suggesting that the sugar–
phosphate backbone conformation dictates the31P
chemical shift of the 3' -phosphate moiety in1.

Consistent with our earlier observations on ribonucleo-
side 3'-ethylphosphates2k at neutral pH at room tempera-
ture, we found non-equivalence of methylene protons of
the 3' -ethyphosphate moiety in1 owing to the 2' -OH-
promoted hydrogen bonding with the vicinal O3'. Hence
all our temperature-dependentDG° measurements were
performed well below the hydrogen-bond melting
temperature (i.e. 298 K) for1 over the whole pH range
(1.0–7.9). This means that all changes of free energy
observed at 298 K (Table 1) for1 as the pH changes are

attributed to the free-energy changes of the protonation–
deprotonation equilibrium of the aglycone to drive the
sugar–phosphate backbone in a concerted manner.

The proof of the one-way transmission of stereoelec-
tronic information in EtpApMe1 from the aglycone to
the sugar to the phosphate are twofold. (1) The pKa value
of the adenin-9-yl aglycone remains very close to 3.8,
being independent of any OH or phosphate substituents in
the sugar moiety. Thus the pKa values of N1 of the
adenin-9-yl moiety in the following series of adenine
nucleosides are as follows within the error limits of our
NMR experiments:2 2',3' -dideoxyadenosine (pKa 3.8), 2'
-deoxyadenosine (pKa 3.5), adenosine (pKa 3.5) and
EtpApMe1 [(pKa 3.9 (from H2 chemical shift), pKa 4.0
(from H8 chemical shift)]. (2) When the 3' -phosphate
(pKa� 1.5) in Etp(apurinic)pMe2 becomes partially
protonated at pD 1.6 under our experimental conditions,
the endocyclic sugar3JHH remains unaltered (Table S5 in
the supporting information) compared with EtpApMe1
(Table S3 in the supporting information), suggesting that
a change in the electronic character of the phosphate does
not influence the structural and dynamic character of the
sugar moiety.

CONCLUSION

As the pD-tunable change of the electronic character of

Figure 4. . (A) Plot of 31P chemical shift of P3 (�31P in ppm) of EtpApMe (1) as function of DG° (kJ molÿ1) of the N � S
pseudorotational equilibrium at seven pD values ranging from 2.0 to 7.9 showing a straight line (R = 0.97) with a slope ofÿ0.08
(� = 0.01) and an intercept of ÿ1.64 (� = 0.02). (B) Plot of �31P in EtpApMe (1) as a function of DG° (kJ molÿ1) of the et� eÿ

equilibrium at seven pD values ranging from 2.0 to 7.9 showing a straight line (R = 0.94) with a slope ofÿ0.19 (� = 0.01) and an
intercept of ÿ1.77 (� = 0.02). (C) Plot of �31P in EtpApMe (1) as a function of �H2 of its adenin-9yl at 298 K at seven pD values
ranging from 2.0 to 7.9 showing a straight line (R = 0.96) with a slope ofÿ0.32 (� = 0.02) and an intercept of 1.15 (� = 0.15). (D)
Plot �31P in EtpApMe (1) as a function of �H8 of its adenin-9-yl at 298 K at seven pD values ranging from 2.0 to 7.9 showing a
straight line (R = 0.96) with a slope of ÿ0.40 (� = 0.03) and an intercept of ÿ1.93 (� = 0.27)
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the nucleobase tunes the strength of the anomeric effect,
an increased preference of the N-type sugar conformation
is imposed because of enhanced nO4'→s*C1'—N9 orbital
mixing,2lmo3a,4,13,14which in turn affects the strength of
the [O3'—C3'—C4'—O4'] gaucheeffect by retuning the
energy levels of the donor and acceptor orbitals in the
sC3'—H3' → s*C4'—O4' interaction.2l3a5,13 The extent of
sC3'—H3' → s*C4'—O4' participation influences the
electron density at O3', which in turn modulates the
O3'—P3'—O anomeric effect3a(Ref. 11 for the anomeric
effect across the 3' O—P—O— ester fragment in the
sugar–phosphate backbone) [a tunable transmission of
nO3' → s*P3'—O(ester) orbital interaction].13 Hence this
interplay of the stereoelectronicgaucheand anomeric
effects defines the overall conformation of the ubiquitous
adenine ribonucleotide, thereby contributing to the
stability of the three-dimensional structure of the RNA
besides H-bonding, stacking, intermolecular electrostatic
interactions and hydration.

EXPERIMENTAL

All experimental details are given in the supporting
information, available on the epoc website, which
contains the following:

1. Tables S1–S3 and S5 contain information on chemical
shift and coupling constant changes at nine different
pDs (1.0–7.9) at room temperature and two extreme
temperatures.

2. Pseudorotational analysis of the coupling constants
using the PSEUROT program at various pDs (Table
S4), including the coupling constant fitting process
with the conformational hyperspace.

3. Crystal data analysis of various forms of RNA to
calculate the averagee values (Table S6).

4. Estimation of epsilon rotamers using the EPSILON
program.

5. Hill plots for pKa determination (Fig. S1).

6. Synthesis of adenosine 3',5'-bisphosphate [EtpApMe
(1)] and its apurinic counterpart of adenosine 3',5'-
bisphosphate [Etp(apurinic)pMe (2)].
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